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Halophila stipulacea is a small tropical seagrass, native to the Red Sea, Persian Gulf,
and the Indian Ocean. It invaded the Mediterranean Sea 150 years ago as a Lessepsian
migrant, but so far has remained in insulated, small populations across this basin.
Surprisingly, in 2002 it was reported in the Caribbean Sea, where within less than two
decades it spread to most of the Caribbean Island nations and reaching the South
American continent. Unlike its invasion of Mediterranean, in the Caribbean H. stipulacea
creates large, continuous populations in many areas. Reports from the Caribbean
demonstrated the invasiveness of H. stipulacea by showing that it displaces local
Caribbean seagrass species. The motivation for this review comes from the necessity
to unify the existing knowledge on several aspects of this species in its native and
invasive habitats, identify knowledge gaps and develop a critical strategy to understand
its invasive capacity and implement an effective monitoring and conservation plan to
mitigate its potential spread outside its native ranges. We systematically reviewed 164
studies related to H. stipulacea to create the “Halophila stipulacea database.” This
allowed us to evaluate the current biological, ecological, physiological, biochemical,
and molecular knowledge of H. stipulacea in its native and invasive ranges. Here
we (i) discuss the possible environmental conditions and plant mechanisms involved
in its invasiveness, (i) assess the impact of H. stipulacea on native seagrasses and
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ecosystem functions in the invaded regions, (i) predict the ability of this species to invade
European and transoceanic coastal waters, (iv) identify knowledge gaps that should
be addressed to better understand the biology and ecology of this species both in its
native and non-native habitats, which would improve our ability to predict H. stipulacea’s
potential to expand into new areas in the future. Considering the predicted climate
change scenarios and exponential human pressures on coastal areas, we stress the
need for coordinated global monitoring and mapping efforts that will record changes
in H. stipulacea and its associated communities over time, across its native, invasive
and prospective distributional ranges. This will require the involvement of biologists,
ecologists, economists, modelers, managers, and local stakeholders.

Keywords: Halophila stipulacea, alien species, invasiveness, Red Sea, Mediterranean Sea, Caribbean Sea, climate

change, predictions

INTRODUCTION

Seagrass meadows represent one of the most valuable ecosystems
on Earth, with an estimated value of $ 2.8 10° yr™! km™2
(Costanza et al., 2014). As “ecosystem engineers,” they provide
crucial ecological services, including sequestering and storing
“blue” carbon from the atmosphere and oceans, nutrient cycling,
sediment stabilization, and formation of essential habitats
for economically important marine species (Bloomfield and
Gillanders, 2005; Orth et al., 2006; Fourqurean et al.,, 2012).
Loss of seagrasses, recorded worldwide, entails the loss of
primary productivity, the devastation of associated biological
communities, reduction of local fishing grounds, and increased
coastal erosion (Orth et al., 2006). Runoff of nutrients and
sediments that reduce water quality and light penetration,
increases in water temperatures, alongside longer, and more
frequent heatwaves, have been identified as major threats to
seagrass meadows (Waycott et al., 2009; Marba and Duarte,
2010; Jorda et al, 2012; Oliver et al., 2018; Savva et al,
2018). Particularly for Mediterranean and Caribbean marine
ecosystems, a new threat to native seagrass species could be the
ongoing expansion of the invasive seagrass H. stipulacea (Buckley
and Csergo, 2017).

Halophila stipulacea (Forsskél and Niebuhr) Ascherson (order
Alismatales, family Hydrocharitaceae) is a dioecious, small
tropical seagrass (Figures 1, 2), native to the Red Sea, the
Persian Gulf and Indian Ocean (Den, 1970; Spalding et al,
2003; Mejia et al., 2016). H. stipulacea has become an invader
in two major biogeographic areas: (i) the eastern and southern
Mediterranean (Lipkin, 1975a,b; Gambi et al., 2009; Sghaier et al.,
2011), and (ii) the eastern Caribbean island nations (Willette
and Ambrose, 2012; Vera et al., 2014; Scheibling et al., 2018;
Figure 4).

There is a clear difference between these two invasions. In the
Mediterranean, many invasion sites were recorded over the last
150 years (Figure 4A), but the areas occupied by H. stipulacea in
each site, have remained small and highly restricted. In contrast,
in the Caribbean, the invader has occupied vast areas and has
done so rapidly (Figure 4B).

Studies from the Caribbean have demonstrated the
invasiveness of H. stipulacea by showing that it physically
displaces native Caribbean seagrass species (e.g., Syringodium
filiforme, Halophila decipiens, and Halodule wrightii), entailing
changes in the Caribbean’s seagrass landscapes.

Like many non-native species that have become highly
invasive in the Mediterranean over the past decades (Rilov and
Galil, 2009; Zenetos et al., 2012), there is a possibility that the
non-native H. stipulacea might become increasingly invasive in
the Mediterranean. There are initial indications of this already
occurring in some sites within the Mediterranean, where the
native Cymodocea nodosa has been replaced by the invasive H.
stipulacea (Sghaier et al., 2014), hinting that the dynamics of this
invasion in this region may be changing.

The ongoing “tropicalization” of the Mediterranean basin,
with its waters becoming saltier and warmer (Bianchi and Morri,
2003; Borghini et al., 2014), accompanied by the recent doubling
of the Suez Canal (Galil et al., 2015), may cause less favorable
conditions for native seagrasses.

Despite the capability of Posidonia oceanica plants to
acclimate to temperature changes (e.g., Marin-Guirao et al., 2017,
2019), it has been predicted that even under a relatively mild
greenhouse-gas emissions scenario, the endemic P. oceanica will
face functional extinction by the middle of this century (Jorda
et al., 2012). As the conditions may be worsening for native
Mediterranean seagrasses (Jorda et al., 2012), they may become
more favorable to tropical seagrass species. Indeed, the potential
threat posed by this rapidly spreading plant is serious and has
resulted in the inclusion of H. stipulacea in the “100 Worst
Invasive Alien Species in the Mediterranean” (Lowe et al., 2000).

This review presents the current biological, ecological,
physiological, biochemical, and molecular knowledge of H.
stipulacea from both its native and invaded ranges. This
combined knowledge allowed us to (i) discuss the possible
environmental conditions and plant mechanisms involved in the
two different invasions, (ii) assess the impact of H. stipulacea on
native seagrasses and ecosystem functions in the invaded regions,
and (iii) predict the ability of this species to invade European and
transoceanic Atlantic coastal waters.
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FIGURE 1 | General features of the tropical seagrass Halophila stipulacea. Shown are typical (A,B) shallow (3-6 m) and (C,D) deeper (20-50 m) meadows growing in
the native habitat of the northern tip of the GoA (Eilat, Israel), where H. stipulacea grows in extensive meadows or within neighboring local coral reefs. Shown are also
examples of plants growing in the invasive habitat of the Mediterranean (E,F) where H. stipulacea plants grow intermixed with native Mediterranean temperate
seagrasses such as Cymodocea nodosa and Posidonia oceanica (Dream café site, Limassol, Cyprus). Photos were taken by Gidon Winters (A-C,F), Yoni Sharon (D)
and Yuval Sapir (E). All photos in this figure have been obtained with permission from the original copyright holders.

SYSTEMATIC REVIEW
PROTOCOL—H. STIPULACEA SEARCH
CRITERIA

For this review, the search words “Halophila stipulacea” were
entered into Google Scholar (accessed 14/03/2017-01/10/2019).
The selected studies were all available online, in English, and
a very few in Italian (due to the relatively abundant number
of studies on H. stipulacea in the Mediterranean Sea in Italian
waters). Downloaded studies were from published peer-reviewed
journals, proceedings of scientific symposiums, published books,
one M.Sc. thesis, and in rare occasions technical reports from
academic institutions that were published as reports but not

as scientific papers. Studies had to be easily downloadable
(as opposed to publications on Google scholar that were not
accessible via several platforms). Studies had to be focused
specifically on H. stipulacea (general studies that just mentioned
H. stipulacea by the way, were excluded) and usually included
the species name in the title. All articles reviewed concerned
geographical distribution, invasiveness, ecological, physiological,
and biotic and abiotic interactions studies of the species itself.
In addition, to account for older references that may not have
been available through the literature search, the reference lists
of each article was also checked and added to the database if
considered to be relevant. We also updated the database with our
own unpublished articles. Resulting articles were downloaded
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(Direction of growth
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FIGURE 2 | Characteristic morphology of the tropical seagrass Halophila stipulacea. (A) Shown are rhizomes (smooth with long internodes and leaf scars at stem
base), roots (covered by small hairs, could be sand-or gravel-binding), and shoots (each carrying two linear leaf blades that contain mid and branched veins). (B-D)
Flowers and fruits of H. stipulacea: shown are mature male (B) and female (C) flowers, alongside seeds within a cut fruit (D). Magnification (x10) showing that leaf
margin is serrated (E) and minute trichomes may be present on one side of the leaf surface (F). Photos were taken by Gidon Winters (A,E,F) and Hung Manh Nguyen
(B-D). (C) and (D) were adapted from Nguyen et al., 2018. All photos in this figure have been obtained with permission from the original copyright holders.

into Endnote to create a “H. stipulacea database” containing a
total of 164 studies (Table S1; Figure S1).

Studies were categorized into regions in which studies
were performed: Red Sea (R), Mediterranean Sea (M), Indian
Ocean (I), Arabian Gulf (A) or the Caribbean Sea (C).
Within each region, each study was assigned a reference
label. Labels were spatially displayed using QGIS (https://qgis.
org/) on maps pinpointing the precise/approximate location
described in each study (447 sites; Table S1, Figures3, 4,
Supplementary Material S1). For uniformity, coordinates were
converted into decimal degrees (D.ddd) in World Geographic
System 84 coordinates (WGS84). Published studies with only a
general location (e.g., the coast of Bahrain; Naser, 2014) were
discriminated from those with precise localization (Table S1,
Figures 3, 4).

Studies within the “H. stipulacea database” (Table S1) were
evaluated and classified according to their region, publication
period (Figure5A), and the general topic of study (study
category 1): physiology, ecology, distribution, links with humans,
or other (Table S1, Figure 5B). Studies were further assigned into
more specific subcategories (study category 2; Table S1), such as
sexual reproduction, grazing, mapping, etc. For this, a word cloud

was generated using www.wordart.com (wordart.com/create;
accessed 13/12/2019) to graphically display the diversity and
frequency of the specific topics of research (study category 2)
of the entire “H. stipulacea database” (Table S1). The wordlist is
provided in Table S1.

To quantitatively assess the envelope of environmental
conditions in which H. stipulacea exists in native and
invasive regions, publications were searched for information
associated with the abiotic conditions in described study sites—
minimal/maximal depths, salinity, sediment characteristics,
irradiance, minimal/maximal sea surface temperatures. Plant-
related parameters including H. stipulacea’s horizontal growth
rates, leaf production rates, per cent cover, and characteristics
of sexual reproduction, were collated and compared across all
regions (Table 1, Supplementary Material S1).

RESULTS

Geographical Distribution of Studies on

H. stipulacea
The distribution of published studies on H. stipulacea from
its native habitat (Figure 3) reveals that most studies were
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(D.ddd) in World Geographic System 84 coordinates (WGS84).

