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Abstract
As the focus of land-sea interactions, estuarine and coastal ecosystems perform numerous vital ecological service functions,
although they are highly vulnerable to various kinds of disturbance, both directly and indirectly related to human activity, that
have attracted much recent attention. Critical zone science (CZS) has emerged as a valuable conceptual framework that focuses
on quantitative interactions between diverse components of the environment and is able to integrate anthropogenic disturbance
with a view to predicting future trajectories of change. However, coastal and estuarine environments appear to have been
overlooked in CZS and are notably under-represented, indeed not explicitly represented at all, in the global network of critical
zone observatories (CZOs). Even in the wider network of environmental observatories globally, estuarine and coastal wetland
ecosystems are only very rarely an explicit focus. Further strengthening of integrated research in coastal and estuarine environ-
ments is required, more especially given the threats these ecosystems face due to growing population at the coast and against the
background of climate change and sea level rise. The establishment of one or more CZOs, or their functional equivalents, with a
strong focus on estuarine and coastal wetlands, should be urgently attended to.
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Introduction: The Value of Coastal
and Estuarine Wetlands

Estuarine and coastal regions lie at the nexus of land and
ocean and are characterized by a diverse array of coupled
geophysical, chemical and biological processes. The com-
plexity of interactions between the various elements and pro-
cesses has produced a highly sensitive ecological environ-
ment, the marked vulnerability of which places a substantial
proportion of the global population at risk (Comte et al. 2019).
Estuarine and coastal environments are influenced by both
terrestrial and marine interactions, for example, alternating
influences of saline and fresh water, exposure and inundation
and erosion and deposition. The diverse physical, chemical
and biological conditions are determined by hydrodynamic
processes, including wave action, tidal flows, frequent sedi-
ment transport and exchange, steep gradients in physical and
chemical factors and a rich and diversified biota etc. (Osland
et al. 2013). Lying at the boundary between the land and the
ocean, the estuarine and coastal zone is the permeable near-
surface layer from above the coastal vegetation canopy, inclu-
sive of developed and natural tidal affected coastal
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environments, to deep bedrock where meteoric groundwaters
have influence. This is a ‘critical zone’with unique ecological
value and resource potential that provides a wide range of
ecological, physical environmental and economic service
functions (Barbier et al. 2011; Barbier 2015) but is increasing-
ly impacted by human activities so that the relationship be-
tween people and environment has deteriorated rapidly in the
recent past, especially in coastal wetlands (Kirwan and
Megonigal 2013). There is, therefore, an increasing need for
the wider significance of these environments to be recognized
and valued so that they can continue to perform their key
functions.

Numerous ecosystem benefits emanate from estuarine and
coastal wetlands, including the provisioning, regulating,
supporting and cultural services. Particular examples include
the provision of fisheries, life support services such as nutrient
cycling and water purification, physical services including
protection from storm surges, as well as education,
recreation and even aesthetic benefits. Highlighting the value
of such services is challenging, and as Xu et al. (2020) note,
there remains a lack of both unified indicators for the assess-
ment of ecosystem services in wetlands as well as a paucity of
comprehensive studies. Indeed, coastal and estuarine habitats
are a focus in less than 15% of all ecosystem services publi-
cations on wetlands (Xu et al. 2020). On this basis, it would
seem that these vulnerable systems are undervalued in relation
to the range of services that they provide, although Barbier
(2019) notes that economic valuations of ecosystem services
in relation to coastal wetlands are increasing in both frequency
and accuracy. Estimating the economic value of the diverse
range of benefits is regarded as an important key to influenc-
ing the approach to policy decisions around conservation and
development and, ultimately, to the sustainability of coastal
and estuarine wetlands. Figure 1 summarizes why the eco-
nomic valuation of ecosystem services is important to guide
future management decisions as suggested by Sutton-Grier
and Sandifer (2019) and Schoutens et al. (2019) who highlight
the way in which wetlands can be part of ‘nature-based’ solu-
tions to environmental hazards such as storms and floods.
Their role in coastal protection is perhaps one of the most
commonly recognized ecosystem services, and there are
many recent studies that emphasize this. For example,
Ouyang et al. (2018) describe the pivotal role that coastal
wetlands play in mitigating the impacts of cyclones and hur-
ricanes, more especially in the context of climate change, and
estimate that the economic value of this approaches US$200
billion in China alone. Rezale et al. (2020) demonstrate, for
coastal wetlands in New Jersey, USA, that the appropriate
management and maintenance of salt marsh vegetation can
reduce flooding depths in storm events and significantly re-
duce property damage in the future, a conclusion also reached
by, among others, Highfield et al. (2018), Vásquez-González
et al. (2019) and Montgomery et al. (2019). Yang et al.

