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The study of ecosystem services requires the integration of different observational
points. This is particularly true in Water, as this element continuously cycles,
increasing chances of interaction among services originating in different ecosystems.
However, aquatic scientists historically approached the study of inland/freshwater and
open/marine waters in different ways and this cultural division potentially hampers
integrative approaches. Herein, we explored the literature pertaining to ecosystem
services across the last 23 years, analysing 4,590 aquatic papers. By aggregating
and intersecting topics included in this papers’ collection using text-mining and
topical network approaches, we saw that the study of local environmental conditions
(e.g., river estuary management) and synergies and trade-offs between services
(e.g., carbon sequestration and water purification) can display several potential
conceptual links between freshwater and marine sciences. Our analyses suggest that to
intersect ecosystem services across the aquatic continuum, the conceptual integration
between marine and freshwater science must be reinforced, especially at the interface
between different “salinity realms.” Such integration should adopt a “system thinking”
perspective, in which the focus is on multiple socio-ecological processes giving rise to
interactions that are (i) biologically mediated, (ii) potentially conflicting, and (iii) entangled
within networks.

Keywords: ecosystem services, sea, ocean, river, lake, climate change, trade-offs, networks

INTRODUCTION

Covering 70% of Earth’s surface, Water is the foundation for our life, health, and wealth. Inland
waters, mainly rivers and lakes (∼0.5% of the total), are reservoirs of drinking water and support
agriculture and industrial activities. In contrast, open waters, like seas and oceans (∼97%), mainly
represent a vast “territory” suitable for resources supply, transportation, and explorations (Van der
Leeden, 1990). In its multiple manifestations, water is the fulcrum of “ecosystem services,” a socio-
ecological concept formalising the strong bond between Nature and Society (Costanza et al., 1997;
Liquete et al., 2013; Grizzetti et al., 2016; Aznar-Sánchez et al., 2019).
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Ecosystem services (ES) have been defined as the multiple
and diverse benefits to humans provided by healthy
environments, and they were initially categorised into four
groups. Supporting services, including nutrients’ cycling
and primary production, are the ones that determine the
best environmental conditions for ecosystems to guarantee
the other three categories: Provisioning (of material goods,
e.g., drinking water and food), Regulating (e.g., climate
regulation, coastal protection), and Cultural services (e.g.,
education and aesthetics values; Millennium Ecosystem
Assessment, 2005). Two policy milestones, the Economics
of Ecosystems and Biodiversity (TEEB) in 2010 (Sukhdev
et al., 2010), and The Common International Classification
of Ecosystem Services (CICES) in 2013 (Haines-Young
and Potschin-Young, 2018), led to the integration of
Supporting services in the Regulating and Maintenance,
remarking the intrinsic role of biological factors, collectively
expressed by biodiversity and natural habitats, in guaranteeing
all ES categories.

Physical, chemical, and biological factors connect ES
within interaction networks, in which overlapping cause–
effect relationships can be disentangled only by pursuing
integration between different observational points, focusing
on ecological and socio-economic drivers, within and across
ecosystems (Dee et al., 2017). Such a “system thinking”
perspective is particularly needed in aquatic ES-studies since
water continuously cycles, increasing chances of interaction
among services originating in different ecosystems (e.g.,
Hamilton, 2010). However, aquatic scientists historically
approached the study of inland/freshwater and open/marine
waters in different ways (e.g., see the well-known “salty-divide”
between Limnology and Oceanography; Kavanaugh et al.,
2013), and this cultural division potentially hampers integrative
approaches to ES.

Building on the considerations above, in this paper
we assess the present—and envision the potential for—
conceptual intersections among the different approaches
to ES across the aquatic continuum. To pursue this goal,
we explored peer-reviewed papers published throughout
23 years, from January 1997 to June 2020, by employing
an informatic approach to aggregate and synthesise the
scientific information.

SORTING FOR ECOSYSTEM SERVICES’
RESEARCH IN DIFFERENT AQUATIC
SYSTEMS: METHODOLOGY

Our workflow included the following operational steps:

I. Extraction of the most frequent issues (e.g., concepts and
practices) associated with aquatic ES;

II. Use of this information to analyse the semantic correlation
between research in different aquatic systems;

III. Detection and discussion—through topical network
analysis—of intersection pathways between approaches to
ES across the aquatic continuum.