FIGURE 3 | Geographic distribution of published studies on Halophila stipulacea from its native habitat (black color). Shown are known records for the Indian Ocean
(A), Red Sea (B), and Persian Gulf [(C); numbers for each site refer to the appropriate source (Table $1)]. Original coordinates were converted into decimal degrees

concentrated in just a few points in each biogeographic region.
For example, in the 2,250km long Red Sea, known for vast
areas of H. stipulacea, most studies originate from the northern
tip of the Gulf of Aqaba (GoA; Figure 3B). Studies from the
Arabian Gulf stem only from the southern part of the Gulf,
with not even one published study from Iranian shoreline (some
1,000 km long; Figure 3B). In the vast Indian Ocean (Figure 3A),
all published studies originate from Tanzania, Kenya, or
southern India.

The distribution of published studies on H. stipulacea from its
historical invaded habitat in the Mediterranean Sea (Figure 4A)
reveals a large number of studies, most of which are reported
from the northeastern corner of this basin (Cyprus, Greece, and
Turkey; Lipkin et al., 2003), with the most western record coming
from Tunisia (Sghaier et al., 2011, 2014). Together with recent
reports from Sicily (Gambi et al., 2018), these western locations
potentially confirm the beginning of a westward migration
of local populations in a rapidly warming Mediterranean Sea

(Georgiou et al., 2016). The fact that H. stipulacea was recorded
along nearly all shores of the eastern Mediterranean basin, but
not along the Israeli and most of Libya’s shorelines, is probably
due to different reasons. In Libya, given the species’ distribution
in the surrounding nearby areas (Sghaier et al., 2011), we suspect
that the absence of H. stipulacea in most of Libya is probably
due to the lack of extensive monitoring data and underreporting
(Badalamenti et al., 2011) rather than true absence. For the Israeli
Mediterranean shoreline, the absence of H. stipulacea might be
related to the fact that along this ~190 km there are no natural
shallow protected bays that would allow the development of
seagrasses.

The distribution of published studies on H. stipulacea from its
new invaded range in the Caribbean (Figure 4B) demonstrates
that H. stipulacea has expanded there rapidly; starting from
its first finding in Grenada in 2002 it has expanded fast, both
northwards and westwards (reviewed by Willette et al., 2014;
discussed below).

Frontiers in Marine Science | www.frontiersin.org

May 2020 | Volume 7 | Article 300


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles

Winters et al. Halophila stipulacea—Past, Present, and Future

|
\St Eustatius

es Saintes,

Caribbean S e

FIGURE 4 | Geographic distribution of published studies on Halophila stipulacea from its historical and more recent invaded habitats (red color) in the Mediterranean
(A) and Caribbean (B) Seas. Numbers for each site refer to the appropriate source (Table S1). Labels refer to the year of the first report of H. stipulacea by location
(Table S1). Original coordinates were converted into decimal degrees (D.ddd) in World Geographic System 84 coordinates (WGS84).

Regional and Topical Focus of Published on different aspects of H. stipulacea, both in its native Red Sea
Studies habitat (33% of studies) and in its historical invaded area in
The summary of published studies (TableS1) highlights the Mediterranean Sea (35% of studies; Figure 5A). While H.
continuous research efforts (spanning over more than 40 years)  stipulacea is also native to the Indian Ocean and Arabian Gulf
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FIGURE 5 | (A) Number of publications per decade and region (based on
Table S1). (B) Number of publications according to the paper’s general field of
study (category 1—physiology, ecology, distribution, links with humans, or
other), per region.

(Figure 4), our review points to the relatively few studies, and
thus a large gap of knowledge, in these two regions (Figure 5A).
This is of particular concern in the Arabian Gulf which accounts
for only 4% of the studies on H. stipulacea. On the other hand, the
results confirm the growing research interests in the Caribbean
(14% of H. stipulacea studies), where, in less than two decades,
there are as many publications as in the much larger native
habitat in the Indian Ocean (14% of total studies).

Categorizing the H. stipulacea data set (TableS1) into
regions and according to their main area of research (category
1; Figure5B), revealed that, across all regions, studies on
distribution and ecology of H. stipulacea were numerous.
However, the Arabian Gulf and the Caribbean regions lack
studies on the physiology, links with humans and genetics/eco
chemistry (“other” study category), in comparison with the
diversity of H. stipulacea studies from the Red and Mediterranean
Seas. These results indicate an “evolution” of topics of study,
starting with distribution record, and with time, including other
topics as ecology, physiology, and eventually links with humans
(Figure 5B).

The generated word cloud (Figure 6) shows that across the
entire “H. stipulacea database” (164 published studies; Table S1),
the most frequent areas of research are ecology, habitat surveys

and physiology. This word cloud identifies specific gaps of
knowledge with relatively few studies on associated fish and
epibiotic communities, ecosystem services, and on conservation
and management of H. stipulacea, highlighting necessary future
attention in these fields.

Summarizing the main environmental and ecological
parameters published for H. stipulacea across its native and
non-native ranges (Table1) demonstrates that H. stipulacea
grows in a wide range of depths (1-70m), salinities (24-70
PSU), temperatures (17-42°C) and substrates (Table 1). It is
interesting to observe how in its non-native habitats, sexual
reproduction is less frequent. This summary also highlights some
gaps of knowledge of its ecology in the Arabian Gulf and the
Indian Ocean, despite these regions being much of H. stipulacea’s
native habitat.

DISCUSSION

H. stipulacea as an Invader

Researchers have been debating on what characteristics make
alien species successful invaders (see e.g., Williamson and Fitter,
1996; Kolar and Lodge, 2001; Sol et al., 2012). In principle, the
most basic attributes include high reproductive capacity (sexual
and/or asexual), wide phenotypic plasticity, high dispersal ability
(e.g., extended planktonic duration) and strong competitive
ability. Furthermore, the receiving environment should, in
theory, exhibit “invadable” characteristics such as elevated level
of disturbance for the native species, availability of empty niches,
low level of biotic resistance, and high availability of resources
(Olyarnik et al., 2009).

The uniformity of conditions in the receiving environment
is also important. The variability of environmental conditions
in the Mediterranean and Caribbean Seas are different. The
Mediterranean exhibits a wider range of temperature and salinity
values from the south-eastern Levant corner characterized by
salty, warm, and fast-warming waters (Rilov, 2016; Ozer et al.,
2017) to the coolest and less salty parts of the Adriatic Sea (Russo
et al,, 2012). Conversely, the conditions are much more uniform
in the Caribbean and Red Seas, which apparently are ideal for the
growth and spread of H. stipulacea (Georgiou et al., 2016).

Spreading of H. stipulacea in the

Mediterranean Sea

The invasion history (timeline) and distributional spread of H.
stipulacea in the Mediterranean and Caribbean Seas (Figure 4)
show contrasting patterns. In the Mediterranean, H. stipulacea’s
invasion followed the opening of the Suez Canal in 1869, with
the first meadow reported only 25 years later in Rhodes (Fritsch,
1895; Table S1), making it one of the first successful Lessepsian
migrants (Lipkin, 1975a,b). By 1926, well-established meadows
were reported from Rhodes (Issel, 1928; Figure 4A). After that,
it was recorded along the coasts of Greece, Egypt, Malta, Cyprus
and Lebanon (Den Hartog, 1970; Lipkin, 1975a,b; Van der Velde
and Den Hartog, 1992), followed by a northward expansion into
Turkey and Albania (Alpinar, 1987; Kashta and Pizzuto, 1995)
and a westward expansion toward Malta and the Ionian coast
of Sicily (Lanfranco, 1970; Biliotti and Abdelahad, 1990). The
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TABLE 1 | Summary of main environmental and ecological parameters published for Halophila stipulacea across its entire distribution (see Table S1 for full details).

Parameters Red Sea Arabia Gulf Indian Ocean Mediterranean Caribbean References
(native) (native) (native) (historical (new invasive)
invasive)
Depth 0.5-70 1-14.5 1.5-37 0-27 0.2-32 Lipkin, 1979; Price and Coles, 1992;
(min. — max. m) Procaccini et al., 1999a; Kamermans
et al., 2002; Milchakova et al., 2005;
Sharon et al., 2009, 2011a,b;
Katsanevakis, 2011; Maréchal et al.,
2013; Winters et al., 2017
Salinity 38.8-47.5 42-70 24-56 36-39 36.9-37.9 Aleem, 1980; Coppejans et al., 1992;
(PSU or PPT) Price and Coles, 1992; Kenworthy
et al.,, 1993; Malea, 1994; Debrot
et al., 2012; Naser, 2014; Georgiou
et al., 2016; Anton et al., 2018
Substrate Silt, sand, rubble. Sand, mud Sand, mud, silt Sand, rubble, and Sand, silt, and Aleem, 1984; Coppejans et al., 1992;
characteristics Grain size: dead seagrass coral rubble Pereg et al., 1994; Kamermans et al.,
125 um—1 mm mats substrate 2002; Naser, 2014; Mejia et al., 2016;
Rotini et al., 2017
Solar Irradiance 2.8-8.39 2.21-71.7 4.57-6.92 Al-Salaymeh, 2006; Al-Sayed, 2013
kWh m=2 day~’
Sea surface 21-27°C 17-31°C 23-42°C 14-28°C 21-28°C Robinson, 1973; Mahalingam and
temperatures Gopinath, 1987; Coppejans et al.,
(Min - Max) (°C) 1992; Price and Coles, 1992; Naser,
2014; Shaltout and Omstedt, 2014;
Willette et al., 2020;
Growth rate 0.16-1.12 2.7 0.35-0.5 0.5-6.7 Wahbeh, 1984; Angel et al., 1995;
(cm day™") Marba et al., 2002; Willette and
Ambrose, 2009; Georgiou et al., 2016
Leaf production 0.02-3.51 10.8 Angel et al., 1995; Marba et al., 2002
(mg day~")
Percent cover 3-100 0.2-100 10.6-27.8 1-95 De Troch et al., 2001; Gab-Alla, 2001;

(%)

Sexual reproduction
characteristics

Both genders are
common
(May-September).
Fruits common
(August-October).

observed in
February

Flowers and fruits

Kamermans et al., 2002; Steiner

et al., 2010; Winters et al., 2017;
Scheibling et al., 2018; Nguyen et al.,
2020b; Beca-Carretero et al., 2020

Lipkin, 1975c¢; Procaccini et al.,
1999a; Malm, 2006; Vera et al., 2014;
Chiquillo et al., 2018; Nguyen et al.,
2018, 2020b; Beca-Carretero et al.,
2020

Absence of female
flowers or seed
pods

Female flowers
and fruits are rare
but at certain sites,

female flowers
could be abundant

first report of H. stipulacea in the western Mediterranean was in
1995 off Vulcano (Sicily; Acunto et al., 1995), followed by reports
from the southern coast of Italy, Libya, and Tunisia (Gambi et al.,
2009; Sghaier et al., 2011, 2014). By now H. stipulacea has spread
throughout most of the eastern and southern Mediterranean
Sea (Lipkin, 1975a,b; Procaccini et al., 1999b; Gambi et al.,
2009, 2018; Sghaier et al, 2011, 2014; Nguyen et al.,, 2018;
Figure 4A). Based on these records, the spread of the invasive
H. stipulacea in the Mediterranean can be considered old, slow,
and highly punctuated in space. The species spread rate across
the Mediterranean Sea over these 120 years is roughly 12km
yr~! (Georgiou et al., 2016) which is very low compared to the
300km yr~! expansion of other invasive macrophytes in this
region (Lyons and Scheibling, 2009; Mineur et al., 2015).