(2018b) document the substantial trade-offs that must be
accounted for when these systems are allowed to deteriorate
and that coastal land reclamation—a process that has been
rampant in Asia in general and in China in particular
(Sengupta et al. 2020)—is particularly deleterious.
Regrettably, appropriate management and maintenance are
not always prioritized; Peteet et al. (2018) note that sediment
starvation due to urban development in the New York City
area has significantly impeded the resilience of coastal wet-
lands to sea level rise.

It is clear, therefore, that coastal wetlands buffer sea level
rise and climate change and are important controlling ele-
ments in a wide range of physical and biogeochemical pro-
cesses (Newton et al. 2020). Barbier (2019: 958) notes, how-
ever, that ‘…there is still skepticism amongwetland regulators
and coastal managers about how useful such valuation studies
are’. Given their demonstrable value in terms of ecosystem
services, the protection of coastal and estuarine wetlands must
surely be considered an imperative. In this paper, following a
brief review of the escalating threats to coastal wetlands that
are increasingly a feature of the Anthropocene, we propose
that a critical zone science (CZS) approach is best suited to
facilitating the kind of integrated scientific research that is
needed to develop a more holistic understanding of the behav-
iour of these complex systems. In order to facilitate their ad-
equate protection and continued provision of ecosystem ser-
vices, we argue that the current network of integrated science
observatories (CZOs and their equivalents) has largely
underplayed or ignored the importance of coastal and estua-
rine wetlands.

Coastal and Estuarine Wetlands
in the Anthropocene

In the age of burgeoning anthropogenic disruption that has
arguably seen the dawn of a new geological epoch—the
Anthropocene—global environmental change has wrought
impacts of increasing frequency and magnitude. Estuarine
and coastal ecosystems are among the most vulnerable of all
natural systems in which the full range of physical, chemical
and biological processes are threatened by anthropogenic
forces (Newton et al. 2020). For more than 7000 years,
humans have ‘…profoundly impacted, degraded or
destroyed…coastal wetlands’ (Hopkinson et al. 2019, p. 37)
both directly and indirectly. The scale and rate of these im-
pacts have increased as, juxtaposed at the interface between
land and sea, coastal wetlands are subject to stresses from both
directions. Indeed, the world lost around half of its coastal
wetlands altogether during the twentieth century (Li et al.
2018). Examples of human impact on coastal wetlands from
the recent literature indicate that the processes of disruption
are at once diverse and widespread and include sea level rise
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(Haywood et al. 2020), higher salinities (Yu et al. 2019), low-
er sediment fluxes due to reduced freshwater inflows (Cheng
et al. 2019), pollution by heavy metals (Ye et al. 2020), or-
ganic compounds (Tang et al. 2020) and microplastics (Zhou
et al. 2020), the introduction of invasive species (Yang 2019)
and habitat loss and fragmentation (Bryan-Brown et al. 2020).
Land reclamation projects have been especially prominent
around the major coastal cities in Asia over the last two de-
cades with considerable impact on coastal wetlands (Hu et al.
2018; Sengupta et al. 2020). Land is typically reclaimed for
economic development but sometimes for coastal protection
or even conservation, although there are often unanticipated
and highly negative outcomes (Zhang et al. 2017; Yang et al.
2018b).