I. Literature was explored with an informatic approach run
in the R language (R Core Team, 2017) using the tidytext
package (Silge and Robinson, 2016) and following the
rationale described in Hay Mele et al. (2019). Web of
Science was queried for the simultaneous presence of the
topic ecosystem services and the words sea, ocean, river, or
lake (as representative of the main and most studied types
of aquatic systems) in the title and/or abstract of published
papers (1997–2020). The output was divided into four sets,
one for each of the targeted systems (Figure 1A), plus two
sets aggregating all papers pertaining to either freshwater
(river + lake) or marine water (ocean + sea). We used an
upSet plot (Gehlenborg, 2019) to visualise how papers were
partitioned among systems (Figure 1B). This visualisation
is composed of two parts: a bar chart and a dot and lines
plot. The main bar chart shows the number of papers
that belong to a combination of systems, with each bar
reporting a different combination. The dot and lines plot
below each bar show the mix that makes up each cluster.

II. For each paper, we derived a “bag of words” synthesising
concepts therein; to eliminate conceptual redundancy
in such bags, we derived “lemmas” (by reducing, e.g.,
change, changing to chang) to detect bigrams—more
contextualised two-word sequences. We counted bigrams
within each aquatic system and calculated, as an index
of rarity, the “inverse document frequency” (IDF; the
logarithm of the number of total documents, divided
by the number of documents in which the bigram
appears). Based on IDF, we identified the top fifteen
bigrams in each aquatic system and then we assigned
each bigram to an ES group, using the ES-classification
by CICES (Liquete et al., 2013; Feeley et al., 2016;
Haines-Young and Potschin-Young, 2018; classifications
are summarised in Supplementary Table 1). To correlate
ecosystems against each other based on ES, we calculated
the Pearson correlation coefficient [cor.test() function in R]
between bigrams’ frequencies for marine and fresh waters
and estimated statistical significance (SS) and confidence
intervals (CI) for the index using standard methods (t-test
for SS, and Fisher transformation for CI; Figure 1C).

III. We used papers more involved in cross-system correlation
to produce a topical network (Figure 2), using the text-
mining web platform InfraNodus (Paranyushkin, 2019)1.
In such a network, nodes are words/topics referring to
ES-concepts characterising different papers, edges between
nodes represent the association of topic pairs within
and among papers, and edge-weights are proportional
to association frequency. This kind of network allows
the extraction of topical groups, the identification of
those categories of topics facilitating the information flow,
and the connotation of conceptual intersections amongst
different aquatic contexts. Network display and analyses
were performed within Gephi using the ForceAtlas2
algorithm (Bastian et al., 2009; Jacomy et al., 2014).

1https://infranodus.com/
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FIGURE 1 | Correlation of aquatic systems based on sharing of ecosystem services (ES) concepts. (A) Publication trend of aquatic-ES papers (1997–2020).
(B) upSet plot displaying the repartition of papers among and within systems. Bars are paper partitions; histograms display the size of the partition. Colours in (B) are
as in (A). (C) Comparison of word frequencies between fresh- and marine waters. The plot is a 2d histogram with hexagonal bins, marking 2d range in frequencies;
histogram colour represents the number of words with that 2d range; no hexagon is drawn in areas without points. The closer a hexagon is to the red line, the more
the words within it are used with similar frequencies and the other way round. Words with a frequency higher than 0.0005% are explicitly shown as labels in each
plot, with lines connecting each word to its bin. The x and y scales are in logs and mark the relative bigram frequency within fresh- and marine waters, respectively.
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FIGURE 2 | Topical network based on concepts relating with ecosystem services (ES) at the fresh–seawater interface. The network is based on papers including
concepts shared between oceans, seas and rivers (n = 177). In the upper-left graph, the network structure is shown, with nodes being words/topics, edges between
nodes representing the association of nodes in the text, and edge-weights being proportional to the frequency of these associations across the analysed dataset.
Nodes’ size is proportional to their importance in the network. Nodes’ colour remarks their belonging to different topical groups, shown in the upper-right bars’
drawing. The larger graph shows the topical network with labels indicating ES-related concepts.
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LINKING AQUATIC ECOSYSTEMS AND
THEIR SERVICES

