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Preface to “Celebrating 25 Years of World 
Wetlands Day” 

The purpose of this Special Issue is to celebrate 25 years of “World Wetlands Day”. There 
is no other ecosystem that has its very own Ramsar Convention or such a challenge impacting 
ecosystem sustainability. Papers for this Special Issue provide an overview of wetland status 
and function within different regions of the world. Of special interest are papers that address 
wetland ecosystems and human health and wellbeing [1], as well as key international wetland 
management challenges and actors [2]. A “Universal Declaration of the Rights of Wetlands” has 
been proposed [3]; therefore, we need innovative solutions for wetland management and 
maintenance as illustrated in this Special issue. 

Tram Chim Nature Reserve Vietnam—A Ramsar wetland Photo by Thang Vo 

On February 2nd of each year since 1997, the World Wetlands Day has been celebrated to 
raise awareness about the vital role that wetlands play for the Earth’s ecosystems, as well as the 
benefits provided to humanity. This day, February 2nd, also marks the date of the adoption of 
the Convention on Wetlands in the Iranian city of Ramsar on the shores of the Caspian Sea. The 
theme of World Wetlands Day 2022 focuses on wetlands action for people and nature and so 
encourages actions to restore and stop their loss. Sub-themes for 2021 included wetlands as a 
water source and maintaining water quality for usage. 
Past World Wetland Days themes are listed below: 

2022 Wetlands Action for People and Nature 
2021 Intrinsic Link between Wetlands and Freshwater 
2020 Wetlands and Biodiversity 



x 

2019 Wetlands and Climate Change 
2018 Wetlands Making Cities Livable 
2017 Wetlands for Disaster Risk Reduction 
2016 Wetlands for Sustainable Livelihoods 
2015 Wetlands for Our Future Benefits 
2014 Wetlands and Agriculture 
2013 International Year of Water Cooperation 
2012 Wetlands and Tourism 
2011 Wetlands and Forests 
2010 Wetlands, Biodiversity and Climate Change 
2009 River Basins and Their Management 
2008 Healthy Wetlands, Healthy People 
2007 Fish for Tomorrow 
2006 Livelihoods at Risk 
2005 There’s Wealth in Wetland Diversity—Don’t Lose It! 
2004 From the Mountains to the Sea – Wetlands at Work for Us 
2003 No Wetlands—No Water! 
2002 Wetlands: Water, Life and Culture 
2001 Wetland World—A World to Discover! 
2000 Celebrating our Wetlands of International Importance 
1999 People and Wetlands—The Vital Link 
1998 Water for Wetlands, Wetlands for Water 
1997 First Worlds Wetlands Day 

Special Issue Overview 

The papers in this Special Issue of LAND consist of three review papers, ten research 
articles and one perspective paper. Edward Maltby’s [4] review paper provides us with an 
overview of the paradigm shift of how we value and assess wetlands over time. Ballut-Dajud et 
al. [5] provide us with a worldwide perspective on factors affecting wetland loss. Finally, Jan 
Vymazal provides us with a historical overview of the development of water quality treatment 
wetlands in Europe, and North America.  

The research papers can be grouped into four groups: 1) use of remote sensing to analyze 
stability [6] and dynamic factors [7] affecting wetlands; 2) factors affecting the wetlands’ ability 
to store carbon [8,9]; 3) assessment of wetlands effect on water quality [10,11]; and 4) 
understanding the historical use and value of wetlands [12], farmer’s attitudes about wetland 
management [13], and how we can value wetland ecosystem services [14]. Finally, Bryzek et al. 
[15] remind us that as wetland researchers and managers, we should minimize damage to
wetlands even through field monitoring work. 

