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A B S T R A C T

Seagrasses are capable of sanitizing coastal seawaters polluted by fecal bacteria. In this work, the reduction of En-
terococci concentration in the presence of a seagrasses’ assemblage (Pacific Ocean) was related to the decrease in
the probability of gastroenteritis. A linear model fitted to data extracted from the literature showed a 20% reduc-
tion of this probability in the presence of these plants. Seagrass sanitation effect was estimated to allow avoiding
ca. 24 million gastroenteritis cases/year, globally. Considering a global cost of gastroenteritis of ca. US$ 372 mil-
lion/year, the global avoided cost, assuming that the sanitation service was always effective, was estimated to be
ca. US$ 74 million/year (2020 US$). The seagrass sanitation effect appears genera/geographic dependent, and
the targeted pathogen may change as well. Thus, the global estimates were roughly adjusted, obtaining conserva-
tive figures of ca. 8 million avoided cases/year and ca. US$ 24 million/year of avoided cost. Considering the im-
portance of this Ecosystem Service (ES) for public health and the potential global spreading of diseases driven by
climate change, further research is needed to ascertain the scope of this seagrass ES worldwide.

1. Introduction

Marine seagrasses have many ecological functions and provide sev-
eral Ecosystem Services (ESs; Cullen-Unsworth et al., 2014; Nordlund et
al., 2016; Ugarelli et al., 2017; Nordlund et al., 2018). The most recent
observed function is a natural biocide action that generates the ability
to remove microbiological contamination. Such an ability was demon-
strated recently by associating the presence of seagrasses with an effec-
tive reduction of the presence of certain fecal bacteria (i.e., Enterococci
CFU/100 ml1) in coastal waters (Lamb et al., 2017). These bacteria are
a proxy for more dangerous pathogen species responsible for diseases in
humans, fish, and invertebrates. In addition, in vitro studies have
demonstrated the antibacterial potential of many seagrasses against hu-
man pathogens (Alam et al., 1994; Choi et al., 2009; Mayavu et al.,

2009; Kannan et al., 2010). These findings are exactly the opposite of
the evidence found by Grant et al. (2001), showing that saltwater
marsh sediments and vegetation (mostly Salicornia virginica) may be rel-
evant sources of Enterococci bacteria that then leak into the closest surf
zone. The type of vegetation and the geomorphological, chemical, and
physical characteristics of a coastal site does matter in the sanitation
role that aquatic plants may play (Palazon et al., 2018). In contrast to
the observations by Lamb et al. (2017), Webb et al. (2019) did not find
conclusive evidence of microbial contamination reduction by the sea-
grass Zostera spp. in the coastal waters of San Diego (CA, USA). Interest-
ingly, Palazon et al. (2018) found, in a microbiological screening of the
coastal waters of 270 Spanish beaches, a not statistically significant re-
duction of Enterococci concentration (CFU/100 ml) in the presence of
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Posidonia oceanica, although the presence of Posidonia significantly re-
duced the concentration of Escherichia choli. ).

Thus, scanning the current literature, conclusions about the role of
aquatic vegetation in sanitizing local conditions are controversial. Such
controversial conclusions suggest that there might be some limits to the
anti-pathogen action played by seagrasses, and qualitative differences
may be linked to the pathogen type and seagrass genera and/or species.
It is likely that, given a specific pathogen organism, there is a range of
bacteria concentration within which some plant genera provide an ac-
tive sanitation service. Moreover, above a certain threshold, seagrasses
may cease to affect pathogens. Instead, they may start suffering a popu-
lation depletion due to the high concentrations of bacteria in water
(e.g., Elliott et al., 2006; Jones et al., 2018), and this, in turn, would fur-
ther reduce the potential sanitation effect these plants may ensure (Liu
et al., 2018).

The seagrass assemblages capable of exerting a sanitation effect in-
cluded mainly Enhalus acoroides, Thalassia hemprichii, and Cymodocea
rotundata (Lamb et al., 2017, in their Supplementary Material), i.e., the
typical seagrass assemblages of the Indo-Pacific Area, according to
Short et al. (2007). In contrast, Webb et al. (2019) nonconclusive evi-
dence of a seagrass anti-pathogen effect occurred in a different geo-
graphical area (San Diego, California, USA) where Zostera spp. sea-
grasses were the dominant genus/species (i.e., the Temperate North Pa-
cific seagrasses’ biogeographic region, according to Short et al., 2007)
while P. oceanica was capable of significantly reduce Escherichia coli
(but not Enterococci) concentration in the Mediterranean Sea (Palazon
et al., 2018). Thus, the seagrass sanitation-effect ES seems to be, as well
as many other seagrass ESs, genera/geographic area dependent
(Nordlund et al., 2016), and it seems to occur, at least given the (lim-
ited) search effort to date, only in two of the six seagrasses’ biogeo-
graphic regions considered by Short et al. (2007). The work of Lamb et
al. (2017) was entirely devoted to the biological aspects of the anti-
pathogen ES that marine seagrasses may provide to the advantage of
several species, humans included. Although those authors emphasized
the importance of this ES for human well-being, they did not estimate
the potential reduction of the known global economic burden of thalas-
sogenic diseases (Shuval, 2003).

It has been estimated that 380 billion m3 (380 trillion l) of munici-
pal wastewaters are produced globally every year (i.e., five times the
volume of Niagara Falls each year, Qadir et al. 2020). 40–80% of these
waters are discharged untreated (Hernández-Sancho et al. 2015) and
carry (directly or indirectly) an enormous flux of pathogens into the sea
(Tuholske, 2021), often even from the same wastewater plants meant at
abating them where they instead survive and thrive (Newton and
McClary 2019). Polluted seawaters have become thus a source of seri-
ous global public health concern (Pougnet et al. 2018; Weiskerger et al.,
2019; (Tuholske, 2021)). For instance, a recent meta-analysis of 19 pa-
pers has shown that, in high-income countries, the immersion (e.g.,
bathing) in polluted seawaters may cause an increased risk of experi-
encing symptoms of various illnesses including respiratory, ear, eye,
skin, and gastrointestinal infections (Leonard et al., 2018).