Newton et al. (2020) have recently presented an inclusive
and comprehensive review of direct anthropogenic impacts on
coastal wetlands. Here we emphasize the effects of human
activities in the wider catchment on sedimentation patterns
in coastal and estuarine environments to illustrate the need
for a more integrated and holistic approach to research.
Sediment dynamics are strongly impacted by changes, not
only at or near the coast itself but also arising from upstream
changes in land cover and in hydrological changes caused by
reservoir construction. Byway of example, the construction of
the Three Gorges Dam (the largest impoundment in the world)
has resulted in an array of hydrological, geomorphological
and sedimentological responses and stimulated a substantial
body of research on the downstream Yangtze (Changjiang)

River. Along with more than 50,000 other reservoirs in the
catchment, the Three Gorges Dam has reduced downstream
suspended sediment concentrations by 70 to 90% and induced
major changes in sedimentation patterns in the estuary (Yang
et al. 2018a). The markedly reduced fluvial sediment loads
have, as expected, resulted in recession of the Yangtze delta
(Luo et al. (2017), although impacts on the wider estuarine
environment have not always been as anticipated (Zhu et al.
2019). Indeed, accretion of mudflats has actually increased in
many localities around the Yangtze estuary due to lower an-
nual discharge and reduced flood frequencies (Hu et al. 2019),
a situation that has been further promoted through land recla-
mation (Sengupta et al. 2019).

It is therefore well recognized that, in addition to the local-
ized impacts of human activity on a range of biophysical pro-
cesses, activities in the wider catchment strongly influence
patterns of sedimentation at the coast. Given that these anthro-
pogenic forces threaten their longer-term sustainability and
increased exposure to climate change and sea level rise, a
more comprehensive and integrated approach to research on
coastal and estuarine wetlands is clearly necessary.

Towards a Critical Zone Science Approach
to Coastal Wetlands Research

Greater scientific attention than ever before is being paid to
ecosystems associated with the near-surface layer, and indeed,

Fig. 1 An illustration of the
linkages that demonstrate the
need for the valuation of coastal
and estuarine environment
ecosystem services.
Anthropogenic impacts drive
coastal change and influence
ecosystem structure and function,
which in turn impact ecosystem
services. Valuation is the means
of considering the nature and
scale of resultant losses (and
gains), following which the
drivers of change can be
reassessed (after Barbier 2019)
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in 2001, the National Research Council of the USA formal-
ized the concept of the earth’s critical zone (CZ) and
established a number of observatories (CZOs: US National
Research Council 2001; White et al. 2015) to this end. CZS
is uniquely situated to analyse the complexity of processes
that operate at multiple spatial and temporal scales in coastal
and estuarine systems. AsMinor et al. (2020) note, integrating
the range of processes at the intersection of the atmosphere,
hydrosphere/cryosphere, lithosphere and biosphere with an-
thropogenic disturbance ‘…provides new opportunities to in-
terpolate CZS across larger scales’ (p. x) but also, to investi-
gate individual ecosystem types, such as those at the coast,
with a more holistic approach.

The CZ is defined by the US Natural Research Council
(2001) as ‘…the heterogeneous, near-surface environment in
which complex interactions involving rock, soil, water, air,
and living organisms regulate the natural habitat and deter-
mine the availability of life-sustaining resources’. There are
clear benefits to adopting this approach towards understand-
ing coastal and estuarine environments. The focus on integra-
tion, as well as an emphasis on functional processes andmech-
anisms, in which there is a strongmechanistic and quantitative
element, is especially powerful. The CZ concept is often vi-
sualized as a three-dimensional block diagram, typically as a
temperate forest-grassland ecosystem (see, e.g. Chorover et al.
2007), although any ecosystem type can be conceptualized in
this way. The concept can, and indeed should, be applied to
coastal and estuarine wetlands, although these systems have
more complex energy and material flows arising from the fact
that they are a product of terrestrial, fluvial and marine phys-
ical, ecological and biogeochemical processes that add con-
siderable complexity that needs to be accounted for. For ex-
ample, they are exposed to sea level rise and storm surges that
are in turn associated with inundation, salinity intrusion and
waterlogging.Moreover, as noted above, estuarine and coastal
wetlands are strongly impacted by environmental changes that
occur in the wider catchment in such a way that they are more
accurately conceptualized as a kind of ‘extended’ CZ across a
multifunctional landscape (Luo et al. 2019). Many of the pro-
cesses characteristic of these systems are not typical of other
terrestrial ecosystems, and if reductive modelling is applied,
which has characterized the CZS approach (see, e.g. the
effective energy mass transfer, EEMT, model of Rasmussen
et al. 2011, 2015), then these additional components need to
be incorporated into the model. Interestingly, human impact
was not explicitly considered in the original CZ concept, al-
though there are expanding efforts to include anthropogenic
processes in CZ research (Minor et al. 2020). Figure 2 illus-
trates the additional complexity of estuarine environments
from a CZS perspective as it is necessary to take into account
a wide range of catchment processes as well as those more
proximal to the systems themselves, including those associat-
ed with human activity.