All these articles illustrate the need for wetland preservation, conservation and in some 
cases restoration so they can provide valuable ecosystem services to us as well as maintain 
biodiversity and function. A recent review article by Finlayson et al. [16] has documented that 
even wetlands designated as Ramsar Convention wetlands continue to suffer from impacts that 
degrade both function and biodiversity. 
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The Wetlands Paradigm Shift in Response to Changing Societal
Priorities: A Reflective Review

Edward Maltby

Department of Wetland Science, Water and Ecosystem Management, School of Environmental Sciences,
University of Liverpool, Liverpool L69 3BX, UK; e.maltby@liv.ac.uk

Abstract: This paper reviews some of the key influences that wetlands have had on the development
of human society together with the history of wetland use, conservation and management in the
context of changing human interactions from prehistoric to modern times. It documents the origins
of the Ramsar Convention and the changes in the criteria for defining wetlands of international
importance from an emphasis on migratory birds to those of wider functional importance contributing
to community well-being. This led to a significant increase in the number of signatories from
developing countries The change in scientific emphasis from ecology to ecosystems (and ecosystem
services) is identified as a key element of the wetland paradigm shift, which has occurred in the last
half century and renewed the recognition of the importance of the natural capital of wetlands. It
represents a change in research agenda from what wetlands are to what wetlands do. Modification
of the Ramsar wise use concept is documented, and evolution of wetland assessment methods
is traced in relation to policy development and the need for a strong science evidence base to
improve decision-making connected with wetland conservation and management. The author also
addresses the significance of wetland economic valuation and biodiversity issues, transboundary
water management with particular reference to the marshlands of Mesopotamia (southern Iraq),
conflict, and human livelihood issues. Examples are given of the drive towards wetland restoration
in different countries, and at different scales, with awareness of the extraordinarily high costs
associated with major schemes such as the Florida Everglades which may prohibit replication in
other parts of the world. Adoption of the Ecosystem Approach and the “Wholescapes” concept are
seen as important in the future management of wetland ecosystems. The wide-ranging interactions
within the structure of a new wetland paradigm are summarized diagrammatically. An examination
of current societal priorities and challenges resulting from the nexus of issues arising from food
production, energy, water, and environmental change and health suggests both significant threats to
wetlands, but also some opportunities for these ecosystems to play a part in sustainable solutions
contributing to human well-being. The paper concludes with an endorsement of a new World Charter
for wetlands but emphasizes the vital importance of partnership working and the key engagement of
local communities to make any new initiative for enhanced protection and management of wetlands
to work on the ground. Key challenges facing wetland science are identified, but it is the realization
that healthy wetland ecosystems are a significant contributor to human and societal well-being that
underpins the paradigm shift in research, management and policy needs.

Keywords: wetland management history; Ramsar convention; wise use; wetland assessment meth-
ods; wetland valuation; wetlands paradigm shift; ecosystem approach; wholescapes; sustainable
development; climate change; World Charter for wetlands

1. Introduction: Change Is a Normal and Persistent Feature of Earth, Human and
Societal History

Earth environmental conditions have evolved and been impacted by natural processes
and events throughout geological time. Humans also have altered them, more or less
dramatically, by deliberate actions or unintended consequences of activities since prehistory.

Land 2022, 11, 1526. https://doi.org/10.3390/land11091526 https://www.mdpi.com/journal/land1
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What is not necessarily normal or predictable is the scale, location, and speed of change. Yet
we now have unprecedented levels of knowledge from ever-increasing bodies of research
which can help us to adapt to, reduce, and avoid undesirable consequences of change.

Wetlands have played a seminal role in Earth history and in some of the major envi-
ronmental changes that have helped shape its present-day geological structures, waters,
and atmospheric composition. Human perceptions of and relationships with wetlands
have changed significantly over time and from place to place. Altered perceptions resulting
from advances in scientific as well as public understanding in the last century have been
reflected, at least in part, in significant policy shifts at local, national, and international
levels. They have been the focus of sharp conflicts between different sectors of society with
contrasting views of how they should be used. Examples of the intensity of feelings are
illustrated from the UK and Australia in Figure 1.