Sea water-borne diseases may affect both recreational and occupa-
tional users of marine waters and may target only a few people occa-
sionally or explode yearly in severe larger out-breaks heavily impacting
the health of many people (Henrickson et al., 2001). Infant and children
may be particularly affected by seawater-borne pathogens (Arnold et

Table 1
Shuval’s (2003) estimates of global GI cases, related DALYs, and cost per
year.
Shuval’s (2003) estimated values

# Global GI cases/year (GGICS/year) 120,300,000
# DALYs/year 66,000
US$ per DALY 4,000
Global GI cost/year (GGIC/year) in US$ 264,000,000

al., 2016; DeFlorio-Barker et al., 2018; Verhougstraete et al., 2020, and
Supplementary Materials, SM1). In high-income countries, a large part
of thalassogenic diesases cost is attributable to sanitary treatment and
work absenteeism while social costs and death toll are relatively low.
Conversely, in low- and middle-income countries, social costs, and
death toll, especially among children are the major burden (Bartsh et
al., 2016); Jamison et al., 2018; UNO-DESA, 2020). Seagrasses’ sanita-
tion capability could play a role in mitigating this (these) cost(s) and
thus it might be a valuable ES.

As for the other seagrasses’ ESs, although many gaps still affect their
economic valuation (Dewsbury et al., 2016; Himes-Cornell et al.,
2018), several estimates can be found in an extensive literature,
namely: i) the seagrass contribution to fishery estimates span from a
minimum (min) of ca. US$ 33.8/ha/year to a maximum (Max) of US$
47,232/ha/year (SM2) while for the whole Mediterranean, estimates
based on residency of species in the seagrasses gave € 58–91 million/
year for commercial fishery, and € 112 million/year for recreational
fishery (Jackson et al. 2015); ii) seagrass carbon sequestration was esti-
mated to provide, in various areas of the world, a min US$ 414,159 and
a Max US$ 7 million (SM2) while carbon stocked in the currently exist-
ing European seagrass beds was estimated in US$168,749,727 (EU Al-
lowances price 2012) (Luisetti et al., 2013), and US$ 19 million of ex-
tra-local avoided SCC (Social Carbon Costs as avoided damages of a
unit reduction of CO2 or its equivalent emissions) was the estimated
value for the carbon stored in Gazy Bay, Kenya, with China, Europe,
and the USA as the main beneficiaries (De los Santos et al., 2020); iii)
Campagne et al. (2015) estimated that Posidonia oceanica coastal pro-
tection from erosion service provides € 188/ha/year while in the
Caribbean (Martinique) the same service was estimated in € 12,100/
ha/year (Failler et al., 2015); iv) wastewater treatment value was esti-
mated to be € 60/ha/year in the Mediterranean Sea (Campagne et al.,
2015) and € 1,100/ha/year in the Caribbean (Martinique) (Failler et
al., 2015); v) the contribution to touristic activities was valued in €
7,800/ha/year in the Caribbean (Martinique) (Failler et al., 2015); vi)
cultural service (such as research/knowledge contribution) estimates
were € 0.33/ha/year, in the Mediterranean Sea, (Campagne et al.,
2015) and € 210,000/year, in the Caribbean (Failler et al., 2015).

However, contrary to the above seagrasses’ ESs, sanitation power
has not only received much less attention as an ES per se (as far as we
know, only three papers have addressed this ES), but it is also clear that
the estimates of the health and economic benefits this peculiar ES may
provide to human beings are lacking. While there is a need for more re-
search to disentangle the actual role seagrasses may play in facilitating
sea sanitation, significant details about the potential reduction of
health and economic damages are necessary too. The present work thus
primarly aims to make a first step toward the filling of this gap.

There is, moreover, another important aspect that motivated the
present study. The recent (and ongoing) COVID-19 (SARS-CoV-2) pan-
demic indicates that damaged and stressed unhealthy ecosystems may
favor both the spillover of pathogens from animals to humans and the
spreading of infectious diseases in human populations (Dobson et al.,
2020 (Guégan et al., 2020)). Healthy ecosystems may protect against
disasters often labeled as “natural” while, in realty, thayare triggered
by human-induced environmental dyscrasias. This misconception un-
derlines the importance of a unitary approach to public health policy,
the so-called one-health approach, i.e., healthy humans in a healthy en-
vironment (Schmiege et al. (Schmiege, 2020), and references quoted
therein; Gillespie et al., 2021). Such an approach sees natural systems’
conservation and restoration as strategic tools useful to control
pathogens in natural populations and prevent their spillover and/or
spreading in humans.

However, nature conservation may often appear a useless constraint
to economic development, and restoration is frequently considered too
expensive. They are believed, thus, not worth being pursued. This hap-
pens because we still have, in many cases, only poor or even none esti-
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mates of the economic benefits healthy ecosystems may provide, al-
though many valuable efforts have been made to overcome this lack of
knowledge (e.g., Millennium Ecosystem Assessment 2005 https://
www.millenniumassessment.org/en/index.html, TEEB Home – The
Economics of Ecosystems and Biodiversity (http://teebweb.org/);
IPBES https://www.ipbes.net/; Ecosystem Services Partnership
https://www.es-partnership.org/). Well-functioning ecosystems may
allow avoiding the much greater costs we have to face when these nat-
ural systems are damaged, stressed, and ill-functioning (e.g.,
TRUECOST Report, 2013; ISO14008, 2019). In the Covid-19 pandemic
case, for example, it turned out that the present value of the cost of the
measures that could have helped to prevent the pandemic (and may still
help to prevent the occurrence of further analogous events) would be
(is), in ten years, only 2% of the huge economic burden humanity is fac-
ing because of the virus spreading (Dobson et al., 2020).

In this context, the effort we pursued here to estimate the sanitary
costs seagrasses may help to avoid meant at providing information that
can be essential (along with that concerning other benefits provided by
seagrasses’ ESs) in costs/benefits analysis (e.g., Markandya, 2016)
aimed at valuing the convenience of conservation and restoration pol-
icy of the seagrasses viewed as a “public health device” capable of curb-
ing pathogens concentration in the seawater reducing thus the number
of cases and the consequential sanitary and welfare/social costs.

Thus, here we provide an attempt “first-order” estimate of such a
putative potential reduction of cases and economic damages through
estimates of the avoided cases and cost that the seagrass “water-
sanitation” ES may ensure for human well-being. Specifically, we deter-
mined the costs that would have been incurred in the absence of sea-
grasses as a natural anti-pathogen provider (according to TEEB, 2010).
Our specific aims were: i) to estimate the reduction of the risk of catch-
ing a specific seawater-borne disease when a given seagrass assemblage
is present, ii) to estimate the reduction in the number of the cases per
year the seagrass sanitation effect may ensure globally, iii) to attempt a
rough estimate at a global level of the avoided cost ensured by this ES,
and finally, iv) to adjust this estimate taking into account as much as
possible the influence of seagrass taxonomy, geographic distribution,
and ecosystem/biodiversity integrity on their sanitation properties,
worldwide.