Since coastal wetlands are a product of multiple interacting
and dynamic environmental processes across time and space,
an integrative approach to research on these ecosystems is
indispensable in the context of increasing intensity of human
impact. The CZ concept is a valuable conceptual framework
and indeed a motivation, for future research and application of
such a framework to vulnerable estuarine and coastal wetlands
seems particularly appropriate. The need for integrated ap-
proaches is further emphasized in reflecting on the nature
and scale of human impact at the coast and highlights the
potential advantages of adopting the kind of holistic research
that CZ thinking embodies. As noted by Lin et al. (2011),
integrated, interdisciplinary and multiscale efforts are needed
for effective management of vulnerable ecosystems, and the
CZS approach offers a unifying framework.

Indeed, coastal and estuarine wetlands are multifaceted
systems, and the coupling of material and energy fluxes that
link sediments, geomorphology, hydrodynamics and biogeo-
chemical processes (‘ecomorphodynamics’, see d’Alpaos
et al. 2019) introduces considerable complexity, the signifi-
cance of which is heightened by the fact that they are charac-
terized by high levels of both biodiversity and productivity.
Coastal ecosystems represent ‘hot spots’ for processing and
transforming both materials and energy (Ward et al. 2020). In
general, these ecosystems act globally as a carbon sink and
form an important component of the so-called Blue Carbon
cycle (McCreadle et al. 2017). Among the numerous material
and energy fluxes, it is arguably most important to obtain
accurate assessments of the nature and scale of carbon seques-
tration in coastal and estuarine ecosystems, not least in situa-
tions where such information is used to frame management
practice (Villa and Bernal 2018). Indeed, coastal wetlands
play a disproportionately significant role in the global carbon
cycle (Hopkinson et al. 2019; Rogers et al. 2019). Recent
developments in methodology, more specifically the use of
eddy covariance to estimate carbon flux, have necessitated a
reassessment of the magnitude of their function (Lu et al.
2017; Mitsch and Mander 2018). For example, Forbrich
et al. (2018) used the micrometeorological flux technique to
measure primary productivity in salt marshes on the Plum
Island Long-term Ecological Research (LTER) site in north-
eastern Massachusetts, over a 5-year period. It transpires that
net carbon uptake in this case was substantially lower than
previously published estimates for similar ecosystems, al-
though global carbon budgets are not yet available that take
into account the more nuanced understanding that emerges
from eddy covariance studies. The fact that carbon flux not
only varies spatially but also interannually and seasonally (see
Gao et al. 2018) adds even more complexity and further re-
search to constrain the magnitude of this important process at
high temporal resolution is clearly still lacking. Moreover,
there are many other kinds of material and energy fluxes that
remain poorly understood at the coastal interface, and their
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meaningful incorporation into Earth system models is imper-
ative, albeit very challenging (Ward et al. 2020). Adopting a
CZS modelling approach would therefore seem warranted,
especially if conducted at an intensively studied long-term
environmental observatory site.