Figure 1. Hanging of the effigies of conservationists on the Somerset Levels, UK by farmers opposed
to plans to rewet drained wetlands in 1983; Source: Jeremy Purseglove 2017 [1]. Farmers in the
Murray–Darling river basin, Australia, concerned about loss of water for irrigation, burning copies of
the 2010 water plan. Source: AAP/Gabrielle Dunlevy.

Over a period of some 50 years of research and advisory work, including to the Ramsar
Convention, the present author has witnessed some of the extraordinary changes in our
understanding of wetland ecosystems and the views that individuals and society have of
them. This article offers a personal digest of some of the notable changes in perspective
that have occurred, especially during this snapshot of empirical experience and attempts to
interpret their significance for future generations.

Apologies are offered for the self-indulgent emphasis, but it is hoped that the experi-
ence might be insightful and in defense there are numerous excellent texts by others that
are available for consultation and more comprehensive coverage.

Examples of the ways in which wetlands have been a cultural driving force are given
in Maltby [2]. Setting aside their probable intimate role in the origins of life itself, wetlands
have stimulated turning points in human culture by virtue of their prominence in key
temporal stages or locations of Earth history. Of particular significance, given the current
attention on global warming, are the tropical peat-swamp forests (such as those currently
occurring in Southeast Asia (Figure 2) which were to become the extensive coal deposits of

2
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the Carboniferous period some 250 million years ago [3]. The vulnerability of tropical peat
deposits to degradation and loss due to drainage and fire is dramatically illustrated in one
of the few remaining peat domes of the Mekong Delta (Figure 3).

 

Figure 2. The complexity and rich biodiversity of intact peat swamp forest in Indonesia and examples
of the simplification resulting from clearance and conversion to agriculture. Source: Edward Maltby.

Figure 3. Vulnerability of tropical peatlands illustrated by the effects of fire on one of the last
remaining peat masses in the Mekong Delta at U Minh Tong, Vietnam. Source: Edward Maltby.

3



Land 2022, 11, 1526

Continental drift repositioned these vast carbon stores into higher latitudes where
from the mid-eighteenth century they powered the Industrial Revolution, first in Europe
and then North America. What followed was arguably one of the most significant changes
in societal organization, trade and economics which would have a progressive influence
not only on human society but also on our environment. Industrialization and increased
national and international trading accelerated urbanization of the human population and
increased the development of transport networks and hubs such as ports and centres of
manufacturing. Inevitably this led to the conversion of large areas of wetland to alternative
uses that has continued to more recent times (Figure 4) In effect, widespread loss and
degradation of wetlands throughout the so-called developed world was the price paid
(invariably never fully recognized) for rapidly accumulated economic wealth. The fact that
the wealth was not shared well with a growing population and its generation also resulted
in severe pollution and human health issues is now more seriously viewed in the context
of our remaining ‘natural capital’.

 

Figure 4. Clearance and burning of bottomland hardwood forests to convert to agricultural land in
Louisiana, United States. Source: Edward Maltby.

Ironically the use of the fossil carbon stores of the wetland ecosystems from earlier
geological times became a powerful direct driver of wetland loss. The wider significance
of the losses was rarely recognized by the entrepreneurs and participating communities
preoccupied with financial wealth creation and direct socio-economic well-being.

There was limited recognition of the adverse consequences of water and atmospheric
pollution and no appreciation of the impact that the progressive release of carbon dioxide
would have on climate change. It is a further irony that the reconversion to carbon dioxide
of carbon previously captured by ancient wetlands should be a major contributor to
accelerated global warming. The importance of the biogeochemical coupling between
wetlands and larger Earth systems is now increasingly recognized as a key consideration in
environmental management [2].