Within the Mediterranean, sightings have mostly been limited
to locations near ports and marinas. Meadows sizes have
been from relatively minute (e.g., 16 m?; Gambi et al., 2009)
to large (e.g., 0.2 ha; Sghaier et al, 2014). These invasion

dynamics suggest that the main vectors for the introduction
and further spread were shipping activities (it was first recorded
in a port and all subsequent locations were also ports and
marinas). Although H. stipulacea was categorized as one of the
worst invasive species in the Mediterranean (Lowe et al., 2000;
Streftaris and Zenetos, 2006), these observations suggest, in fact,
a relatively limited “invasion success” in this region, as can
also be inferred from the limited number of studies reporting
competitive displacement of native seagrasses by the alien H.
stipulacea (Williams, 2007; Tsiamis et al., 2010). However, reports
on competitive displacement do exist. Sghaier et al. (2014)
showed that a large (0.2 ha) patch of H. stipulacea in Cap
Monastir Marina (eastern Tunisian coast) grew to cover more
than 2.2 ha in only 4 years, and, in the process, displaced 50%
of the native Cymodocea nodosa. It is also possible that this
transition is not driven by competitive exclusion, but by natural
(or human-driven) reduction of the native which freed areas for
colonization by the alien seagrass.
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FIGURE 6 | Word cloud showing the diversity of the specific topics of
research on Halophila stipulacea (category 2 in Table S1, Figure 5B). The size
of each word indicates the relative frequency of the research topic.

It has been observed that H. stipulacea populations in the
Mediterranean are ephemeral (Chiquillo et al., 2018), with
meadows shrinking in winter, and expanding in summer
(Nguyen et al., 2020a; Procaccini, pers. comm.). Concordantly,
the Mediterranean temperatures fluctuate rapidly between 14°C
in the winter and 29°C in the summer. Similarly, growth rates
vary from 0.5cm d~! during the summer and dropping to a
minimum of 0.06 cm d~! in the winter (Georgiou et al., 2016).

However, water temperatures in the Mediterranean Sea
do not seem to be a limiting factor for this species’ survival
and expansion, as growth rates in the Mediterranean are
overall greater (0.35-0.5cm d~!; Georgiou et al, 2016),
than in its native Red Sea (maximum growth rate 0.206 cm
d~!; Wahbeh, 1984). These differences may be related
to other intrinsic properties that may act to control the
spread and growth of H. stipulacea in the Mediterranean
(Shaltout and Omstedt, 2014).

Spreading of H. stipulacea in the Caribbean
The introduction of H. stipulacea into the Caribbean is believed
to have been unintentionally caused mainly by recreational
vessels traveling from the Mediterranean to the Caribbean (Ruiz
and Ballantine, 2004). In contrast to the invasion history and
distributional spread of H. stipulacea in the Mediterranean
(Figure 4A), the Caribbean invasion by H. stipulacea (Figure 4B)
is young (<17 years) and rapid.

H. stipulacea has been in the Caribbean for at least 17 years.
This seagrass was first reported growing as a 30 m? monospecific
bed in bare sand in Flamingo Bay, Grenada, in 2002 (Ruiz and
Ballantine, 2004). Five years later it was recorded 350km to
the north on Dominica, covering an area of 22 ha (Willette

and Ambrose, 2009). Since then, reports on H. stipulacea found
on other eastern Caribbean islands and along the Venezuelan
coastline have been published almost yearly (Vera et al., 2014;
Willette et al., 2014; Ruiz et al., 2017; Figure 4B).

The regional spread of H. stipulacea in the Caribbean is likely
due to a combination of storm-induced redistribution, inter-
island vessel transit, and near-shore fishing activities (Willette
and Ambrose, 2012; Willette et al., 2014). Fragments of H.
stipulacea were shown to survive for days in the water column,
settle, and take root (Willette et al., 2020). Smulders et al. (2017)
showed all H. stipulacea fragments tethered above the sediment
rooted within 10 days. On average, these fragments added 0.9 new
shoots d™! (Smulders et al., 2017), approximately twice the rate
reported for H. stipulacea in the Mediterranean Sea (Georgiou
et al., 2016).

Halophila stipulacea fragments are released during the
removal of wooden and metal fish traps commonly used by
fishermen in the eastern Caribbean. Fish trap removal from H.
stipulacea beds generated fragments 72% of the time, with each
trap creating on average 11 fragments consisting of multiple
shoots (Willette and Ambrose, 2012). Furthermore, these traps
are often moved across bays and are not regularly cleaned
from fouling organisms, including seagrass fragments (Willette,
pers. observations), thus facilitating local dissemination of
H. stipulacea.

In the Caribbean, H. stipulacea grows at depths between 0.2
and 32m (Maréchal et al., 2013; van Tussenbroek et al., 2016)
and is often reported in harbors and ports but is also found in
bays and along open coastlines (Willette et al., 2014). The seagrass
has been reported to grow on a range of substrates, including
sand, mud, and coral rubble (Steiner et al., 2010; Willette et al.,
2014). Much of the Caribbean landscape that H. stipulacea has
expanded into consists of bare sand, including sand “halos” and
the margins of coral reefs, where other seagrasses usually do not
grow (Steiner and Willette, 2015a). These sand “halos” and coral
reef margins are maintained by the grazing activities of reef-
associated invertebrates and fish (Randall, 1965; Valentine and
Heck, 2005).

The loss of the sand “halos” and colonization of H. stipulacea
in these areas suggest that H. stipulacea’s growth rate is faster
than local grazers can consume and, that it is able to utilize
the available bare sand as its niche habitat (Steiner and Willette,
2015a). Indeed, in the Caribbean H. stipulacea has a rapid and
wide range of lateral rhizome expansion rates, ranging between
0.5-6.7 cm d~! (Willette and Ambrose, 2009; Willette et al., 2020;
Table 1). Failure of reef-associated organisms to maintain these
sand “halos” may also indicate lower herbivory pressure on H.
stipulacea compared to other native Caribbean seagrass species
(e.g., S. filiforme; Muthukrishnan et al., in review).

In the Caribbean, H. stipulacea is typically reported growing
in monospecific beds or as understory in the much taller S.
filiforme and Thalassia testudinum but also described growing
in mixed meadows with H. decipiens (Willette et al., 2014).
van Tussenbroek et al. (2016) observed that H. stipulacea grew
at different densities depending on the nitrogen (N) content
of its substrate—low shoot densities in substrates with low N
content (<7%), and dense, thick mats in areas with high N
content (>11%).
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In the Caribbean, as the density of H. stipulacea increases, it
sends out lateral rhizomes that grow between shoots of the native
S. filiforme, enfolding and eventually (within months) displacing
it by monopolizing its space (Willette and Ambrose, 2012; Steiner
and Willette, 2015b). Over a 5-year period in Dominica, Steiner
and Willette (2015b) documented a dramatic gain in seagrass
cover, from 316 ha to 773 ha, attributing this increase to the
expansion of H. stipulacea beds. They found that S. filiforme’s
distribution decreased by 150 ha, while in parallel the cover of
H. stipulacea increased by 649 ha, mainly through colonization of
bare sand and notably by physically displacing beds of S. filiforme.
Likewise, H. stipulacea replaced H. wrightii at depths >4m,
while H. decipiens was entirely eliminated from the surveyed
sites. Similarly, Smulders et al. (2017) used fixed location surveys
and observed a significant decrease in T. testudinum cover,
from 53 to 33%, and a significant increase in H. stipulacea
from 6 to 20% in Lac Bay, Bonaire between 2011 and 2015. S.
filiforme maintained a consistently low coverage over this period.
Shifts illustrating a decrease in native seagrass coverage and the
concurrent increase in H. stipulacea have also been quantified or
anecdotally reported from Carriacou, Martinique, St. Thomas, St.
John, and Curagao (Maréchal et al., 2013; Willette et al., 2014;
Scheibling et al., 2018; Engelen, pers. observation). These studies
indicate H. stipulacea’s contribution toward the transformation
of the Caribbean seagrass species composition, leading to a
major change in the Caribbean’s seagrass landscape (Steiner and
Willette, 2015b).

Compared with the relatively old (<120 years) and limited
“invasion success” in the Mediterranean (discussed above), the
fast and far-reaching spread in the Caribbean, along with the
competitive exclusion of several native species (Steiner and
Willette, 2015b), suggest a highly “successful” invasion by H.
stipulacea (Ruiz et al, 2017). Understanding the differences
between these two invasions is crucial for being able to predict
the potential mechanism of H. stipulacea’s success in its new
invaded habitats.

H. stipulacea in Its Native and Invaded

Ranges: From Individuals to the Ecosystem
The vegetative and some of the reproductive morphology of H.
stipulacea from its native habitats have been described before
(Lipkin, 1975¢; El Shaffai, 2016; Nguyen et al, 2018). Key
morphological features of H. stipulacea from its native habitats
include short stems, each carrying two leaves, linear leaf blades
(>6cm long and 0.8-1.0cm wide) that contain a clear mid
vein with branched cross veins (Figure 2A). The leaf margin is
serrated and minute trichomes may be present on one side of the
leaf surface (Figure 2E). H. stipulacea’s rhizome is smooth with
long internodes (1-4 cm) and is covered by leaf scars at the stem
base (El Shaffai, 2016). Roots are usually shallow and are covered
by small hairs and, depending on the substrate, they could be
sand- or gravel-binding (Den Hartog, 1970; Kuo and McComb,
1989). Structurally, H. stipulacea has not been reported to differ
between non-native and native ranges.

Halophila stipulacea reproduces both sexually (through seeds)
and asexually (i.e., fragmentation or vegetative rhizome growth)

in its native range (Malm, 2006; Nguyen et al., 2018). While
the importance of sexual recruitment in seagrass populations
is assumed to be generally low (Rasheed, 1999), small seagrass
species such as H. stipulacea are thought to be more sexually
fecund than larger seagrass species (Kenworthy, 2000; Malm,
2006). In terms of sexual reproduction, H. stipulacea belongs to a
rare group of plants (only ~5% of angiosperms; Charlesworth,
2002) that are dioecious, meaning that there is a separation
between male and female individuals.