2. Material and methods

2.1. Rationale and approach key assumptions

In Fig. 1, we presented the various pathways of potential seagrass-
mediated cost reductions, with the ones considered in this work shown
in red/orange, i.e., we focused here on the seagrass-mediated reduced
cost of Gastroenterits Ilness (GI, SM3) which is a portion of this larger
framework characterized by different pathways that seawater-borne
pathogens follow from the source (point or diffuse) to the other living
organism, humans, and animals, they may infect.

Untreated and even treated wastewaters are the major sources of
pathogens worldwide (far-left box, Fig. 1, Hernández-Sancho et al.,
2015; Newton and McClary, 2019). Once entered seawaters, pathogens
may resist in inactive states and deposit into the sediments (Pandey et
al., 2014; Weiskerger et al., 2019) or, as it has been shown recently, at-
tach to plastic macro and micro debris (Bowley et al., 2021). In this
state, they may wait for good environmental conditions to happen and
then thrive, reaching high concentrations at which they may become
very infective for both humans and other vertebrate and invertebrate
species. They may also concentrate into edible organisms (fish, shell-
fish, and crustaceans). The larger left box – “Bacteria/viruses diseases”
box – including the three smaller boxes “Edible fish, shellfish, crus-
taceans, etc.”; “Enterococci CFU/100 ml”; and “Corals & other inverte-
brates, fish, diseases”, represents the above-mentioned conditions (Fig.
1). Enterococci concentration is a proxy of the much more aggressive

pathogens capable of affecting people (Kay et al., 1994; Kay et al.,
2004).

From the three seawater sources of pathogens, pathways through
which human’s health and wealth are affected both directly and indi-
rectly branch off (the three boxes at right in Fig. 1), i.e.: i) the contami-
nated seafood, ii) the immersion (bathing, surfing, canoeing, etc.) into
and the direct ingestion of polluted waters where infective bacteria and
viruses are thriving, iii) the coral bleaching and other invertebrates and
fish mortality causing ecosystem damages. Both the ingestion of conta-
minated seafood and the increased risk of getting sick (specifically of
getting GI) by water immersion and ingestion imply healthcare and
welfare costs estimated to be locally and globally relevant. Moreover,
the increased risk of contracting a disease and the ecosystem damages
may lower the appeal of previously attractive beaches and coastal
recreational areas (small, rounded rectangle in Fig. 1).

The result (far-right box in red, Fig. 1) is an increase of damages to
human well-being which translates into a burden of economic and so-
cial costs including, sometimes, a heavy death toll, depending on the
different income and socio-economic conditions of the different areas of
the world. According to Lamb et al. (2017) results, seagrasses’ sanita-
tion effect (rounded rectangle in the uppermost of Fig. 1) may play an
important role in reducing the concentration of the pathogen (repre-
sented by Enterococci CFU/100 ml) thereby reducing each of the three
sources of damages shown in Fig. 1 (this depressive effect is represented
by three rounded-head arrows interfering with the arrows stemming
from the three different pathogens boxes, Fig. 1).

We focused here on the specific effect that Enterococci as a proxy of
other pathogens may have in increasing the risk of getting GI via im-
mersion in or ingestion of seawater polluted by these organisms (red
letters and red arrow in Fig. 1). We extracted from the literature both
the global GI economic cost and the number of GI cases per year occur-
ring globally (far-right red box in Fig. 1). Then we estimated the sea-
grass-mediated avoided GI cases and costs, i.e., the avoided cases and
costs seagrasses may ensure through their depressing effect on Entero-
cocci and thus on pathogens concentration (red rounded-head arrow
stemming from a rounded uppermost rectangle in Fig. 1).

We tackled this specific subset of the broader problem sketched in
Fig. 1 because reliable data and information that can be used to make
the combination of bio-ecological, epidemiological, and economic com-
putations needed to scale the seagrasses-mediated avoided clinical
cases and cost estimates up to a global level are readily available, as far
as we know, only for Enterococcus and GI.

2.2. Lower probability of contracting gastroenteritis due to the presence of
seagrasses

To estimate the reduction of the probability of catching GI when
seagrasses are present, we relied on the best available knowledge by
combining two data sets obtained from the literature. Namely, the UK
epidemiological data of Enterococci concentration (CFU/100 ml) vs. the
Probability of GI (PGI, derived from the works of Kay et al., 1994; and
Fleisher et al., 1996, and reported in a paper by Ashbolt and Bruno,
2003), and the average Enterococci (CFU/100 ml) concentrations that
Lamb et al. (2017) found in a tropical sand flat where a specific seagrass
assemblage was either present or absent.

The following data have been extracted from literature (by Using
Plotdigitizer2): i) from figure 1 in the paper by Ashbolt and Bruno
(2003), the UK epidemiological data, i.e., 17 couples of points (x, y),
where x = Enterococci concentration CFU/100 ml, and y = probability
of GI, and 17 (x, y) data-points of a dose–response relationship, namely
the Max Risk Model (MRM), that Ashbolt and Bruno fitted to these

2 Plotdigitizer is a computer program that allows to digitize data points off
scanned images of plots (in GIF, JPEG, or PNG format). Just by clicking on each
data point, one can acquire the desired data that then get stored in a text file.
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Fig. 1. Pathways of infection of humans and other organisms, and a cascade of direct and indirect damages to human health and the economy, i.e., costs (according
to the findings of Lamb et al., 2017). The direct cost reduction (i.e., avoided cost) estimated in this work is presented in red–orange. The horizontal arrows indicate
the pathways and their direction along with the negative effect on human health and economic earnings. The arrows stemming from the seagrass sanitation effect
box represent the depressing antibiotic action that seagrasses may exert on either human or non-human pathogens. This action implies a reduction of the adverse ef-
fects on human health and economic earnings and, therefore, a decrease in economic costs, i.e., an increase of avoided costs (realized through Diagrams.net).

same data set (which is more reliable for estimating a dose–response
relationship than other data sets for the reasons specified in Kay et al.,
2004); ii) from figure 1 of Lamb et al. (2017) work, 2 average Entero-
cocci concentrations (CFU/100 ml) when seagrasses were either present
or absent.