4
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2. From Pre-History to Historical Attitudes

2.1. Intrinsic Dependence to Progressive Detachment

Significant evolution of the human brain is attributed by the “aquatic ape” theory
to the fatty acid-rich diet available to hominins living in, and dependent on, the wetland
margins of lakes, rivers and the sea [4]. Wetlands continued to play important roles in
the evolution of prehistoric communities and were the sites of some of the earliest stages
in the development of tool-producing hominins. Excavations of Mesolithic and Neolithic
post-glacial lake marginal settlements across Europe have revealed the highly dependent
relationships between humans and the wetland ecosystems [5]. Figure 5 illustrates recon-
structions of community life and dependence on the wetland resources from archaeological
excavations of one such settlement at Starr Carr in North Yorkshire, UK.

 

Figure 5. Early prehistoric communities were completely reliant on lake and river
marginal wetlands throughout Europe for food, shelter, and security. Source: https:
//www.google.com/search?q=Star+Carr+reconstruction&sa=X&rlz=1C1ONGR_enGB100
9GB1009&biw=1280&bih=569&sxsrf=ALiCzsaiGhDJ8Nv2D2DP (accessed on 26 March 2013).

Even whilst this prehistoric dependency persisted in the post-glacial communities
of Europe, cradles of civilization were developing based largely on the innovative man-
agement of the waters of fertile floodplains such as those of the Nile, Tigris-Euphrates
(Mesopotamia), Indo-Gangetic and North China Plains. Utilisation of the natural flood
cycle created food security and the creation of agricultural wealth. It demanded commu-
nity organization and cooperation together with rules and laws [6]. Cities arose from an
increasingly prosperous “hydraulic civilization” [7] with food surpluses and trade support-
ing population growth that made possible the differentiation of roles in society that are
familiar today [2]. Archaeological evidence from the city of Ur in Mesopotamia (present
day Iraq) has revealed continuity in some of the basic units of floodplain life such as the
reed-house (mudhif) or long canoe (mashuf) from Sumerian times to the present day—a
cultural connection of more than 5000 years (Figure 6).

Some of the earliest examples of written language come from Sumer, including the
origins of the biblical account of the Creation and the Flood of Noah which may be from

5



Land 2022, 11, 1526

the epic of Gilgamesh in Sumerian literature. Such a bequest to the culture and philosophy
of subsequent generations is hard to over-state.

Figure 6. Present-day Marsh Arabs (Madan) in Southern Iraq (former Mesopotamia) with traditional
reed houses (mudhif) often on floating islands and long canoe (mashuf) in a channel through
marshland reflooded after 2003. Source: Edward Maltby.

The wider implications of altered hydrology of the floodplain were well understood
in ancient Mesopotamia, and recognition of the enrichment of drainage waters with salt
from irrigated lands was recorded as early as 4400 BC on clay tablets in the temple of
Lagash. These recorded a thirty-fold increase in salinity of one particular agricultural field
in just one year [8]. So was heralded the serious water quality issues which may arise from
conversion of natural flood-cycle wetlands to agriculture.

Nevertheless, historical attitudes to wetlands progressively detached them from a
central role in community life support. The depiction of swamps and bogs in fictional
literature as sources of mythical and alien species, as well as numerous hazards to human
health and safety, was highlighted by Mitsch and Gosselink [9]. Such portrayal undoubtedly
influenced generations of schoolchildren throughout the developed world and became
embedded in future attitudes [10]. Their drainage and transformation to other non-wetland
uses were seen as laudable “public-spirited” objectives and testimony to the power of
technological developments and human ingenuity [11]. We will see this view substantially
reversed at the start of the twenty-first century (Figure 7).

Throughout history the benefits that we presume were appreciated by early human
cultures and more certainly current traditional users of wetlands were either ignored or
dismissed as less significant by more powerful sectoral interest groups [2]. Celebration of
major drainage achievements such as those which empoldered the complex Rhine–Meuse–
Scheldt delta from medieval to modern times; the drainage of the English Fens [12]; the
more recent drainage of the Hula swamps in Israel (Figure 8); and the desiccation of large
tracts of the Florida Everglades [13,14] were based on the winning of rich agricultural land,
flood protection of encroaching settlement and eradication of disease vectors. The pressures
for conversion have been especially strong in developing countries where the attraction of
foreign earnings have often overwhelmed conservation interests (Figure 9).