Our search retrieved 4,590 peer-reviewed papers pertaining
to aquatic ES (Supplementary Data). The publication trend
becomes seemingly exponential after the publication of MAE
in 2005 (Figure 1A). Regulation and Maintenance services
(RM) were the most prominent, with an overall limited
presence of Provisioning and Cultural services (P and C;
Supplementary Table 2). Most ES-papers (2782) dealt with
freshwaters and papers crossing salinity boundaries were a mere
3.8% of the total (Figure 1B). Only two papers integrated
all aquatic ecosystems, and the most prominent one of these
addressed the impact of climate change on ES in tropical rivers
and, in turn, on the associated enclosed, semi-enclosed and open
water bodies (Hamilton, 2010).

“Water quality” was the most recurrent concept in riverine
and lacustrine studies, followed by the relationship between land
cover (e.g., expansion of productive zones and urbanisation) and
aquatic resources. These observations remark the historically
established perception of a strong dependence of terrestrial
economies from the management of aquatic reservoirs
(e.g., Meneses et al., 2015). As for sea/ocean papers, the
management and protection of shallow areas were predominant
(Supplementary Table 2): sea-level rising was a prominent
issue, while the frequency of coastal-related words remarked a
substantial scientific interest for the land-sea/ocean interface.
Coral-reef-related issues, among the most prominent ones,
indicate that ubiquitous, iconic, severely menaced (e.g., by
climate change), and service-providing (e.g., coastal protection)
systems attracted investigation efforts too (e.g., Beck et al., 2018).

Concepts relating with Cultural ES had a low prevalence
among the papers retrieved, and they were unevenly represented
in the different systems (Supplementary Table 2). For instance,
whereas “human activity” was present in all systems, except
for the oceans, “sustainable development” appeared in the
sole ocean papers. This observation justifies international
organisations and governments’ efforts to empower research
around these issues (e.g., Rodrigues et al., 2017). Moreover,
Cultural services were weakly associated with recreation,
although this latter intercept wealthy economic sectors
(Hay Mele et al., 2019). On this line, methods are being
tested to assign economic values to C-services provided by
Posidonia oceanica and coralligenous assemblages in support
of recreational diving in the Mediterranean Sea (Zunino et al.,
2019, 2020). However, efforts are required to integrate spiritual,
inspirational, and identity experiences within Cultural ES, as
suggested by Rodrigues et al. (2017).

BRIDGING ES RESEARCH ACROSS THE
AQUATIC CONTINUUM: THE UNIFYING
ROLE OF CLIMATE CHANGE

When correlating aquatic systems against each other in terms
of the relative frequency of ES bigrams, the most integrated

pairs were “river–lake” (Pearson r = 0.77, p < 0.0001) and
“sea–ocean” (Pearson r = 0.82, p < 0.0001), plausibly due to
the physical proximity and connectance between contiguous
systems. Climate change, the main topic in one-fourth of the
sea–ocean papers and one-sixth of the river–lake papers, was a
significant driver of the correlations mentioned above. This result
is not surprising: climate-change research increased globally in
the 2000s’ (Haunschild et al., 2016), as global warming can
affect all “waters” and the services they provide (Downing,
2014; Callaghan et al., 2020), for instance by impacting primary
production (e.g., O’Beirne et al., 2017; D’Alelio et al., 2020) and
food webs (Murphy et al., 2020).

The correlation between fresh- and marine realms was not
negligible (Pearson r = 0.4, p < 0.0001; Figure 1C) and driven
by papers (27%) dealing with ES in estuaries, which represent
both physical and conceptual interfaces (Xenopoulos et al., 2017).
This correlation was supported by shared topics besides “climate
change,” such as “ecosystem functioning” and “trade-offs.” This
is also not surprising: ecosystem functioning (sensu Tilman et al.,
2014)—i.e., the multiple and intertwined ecological processes
at the base of ES—positively affected sharing of methods and
concepts between Limnology and Oceanography, driving the
adoption of the same theoretical background to, e.g., assess and
predict water quality in lakes and productivity levels in the oceans
(Xenopoulos et al., 2017; Spanbauer et al., 2020). Moreover,
the prominent role played by trade-offs (sensu Rodríguez et al.,
2006; Figure 1C), may plausibly stem from the rising interest,
in both marine and freshwater contexts, in interactions between
socio-ecological processes.