Morphologically, male (staminate) and female (pistillate)
flowers are both inconspicuous (Ackerman, 2000). The almost
translucent perianth consists of three tepal lobes (Lipkin, 1975¢;
Chiquillo et al., 2018; Figure 2B) that, for female flowers,
are fused into a 6mm perianth-tube enclosing an inferior
ovary (Kaul, 1968), three carpels, three styles, and three
stigmas (Simpson, 1989; Figure 2C). The perianth of male
flowers encloses a sessile stamen and three dark-colored anthers
(Lipkin, 1975¢; Pettitt, 1981; Figure 2B). Male flowers release
trinucleate pollen in four mucilaginous strands (Pettitt, 1981)
which may fertilize female flowers to form seed capsules (4-
6 mm) containing 0.2 mm diameter seeds (Figure 2D). Ripe seed
capsules (Figure 2D) detach from the mother plant (Figure 2C)
and float on the water surface for some hours before seeds are
dispersed, the latter of which do not float (Malm, 2006).

Sexual reproduction seems to vary across its native and
non-native ranges. In the former, the flowering season lasts
4-5 months (May-Sep), with flowering events producing both
staminate (male) and pistillate (female) flowers (Den Hartog,
1972; Lipkin, 1975¢; Malm, 2006; Figures 2C-E). In the northern
Red Sea where this species is native, flowering occurs annually
(Malm, 2006; Nguyen et al., 2018) and the female/male sex ratio
(F/M) is strongly biased toward female flowers (Malm, 2006). In
the Mediterranean, the flowering of H. stipulacea is much less
common. Flowers in that region were first reported by Politis in
Greece in 1926, while fruits were first reported from Cyprus in
1967 (Lipkin, 1975a), ~73 years after the Lessepsian migration.
Typically, only male flowers were observed in the Mediterranean
region (Procaccini et al., 1999a; Gambi et al., 2009) and it was
assumed that (a) clonal propagation might be the dominant
reproductive mode in the Mediterranean Sea (Procaccini et al.,
1999a; Chiquillo et al., 2018), and/or that (b) the introduction of
H. stipulacea into the Mediterranean was of male genotypes only,
which spread clonally; or alternatively, that (c) female flowers
were unable to develop under the Mediterranean environmental
conditions (Gambi et al., 2009). However, in 2012, Gerakaris and
Tsiamis (2015) reported on the presence of mature seed capsules
(female plants) in the Chios (Greece). More recently, Nguyen
et al. (2018) found adjacent female and male flowers in the
Mediterranean (Cyprus) and confirmed that sexual reproduction
was indeed taking place; Nguyen et al. (2018) reported that sex
ratios, however, were male-dominated in the invaded sites as
opposed to the female-dominated native habitats.

In the northern GoA, where H. stipulacea is the native
dominant seagrass species, reproduction starts in May and ends
by the beginning of September (with <5% of plants flowering by
mid-September Malm, 2006; Nguyen et al., 2018). Although we
don’t have any data on the exact beginning of the reproductive
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season in the Mediterranean (highlighting another knowledge
gap), it seems that it lasts much longer into the autumn, with
Nguyen et al. (2018) showing that some 23% of H. stipulacea
invasive plants in Cyprus, were still reproducing in Mid-October.

Flowering in the Caribbean appears to be even less common
than in the Mediterranean, although the lack of reports on H.
stipulacea female flowers and fruits could be a consequence of
past limited survey efforts. The first flowering report in the
Caribbean found only male flowers occurring in Venezuela (Vera
et al., 2014), 12 years after H. stipulacea was initially observed in
this region (Ruiz and Ballantine, 2004). The fact that since then,
reports on flowering of invasive H. stipulacea in the Caribbean
have only found male flowers (e.g., Chiquillo et al., 2018) suggests
that introductions of H. stipulacea in this region have, so far,
included only male plants of this dioecious seagrass, or that local
conditions are somehow preventing the appearance/survival of
female flowers. If female flowers were to be found in invasive
Caribbean populations, this may have important implications
for the future dispersal, survival, and maintenance of invasive
populations in this region.

Traits in Its Native Range: The Red Sea and

the Indian Ocean
In its native range in the Indian Ocean and the Red Sea (where
it was originally described; Forsskal and Niebuhr, 1775; Lipkin,
1975b), H. stipulacea is one of the most widespread seagrasses
(Wahbeh, 1984; Price and Coles, 1992). In the Arabian Gulf, it co-
occurs with the fast-growing Halodule uninervis and Halophila
ovalis (Phillips et al., 2002; Campbell et al., 2015c). Recent records
from the central and southern Red Sea have shown that, in
some sites (e.g., Umluj, Jazan), it forms mixed meadows with H.
uninervis, H. ovalis, Syringodium isoetifolium, Thalassodendron
ciliatum, and Thalassia hemprichii (Qurban et al., 2019). On the
other hand, H. stipulacea in the northern GoA (northern Red Sea)
usually forms mono-specific meadows (Al-Rousan et al., 2011)
both in shallow and deep environments (1-50 m depth; Sharon
etal,, 2011b; Winters et al., 2017), although even here it has been
reported to mix with H. uninervis (Al-Rousan et al., 2011).
Along the Indian and eastern African coasts, H. stipulacea is
markedly less documented (Jagtap, 1991; De Troch et al., 2001;
Kamermans et al., 2002). In Madagascar and Kenya, its existence
is rare and poorly documented, but it was reported at depths
beyond all other local seagrass species (De Troch et al., 2001).
Reproductive female and male flowers were observed off the
Kenyan coasts (Pettitt, 1981) but, altogether, the presence of H.
stipulacea seems to be scarcer there than in the Red Sea.
Although the general morphological features of H. stipulacea
have been described before (e.g., Den Hartog, 1970; see also
Figure 2), in its native areas, it displays high morphological
and biochemical plasticity in response to temporal and spatial
environmental gradients. For example, in the GoA H. stipulacea
produced new leaves at intervals of 5-12 days depending on
the season, resulting in an estimated leaf turnover of 64.8 days
(Wahbeh, 1984). Studies in the GoA pointed out significant
variability in leaf density and biometry, with a lower number
of leaves and larger leaf area in winter relative to the number

of leaves and leaf area in summer (Beca-Carretero et al., 2020).
There was a marked increase in leaf descriptors such as length,
width, and leaf area with depth, which would allow for better light
capturing at depth (i.e., Lipkin, 1979; Rotini et al., 2017). Also,
internode lengths varied from 11.2cm in deeper areas (30 m)
compared to 6.8cm at intermediate depth (17m) (Schwarz
and Hellblom, 2002). Similar observations have been widely
documented for other seagrass species (Short and Duarte, 2001;
Olesen et al., 2015).

Accompanying these structural leaf changes, biochemical
variations with depth were also observed, with higher
photosynthetic ~ pigment concentrations (chlorophyll a,
chlorophyll b, carotenoids) recorded at deeper areas, allowing
to optimize light-capturing at dim irradiances (Lee et al., 2007;
Rotini et al., 2017). Indications of biochemical plasticity also
included temporal and spatial adjustments of H. stipulacea’s
leaf phenol content, with significant reductions at increasing
depth/reduced light (Mejia et al., 2016; Rotini et al., 2017). A
significantly higher phenol content was also found in winter
than in summer months (Beca-Carretero et al., 2020), suggesting
that this species is better protected from herbivory during
certain seasons.

Interestingly, total fatty acid (TFA) content and composition
were found to vary at different depths (6-21 m; Beca-Carretero
etal., 2019). There was a high capacity to accumulate significantly
more TFAs from shallow [6 m depth, 1.2% of dry weight (DW)]
to deep areas (21 m, 1.6% of DW). These differences were mainly
related to the synthesis of polyunsaturated fatty acids (PUFAs),
which promote the fluidity of the chloroplast membranes, as
well as electron transport in the photosystems, thus improving
optimal photosynthetic responses.

Carbon (C) content in H. stipulacea from the GoA varied from
18 to 37% for leaves and 25.5-34.4% of DW for rhizomes/roots;
while the N content ranged from 0.8 to 1.7% in leaves and
0.31-1.62% of DW in roots/rhizomes (Wahbeh, 1984; Schwarz
and Hellblom, 2002; Beca-Carretero et al., 2020). Overall, the C
content remained rather stable over seasons and depths, whereas
the N content changed significantly across seasons and depths
(Beca-Carretero et al., 2020). The low levels of nitrogen observed
in H. stipulacea in native areas (<1.8% of DW) indicated
a marked nutrient limitation in those marine environments
(Duarte, 1992). Lipid accumulation in leaves (5.1-16.7% of
DW) and rhizomes (27.2-3.4% of DW) varied significantly
from season to season, with higher levels observed in spring
(Wahbeh, 1984).

Working in the GoA, Beca-Carretero et al. (2019) recently
assessed the total content of fatty acids (TFA) in H. stipulacea,
and showed that the TFA content in H. stipulacea leaves (1.4
+ 02mg g=! DW) was comparable to seagrass species at
similar latitudes (Nichols and Johns, 1985; Hanson et al., 2010).
However, further analysis revealed an unusually high content of
PUFA (66.0% of TFA), more similar to seagrass species inhabiting
higher latitudes, and thus colder regions (e.g., 64.0% of TFA
in Zostera noltii) than tropical or subtropical species, including
H. ovalis (48% of TFA) (Viso et al., 1993; Hanson et al., 2010;
Beca-Carretero et al., 2018). Lipid composition of the thylakoid
membrane partially determine the thermal tolerance of primary
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FIGURE 7 | Chloroplast clumping in Halophila stipulacea. Microscope pictures (A,B) and whole-leaf pictures (C,D) of H. stipulacea leaves growing in low and high light
environments. The chloroplasts (residing mainly in the epidermis) are diffused throughout the cells’ cytoplasm at low irradiance (A,C), thus leaves appear dark green.
In contrast, the chloroplast clump together (B,D) in shallow high-light growing plants, thus leaves appear more transparent. The chlorophyll content per leaf area is the
same in (A-D), but the difference in color is due to clumping of the chloroplasts, entailing less light-absorption and more photoprotection (from Beer et al., 2014). (E)
Daily changes in absorption factor (AF, n = 10) of H. stipulacea grown on a sunlit water table under shading nets at ~150 (open circles) and ~450 (closed circles)
wmol photons m=2 s~' during midday. Significant differences (p < 0.01, one-way ANOVA) along the day are indicated with different letters (adapted from Sharon and
Beer, 2008; Beer et al., 2014). Photos taken by Yoni Sharon (A=D). All photos in this figure have been obtained with permission from the original copyright holders.

producers (i.e., Nishida and Murata, 1996), consequently, this
physiological characteristic of H. stipulacea might partially
explain its capacity to survive to winter temperatures (~14-
16°C) in the Mediterranean Sea.

Plasticity in Photosynthetic Responses to

Irradiance

H. stipulacea features a unique way of adapting to various
irradiances by its ability to perform the so-called chloroplast
clumping. This phenomenon was first described by Drew
(1979); he observed that leaves of H. stipulacea from high-
irradiance intertidal southern Sinai (Red Sea) became pale
during midday, and then turned darker green from dusk until
the following morning. Microscopy (performed in the field)
revealed that the paleness of the leaves was due to clumping of

chloroplasts to one part of the cytoplasm of each epidermal (i.e.,
photosynthesizing) cell.