6
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European colonization of the United States resulted in widespread efforts to drain the
swamps which were originally owned by the Federal government; petitions to Congress
were brought seeking compensation for “improvements” undertaken by States. The re-
sulting legislation—the Federal Swamp Land Acts of 1849—50 and 1860—was intended to
reduce flood hazard, improve sanitation and reclaim land for agriculture [15]. For centuries
“the drainage of wetlands has been seen as a progressive public-spirited endeavour. the
very antithesis of vandalism” [11]. Farmers and other landowners were encouraged by the
availability of generous government grants and tax concessions in the UK and elsewhere to
convert wetlands to more productive agriculture and other land uses such as forestry.

Figure 7. A simplified and generalized representation of the circle of change of the human interaction
with wetlands. Source: Edward Maltby.

Figure 8. Peat fires at depth were a common result of the drainage of the Hula valley swamps in
Israel. The temperature probe in the residual ash reveals prolonged sub-surface burning. Source:
Edward Maltby.
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Figure 9. The rich biodiversity of stream, river and lake marginal wetlands throughout Africa, such as
this example from Ghana, are under constant threat from unsustainable water extraction and landuse
pressures to meet increasing economic needs and poverty alleviation. Source: Edward Maltby.

2.2. Celebration of Ecology and the Rise of Conservation Icons and Policy

Early ecological research focused on habitats and species which only much later
became grouped under the umbrella term “wetlands”. Studies were of bogs, fens, carr
woodland, mires, muskeg swamp, marshes or other habitat descriptors without any refer-
ence to “wetland”. Figure 10 illustrates just some of the range of such habitats and species.

The term wetland was first used in 1953, in a report by the U.S. Fish and Wildlife
Service (USFWS) that provided a framework for the first official use of the term in a later
publication concerning waterfowl habitat in the United States [16]. It may be that the
specific link to waterfowl habitat, as well as the limited interaction between scientists in
the United States and those from other countries at this time, explains the reluctance to
immediately accept the term beyond North America. Indeed, numerous well-respected
European scientists refused for many years to use the term in their empirical research and
publications, primarily because they argued that it was too generic and grouped together
such highly diverse ecological systems as to become taxonomically confusing. Nevertheless,
it became embodied in the only multinational treaty to identify with a single group of
ecosystems—the Ramsar Convention.

Early emphasis in research was on fundamental ecological questions. Such can be
exemplified by the investigation of the origins, diversity and associated flora and fauna
of peat-forming systems, e.g., Moore [17], Moore and Bellamy [18]. They are a pertinent
choice given the current switch of focus from basic ecology to their delivery of important
ecosystem services and especially their role in greenhouse gas dynamics and climate
change. The “formation, development and maintenance of peat depends on an envelope of
environmental conditions representing local- and/or regional-scale characteristics in which
climate is of critical but not sole importance” (cf. templates of formation) [18]. It has long
been stated that peat-forming ecosystems in the UK uplands were originally primarily the
result of climate-topographic interactions [18]. A correlation has been made between the
1200 to 1250 mm isohyet (line of equal precipitation) and the extent of blanket peat [19,20],
whereas Rodwell [21] reported the threshold for blanket peat formation as at least 160 rain
days combined with annual rainfall greater than 1200 mm. Lindsay et al. [22] correlated
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the change in size, proportion and pattern of open pools and hollows in blanket bog
ecosystems with the number of rain days and mean temperature. Much less attention was
given originally by ecologists to the potentially overwhelming importance of prehistoric
human activities to the onset and subsequent development of upland peat. It is now
accepted that anthropogenic activity has played an important role in the development of
blanket peat over a substantial area of the UK [17,23,24] through clearance of woodland
and hydrological alterations at a time when climate overall was favourable for the growth
of Sphagnum mosses [25].