What, then, are the advantages of CZS as a means of un-
derstanding coastal and estuarine wetlands? Although it might
seem self-evident, a complex environmental system cannot be
understood properly without due recognition of the interac-
tions among its various physical, chemical and biological pro-
cesses and their resultant patterns. The systems approach that
is most commonly employed by scientists to analyse flows of
energy and mass (Giardino and Houser 2015) allows for the

development and refinement of models that better explain
these processes in the CZ—all the more crucial for the fact
that coastal wetlands are subject to increasing anthropogenic
pressures. There is much to be gained by adopting the broader
spatial and temporal framework that CZS fosters (see Field
et al. 2015), not only because this improves our understanding
of how systems actually work, but how they respond to dis-
turbance, and this has considerable application for policy
(Montanarella and Panagos 2015), management (Richardson
and Kumar 2017), education (Wymore et al. 2017) and envi-
ronmental sustainability in general (Luo et al. 2019), as well as
particular responses of ecosystem attributes to perturbation
(Weintraub et al. 2019). A CZ approach enables the
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realization of simultaneous long-term observation and system-
atic analysis of coupled physical, chemical and biological pro-
cesses across multi-interface and multi-temporal scales in or-
der to reveal the underlying mechanisms controlling the evo-
lution of coastal wetlands. Considering these processes across
the entire range of spatial scales, from the molecular to catch-
ment, is essential but poorly understood, and the range of
timescales over which these interconnections operate has not
yet been examined (Ward et al. 2020). An integrated CZS
approach would certainly help to address this shortfall.
There are, then, a number of clear advantages to adopting such
a CZ framework over more conventional approaches to re-
search on estuarine and coastal wetlands. These include the
benefit of considering a wider range of spatiotemporal scales
of analysis, literally from the molecular to continental scale
and from geological timescales to the present and future
through what Guo and Lin (2016) conceptualize as a structure
that integrates ‘deep time’, ‘deep depth’ and ‘deep coupling’.

The CZS approach is also valuable in developing and
directing attention towards strategic research questions. Lin
et al. (2011) highlight a number of key CZS themes, including
water, carbon, nutrient and energy cycles, sediment accumu-
lation, erosion and redistribution (especially in relation to land
use change, sea level rise and climate change), coupled with
geomorphological, hydrological, pedological and ecological
processes. All of these issues are of course important, but
the question now arises: what steps can be taken to encourage
CZS thinking in relation to coastal and estuarine wetlands in
particular?

Representation of Coastal Wetlands
in Environmental Observatories

Formally constituted CZOs are intended to fulfill a role as
prototypes for long-term observation and as benchmarks
against which to assess the nature and extent of environmental
change. CZOs have now been established in many different
ecosystem types globally in order to support and coordinate
the development of new knowledge towards sustainable man-
agement of the earth’s critical zone (Banwart et al. 2013).
These provide the focus for long-term observational, measure-
ment, monitoring and experimental analyses that are at the
core of CZS and have considerable power in enhancing inter-
disciplinary research (Gran et al. 2019).

Analysis of the inventory of CZO localities listed by
Banwart et al. (2013) reveals that the coastline in general is
markedly under-represented in the global array of sites. Most
of the CZOs are exclusively terrestrial (e.g. North Central
Great Plains, North Dakota), and even in cases where entire
watersheds are the focus (e.g. Reynolds Creek, SW Idaho), in
most instances, these are secondary catchments with no direct
outlet to the sea. Some of the island observatories (e.g.

Galapagos, Guadeloupe, or Rivière des Pluies, Réunon) do,
of course, have coastlines, but coastal wetlands do not appear
to be an explicit focus of the associated research; they are
certainly very much under-represented.