Somewhat surprisingly, “biodiversity” and related issues, like
“habitat” and “conservation,” did not appear to contribute to the
conceptual cross-salinity correlation (Figure 1C), even though
these topics were present in roughly one-quarter of the papers
that we analysed. On the one hand, the fact that a topic has not
yet been focused on may reflect that it is not worth addressing: for
instance, that topic could be assumed scientifically uninteresting
or irrelevant for environmental management. Conversely, we
might consider that biodiversity is tightly connected with
ecosystem functioning (Tilman et al., 2014); since the relationship
between the biological properties of aquatic ecosystems and the
services they provide is still an emerging topic (Teixeira et al.,
2019), research efforts across different “salinity realms” could be
weakly present in the primary literature.

Nonetheless, inland and open waters exchange matter because
water moves, or provides a medium within which organisms
move, and these facts can affect biological processes, leading
to interactions between ES. For instance, on the macroscopic
side, the presence of migratory fishes undergoing freshwater-to-
seawater transitions can call for conservation actions in reducing
coastal urbanisation and river dams, which threaten those fishes’
survival (Lennox et al., 2019), with positive feedback on a number
of ES. On the microscopic side, the convergence of freshwater and
marine Harmful Algal Blooms can call for management actions to
prevent noxious phytoplankton accumulation in estuaries, which
might kill fish and contaminate mussels (Peacock et al., 2018),
thus hampering provisioning services.
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These considerations led us to imagine that the link between
ES originating between different but contiguous aquatic systems
(like transitional and coastal ones) may be more explicit (and
direct) under the physical and chemical (say, environmental)
points of view and more hidden (therefore, indirect) when
considering biological factors—this fact stemming from the fact
that marine and freshwater systems host different ecological
communities, and scientists tend to study these independently.
That is why we intersected the fragmented information present
in the scientific literature using network theory, as we show in
the next section.

SORTING FOR BIOLOGICALLY DRIVEN
SYNERGIES AND TRADE-OFFS

We produced a topical network using papers about transitional
and coastal systems (n = 177; Figure 2) extracted from those
supporting the conceptual correlation between marine and
freshwater contexts (Figure 1C). In that network, we found
eleven topical groups, including words that are more frequently
associated within papers (see, in Figure 2, the rightmost bar
chart). Overall, topical groups were tightly linked, both directly
and indirectly. The most relevant ones dealt with estuary
management and observation of tidal systems (e.g., Stahl et al.,
2018; Murray et al., 2019). These topics were entangled within
a convoluted network spanning from the assessment of flood-
related risks (Broekx et al., 2011) to the economic impact of
sea-level rise (Shirazi et al., 2019). “Environmental” topics were
numerically relevant and conceptually broad, albeit not setting
at the centre of the information-flow (see pink, green and blue
nodes in Figure 2), which was occupied by a topical group
head by “coastal,” “wetland,” and “quantify” (orange nodes in
Figure 2).

By exploring this “orange” group, we saw that biological
concepts were central to convey the information about ES
between marine and freshwater systems. For instance, going
from inland to open waters, an apparently minor wetland like
peatlands (orange nodes in Figure 2) can sustain freshwater
biodiversity, provide safe drinking water (green nodes), minimise
flood risk and sequester carbon (dark and bright green,
respectively). They are also considered crucial for the coastal
systems since mosses—the dominant life form of peatlands—
can release biologically available iron (a limiting nutrient)
that contribute to the sustenance of marine phytoplankton
production (Krachler et al., 2016). Biologically driven integration
pathways are also consistent in the reverse direction: going
from open to inland waters, oyster reefs are reported to
regulate water quality, protect the shoreline from erosion, and
drive economic productivity in marine ecosystems (Grabowski
et al., 2012). Simultaneously, they can be beneficial for inland
water systems since they provide a barrier against landward
penetration of seawater and can retain freshwater from rivers
(Kaplan et al., 2016).