Figure 10. Cont.

9



Land 2022, 11, 1526

Figure 10. Cont.
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Figure 10. Selection of the extreme diversity of wetland types and species: (a) muskeg in Alaska
showing “drunken” stand of Black spruce (Picea mariana) on peat and permafrost; (b) the distinctive
microrelief patterning of hummock and pools in “hollows” of blanket bog and the extraordinary
height of stands of Phragmites in the Perishan wetland of Iran; (c) examples of carnivorous plants—
(1) sundew and (2) pitcher plants—adapted to source nutrients from insects to supplement nutrient
deficiencies in the peaty substrate, in both temperate and tropical climates (3) Human bodies uniquely
preserved in the acidic waterlogged peat provide evidence of diet, associated environmental con-
ditions as well as cause of death; (d) fringing mangroves in coastal Louisiana; (e) cypress swamp
(Taxodium distichum) in Florida; (f) Hummocks of Spagnum magellanicum in Tierra del Fuego bog.
Source: Edward Maltby.
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Somewhat ironically, the actual trigger for peat development might have been human-
induced alteration of vegetation and/or soil conditions such as the development of an
impermeable iron pan in podzols resulting in hydrological change [26] without necessarily
requiring climate change. Dimbleby [27] had drawn attention in the UK to human-induced
podzolisation in the Bronze Age stimulating the development of peaty soils, whereas
Maltby and Caseldine [28] provided direct pedogenic, pollen and 14C evidence for the
possible high speed of change from brown soils to those accumulating a strongly acid peat
surface in the Bronze Age (ca. 3500 BP) on Bodmin Moor (Figure 11).

Figure 11. Original brown earth type forest soil preserved beneath a Bronze Age burial structure with
a thin iron-pan podzol and peaty surface developed in the surface of the structure and peat accumu-
lated in the surrounding area; Colliford, Bodmin Moor, southeast England. Source: Edward Maltby.

Research highlighted the particular significance of hydrology and water movement in
determining the stability, size and slope of the peat mass [29,30]. The natural limits to peat
growth, the overall carbon budget and the physical stability of the peat mass was elegantly
demonstrated by Clymo [31,32].

Such early ecological research across diverse habitat types played a vital role in our
understanding of what wetlands were, how they developed, and why they occurred where
they did; this does not mean that we have all the answers to some of the basic ecological
questions. The accumulation of deep peat under the remarkably dry climatic conditions of
the Falkland Islands, for example, is difficult to explain on the basis of the understanding
of peat bog formation in the Northern Hemisphere [33]. Figures 12 and 13 illustrate the
remarkable depth and formations of peat on East Falkland, notwithstanding the relatively
dry climate.

The sequential accumulation of organic matter and sediment provided palaeoecol-
ogists with a time machine from which to document environmental change as well as
evolution of the wetland itself.
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Figure 12. View of Falkland Island peat bank (bog) between Mt Harriet and Goat Ridge. Source:
Edward Maltby.

Figure 13. Exposed eroding face of the peat ‘bank’ at Goat Ridge, Falkland Islands. Source: Ed-
ward Maltby.
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Maltby [2] identified characteristics of habitats now described as wetlands which
spawned examples of important areas of ecological understanding, notably:

1. Change over time through ecological succession—frequently they are transient features
in the landscape and in many cases may be regarded as authors of their own destruction;

2. Zonation both within and at the boundary of the wetland is a common feature of
species distribution and substrate characteristics;

3. Temporal variations through seasonal or episodic hydrological or flood “pulsing”
cycles—see especially Junk et al. [34] or individual events.

Initially research was essentially site-based and has contributed to a wealth of taxo-
nomic data and understanding of species-habitat relationships.

Inevitably the focus on wetlands as parts of the landscape worthy and in need of protec-
tion also became site based as well as their importance for particular species and especially
birds. Indeed, this was also reflected in the central commitment to the Ramsar Convention
which required signatories to list at least one wetland site of International Importance.