Chloroplast clumping (Sharon and Beer, 2008; Figures 7A-D)
could be induced by growing H. stipulacea in high midday
irradiance of 450 pmol photons m~2 s~! (ca. % of full
sunlight), whereas no such clumping occurred in a shaded
midday irradiance of 150 wmol photons m~2 s~! (Sharon and
Beer, 2008). The chloroplast clumping resulted in leaf optical
changes, with a decrease in absorbance and an increase in
transmittance, causing a decrease in the absorption factor (AF) of
the leaves from ~0.6 to ~0.3 (Sharon and Beer, 2008; Figure 7E).
This has implications on photosynthetic measurements by
pulse-amplitude modulated (PAM) fluorometry since electron
transport rates (ETR) are a direct function of AF (Beer et al,
1998, 2014). Another important consequence of such chloroplast
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clumping is that it provides H. stipulacea the potential to adapt
to a large spatial and temporal variation in irradiances, e.g., along
depth gradients, seasons, and localities (as well as diurnally). This
was demonstrated when H. stipulacea ramets in the GoA were
transplanted from shallow (8 m with ~400 pwmol photons m~2
s~! during midday) to deeper (33 m, ~35 pmol photons m~2
s~! during midday at the low-light season) areas, and vice versa,
along a continuous meadow, and the photosynthetic properties
of the leaves were followed for 2 weeks using in situ PAM
fluorometry. It was found that both maximal photosynthetic rates
at light saturation of photosynthesis (Pp.) and the onset of
saturating light (Iy) acclimated in the transplanted plants within
1 week to values similar to the control plants (i.e., plants that grew
naturally at the corresponding depths and were moved within the
same depth; Sharon et al., 2009). Similarly, chlorophyll levels in
the leaves of the transplanted ramets closely reflected values from
the control plants. Thus, plants were able to photo-acclimate
rapidly to both increased and decreased irradiances.

In a follow-up study, chloroplast clumping in H. stipulacea
plants also occurred in response to high UV irradiance (Sharon
et al., 2011a). Hence, it seems that chloroplast clumping protects
the leaves’ photosynthetic machinery by shielding one another
from potentially harmful irradiances, including UV light. While
some chloroplasts in the periphery of the clump “sacrifice”
themselves and become photodamaged, most chloroplasts benefit
from the clumping mechanism thus allowing the species to
survive in shallow intertidal and high-light exposed waters.
Conversely, the intracellular spreading of chloroplasts in the
leaf surface of deep-water seagrasses allows for maximum light
capture in the light-limited environment.

While the clumping phenomena are rare and have so far not
been documented in other seagrasses, there are few reports on its
existence in the terrestrial plant literature (e.g., Kondo et al., 2004;
Yang et al., 2011).

An additional feature that could support photosynthesis and
growth in dim-light environments (e.g., in deep waters) is the
apparent ability to change photosystem II (PSII) to photosystem I
(PSI) ratios under extremely low irradiances. At the ~50 m depth
limit of H. stipulacea in the northern Red Sea, the PSII:(PSII +
PSI) ratio was ~0.4 compared to the ~0.6 for H. stipulacea in
shallow environments (Sharon et al., 2011b). This is an apparent
adaptation to both the low light (~100 pmol photons m~2
s~! at midday in summer) and blue-shifted irradiance spectrum
prevailing at these depths.

So, what are the light requirements for maintenance of
positive net photosynthetic rates to sustain growth in H.
stipulacea? Being rooted, with a considerable part of their
biomass underground, seagrasses, in general, have a higher light
requirement than both phytoplankton (0.1-1% of surface light)
and macroalgae (1-2% of surface light), with the dogma for
a “typical” seagrass surface irradiance requirement is ~10%
(Duarte, 1991). However, given that H. stipulacea is thin-leaved
(a large proportion of the leaf consists of only two layers of
photosynthesizing epidermal cells) and the root/shoot ratio is
low, this seagrass may need much less light. A good estimate
is ~5% of surface light (i.e., ~100 wmol photons m~2 s~!)
as derived from the irradiance measured at its ~50m depth

limit in the northern Red Sea on a sunny summers day
(Sharon et al., 2011b).

The photosynthetic traits that were described here for H.
stipulacea are unique among seagrasses (although they might be
shared with other Halophila species, e.g., H. ovalis; Beer et al.,
2002; Phandee and Buapet, 2018). These traits, together with
an efficient Ci-acquisition system, undoubtedly play a role in H.
stipulacea’s adaptability to various environments and its apparent
rapid acclimation to changing conditions. This might be one
reason for its invasiveness into habitats where it was recently
introduced. What we do not know is how these photosynthetic
abilities may influence its competitiveness with other seagrasses
and marine macrophytes. Pursuing research into the degree
by which the special photosynthetic traits of H. stipulacea
contribute toward invasiveness is thus recommended (e.g., can
blocking the chloroplast clumping in H. stipulacea influence its
competitiveness with other seagrasses? Yang et al., 2011).

Plasticity in Sources of Inorganic Carbon

Halophila stipulacea is not only highly adaptable to various
irradiances, but also features very efficient inorganic carbon
(Ci) acquisition mechanisms. These carbon concentrating
mechanisms (CCM) consist of either a bicarbonate (HCO3)
transporter localized within the outer membranes of the
photosynthesizing cells, or a carbonic anhydrase (CA)-catalyzed
extracellular enzyme (within the cell wall) for the conversion
of HCO; to CO,; both are assisted by proton pumps acting
outwards from the cells (Beer et al., 2002). Since HCOj is the
major Ci source in seawater, either of these mechanisms (or both
together) may confer high photosynthetic rates to H. stipulacea.

ABIOTIC AND BIOTIC CONDITIONS IN THE
NATIVE AND INVADED RANGES

Abiotic Conditions

It has been suggested that the invasiveness of H. stipulacea might
be attributed to it being highly adaptive to a wide range of abiotic
conditions, including light intensities (Sharon et al., 2009, 2011b),
water temperatures (Angel et al., 1995; Georgiou et al., 2016) and
salinities (Por, 1971, reviewed by Gambi et al., 2009; Oscar et al.,
2018).

Salinity Tolerance

Halophila stipulacea is known as a euryhaline species because
of its wide range of salinity tolerance (Den Hartog, 1970; Por,
1971; Oscar et al., 2018). Salinity is a major environmental
component that can influence the growth, function, structure and
distribution of seagrasses (Montague and Ley, 1993; Salo et al,,
2014). Although it is assumed that the first establishments of H.
stipulacea in the Mediterranean were directly from ships (Lipkin,
1975b), tolerance to the hypersaline waters of the Suez enabled
this euryhaline seagrass species to become very abundant in the
canal (Fox, 1926; Aleem, 1979; Gab-Alla, 2001) and in the same
way, also made it possible to thrive in the less saline waters of
the Mediterranean (Lipkin, 1975b). Changing conditions, such as
the ongoing increase in water temperature and salinity associated
with the tropicalization of the Mediterranean Sea (Bianchi and
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Morri, 2003; Borghini et al.,, 2014) can potentially restructure
seagrass communities, where species with lower salinity and
temperature tolerance range can possibly disappear (Zieman
et al., 1999; Rudnick et al., 2005).

The only known study investigating salinity tolerance of H.
stipulacea at the cellular level has shown that the epidermal
concentrations of Nat and CI~ were lower than in the
surrounding seawater, indicating the existence of some ion
exclusion mechanisms (Beer et al., 1980). Additionally, this study
also showed that carbon-fixing enzymes were able to function in
the presence of intra-cellular salt concentrations in vitro, which is
an important adaptive mechanism to salinity variations. Detailed
experiments exploring the thresholds of H. stipulacea’s hyper-
and hypo-salinity tolerance need to be conducted and combined
with niche models in order to predict if salinity is a limiting factor
for the spread of this species (see for example Oscar et al., 2018;
Gamliel et al., 2020).

Water Temperatures

Differences in other abiotic factors among the various
geographic basins of H. stipulacea do not seem strong
enough to justify the observed differences in the growth
rates and the occurrence of sexual reproduction (Table 1). For
example, SSTs differ greatly between the Mediterranean and
the Red Sea, while irradiance is relatively similar. However,
SSTs and irradiance in the Red Sea and the Caribbean
are relatively similar. Alternatively, the differences in the
occurrence of sexual reproduction may be related to the
dynamics of the different introductions (the Mediterranean and
Caribbean Seas).

Experimentally, Georgiou et al. (2016) showed that H.
stipulacea from Cyprus is functional at most Mediterranean
temperatures (from 10 to 30°C). While Georgiou et al. (2016)
did not test the functionality of H. stipulacea beyond 30°C,
it was expected to thrive within the warming waters of
the western and northern Mediterranean (Georgiou et al,
2016). Based on experiments with plants from one of its
invaded locations in the eastern Mediterranean (Limassol,
Cyprus), Georgiou et al. (2016) suggested that summer maxima
in the Levant are indeed beyond the optimal conditions
for growth.

In a recent experimental study (Nguyen et al., 2020b), native
(Eilat, northern GoA), and invasive (Limassol, Cyprus, eastern
Mediterranean Sea) H. stipulacea populations were subjected to
a 2-week heatwave (29 and 32°C) in a controlled microcosm
experiment. While invasive plants remained largely unaffected
after the heatwave, native plants experienced reduced fitness and
biochemical and photo-physiological parameters. These results
not only point out the differences in the thermal tolerance
among populations but also suggest a rapid adaptation (or a
previous selection, as happens in ballast waters) by the invasive
population to the ongoing warming of the Mediterranean Sea.
This indicates that high temperatures in the Levant may not be
a limiting factor for the presence of the alien seagrass in the
region, although longer exposure might be more detrimental for
this population.

Substrate

In terms of substrate, H. stipulacea can grow in different
sediment types, ranging from fine sand/mud to coarse gravel-
sand, and even in patches between coral heads (Jacobs and
Dicks, 1985; Angel et al., 1995; Mejia et al., 2016; Figure 4). In
disturbed areas, such as the oil-polluted waters of Saudi Arabia,
H. stipulacea was the most abundant amongst other seagrass
species, highlighting its capacity to survive in contaminated and
unfavorable environments (Kenworthy et al., 1993).

Nutrient Uptake

In terms of nutrient uptake, a recent study in the GoA reported
a limited capacity of H. stipulacea for nitrate uptake, but high
capacity and efficiency for ammonium, a trait common to other
seagrass species (Cardini et al., 2018). Noticeably, this species
exhibited an unusual high capability for N uptake under N-
limited environmental conditions, potentially due to a high
capacity for N, fixation and ammonium production of its
associated diazotrophic epiphytes. This may represent an asset
for H. stipulacea when interacting and competing for resources
with other seagrass species (Cardini et al., 2018). In its invaded
ranges, H. stipulacea displayed also a limited capacity to use
nitrate, which may restrict growth and survival in areas where
the availability of ammonium, the preferred nitrogen source of
the species, becomes infrequent or non-existent (Alexandre et al.,
2014). On the other hand, the equal capacity and efficiency of
leaves and roots for ammonium uptake may contribute to the
dispersion of the species in sites where nutrients are available
both in the water and sediment.