Following the footsteps of Kay et al. (1994), we fitted a linear equa-
tion to the Enterococci concentration (CFU/100 ml) vs. the probability

of GI data and obtained a simple dose–response relationship, and then
plotted it in Fig. 2 (an approach like that of Cabelli et al., 1982). In Fig.
S4, we plotted the MRM data-fit we had extracted from the Ashbolt and
Bruno (2003) paper (SM4). Then, we plotted the Enterococci concentra-
tion averages that we had extracted from Lamb et al. (2017) on these
two graphs (i.e., Figure 2 and S4) neglecting the confidence intervals

Fig. 2. The dose–response linear fit of UK epidemiological data (black dots) for Gastrointestinal Illness (GI) (data plot redrawn from Ashbolt and Bruno 2003 after
Kay et al. 1994). Plotted are also the Lamb’s et al. (2017) averages data for Enterococci concentration (CFU/100 ml) in the absence – a red star – and in presence – a
green star and a seagrass icon – of seagrasses. The red arrow indicates three folds drop in the probability of GI in the presence of a seagrasses’ assemblage.
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(CI) because CIs are not the actual minimum or maximum values of the
data set.

Thus, we found the Probability of catching GI (PGI) in the absence
or the presence of the seagrass assemblage occurring in the tropical
area where Lamb et al. (2017) carried out their research. That is to say,
an estimate of the probability of getting sick (through immersion) when
these plants are absent, PGISa, or present, PGISp.

This probability was estimated using a simple linear model fitted to
the “crude” probability of getting GI (values derived from UK epidemio-
logical data set) and this might lead to underestimating the actual risk
of catching the disease (Pond, 2005). However, Ashbolt and Bruno
(2003) fitted the same set of data using an appropriate risk model, i.e.,
the Maximum Risk Model, obtaining a particularly good agreement be-
tween the data and the model for higher doses (higher Enterococci CFU/
100 ml) but not for lower ones (Fig. S4).

MRM is a (single-hit) risk model of the form Pinf = (1-e-rD), i.e., an
exponential model where Pinf represents the probability of infection of a
host, r is the probability, assumed as constant, that a pathogen will sur-
vive all host barriers and colonize it, and D is the mean ingested dose of
pathogens the host is exposed to (FAO/WHO, 2003). It gives the upper
confidence level of a dose–response relationship taking adequately into
account the fact that the risk cannot exceed the probability of exposure
(Teunis and Havelaar, 2000). Ashbolt and Bruno (2003) MRM good fit
was obtained (for higher doses) assuming r constant and equal to 1,
D = 50 ml, an Enterococci: viruses ratio equal 1:175, and the number of
people getting ill equal to half (50%) of those infected (not all exposed
people that get infected also get ill).

The fact that MRM fits well the UK epidemiological data for the
higher Enterococci doses but overestimates the probability of getting GI
for lower ones (Ashbolt and Bruno, 2003) implies that the probability of
getting GI should be considered reliably estimated only for higher
doses. A different risk model, such as a threshold one, might perform
better since it also account for the observed variation of the probability
of getting GI at lower Enterococci doses, as stressed by Ashbolt and
Bruno (2003). However, our linear dose–response model is a simple
and reasonable compromise that allowed us to estimate the probability
of getting GI at both lower and higher doses.

2.3. Gastroenteritis illness global cost

Shuval (2003) estimated the number of Global thalassogenic GI
Cases/year (GGICs/year) and then the Global (thalassogenic) GI Cost/
year (GGIC/year) through a DALY approach i.e., the Disability Ad-
justed Life Years method. Such an approach gives the economic esti-
mate of global GI cost/year (GGIC/year) as the number of DALYs/year
imputable to GI times the estimated cost of each DALY.

DALY is defined as follows: “One DALY represents the loss of the
equivalent of one year of full health. DALYs for a disease or health con-
dition are the sum of the years of life lost due to premature mortality
(YLLs) and the years lived with a disability (YLDs) due to prevalent
cases of the disease or health condition in a population” (WHO https://
www.who.int/data/gho/indicator-metadata-registry/imr-details/158).
Details on DALYs estimation procedure can be found in Devleess-
chauwer et al. (Devleesschauwer, 2014).

We relied on these Shuval’s (2003) global estimates, although we
were aware that they are only rough “first-order”, likely underesti-
mated, values (as Shuval himself stated in his 2003 paper). Thus, in our
successive computations, we used the following Shuval’s estimated
quantities: i) the number of Global thalassogenic GI Cases/year (GGICs/
year), ii) the number of DALYs/year imputable to GI (DALYs/year), iii)
the cost per DALY in 2003 US$, iv) the Global (thalassogenic) GI Cost/
year (GGIC/year). We adjusted these values for inflation and gave them
in US$ of 2020.

The above estimates implicitly include the sanitation effect of the
presence of seagrasses. The epidemiological phenomena Shuval (2003)

scrutinized (the Global GI Cases/year) were observed in coastal areas
around the world where seagrasses are present and may (or may not)
provide a sanitation service.

2.4. Estimates of global avoided cases and cost

To estimate the Global GI Avoided Cost/year (GI GAC/year in 2020
US$ dollars) delivered by the seagrass sanitation effect, we assumed
that, if seagrasses were absent at global scale, the number of Global GI
Cases, GGICs/year, would be subject to a net increase ΔGGICs/year
given by the following equation:

Where ΔPGI = (PGISa – PGISp), and PGISa (the probability of getting
sick when seagrasses are absent) and, PGISp (the probability of getting
sick when seagrasses are present) were those estimated in Section 2.2.
This increase in the number of global GI cases (ΔGGICs/year) would
produce an increase in the number of DALYs/year (ΔDALYs/year) that
is given by the following equation (assuming a simple proportional in-
crease of the DALYs/year):

Where DALYs/year and GGICs/year correspond to the Shuval’s
(2003) estimates while ΔGGICs/year was computed according to the
previous Eq. (1).

Considering that ΔGGICs/year = (GGICs/year) ×ΔPGI, Eq. (2) sim-
plifies as follows:

The increase of the Global GI Cost/year (ΔGGIC/year, in 2020 US$),
if seagrasses were absent at global scale, was then given by:

Where US$ per DALY was given in 2020 US$ (i.e., inflation-adjusted
values according to the previous Section).

This increase in the global GI cases and cost per year would sum up
to the previously Shuval’s estimates of GGICs/year and GGIC/year if
seagrasses were absent at a global scale. Since they are present, they
should allow avoiding these extra yearly cases and costs. Therefore,
ΔGGICs/year and ΔGGIC/year are also an estimate of the Global GI
Avoided Cases (GI GACs/year) and the Global GI Avoided Cost (GI
GAC/year) that seagrasses may ensure yearly.

2.5. Conservative estimate of global avoided cases and cost

We assumed that most seagrass assemblages or single species sea-
grass meadows always have a sanitation effect worldwide. However, as
we stressed in the Introduction, seagrasses’ sanitation effect does not
seem to occur everywhere and be always effective on the same
pathogen. At present, seagrasses seem to provide their sanitization ef-
fect only in two of the six seagrasses’ biogeographic regions considered
by Short et al. (2007).