The growing concern for wildlife and the vulnerability of their habitats had already
begun to emerge at the end of the nineteenth century. In the UK the Royal Society for the
Protection of Birds (RSPB) was formed in 1889 and was highly influential in the passing of
the Bird Protection Act in 1954 (much earlier a Wild Birds Protection Act had been passed
in 1872).

Particularly significant in the United States was the founding in 1886 of the National
Audubon Society in response to the unprecedented levels of hunting, particularly of
wetland birds for their plumage that was much sought after to satisfy the demands of the
millinery trade responding to the fashion requirements of an increasingly wealthy part
of Society. For some 50 years from about 1870, plume hunters invaded the Everglades
and in particular decimated colonies of the Snowy Egret that was much favoured by the
fashion houses of the day. In the mid-1880s up to five million birds a year were being
harvested just for their plumage [35]. The Florida Audubon Society requested the American
Ornithologists Union to hire a game warden to prevent the illegal killing. Guy Bradley
was the first such warden in South Florida who was tragically killed in 1905 trying to
arrest a notorious plume hunter. His death further inspired the conservation movement
and was an additional stimulus for future legislation. Although birds were a key driver
of the conservation movement, there are many plants and other animals that are unique
and charismatic features of wetlands. The American alligator is used as an example of the
specialized fauna, not least because of its ancient origins in the Oligocene period some
30 million years ago (Figure 14).

The year 1905 was also significant in the Netherlands where the Society for Preser-
vation of Nature Monuments was established in response to plans by Amsterdam City
Council to use a nearby wetland as a rubbish dump for the rapidly expanding city; the
Society bought the wetland and saved it from loss. Today Natuur Monumenten is one of
the largest landowners of nature reserves and parks in the Netherlands (where of course
much of the country historically was wetland).

Whilst wetland species and specific iconic sites were often the cause celebre for the
early conservationists, a more general environmental movement achieved prominence
only from the 1960s with many crediting Rachel Carson’s book Silent Spring, published
in 1962 [36], as an influential catalyst. Her message was important in demonstrating the
devastating impacts of pesticides on wild non-target species often via the links provided
by water. Recognition of the coupling among environmental contaminants, food chains
and the water cycle was a precursor of the subsequent paradigm shift that would take us to
the present day.

In the middle of the twentieth century the conservation focus was not only site and
species based, but primarily concerned with the preservation of rarity, uniqueness or
particularly good examples of nature. Following its much earlier connection with the
inspiration for conservation, Everglades National Park was officially opened in 1947 when
land and funding was eventually secured and became the largest designated subtropical
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wilderness reserve on the North American continent. It became an International Biosphere
Reserve in 1976, a World Heritage Site in 1979 and a Ramsar site in 1987, to confirm its
position as one of the world’s iconic wetlands.

Figure 14. Example of American alligators in their natural wetland habitat of Louisiana. Source:
Edward Maltby.

Mid twentieth-century threats to wetlands resulting from sectoral policy conflicts
also managed to galvanize communities around the conservation banner. In the UK the
Forestry Commission was established by government to enhance the much-depleted post-
First World War forest stock. It later proposed (in the 1950s) to plant coniferous trees
on The Chains, the most extensive tract of blanket bog on Exmoor. At the same time
there was substantial government grant aid to support the conversion of peat and organic
soils to more productive farmland. In the case of Exmoor this led to the formation (in
1958) of the Exmoor Society, an effective non-governmental organisation (NGO) and lobby
group dedicated to maintaining the “traditional” moorland landscape (Figure 15) and its
associated rural livelihoods and public access. Afforestation on Exmoor was prevented, the
blanket bogs became a celebrated conservation icon, and the Exmoor Society a beacon for
policy change.