The CZS approach to research and monitoring may, in
essence, not be restricted only to those environmental obser-
vatories that are formally classified as CZOs. Several other
types of observatories can be considered functional equiva-
lents of CZOs or comparable in terms of objectives. These
include Long-Term Ecological Research (LTER) sites
(Huang et al. 2020) in the USA and eLTER in Europe
(Mollenhauer et al. 2018) which are further networked inter-
nationally through iLTER (Mirtl et al. 2018). In addition, there
are a number of national-scale initiatives with compatible aims
and characteristics, including the National Ecological
Observatory Network, (NEON) in the USA (Tolleson 2011),
the Chinese EcosystemResearchNetwork (Fu et al. 2010), the
German Terrestrial Environmental Observatories (TERENO,
Kiese et al. 2018), OZCAR in France (Gaillardet et al. 2018),
the UK Environmental Change Network (Sier and Monteith
2016) and the SuperSite network (Karan et al. 2016) and
TERN (Cleverly et al. 2019) in Australia. All provide a focus
for interdisciplinary research teams to measure, monitor, ex-
periment and model the range of interconnected processes that
operate in the vertical, as well as lateral dimensions—and over
time. The Critical Zone Exploration Network (CZEN: https://
www.czen.org/, accessed 1st September 2020) includes
examples of all of the above programs, and although the list
of environmental observatories included in CZEN does not
include all long-term monitoring and research sites globally,
it provides a useful global perspective on their spatial distri-
bution and ecosystem type representation. Based on the
CZEN database, Supplementary Material Table 1 provides
basic details of the characteristics of a wider network of
CZOs or their functional equivalents. The primary aim of
the CZEN is stated as promoting and developing a network
of observatories for investigating CZ processes and facilitat-
ing access to data on environmental attributes of the sites
along gradients of time, lithology, human disturbance, biolog-
ical activity and topography. The CZEN network provides
information on 246 observatories including those affiliated
with the evolving formal CZO group, as well as a wide range
of other formally established sites that are distributed across
all the continents. Considerable spatial unevenness is, howev-
er, evident in their distribution. For example, the USA hosts
130 (53%) of these observatories, while China (23 sites),
France (15), Australia (13) and Germany (11) are the only
other countries recorded as hosting more than ten. Europe
and North and Central America together account for almost
three-quarters of all the observatory localities. Vegetation
types that predominate in the observatories are variable, but
mixed temperate forest (76; 30%), agriculture (53; 21.5%) and
evergreen and coniferous forest (47; 19%) are most strongly
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represented. By far, the majority of habitats characterizing the
observatories are inland terrestrial (225; 89%), with only 24
(less than 10%) focusing on coastal localities, of which just
three sites (the Smithsonian Environmental Research Station,
Georgia Coastal Ecosystems LTER, and Plum Island
Ecosystems LTER) explicitly focus on estuarine habitats.

Notwithstanding the wide coverage of environmental ob-
servatories in the CZEN inventory, it is not comprehensive,
and reflections on some of the other major observatory net-
works are instructive. For example, of the 81 NEON sites, the
vast majority are terrestrial, and only one (Utqiaġvik – BARR
in northern Alaska) focuses on the coast. The LTER network,
initiated in 1980 by the USNational Science Foundation, does
have greater representation of coastal and estuarine habitats.
Of the 28 US LTER sites listed (https://lternet.edu/site/
accessed 1st September 2020), six are located within coastal
ecosystems, two of which are devoted to estuarine habitats; a
further four are essentially marine, including one coral reef
site. Founded in 1993, the International Long-Term
Ecological Research Network (ILTER) now represents more
than 40 active LTER networks globally (Mirtl et al. 2018) and
lists 1198 sites and platforms (https://deims.org/search/sites
accessed 1 September 2020). Of these sites, 63 (5%) are
located in coastal situations, of which just six are explicitly
devoted to estuarine habitats. Nevertheless, reflecting on the
characteristics of environmental observatories globally, the
overall picture emerging is that estuarine and coastal
wetlands, which are among the most valuable—and certainly
the most threatened of all ecosystems—are very markedly
under-represented.