Biotic Conditions

Seagrasses and seagrass meadows are in general considered one
of the most productive and complex systems on a worldwide
scale (Den Hartog, 1970). H. stipulacea beds support a wide
diversity of algal and animal communities in both their native
and invaded ranges (De Troch et al., 2001, 2003; Tsirika and
Haritonidis, 2005; Di Martino et al., 2007; Willette and Ambrose,
2012; Scheibling et al., 2018). In its native range in the Indian
Ocean, studies of seagrass-associated fauna and flora are scarce
(Aleem, 1979; De Troch et al., 2001, 2003; section Associations
of H. stipulacea With Other Organisms in Its Native Ranges),
whereas such studies in its invaded ranges in the Caribbean and
the Mediterranean are more abundant (see sections Associations
of H. stipulacea With Other Organisms in the Mediterranean
and Association of H. stipulacea With Other Organisms in the
Caribbean Sea).

Seagrasses host highly diversified microbial communities
(Bagwell et al., 2002; Hamisi et al., 2009; Cucio et al., 2016;
Mejia et al., 2016; Rotini et al., 2017) that are known to form
a singular entity or holobiont, in line with what has been
suggested for corals (Rosenberg et al., 2007). In the “holobiont”
framework, the associated microbial communities may influence
the health, performance and resilience of the hosts (Taylor et al.,
2007; Zilber-Rosenberg and Rosenberg, 2008; Rout et al., 2013;
Coats and Rumpho, 2014; Singh and Reddy, 2014). Likewise,
the host condition may shape the structure and the diversity
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of the microbial communities (Meron et al, 2011; Campbell
et al, 2015a,b; Marzinelli et al., 2015; Martin et al., 2018).
Unfortunately, microbiome research in seagrasses is still at its
infant stage, far less than microbial studies in sponges and corals.
The great metabolic variability of microbes, made available to
host plants, calls for further studies aimed at investigating plant-
microbes interactions and their functional outcomes, including
ecological resilience and invasive capacity.

Associations of H. stipulacea With Other Organisms
in Its Native Ranges

In its native range, H. stipulacea leaves and rhizomes were
found to be almost devoid of epibionts across different seasons
(Aleem, 1979). Macroalgae like Turbinaria spp. and Caulerpa
spp. were found to occasionally co-occur with H. stipulacea in
the Red Sea (Jacobs and Dicks, 1985). Among the marine fauna
associated with H. stipulacea meadows, De Troch et al. (2001,
2003) reported high diversity of harpacticoid copepods oft the
coast of Kenya where a deep and mixed bed of H. stipulacea and
S. isoetifolium exists.

Very few studies have been conducted on H. stipulacea-
associated fish communities, however, a fish feeding experiment
at the Kenyan coast showed higher feeding preference for
pioneering, short-lived, species such as C. rotundata, S.
isoetifolium, and H. stipulacea over “climax,” long-lived, species
such as Enhalus acoroides and Thalassodendron ciliatum (Mariani
and Alcoverro, 1999). In the GoA, our knowledge of fish
associated with local H. stipulacea meadows is limited to the
study of Khalaf et al. (2012) that did not find any H. stipulacea-
dedicated fish species.

In terms of mega grazers, dugongs have been sighted in the
Red Sea (Egyptian and Saudi Arabian coast; Preen, 1989), grazing
heavily on H. stipulacea meadows (e.g., in Abu Dabab and Marsa
Alam, Egypt). Studies have shown that dugongs prefer “pioneer”
seagrasses (Preen and Marsh, 1995), especially those of the genera
Halophila and Halodule. While it seems important to quantify
these dugong-Halophila interactions, its frequency in most of the
native habitat of H. stipulacea meadows is unknown, and reports
are anecdotal. This represents an important gap of knowledge in
the regions where H. stipulacea is native.

Other studies in the GoA focused on the interactions between
local H. stipulacea and invertebrates. The collector urchins
(Tripneustes gatilla) were found to graze heavily on H. stipulacea
(Hulings and Kirkman, 1982), while Operculina ammonoides was
the dominant epiphytic foraminifera on leaves (Oron et al., 2014).
In the northern GoA,next generation sequencing (NGS) studies
on H. stipulacea-associated microbial communities showed
differences across sites and plant compartments (aboveground
compartment, i.e., leaves; belowground compartment, i.e., roots
and rhizomes), providing an “environmental fingerprint.” In
addition to these differences, these studies also found the
existence of a “core microbiome” consisting of bacteria that
were always present, shared across sites, and independent of the
depth or location (Mejia et al., 2016; Rotini et al., 2017). This
hints toward the existence of a functional relationship between
H. stipulacea and these shared microbes, as in the framework

of the “holobiont theory” (Rosenberg et al., 2007; Zilber-
Rosenberg and Rosenberg, 2008). When comparing H. stipulacea
at different sites (Mejia et al., 2016), this “core microbiome”
was composed of the phyla Proteobacteria and Planctomycetes,
representing more than 70% of the Operational Taxonomic
Units (OTUs) shared on both leaves and roots/rhizomes. Within
this phylum, Alphaproteobacteria, Gammaproteobacteria, and
Deltaproteobacteria were the most abundant classes: on the
leaves, Alphaproteobacteria was the dominant class across all
stations (68% of the community), while on the roots/rhizomes
no single dominant class was found. Nevertheless, along the
gradient, all the sites had a higher number of unique OTUs
(i.e, “environmental fingerprint” bacteria), than shared ones,
with only 7% of the OTUs shared among different meadows
(i.e., “core microbiome”). The microbial diversity in H. stipulacea
may contribute to its adaptiveness and may aid its colonization
and expansion into new territories. This could be particularly
important considering that rhizosphere-associated microbial
communities are known to persist on the roots and rhizome
segments established in new environments (Coats and Rumpho,
2014; Cucio et al., 2016).

Associations of H. stipulacea With Other Organisms
in the Mediterranean

Surprisingly, regarding the associations of H. stipulacea with
other organisms, we seem to know much more from studies in its
invaded habitats compared with studies in its native habitats. In
the Mediterranean, numerous species of macroalgae associated
with H. stipulacea have been reported (Alongi et al., 1993; Rindi
et al, 1999; Di Martino et al., 2006), with up to 30 species
(mostly Rhodophyta) found in meadows of the Catania harbor
(Alongi et al., 1993). The presence of the epiphytic rhodophyte
Chondria pygmaea in the Mediterranean is noteworthy (Garbary
and Vandermeulen, 1990), raising the possibility of co-migration
with its host, H. stipulacea, from the Red Sea (Cormaci et al,
1992). Di Martino et al. (2006) studied temporal variations in
the algal assemblage within an H. stipulacea meadow in Syracuse,
eastern Sicily, where 110 species, mostly epiphytic Rhodophyta,
were found. Nevertheless, Rindi et al. (1999) stated that, in
comparison with other Mediterranean seagrass meadows, H.
stipulacea has a qualitatively and quantitatively poor epiphytic
flora, with the distinct absence of encrusting coralline algae. The
fast turnover rate of H. stipulacea leaves was hypothesized to be
the main reason for this scarcity (Rindi et al., 1999).

Cancemi et al. (1994) and Acunto et al. (1997) described
the animal communities associated with H. stipulacea in eastern
Sicily, Italy. Mollusca, Amphipoda, and Decapoda were the most
abundant groups in Taormina, Province of Messina (Cancemi
et al,, 1994), while Polychaeta, Crustacea, and Mollusca were
the dominant macrozoobenthos at Vulcano island (the Aeolian
Islands, Sicily; Acunto et al, 1997). The fish assemblages
associated with H. stipulacea were mainly characterized by the
presence of sparids, labrids, and benthic gobiids (Di Martino
et al., 2007). Gambi et al. (2009) also observed a school of Sarpa
salpa in a small patch of H. stipulacea at 5m depth but found
no signs of direct grazing on its leaves. It is likely that the
observed fish grazed on the leaf epiphytes or upon the small
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macroalgae interspersed between the H. stipulacea shoots. In
general, fish assemblages associated with H. stipulacea meadows
in the Mediterranean were related to the stable structure of the
meadow throughout the year and not with shoot density (Di
Martino et al., 2007).

Despite the invasiveness of H. stipulacea in various parts of
the world and the established role of the associated microbes,
there is hardly any information on H. stipulacea microbiomes
in its invaded range. Two recent, yet unpublished, studies in
the eastern Mediterranean Sea (Limassol, Cyprus; Conte et al.,
unpublished), highlighted the influence of the environment on
the epiphytic microbial community structure but, at the same
time, the capability of H. stipulacea to host a diverse microbial
community that may contribute to its invasiveness.

Association of H. stipulacea With Other Organisms in
the Caribbean Sea

In the Caribbean, H. stipulacea has been reported growing
with a range of native and non-native Caribbean marine
organisms. Native Chlorophyta algal species, namely Caulerpa
spp., Penicillus pyriformis, Penicullus sp., Udotea cyathiformis,
and Ulva intestinalis, have all been found growing with H.
stipulacea (Steiner and Willette, 2010; Maréchal et al., 2013;
Willette et al., 2014). Additionally, Parvocaulis exiguus, an Indo-
Pacific green alga potentially introduced by ships, was collected
in H. stipulacea beds in St. Eustatius (Maréchal et al., 2013;
Steiner and Willette, 2015b). Mats of unidentified cyanobacteria
and dinoflagellates have also been reported growing on top of H.
stipulacea beds, yet the cause or impact of these mats is unknown
(Maréchal et al., 2013; Steiner and Willette, 2015b).

Epifaunal invertebrates occurring on the blades of H.
stipulacea in the Caribbean include representative ascidians,
annelids, crustaceans, molluscs, and nematodes (Ortea et al.,
2012; Willette and Ambrose, 2012; Scheibling et al., 2018). Larger
sessile and benthic invertebrates have also been recorded within
H. stipulacea beds, including native Strombus gigas (Gastropoda),
Pinna carnea (Bivalvia), Astichopus multifidus (Holothuroidea),
Oreaster reticularis (Asteroidea) as well as other ascidians,
crustaceans, and echinoderms (Willette et al., 2014; Scheibling
et al,, 2018). The seagrass-grazing urchin Tripneustes ventricosus
is often found in H. stipulacea beds (Willette et al., 2014);
however, densities of this sea urchin are less than half of that
found on native T. testudinum (Scheibling et al., 2018). The
dense growth form of H. stipulacea beds does seem to benefit
the feeding strategy of O. reticularis, a native Caribbean Sea star
whose populations have been decimated elsewhere in the region
due to seagrass loss (Scheibling et al., 2018). Ferry et al. (2017)
reported the presence of the Indo-West Pacific crab Charybdis
hellerii in the island of Martinique, where more than 90% of the
specimens found were exclusively on dense beds of H. stipulacea
(roughly 0.37 crabs m~2). The absence of C. hellerii on bare sand,
coral, and mixed beds of seagrass was attributed to the presence of
predators on native substrates. Thus, H. stipulacea may provide a
refuge for this introduced crab to thrive in the Caribbean.