The topical network approach made it possible to explore
interactions and biologically mediated trade-offs between ES.
For instance, the landward encroachment observed in mangrove
forests over the last decades at the global scale, flanking climate

change and sea-level rise (see red and blue nodes in Figure 2),
seemed to strongly enhance the global level of blue carbon storage
(i.e., the sequestration of carbon performed by aquatic plants;
bright-green nodes in Figure 2; Kelleway et al., 2016). This effect
counteracts climate change and protects fisheries (with positive
feedback on RM and P services, from the red to the bright green
network nodes). Nonetheless, in their geographic expansion
along the coasts (across orange nodes; Figure 2), mangroves (and
the blue carbon storage) started to compete with salt marshes
(light blue nodes; Figure 2), provoking a reduction in their
coverage. This competition, in turn, induced habitat withdrawn
(negative feedback on P and C services; e.g., Kelleway et al., 2017)
and modified ecosystem functioning at a local scale (by changing
the soil microbial-community, e.g., Barreto et al., 2018), making
this an example of aquatic vs. terrestrial ES trade-off.

Topical network analysis also allowed us to identify those
topics that, though poorly investigated, could be important to
integrate ES studies. Indeed, the words “reef,” “quantify,” “matter,”
“change,” and “risk” (belonging, respectively, to whitish-green,
orange, orange, red, and dark-green nodes in Figure 2) bridged
many thematic areas. Thus, research questions embracing them,
like “quantifying the role of oyster reefs in reducing the risk
associated with changes in riverine matter fluxes to the sea,” could
represent important integrative initiatives. This kind of semantic
effort also helps connect distant themes, such as those represented
by the topical groups ecosystem-change-service and sediment-
impact-marsh (see the red and light-blue nodes in Figure 2). It
does so, for example, by intensifying the “study of the state of
salt marshes as impacted by changes in sediment fluxes from
rivers,” a rare but cross-cutting topic (Rutherford et al., 2018;
Yang et al., 2020).

All these examples remark that sorting for the role of biological
processes in connecting aquatic systems can help to assess the
historical events bringing to the present state of ES, as well as
to envision the potential outcomes of ES interactions. To this
respect, the application of Long-Term Socio-Ecological Research
(see “long + term” dark-green nodes in Figure 2) in both coastal
(Zingone et al., 2019), freshwater (Salmaso et al., 2020), and
transversal contexts (Morabito et al., 2018), may represent a
necessary step toward conceptual integration in aquatic sciences
across the aquatic continuum, going from land-based pollution
regulation to fishery management.

FUTURE DIRECTIONS AND RESEARCH
GAPS

Our analyses suggest that, in order to intersect ecosystem
services across the aquatic continuum, the conceptual integration
between marine and freshwater science must be reinforced,
especially at the interface between different “salinity realms.”
Such integration should adopt a “system thinking” perspective,
in which the focus is on multiple and overlapping socio-
ecological processes giving rise to interactions that are (i)
biologically mediated, (ii) potentially conflicting, and (iii)
entangled within networks.

Ecosystem services are provided by natural processes acting
at hugely different scales (i.e., from the global to regional
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ones). However, the combined effects of global and local
phenomena, such as climate change and anthropogenic stressors,
respectively, is highly dependent on local conditions, including
those characterising the land-sea interface (Gissi et al., 2020).
While inland water-systems are characterised by concrete actions
to manage socio-ecological systems using properly holistic
approaches (e.g., Rathwell and Peterson, 2012), analogous
attempts must be improved in coastal and transitional systems,
as the so-called marine spatial planning, aiming to drive the use
of ecosystems reducing socio-ecological/economic conflicts, still
represents an emerging topic (Arkema et al., 2015),

Finally, interactions between socio-ecological processes
introduce synergies and trade-offs, which can impact humans’
health and wealth either positively or negatively at different
time-scales (Howe et al., 2014); to map the complex interaction
between ES fully, it is fundamental to reveal the role of
biodiversity and ecosystem functioning in ES regulation across
aquatic systems. This need is even more pressing as the
dependence of the human population from aquatic food
resources (e.g., from aquaculture) is not only rising, but it is
becoming severely menaced by multiple and synergistic stressors
acting at both global and local scales (Hay Mele et al., 2020;
Sarà et al., 2021).
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