We assumed that a 1/3 reduction of the above estimated GI GACs/
year and GI GAC/year (previous Section) roughly adjust for this geo-
graphically limited occurrence of the seagrasses’ sanitation power.
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3. Results

3.1. Reduction of the probability of gastroenteritis illness (PGI) in the
presence of seagrasses

In Fig. 2, the Enterococci CFU/100 ml concentrations vs. the proba-
bility of getting GI, i.e., the UK epidemiological data points (from
Ashbolt and Bruno 2003, after Key et al., 1994), the linear fit of these
actual data along with the fitted linear equation (i.e., the dose–response
relationship), and R2 were reported. On the same graph, also the aver-
age Enterococci CFU/100 ml concentrations Lamb et al. (2017) found
when a seagrass assemblage was either present (green star and seagrass
icon) or absent (red star) are shown. The linear fit explained 97% of the
variance (R2 = 0.977) and for the slope F1,15 = 594.5 (P < 0.0001).
Cabelli et al. (1982) used a similar approach but regressed the mean
Enterococcus density/100 ml vs. the swimming associated rate for GI
symptoms/1000 persons linearly while here we followed the same
method used by Kay et al. (1994).

The average concentration of Enterococci was 125 CFU/100 ml
when seagrasses were absent and dropped to 55 CFU/100 ml when sea-
grasses were present (extracted data from Lamb et al., 2017, presented
in Fig. 2). From the dose–response linear equation that we fitted to the
UK epidemiological data (i.e., Enterococci CFU/100 ml vs. Probability
of GI data extracted from Ashbolt and Bruno, 2003), we found that the
Probability of GI (PGI) decreased accordingly (Fig. 2). PGI dropped
from about 0.30 when seagrasses were absent (Enterococci aver-
age = 125 CFU/100 ml, a red star in Fig. 2) to about 0.10 when these
plants did grow and thrive (Enterococci average = 55 CFU/100 ml, a
green star in Fig. 2). Thus, from our linear model PGISa = 0.30 (sea-
grasses absent) while PGISp = 0.10 (seagrasses present).

3.2. Gastroenteritis illness global cost

The thalassogenic GI global cases/year given in Shuval (2003) was
equal to 120,300,000, i.e., the total number of actual yearly cases of GI
resulting from the immersion (e.g., swimming/bathing) in the waste-
water-polluted coastal seawaters of the world (GGICs/year). Shuval
(2003) estimated, through the DALY method, that these 120,300,000
Global GI Cases/year (GGICs/year) would generate a global GI Cost/
year (GGIC/year) of US$ 264 million/year, considering a cost per DALY
of US$ 4,000 in US$ of 2003. The following table summarizes Shuval’s
(2003) estimates (Table 1).

When adjusted for inflation, US$ 4,000 per DALY and the US$
264,000,000/year GGIC (in 2003 US$) were equal to US$ 5,626 per
DALY and US$ 371,316,000/year in 2020 US$, respectively. These
quantities were the input of our further computations.

3.3. Estimates of global avoided cases and cost

Assuming that seagrasses were absent globally , the number of
Global GI Cases, GGICs/year, would be subject to a net increase
ΔGGICs/year that we computed according to equation 1 (Section 2.4)
and the PGIs values previously estimated (Section 3.1).

Therefore, we obtained, under the assumption of the absence of sea-
grasses worldwide, a 20% increase of the global 120,300,000 GI cases/
year (GGICs/year), i.e., 24,060,000 GI cases more per year (ΔGGICs/
year). Since seagrasses are present, they would avoid this further bur-
den of yearly GI cases worldwide.

According to the equations (3) (Section 2.4), the increase in the
number of DALYs, ΔDALYs/year, assuming seagrasses were globally
absent, would be:

Thus, according to equation (4) (Section 2.4) the global GI cost/year
increase, ΔGGIC/year, would be equal to (in 2020 US$):

If seagrasses were absent globally, this value (ca. 74 million dollars/
year) would be the GI global cost/year increase (ΔGGIC/year) . Thus, it
is the avoided cost that seagrasses would ensure globally per year (GI
GAC/year) since these plants are present (at least for GI).

We plotted these estimates along with the Global GI Cases/year
(GGICs/year) and Global GI Costs/year (GGIC/year) in Fig.3a and 3b.

3.4. Conservative estimates of global avoided cases and cost

When (roughly) adjusted for the limited geographic occurrence of
seagrasses’ anti-pathogen effect (according to Section 2.5 criterion, i.e.,
a 1/3 reduction), the above estimates gave:

Fig. 3a. Estimate of the Global GI Avoided Cases/year provided by seagrasses –
green – compared to the Global GI Cases/year estimate according to Shuval
(2003) – yellow.

Fig. 3b. Estimate of the Global GI Avoided Cost/year provided by seagrasses –
green – compared to the Global GI Cost/year estimate according to Shuval
(2003) – grey – (values are in 2020 US$).
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We plotted the estimated conservative values along with Global GI
Cases/year (GGICs/year) and Global Costs/year (GGIC/year) in Fig. 4a
and Fig. 4b.

4. Discussion

4.1. Main results

4.1.1. The lower probability of contracting GI thanks to the presence of
seagrasses

The linear fitting of the ‘Enterococci concentration (CFU/100 ml) vs.
the probability of getting GI (UK) data was particularly good (Section
3.1, Fig. 2) and it is on this dose–response relation that we based our in-
ference about the lowering of the probability of GI due to the presence
of seagrasses (Fig. 2). This linear dose–response relation was not too
much different from MRM for higher doses, and this gave us confidence
about the reliability of our probability GI estimates for the higher levels
of Enterococci concentration. However, for lower doses, the probability
of GI estimates could be less reliable because the Ashbolt and Bruno
(2003) MRM fails to encapsulate that part of the dose–response curve,
and therefore the risk of getting GI could be not adequately estimated
neither by MRM nor by our linear model.

Nonetheless, our goal here was to use the approximate estimates of
the probability of getting GI for an objective that is quite different from
precise epidemiological scrutiny aimed, for example, at setting water
quality criteria (as was the case in the original work of Kay et al., 1994;
Kay et al., 2004). We wanted to make global economic estimates that
do not require great precision; rather, they were meant at giving a rea-
sonable order of magnitude of both avoided cases and cost that sea-

Fig. 4a. Conservative estimate of the Global GI Avoided Cases/year provided
by seagrasses – green – compared to the Global GI Cases/year estimate accord-
ing to Shuval (2003) – yellow.