Seagrass beds form essential fish habitats in the Caribbean,
serving as nurseries for juvenile fish and shelter and foraging
grounds for larger fish (Nagelkerken et al., 2001). Thus, the
impact of H. stipulacea on native fish is of particular ecological

and resource management interest. Using local fish trap methods,
Willette and Ambrose (2012), reported significantly larger
average fish sizes, and slightly higher fish abundance and species
richness on non-native H. stipulacea compared with native S.
filiforme beds. This difference in fish abundance and species
richness can be attributed to the significantly higher fish prey
abundance (namely crustaceans) on H. stipulacea. Juvenile fish,
however, were twice more abundant on native S. filiforme than
on H. stipulacea, which in part, could be attributed to the latter’s
much shorter canopy height and thus lower sheltering provision
(Willette and Ambrose, 2012). Olinger et al. (2017) conducted
an intensive field study focusing on juvenile fish abundances
in meadows of H. stipulacea and native seagrasses along St.
Thomas (U.S. Virgin Islands). Overall, fish diversity was higher
among native seagrasses and over sand than on H. stipulacea
in the bays examined. Nocturnal carnivores, however, showed
higher abundance in H. stipulacea meadows in contrast to the
low abundance of diurnal carnivores and herbivores in the same
area, indicating different habitat preferences for different trophic
species (Olinger et al., 2017).

Working in Lac Bay, Bonaire, Caribbean Netherlands,
Becking et al. (2014a) found that fish abundance was almost
half in H. stipulacea meadows compared with that measured
in meadows dominated by the native T. testudiunum, in
addition to significant differences in the composition of fish
species assemblage between the two meadows—Pomacentridae,
Mullidae, and Sphyraenidae were present in T. testudinum
meadows but absent in the invaded meadows. Becking et al.
(2014a) estimated that future expansion and/or persistence of H.
stipulacea could possibly result in a diminished nursery function
of certain fish species in Lac Bay.

Lastly, southern stingrays, Dasyatis americana, and the
sharptail snake-eel Mpyrichthys breviceps have been reported
foraging among H. stipulacea beds (Willette et al, 2014;
Scheibling et al., 2018), as has the green turtle Chelonia mydas
(Becking et al., 2014b; Christianen et al., 2019). Yet, studies on the
interactions between H. stipulacea and these marine megafaunas
are limited, hence warrant further examination.

Available information on the H. stipulacea’s microbiome in the
Caribbean has shown that across bays of Curagao island there
were large distinctions between the below and above ground
H. stipulacea compartments and that microbial communities
within roots and rhizomes (i.e., the below ground compartment)
also differed from the microbial communities found in local
sediments (Stuij, 2018). This distinction suggests that H.
stipulacea selects and cultures specific microbial communities
within its roots and rhizomes. Microbial communities associated
with H. stipulacea across five bays in Curacao did not show
strong spatial differentiation, in contrast to the site differentiation
demonstrated in the northern GoA (Mejia et al., 2016). In
Curagao, where microbial communities were compared among
different seagrass species, the microbial communities associated
with H. stipulacea were highly diverse and specific to H. stipulacea
but differentiation between below- and above-ground tissue-
associated microbiomes was the smallest of the three seagrasses
investigated (Stuij, 2018). Sulfur and nitrogen cycling bacterial
OTUs were abundant and widespread for all seagrasses including
H. stipulacea, suggesting a strong shared functionality among
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host species-specific microbiomes. Despite, or because, of its
recent arrival in the Caribbean, the only study available on
microbial communities associated with H. stipulacea seems
to suggest that H. stipulacea microbial communities perhaps
did not suffer a bottleneck effect, and its high diversity and
species specificity may contribute to H. stipulacea’s proliferating
potential. Clearly much more research in this area is required,
preferably combining descriptive and experimental approaches
covering micro to global scales.

DEVELOPING MOLECULAR AND “OMIC”
TOOLS FOR STUDYING H. STIPULACEA

The ability of H. stipulacea to establish itself first in the
Mediterranean and later in the Caribbean makes it an attractive
model species for reconstructing its potentially complex history
of introductions and studying tolerance and resilience to different
environmental conditions at the molecular level (Sakai et al.,
2001; Lee, 2002; Davey et al., 2016).

Developing Molecular Tools for Studying

the Genetic Diversity of H. stipulacea

First genetic diversity studies of H. stipulacea employed sequence
data of single DNA regions or multi-locus markers that do not
allow a precise estimation of population genetic parameters.
Ruggiero and Procaccini (2004) found no differentiation in the
ITS rDNA regions between H. stipulacea from the Red Sea
(native) and Mediterranean (invasive) populations, suggesting
that H. stipulacea populations in the Mediterranean originated
from the Red Sea (Ruggiero and Procaccini, 2004). This type
of molecular marker, however, could not infer whether the
introduction occurred once or at multiple times. Interestingly,
the same study found a high degree of intra-individual variability
in the ITS region, suggesting a high rate of sexual recombination
and a slow rate of concerted evolution in the genotypes analyzed.
Recent results on the caryology of Mediterranean and the Red Sea
individuals of H. stipulacea exclude the existence of polyploidy
as a possible cause for the observed intra-individual variability
(Gargiulo et al., 2018). Conversely, Varela-Alvarez et al. (2011)
found no ITS intra-individual nucleotide diversity in Turkey. The
first extensive population recorded in the western Mediterranean
basin (i.e,, Vulcano Island, Sicily, Italy) has been analyzed
by means of randomly amplified polymorphic DNA (RAPD)
markers, and high genetic diversity was found together with a
clear genetic distinction between shallow and deep stands of the
same population (Procaccini et al., 1999a).

The use of more polymorphic and reliable markers would
allow addressing ecological questions related to the reproductive
and spreading mode as well as track, with more precision, the
origin of the invasions.

Developing “Omic” Tools for Studying
H. stipulacea’s Tolerance and Resilience to

Stress at the Molecular Level
Seagrasses belong to four/five different families in the subclass
Alismatidae (Les et al., 1997). H. stipulacea belongs to the family

Hydrocharitaceae, that evolved together with the other major
clades 40-78 Mya (Olsen et al., 2016). Seagrass species belonging
to different families have different genome size. The genome
size of H. stipulacea has been assessed in samples collected from
Eilat, northern GoA and it was 12.26 picogram in size (~5.9 Gb;
Gargiulo et al., 2018). The value is 2, 6 and 30 times higher than
the genome size of P. oceanica, Z. muelleri (~900 Mbp) and Z.
marina (~202.3 Mbp), respectively (Procaccini pers. comm. for
P. oceanica; Cavallini et al., 1995).

Z. muelleri and Z. marina (Zosteraceaae) are the only two
seagrass species for which the complete genome is available at
the moment (Lee et al, 2016; Olsen et al., 2016). Although
this could represent a potential source of information to scan
for the presence of genes that can relate to the H. stipulacea
plasticity and invasiveness, the phylogenetic distance between
Hydrocharitaceae and Zosteraceaae strongly reduces the power
of such analysis. The availability of the H. stipulacea genome
would represent an imperative step toward explaining its
invasiveness and plasticity.

Understanding the response of H. stipulacea to changes
in abiotic factors will facilitate our prediction of the further
expansion of this species. One way of comprehending ecological
traits is to combine phenotypic and physiological assessments
with transcriptomic and their equivalent metabolic pathways
(Exadactylos, 2015). With the emergence of molecular profiling
and “omics” techniques in seagrass biology (Procaccini et al.,
2007; Mazzuca et al., 2013; Davey et al, 2016), the ability to
investigate plant responses to biotic and abiotic factors has
become more feasible. Recent studies have focused on the
response to light, increased water temperature, salinity, and high
CO;, levels at the transcriptomic and proteomic levels. These
studies have revealed new insights into mechanisms applied by
seagrasses to survive under various abiotic stresses (Franssen
et al., 2012; Kong et al., 2014; Piro et al., 2015a,b; Kumar et al.,
2017; Marin-Guirao et al., 2017; Procaccini et al., 2017). While
most of these studies have been performed on the temperate
seagrass species Z. marina, P. oceanica, C. nodosa, Z. muelleri,
and Z. noltii, there are no reports of any of such study on the
tropical H. stipulacea (see Nguyen et al., 2020a).

Although metabolomics is not so much explored in seagrasses
(see Gu et al.,, 2012; Hasler-Sheetal et al., 2016), it holds great
potential in combination with transcriptomics and proteomics,
in understanding responses to biotic/abiotic stress (Buapet,
2017). Reprogramming of the metabolome under various stresses
such as heat (Gu et al,, 2012), anoxia (Hasler-Sheetal et al.,
2015) and light (Hasler-Sheetal et al., 2016) in seagrasses like Z.
marina and Z. noltii were observed. Identifying and studying the
regulation of primary and secondary metabolites in H. stipulacea
will provide essential insights into the adaptive mechanisms
of this seagrass to changing abiotic conditions, significantly
increasing our ability to predict the further expansion of
this species.

Epigenetic variation is often an important prerequisite and
has also been known to facilitate the survival of invasive species
in new environments (Schrey et al, 2012; Richards et al.,
2017). The extent and the form of such epigenetic plasticity
can be an advantage of invasive species over indigenous species

Frontiers in Marine Science | www.frontiersin.org

17

May 2020 | Volume 7 | Article 300


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles

Winters et al.

Halophila stipulacea—Past, Present, and Future

(Stachowicz et al., 2002; Chown et al., 2007; Kleynhans et al.,
2014).

An interesting area to look into is the shifting in methylation
patterns in DNA, i.e., epigenetic variation in response to biotic
and abiotic factors (Ardura et al,, 2017). Several studies have
recently begun to link phenotypic plasticity with changing
methylation patterns both in animals and plants (Kardong, 2003;
Bossdorf et al., 2008; Zhang et al., 2013) with recent work also on
seagrasses (Jueterbock et al., 2019; Ruocco et al., 2019). Genomic
tools like whole-genome bisulfite sequencing and ChIP-Seq (to
study histone modification) might help to further explain the
invasive capability of H. stipulacea as has already been shown
in studies of other invasive species, such as in populations
of marine invertebrate (Ardura et al., 2017) and insect pests
(Jones et al., 2018).

In summary, a combination of metabolomics, proteomics,
transcriptomics, and epigenomic studies, in combination with
physiological, biochemical, and other more classic indicators
(Roca et al., 2016), could provide a holistic view of how H.
stipulacea responds to abiotic and biotic stress and in turn help
our understanding of this seagrass’ invasive capabilities.

NATIVE AND INVADED RANGES: WHAT IS
COMING NEXT?