Leveraging the Advantages of Environmental
Observatories

The evident lack of coverage of estuarine and coastal wetlands
among the various environmental observatories is all the more
problematic given the research, monitoring, modelling,
management and educational potential of such sites.
Increasing the number of observatories devoted to such
habitats would doubtless improve our understanding of these
vulnerable systems, especially if a CZS approach was
incorporated, especially if coordinated through the network
of CZOs or their equivalents. As Brantley et al. (2017) note,
CZS involves, inter alia, synthesizing research across disci-
plines, developing long-term data sets and stimulating new
hypotheses and models. Such an approach requires systematic
and coordinated research that is a characteristic of environ-
mental observatories, albeit that integrating and harmonizing
their respective outputs remains a major challenge
(Mollenhauer et al. 2018). Greater coordination and
integration of monitoring and observation stations is clearly
required, and as Weintraub et al. (2019) demonstrate in the

case of research on soil organic matter, rationalizing data mea-
surement standards can ensure complementarity and coordi-
nation between the major global observatory networks such as
CZO, NEON and LTER. Harnessing the potential of environ-
mental observatories to improve Earth system models also
necessitates better integration between sites (Baatz et al.
2018), with the added benefit of optimizing resources
(Hinckley et al. 2016). Using Mexico as an example,
Villareal et al. (2019) propose a framework to improve the
efficiency and effectiveness of environmental observatories
and suggest that such a model could be applied more gener-
ally. Not only do such networks encourage researchers to keep
pace with technological and conceptual scientific advances
(Huang et al. 2020), they also foster interaction and commu-
nication with society at large which is essential to retaining
their relevance and, accordingly, funding (Richter et al. 2018).

Although, as noted above, coastal environments in general
are not well represented in the various global and national
environmental observatories, in particular the CZO network,
the ILTER system does provide a platform on which to devel-
op the support and knowledge necessary to address the mul-
tiple threats facing them in the Anthropocene. The 63 coastal
and 52 marine sites in the ILTER network (ILTER-CMS)
employ standard data protocols, are committed to free and
open data sharing and interoperability and have the capability
to develop multiscale syntheses of the sort that characterize
CZS (Muelbert et al. 2019). These sites have existing research
infrastructure and resources that have the potential to contrib-
ute greatly to a deeper understanding of the associated biolog-
ical, chemical, and physical environmental processes.
Furthermore, the long time span of some of these sites opens
up opportunities to assess global trends against the benchmark
of natural variation. In short, the inclusion of more coastal and
estuarine sites in one or more of the major environmental
observatory networks, more especially if the research and
monitoring is integrated according to the principles of CZS,
would go some way towards promoting the long-term sustain-
ability of these crucial but highly threatened ecosystems.

Conclusions

There is a need for more integrated coastal and estuarine eco-
system studies, and CZS represents a potentially valuable the-
oretical framework. The stark deficiency in representation of
coastal and estuarine wetlands habitats in the CZO and
broader environmental observatory network must surely be
addressed in order to support integrated, quantitative research
that is required to better understand and, ultimately, protect
these vulnerable environments and the ecosystem services
they provide. There has clearly been much recent research
interest in estuarine and coastal wetlands because of their val-
ue and vulnerability, and doubtless advances have been made
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in our understanding of particular elements of process and
pattern in what are arguably among the most vulnerable of
all ecosystem types. However, we suggest that a CZS ap-
proach would better facilitate a deeper understanding of the
relationships and feedbacks among the layers of these com-
plex systems, especially in light of ongoing human-induced
environmental pressures. Nevertheless, the paucity of estua-
rine and coastal wetland coverage in the global environmental
observatory network is conspicuous and should be addressed
urgently to enable the diverse research benefits of such sites to
be realized. The development of a formal CZO (or its de facto
equivalent) for these habitats would leverage several advan-
tages (Lin et al. 2011). For example, environmental observa-
tories facilitate funding to provide research infrastructure, at-
tract high profile scientists and allow data sharing and com-
plexmodel development. If appropriate research protocols can
be established (Firbank et al. 2017), this further enhances co-
ordination and enables meaningful comparison between ob-
servatory sites and amplifies the value of research results. As
Ward et al. (2020: 11) note ‘…a predictive understanding of
the role of coastal interfaces on a global scale is not a task that
can be achieved by any one agency, institution or researcher,
but requires collaboration across scales, disciplines, cultures
and funding agencies’. The devotion of at least one CZO to
integrated research on coastal and estuarine wetland habitat
would not address all these challenges, but it would surely be a
step in the right direction.
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