Fig. 4b. Conservative estimate of the Global GI Avoided Cost/year provided by
seagrasses – green – compared to the Global GI Cost/year estimate according to
Shuval (2003) – grey – (values are in 2020 US$).

grasses may ensure through their effect on pathogens. Therefore, we
were sufficiently confident that the estimates we got through a linear
dose–response model fitted to UK epidemiological data were good
enough for our purposes. Thus, we were able to show that the presence
of the Indo-Pacific seagrass assemblage considered by Lamb et al.
(Lamb et al., 2017) can significantly reduce a beachgoer’s probability
of contracting GI, i.e., a 20% reduction in PGI.

However, the apparent limited genera/geographical area occur-
rence of the seagrasses’ sanitation power implies that the extrapolation
we have done to estimate this economically valuable seagrasses’ ES at a
global scale, using the above-mentioned result on PGIs reduction, must
be considered with some caution. In fact, because of minimal waste-
water treatment prevailing in tropical areas (i.e., at least part of the
Indo-Pacific seagrass area), Enterococci concentrations may increase
well above the highest level included in the UK epidemiological data
and, consequently, PGI may change, although it does not seem to signif-
icantly increase (at least in the tropical Brazilian waters scrutinized by
Verhougstraete et al. (2020)). Nonetheless, the Lamb et al. (2017) aver-
age Enterococci concentrations (CFU/100 ml) were within the limits of
the UK epidemiological data that we used (Fig. 2), and this allowed to
make reliable estimates. Sun exposure and temperatures higher than
those usually occurring in the UK characterized the geographic area
where Lamb et al. (2017) found the seagrass anti-pathogen effect,
though. Therefore, our infection risk estimates might be biased.

However, higher temperatures may have opposite effects on fecal
bacteria. On the one hand, they cause more virulent transmissibility of
infectious diseases and an increase in the duration of the annual period
during which pathogens cause a problem (Harvell et al., 2002; (Altizer,
2013). On the other hand, they contribute to fecal bacteria decay/inac-
tivation but in a far less effective way than longer sun exposure (e.g.,
Sinton et al., 2002; Sagarduy et al., 2019). The two opposite effects
(i.e., large positive temperature effect vs. smaller negative temperature
and large negative sun exposure effect) most likely compensate each
other, implying that our PGI estimates based on UK epidemiological
data and tropical Enterococci concentrations may provide sufficiently
reliable figures of the actual lower probability of infection.

4.1.2. Global avoided cases and cost
The above-mentioned 20% reduction in the PGI implies that, in the

absence of seagrasses, the number of GI cases per year (GGICs/year)
would be subject to the same 20% increase, or equivalently that the sea-
grasses presence may ensure 20% less GGICs/year. Considering the ge-
ographic area/genera limitation of seagrass sanitation power, the con-
servative 1/3 reduction of this percentage would suggest that at least a
7% less GGICs/year would be ensured by the seagrasses’ presence. This
result is our main finding and has both local and global implications. In
specific local cases, the presence of seagrasses meadows seems to imply
a lower (20% less) public health impact of the GI due to seawater pollu-
tion. This information may be essential for public health and conserva-
tion – one-health – policy strategic choices. Globally, we found that
considering Shuval’s (2003) estimate of GGICs/year (i.e.,
120,300,000), seagrasses may avoid that 24,060,000 or, conservatively
8,030,000 GI cases per year would sum up to the current GGICs/year
(i.e., ΔGGICs/year and its conservative estimate).

As for global GI avoided cost (GI GAC/year), we found that relying
on Shuval’s global GI cost per year (GGIC/year) figure, i.e., US$
371,316,000/year (2020 US$), the presence of seagrasses would ensure
to avoid ca. US$ 74 million or, conservatively, ca. US$ 24 million per
year of extra cost (in 2020 US$). The magnitude of these estimates de-
pends on the original GGIC/year estimate because GI GAC/year esti-
mates are a fixed percentage (20 or 7%, respectively) of GGIC.

It is likely that Shuval’s GGIC/year is an underestimate of the actual
global GI cost/year value, considering both local (coastal stretches and
beaches, e.g., Dwight et al. (2005); Given, Pendleton, and Boehm 2006)
and nationwide estimates of GI costs (DeFlorio-Barker et al., 2017;
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Barker et al., 2018; DeFlorio-Barker et al., 2018; see SM5 for a thorough
discussion). The global economic burden of Norovirus GI was esti-
mated, through a simulation model, by Bartsh et al. (Bartsh et al.,
2016). They heve shown that the direct sanitary costs may result in a to-
tal of US$ 4.2 billion per year (central estimate), 62% of which were at-
tributable to health expenses in high-income countries, while social
costs (mostly missing productive days) that may amount to US$ 60.3
billion per year (central estimate), seem to heavily impact low- middle-
income countries in terms of household’s income spending and death
toll. Overall, the poorer countries seem to have a greater cumulative
Norovirus disease burden, i.e., 82% of total global illness and 97% of
global deaths, compared to high-income countries. Norovirus GIs are
one-fifth of all gastroenteritis illnesses, which include all sorts of gas-
troenteritis (i.e., food and drinking water-borne GIs) and not only the
thalassogenic ones that are, in turn, only a fraction of all GI. Therefore,
the Bartsh et al. (2016) results are not fully comparable to Shuval’s
ones. Those figures suggest, though, that it is highly likely that GGIC/
year is one order of magnitude higher than Shuval's Shuval (2003) esti-
mate.

One order of magnitude higher GGIC/year would imply a conse-
quent increase in the order of magnitude (i.e., ca. a billion or tens of bil-
lions) of the seagrass-ensured GI GAC/year. Thus, our GI GAC/year val-
ues should be considered highly underestimated. Nonetheless, our find-
ings are useful because as soon as such a GGIC/year better estimate will
be available the corresponding global avoided cost ensured by the sea-
grass sanitation effect could be roughly estimated computing a 20 (non-
conservative) – 7% (conservative) increase of GGIC/year, assuming
that seagrasses were globally absent (and, thus, the global GI Global
Avoided Cost/year since they are present). The same would also hold
for the GI Global Avoided Cases per year (GI GACs/year) in the case a
new assessment of the number of Global GI Cases per year (GGICs/
year) will be available in the future.