Given the widespread of H. stipulacea in its invaded ranges,
it is important to understand its potential for future range
expansions. This can be done using species distribution
models (SDMs) that typically correlate species occurrences with
environmental layers (Guisan and Thuiller, 2005; Elith and
Leathwick, 2009; Kearney and Porter, 2009). These models are
developed using the knowledge on the current distribution of
the studied species (the realized niche) which can be potentially
projected in space or time to forecast the species distributions
within the invaded ranges within a time frame (Fitzpatrick and
Hargrove, 2009; Gallien et al., 2010). Applying SDMs for H.
stipulacea (Gamliel et al., 2020) using mean annual bottom
temperature and net primary productivity as environmental
predictors revealed some interesting patterns (Figure 8). The
main result was the striking differences in the predicted suitability
of the Mediterranean Sea to support H. stipulacea when the
model is based on the native (Figure 8A) vs. invaded (Figure 8B)
range occurrences. When using the native range occurrences
only, the Mediterranean Sea climate appears to be very marginal
for this species. However, when using the invaded Mediterranean
range occurrences, the entire Mediterranean seems to provide
an adequate climate for H. stipulacea. Thus, the climatic niche
as estimated from the native range does not represent the full
physiological potential of this species (Parravicini et al., 2015).
Only after the invasion, when the species may be enjoying
reduced biological constraints (the “biotic release” hypotheses)
is the full climatic affinity of the species exposed. This means
deducing the climatic constraints on H. stipulacea invasion
using native range SDMs may severely underestimate invasion
potential. Indeed, SDMs work best when the species-realized
niches are representative of their fundamental niche, shaped

by the underlying physiological constraints. However, if the
fundamental and realized niches diverge, correlative SDMs may
be far less accurate in predicting the future distribution of the
species (Elith et al., 2010; Parravicini et al., 2015).

One way to overcome this limitation is to directly model
the fundamental niche, e.g., using physiology. Physiological
models take into account the biological mechanism behind the
species distribution, and thus can be used more confidently for
forecasting the response into novel environmental conditions
such as in the invaded ranges (Kearney et al, 2010; Cheaib
et al., 2012). The simplest form of these models utilizes a
physiological threshold, such as temperature, to predict species
future distributions. However, complex physiological models
require substantial data on the relationship between the specific
environmental conditions and species performance (Buckley
etal.,, 2011; Cheaib et al., 2012).

A promising direction is to combine physiological estimates
of species performance and correlative SDMs (Woodin et al.,
2013; Martinez et al., 2015; Talluto et al., 2016). Such models
may provide more robust forecasts of species distributions in
novel climates. Gamliel et al. (2020) used a recently proposed
a Bayesian approach that combines SDMs with physiological
data (sensu Talluto et al., 2016) to forecast the distribution of
H. stipulacea. The physiological data included H. stipulacea’s
change in leaf area at different temperatures (Georgiou et al,
2016), which was used to calculate a temperature response
curve. This data was then used as a prior for the coeflicients
relating environmental predictor to species occurrences
within an SDM. RCP (Representative Concentration Pathway)
scenarios were used to make predictions for 2100, based on the
CCSM45 (Community Climate System Model 4), HadGEM2-
ES (Hadley Centre Global Environmental Model 2), and
MIROCS55 (Interdisciplinary Research on Climate 5) climatic
models. Surprisingly, the incorporation of the physiological
data did not change the present and predicted future (2100)
distribution of this species within the Mediterranean (Figure 8).
This likely reflects the wide temperature tolerance of the
species (Georgiou et al.,, 2016). In contrast, the hybridization
of SDMs with reproductive window phenology of the
invasive seaweed Sargassum muticum did strongly affect
the distribution projections of the species under future climate
change scenarios.

The results of this modeling exercise suggest that to accurately
predict the potential for range expansion of H. stipulacea, as
well as its response to climate change, it may be necessary to
move beyond both correlative SDMs and simple combination of
SMDs with physiology. For example, model performance may be
enhanced by using more sophisticated models that incorporate
physiological data for other environmental variables beyond
temperature (e.g., salinity, turbidity, etc.) as well as phenological
information. Conventional SDMs may also be improved by
careful selection of occurrences, background data and predictors
(Mainali et al., 2015). Further improvements may be achieved
with including data on dispersal ability, reproductive features
(e.g., reproductive periods, reproductive timing; Chefaoui et al.,
2019) and biotic interactions such as competition, predation or
facilitation, which are also likely to impact future distributions
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(Gilman et al., 2010; Kissling et al., 2012; Zarnetske et al., 2012;
Wisz et al., 2013; Record et al., 2018).

CLOSING THE KNOWLEDGE GAPS

The motivation for this review comes from the risk of
H. stipulacea becoming invasive worldwide. This is a risk that has
not been identified so far—at least in terms of research efforts and
funding priorities. This species has high plasticity, characteristics
typical of an r-strategist species and thus has the potential to
become an invader in a wide range of environmental conditions.
Indeed, with the recent doubling of the Suez Canal (Galil et al.,
2015, 2017) and the ongoing tropicalization and warming of
the Mediterranean (Bianchi and Morri, 2003; Borghini et al.,
2014), a process that is happening even faster in the eastern
Mediterranean (Ozer et al., 2017), H. stipulacea could potentially
become more prevalent in these waters in the coming years.
This is even more probable considering that conditions in the
Mediterranean Sea are becoming less favorable for its temperate,
native, seagrass species (Jorda et al, 2012; Chefaoui et al,
2018; Marin-Guirao et al., 2018; Savva et al., 2018) and more
welcoming of tropical species (Sghaier et al., 2014; Georgiou et al.,
2016; Gerakaris et al., 2020). The traits that make H. stipulacea
amenable to invasiveness include rapid horizontal growth and
leaf turnover rates (Wahbeh, 1984; Willette and Ambrose, 2012),
tolerance to a wide range of environmental conditions, including
salinity (Oscar et al., 2018), light (Sharon et al., 2009, 2011a,b),
and temperatures (Georgiou et al., 2016). This species has the
ability to grow from very small fragments (Willette et al., 2020).
It is capable of maintaining high-density meadows in both high
and relatively low nutrient levels (Beca-Carretero et al., 2020)
in different types of sediments (from soft mud to the nutrient-
limited carbonate sediments). It has physiological plasticity
(e.g., an efficient Ci-acquisition system, changes in leaf area,
chloroplast clumping), and, probably, is capable of interacting
with many different microbial species.

At least for the Caribbean, it seems that the invasive H.
stipulacea with its short leaves and relatively smaller roots,
cannot replace all the traits and services provided by the native
Caribbean seagrass species that it displaces (e.g., wave attenuation
and protection from storms, habitat complexity and use of
meadows as fish nurseries), potentially entailing changes to the
economic and social benefits that seagrasses provide in this
region (reviewed by Viana et al., 2019).

The aim of this review was to evaluate the existing knowledge
on the biological, ecological, physiological, biochemical, and
molecular traits of H. stipulacea in its native and invaded
habitats. This framework allowed us to (i) compare traits and
environmental conditions across basins, (ii) discuss the possible
environmental conditions and plant mechanisms involved in
its invasion, (iii) assess the impact of H. stipulacea on native
seagrasses and ecosystem functioning in the invaded regions, and
(iv) predict the ability of this species to invade European and
transoceanic coastal waters.

This review has also allowed us to identify several knowledge
gaps, highlighted throughout the text, that need to be addressed

in the future: The ecological interactions between H. stipulacea
meadows and grazers (e.g., from small species up to dugongs)
have been investigated mostly in the Caribbean, but we know
very little about fish associated with H. stipulacea meadows in
the Red and Mediterranean Seas. We know little about the
functional role of the associated microbiome—do they contribute
to the invasive success of their host? We lack data on the
genetic diversity and connectivity of H. stipulacea populations.
For these knowledge gaps, developing “omic” tools would be
of particular relevance. We lack data on thermal tolerance
of H. stipulacea populations (that could be collected from
mesocosm experiments, modeling or in situ long term data)
and how these compare with other neighboring seagrass or
other species (e.g., corals and sponges). For this, the use of
new technologies and innovative approaches (e.g., mesocosm
common garden experiments, isotopic, biochemical, ecological,
and molecular markers) will be mandatory. We need better
niche models, accurate SDMs or climate envelope distribution
models—these could help in predicting future expansions of H.
stipulacea’s distributions (e.g., what regions and ecological niches
are likely to be invaded?) and the impacts of such changes (can
we even control such expansions?). The word cloud highlights
that we know little about ecosystem services directly associated
with H. stipulacea in both native and invaded habitats. We need
to compare reproductive seasons (timing, duration, female/male
ratios) among different sites in both native and invaded ranges.

Our review identifies regions for which we have even larger
knowledge gaps—we know very little about populations of H.
stipulacea in many parts of its native range. Similarly, we lack
studies on seasonal changes in Mediterranean populations, where
quantitative data dealing temporal changes of H. stipulacea don’t
exist. Finally, we conclude that a coordinated mapping of H.
stipulacea and permanent monitoring efforts are needed across
native and invaded distribution areas. The issues at stake entail
the involvement of biologists, ecologists, modelers, managers,
and local stakeholders. In the current scenarios of climate
change and exponential human pressure on coastal areas, long-
term monitoring is needed to record changes in H. stipulacea
over time with associated communities to contextualize current
observations in native (Red Sea), invaded (Mediterranean and
Caribbean Seas), and prospective distributional ranges.

From the perspective of future management efforts in regions
where H. stipulacea might become invasive, we do not believe
it would be possible to remove newly discovered plants—unless
on a very small scale (<10 m?). Due to its rapid clonal growth,
prolonged survival as fragments, and its ability to regrow from
small fragments (Smulders et al., 2017; Willette et al., 2020), we
need to take into account that if H. stipulacea plants are pulled
out, tiny fragments can survive and settle in other places. Perhaps,
more efforts should be placed on prevention of loss of native
seagrasses. We know that when native seagrass disappears, H.
stipulacea can rapidly colonize the available area (especially in
the Caribbean). But if native seagrass is still there, this probably is
not that easy for H. stipulacea. Indeed, this was demonstrated by a
study by Steiner and Willette (2015b) in Dominica, where so long
as S. filiforme had a cover of <45% it was able to resist invasion
by H. stipulacea (8. filiforme “strongholds”), but if S. filiforme was
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below this, there was space for H. stipulacea to come in and S.
filiforme eventually was displaced (Steiner and Willette, 2015b).
The comparison of the invasiveness of H. stipulacea in protected
vs. unprotected MPAs has yet to be done, but the mere ban of
fishing in seagrass meadows located in Caribbean island nations
might help slowing invasiveness of H. stipulacea since it has
been shown that wooden and metal fish traps commonly used by
fishermen in the eastern Caribbean facilitate local dissemination
of H. stipulacea (Willette and Ambrose, 2012; discussed above).
While protecting native seagrasses from global warming is
difficult, they can be protected from local stressors such as
physical damage (e.g., anchoring), and more importantly from
eutrophication. While setting up marine protected areas (MPAs)
has become a fundamental strategy in marine conservation,
their effectiveness on seagrass meadows has been relatively less
studied (reviewed by Alonso Aller et al., 2017). Seagrass MPAs
in tropical areas were shown to increase the temporal stability
of seagrass-associated fish communities, which in turn enhanced
herbivory followed by enhanced seagrass growth rates (Alonso
Aller, 2018). However, MPAs were not able to protect seagrasses
from land-use effects, highlighting the importance of coupling
seagrass conservation with land-based management. Indeed,
both Bjork et al. (2008) and Waycott et al. (2009) have identified
nutrient inputs as the number one threat to seagrass ecosystems
worldwide. Thus, in parallel to mapping and monitoring changes
in areas where H. stipulacea meadows have already invaded, it
might be more important, in areas where this species has not
yet completely overtaken native seagrasses, to apply improved
land-based management strategies that would reduce potential
eutrophication and prevent loss of water quality, stressors that
would enhance such invasiveness.
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