4.1.3. Equitable conservation of seagrass sanitation service
If the Lamb et al. (Lamb et al., 2017) findings were confirmed for

the whole Asian-Pacific Ocean, then the conservation of seagrass mead-
ows may be extremely important for the people living in the coastal ar-
eas of that region of the world where the poorest cannot get or afford a
good sanitary treatment and may be heavily exposed to seawater borne
pathogens (specifically, here, those causing GI) (Jamison et al. 2018).
Seagrasses sanitation ES may not reduce poverty directly, but it may
well reduce the high vulnerability of the poorest to thalassogenic dis-
eases, specifically GI (Suich et al., 2015). Keeping seawater pathogens
at a lower concentration, seagrass sanitation ES may help the poorest
run a lower risk of getting sick, allowing them a healthier life and a
lower probability of further impoverishment. In these areas of the
world, the 20% seagrass-mediated reduction of the thalassogenic GI in-
cidence (i.e., cases) and economic cost we have found here may mean
millions of people alive, healthier, less poor, and fewer economic re-
sources needed for building/improving health care system, every year.
The damage of seagrasses in these areas would imply thus a larger hu-
manitarian burden and not simply an increase in sanitary costs as it is
likely to be for high-income countries (SM6). It would seem tropical
“seagrass forests” are capable, in the marine biome, of a sort of
“pathogens-containment” analogous to that tropical forests do in the
terrestrial biome (Olivero, 2017); (Guégan et al., 2020)).

5. Limitations

5.1. General limitations

Our work focused exclusively on GI cost, which is only a part of a
wider framework of many other sources of cost (see Section 2.1, Fig. 1).
In our analysis, we did not include the indirect costs due to the reduc-
tion in the appeal of polluted coastal recreational areas (Fig. 1 right,

lower, rounded rectangle). Moreover, our estimates did not include
(Fig. 1): i) the positive (i.e., cost reduction) indirect effect of a lower in-
cidence of GI due to the ingestion of less contaminated seafood (e.g.,
clams and fish) by humans; ii) the other water-borne diseases such as
ear, eye, and respiratory system illnesses; iii) the beneficial effect on the
entire ecosystem’s health status that seagrasses favor and that humans
enjoy (Lamb et al., 2017). Therefore, our estimates are, from this larger
perspective, very conservative underestimates of the likely much higher
avoided cost seagrasses may ensure via their total anti-pathogen action
(whenever they do provide this ES).

6. Specific limitations

Many factors may weaken the reliability of our PGIs estimates, such
as flooding events, which increase the risk of infection (e.g., de Man et
al., 2014), and the exposed people typology. Local coastal community
members and beachgoers may exhibit an acquired immunity that for-
eign (tourists) beachgoers do not possess (e.g., Prieto et al., 2001). Fur-
thermore, the bathing pattern, i.e., beach attendance as the number of
beach visitors/dwellers through time and the excess illness due to
swimming linked to the fraction of swimmers per day should be consid-
ered (see Turbow, Osgood, and Jiang, 2003; Given, Pendleton, and
Boehm, 2006). Bathing pattern data may be essential because
Papastergiou et al. (2012) found that bathers may run an elevated risk
of suffering from GI (and other diseases) symptoms even when bathing
water quality complies with legal standards (both EU and EPA). How-
ever, they also found a relationship between bather density and gas-
trointestinal (and respiratory) illness. Therefore, it is possible that the
infection is transmitted from bather to bather through the water (see
also Fattal et al., 1991). Changes in the number and behavior of beach-
goers/coastal dwellers through time (i.e., bathing pattern) may signifi-
cantly influence the spreading of infection thus, and the presence/ab-
sence of sanitation seagrass assemblages/species may matter in this
case.

Moreover, a higher level of pollution, i.e., an Enterococci concentra-
tion (CFU/100 ml) greater than the max concentration considered here
(i.e., 125 CFU/100 ml, according to Lamb et al. 2017), may lead to dif-
ferent local PGIs values and therefore to a different percentage de-
crease/increase in presence/absence of seagrasses. . Different pollution
conditions occurring in the diverse beaches of the world will give thus
an unequal contribution to the global decrease in PGIs whenever sea-
grasses are present. Consequently, our generalization should be taken
with some caution. We are also assuming that the halving effect sea-
grasses have on Enterococci concentration (as found by Lamb et al.
2017) also holds for pollution levels higher than those Lamb et al.
(2017) found in the place where they carried out their research. This as-
sumption however, might not be valid and PGIs values may not de-
crease/increase globally as much as we have assumed here.

Global GI Avoided Cases and Cost (per year) estimates seem to be
subject to several limitations: taxonomic/ecological, epidemiological,
and economic ones. The first limitation concerns the Global GI Cases
and Cost/year estimates which constrains all the successive computa-
tions of GI GACs/year and GAC/year. Both GGICs/year and GGIC/year
Shuval’s estimates are likely underestimated, as we stressed above, and
therefore our avoided cases and avoided cost estimates are probably
underestimated as well.

The second limitation relates to the generalizability of the seagrass
sanitation effect. As we stressed above, seagrass sanitation is genera/ge-
ographic area dependent. It is well-documented (Lamb et al., 2017) that
it is indeed effective in an Indo-Pacific island through the seagrass as-
semblage occurring there. However, it cannot be arbitrarily extended
worldwide sic et simpliciter. In other words, the presence of a seagrass
meadow does not always guarantee an effective anti-pathogen action.
However, the Palazon et al. (2018) finding of a significant decrease of
Escherichia coli concentration in Mediterranean coastal waters where
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Posidonia oceanica was present suggests that the seagrass sanitization ES
could be extended to the Mediterranean latitudinal areas (sensu Short et
al., 2007).

Palazon et al. (2018) also found a not statistically significant re-
duction of Enterococci concentration in the presence of Posidonia. This
finding implies that the seagrass sanitation effect not only changes ac-
cording to the seagrass genera/geographic distribution area but may
also change according to the targeted pathogen-type/s. The latter
represents a further complication for the estimation of a global effect
from which to derive a meaningful global avoided cost estimate. This
complication prevented us from utilizing the dose–response models
fitted to UK epidemiological data to estimate Posidonia’s sanitation
effect in Mediterranean waters since the UK data consider Enterococci
and not Escherichia coli (CFU/100 ml) as an independent variable of
the dose–response relationship.

A third drawback that might lead to overestimated GI GAC/year fig-
ures is that not all the coastal stretches where seagrasses are present
are also used as tourist-bathing beaches or dwelling and working (e.g.,
fishing) sites. Assuming that seagrasses were globally absent, without
considering the actual beach use, our ΔGGICs/year is an overestimate.
In fact, along some of the coastal stretches of the world, almost no one
(or very few) goes swimming or dwell and work. Therefore, almost no
one runs the risk of getting GI, irrespective of the presence/absence of
seagrasses. Moreover, not all the beaches used for recreation(bathing-
swimming) or for dwelling and working host seagrass meadows. There-
fore, seagrasses do not play their potential sanitation role everywhere
along the coastal stretches of the world where people go swimming,
dwell, and work. We tentatively and roughly tryed to adjust our GI
GAC/year original estimates through a 1/3 reduction. However, such a
criterion is only a rule of thumb approach that gives a very conservative
estimat

6.1. Open questions and further research needs

It is important to emphasize that the seagrass sanitation effect ES
may directly affect public health. Despite this, as far as we know, only
three papers have addressed this peculiar ES in a specific way (i.e.,
Lamb et al., 2017; Palazon et al., 2018; Webb et al., 2019). Therefore,
further research on the role and limits globally exhibited by seagrasses
as living sanitation providers, along with ad hoc planned epidemiologi-
cal surveys in the presence/absence of these plants, are needed to as-
certain better the environmental, epidemiological, and economic scope
of this ES.

The other sources of cost (other than GI, Fig. 1, Section 2.1 and
4.2.1) and the role seagrasses may play in mitigating them need to be
estimated in further studies. For instance, Shuval (2003) estimated that
the cost of illnesses due to food sources contaminated by polluted
coastal waters (see the relative path in Fig. 1) is of the order of 12 bil-
lion dollars/year. We do not know how much seagrasses mitigate this
relevant economic burden through their sanitation effect (at least in the
regions where they do play such a role). To estimate this contribution,
one would need to know the magnitude of the seagrass sanitation effect
on food source contamination. This latter information is not readily
available, as far as we know. The seagrass sanitation effect ES may also
avoid/prevent beach closures due to legal bacterial pollution limits
overshooting. Thus, it may also contribute indirectly to the provision of
recreational beach ESs and the related economic benefits (Fig. 1).

The local seagrasses-mediated reduction of the PGIs will need a fur-
ther assessment because the magnitude of Enterococci’s concentration
abatement in the presence of seagrasses, whenever it does occur, may
widely depend on local conditions, such as seawater pollution level (En-
terococci CFU/100 ml), seagrass meadows extension, integrity, and
species identity, climatic environment, and bather’s typology (local
people vs. foreigners). Moreover, updated estimates of the global GI

cases and cost per year (GGIC/year) are needed too because the magni-
tude of avoided cases and cost depends on these global estimates.

The sanitation effect of seagrasses may be directly imputable to the
plants (Alam et al., 1994; Mayavu et al., 2009; (Kannan et al., 2010);
Choi et al., 2009) or else to the microbiota developed within their
ecosystem (e.g., the fungal community, especially Eurotiales, genus
Penicillium, Ugarelli et al., 2017). This latter point would deserve fur-
ther attention because it cannot be taken for granted that the antibiotic
activity is a direct effect of the seagrasses themselves. The seagrass sani-
tation effect may depend on the overall integrity and biodiversity of the
seagrass ecosystem and not only on the seagrass genera/species per se
(Nordlund et al., 2018). Interestingly, the Indo-Pacific Area, where the
seagrass sanitation effect seems most evident (Lamb et al., 2017), is
also characterized by the highest seagrass biodiversity (Short et al.,
2007).

The need for further studies on the seagrass sanitation ES is particu-
larly relevant nowadays because human’s environmental-health misbe-
haviour, threatening the dynamical equilibria governing the seagrasses’
sanitation power, may favor the pathogen diffusion and their spill over
and impact on humans and other living beings (Fig. 1). For instance, we
speculate that because of the spreading of antibiotic-resistant bacteria
(Baker et al., 2017; SM7) seagrasses’ antibiotic power might have been
disabled in some regions of the ocean (e.g., the Temperate Pacific
Ocean where Webb et al. 2019 did not find evidence supporting the sea-
grass sanitation effect), or it might be disabled in the future. This prob-
lem deserves extreme attention because through this anthropogenic-
induced microorganisms’ antibiotic-resistance to seagrasses’ antibiotic
action, we might run the risk of favoring a worldwide upsurge of thalas-
sogenic antibiotic-resistant diseases (e.g., 7–20% more global GICCs/
year, according to our estimates, caused furthermore by antibiotic-
resistant pathogens).

Moreover, the planet is being threatened by the possible escalation
of disease spreading due to the increase of global temperature and ex-
treme events driven by climate change (Morens, Folkers & Fauci, 2004;
Costello et al., 2009; de Roda Husman and Schets, 2010; Cann et al.,
2013, (Altizer, 2013), such as floods (which may significantly affect the
risk of infection, e.g., de Man et al., 2014). Seagrasses may help to miti-
gate a climate-change-induced disease surge through their sanitation-
power ES (unless we do disable it through the above-mentioned mecha-
nism). Besides, these plants provide many other ESs that can compen-
sate/mitigate several detrimental effects of climate change (Cullen-
Unsworth et al., 2014; Nordlund et al., 2016; Ugarelli et al., 2017;
Nordlund et al., 2018). Seagrasses are, thus, a valuable source of pre-
sent and future benefits for human beings, especially, as we have
stressed above, for those populations of poorer people who run the risk
of being afflicted by climate change the harder way (UNO-DESA, 2020)
since they have almost exclusively relied (at least till now and often un-
awarely) on these ESs.

7. Conclusions

Considering the above findings, seagrass ecosystems' protection and
rehabilitation (when damaged) should be a priority for any sensible
and wise political action willing to safeguard global human health and
wealth. Unfortunately, the global trend seems to go in the opposite di-
rection, and increasing temperature along with the direct human pres-
sures/impacts have already destroyed 29% of the known area of these
plants since seagrass populations were initially recorded in 1879 and
are continuing to destroy them at an ever-increasing rate (Waycott et
al., 2009). This trend would imply, in turn, a combined effect of the
temperature increase and a consequent increase in disease transmissi-
bility/annual duration of the period during which pathogens are a
problem and an increase in the probability of getting sick due to the re-
duction of those seagrass populations providing the sanitation ES. This
combination would magnify (probably also in a non-linear way, Koch et
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al., 2009) both the sanitary risks/costs and the other economic damages
(linked to the other seagrass ESs), thus increasing the global number of
cases and costs and threatening the health and wellbeing of the large
portion of human beings living in the coastal areas of the world
(Kummu et al., 2016).

However, recent findings (De los Santos et al., 2019) show a posi-
tive reversal of the previously negative trend for European seagrass
populations. This reversal is very likely related to better environmental
conditions along European coastlines and suggests that appropriate
management and conservation efforts may effectively mitigate and re-
pair previous seagrass damage. Restored seagrass ecosystems can favor
a return of the ESs provided by these plants (Orth et al., 2020), hope-
fully including also the epidemiologically and economically relevant
sanitation effect (whenever it does occur) that we considered in this pa-
per.
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