Policy innovations included management agreements with landowners who were
compensated to prevent alteration of the moorland landscape. It is ironical that much of
the moorland so cherished at the present time was covered in mixed deciduous woodland
in prehistoric times; clearance, especially during the Bronze Age by human communities,
served as a catalyst for ecological and pedogenic change resulting in peat development.
For immediately succeeding generations this impact might have been considered as a first
environmental planning disaster of that period because of the decline in sources of food,
shelter and heating [25].

The blanket peats of Caithness and Sutherland in Scotland were not as fortunate
as The Chains, and 67,000 ha (17%) of the peatland were either planted or approved for
planting [37] as a result of tax incentives or Forest Grant Scheme approval [22]. The tax
incentives have since disappeared and the Forestry Commission now has guidelines to
protect blanket bog from further afforestation [38].
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Figure 15. The Chains blanket bog, Exmoor, UK; dominated over large tracts by the deciduous
grass Molinia caerulea which has contributed to active peat accumulation and was threatened by
afforestation. Source: Edward Maltby.

Individual site-based conservation is enshrined in the various scales of protected area
policies worldwide. Within the UK the Wildlife and Countryside Act of 1981 empowered
the government conservation body, Natural England, to identify and protect Sites of Special
Scientific Interest (SSSIs) on the basis of wildlife, geology or landform. These include
numerous wetlands, but protection by law of the site does not necessarily ensure protection
from external impacts.

The Ramsar Convention in 1971 provided a seminal change in the conservation strat-
egy for wetlands by recognizing the importance for migratory birds of not just single sites,
but of the network connections of wintering, breeding and feeding (especially re-fueling
and resting sites) often over hundreds if not thousands of kilometres and across multiple
sovereign territories. In recognition of the rapid and accelerating losses of wetland habitats,
especially throughout Europe and North America, the movement to secure conservation
and where possible restoration of the remaining resource at the global scale gained traction.
The Ramsar Convention became an iconic standard bearer for the conservation and sound
management of wetlands. It emerged from the efforts of passionate ornithologists, no-
tably Luc Hoffman from Tour du Valat research station in the Camargue, France, Geoffrey
Matthews from The Wildfowl and Wetlands Trust in Slimbridge, UK, and Escandar Firouz,
former Minister of Environment in Iran. The key motivation was recognition that it was
necessary to safeguard the essential international connectivity of habitat requirements of
migratory waterfowl. Single site conservation and management alone was not sufficient to
maintain the populations of migratory species which weremuch revered by bird-watchers
throughout the developed world. The Ramsar Convention on Wetlands of International
Importance Especially as Waterfowl Habitat was established in 1971 at a meeting in Ramsar
on the shores of the Caspian Sea (Iran) and became unique as being the only international
agreement to cover a specific single group of ecosystem type.

3. From Ecology to Ecosystems and Ecosystem Services

The last 50 years has witnessed a major shift in scientific research from the description
of wetland habitats and their relationships with plants and animals to attempting to
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understand how wetland ecosystems actually work, as part of larger environmental systems
and in support of human well-being and exemplified in Figures 16 and 17.

Figure 16. Examples of the services realized by communities in the natural Melaleuca wetlands of
the Mekong Delta, Vietnam; (a) fish trap; (b) cut Melaleuca stems; (c) sorting wood for different uses;
(d) distillation of essential oils from leaves. Source: Edward Maltby.

Figure 17. Catching even small fish in the wetlands of the Mekong Delta (Vietnam) can be an
important addition to family nutrition. Source: Edward Maltby.
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The emphasis on migratory waterfowl, which was the original driver of the Ramsar
Convention, was seen by many observers as an indulgence on the part of richer nations
that poorer countries could ill-afford [2]. Confronted with the immediate and pressing
challenges of poverty, food and clean water shortages, lack of economic development and
the burden of foreign debt, many developing nations were reluctant to become signatories
to the Convention. They could see little advantage in undertaking management obligations
perceived as primarily benefitting the conservation ethos of bird watchers in already
wealthy countries. This position was to change dramatically after the 1987 Conference of
Parties held in Regina, Canada [39]. Two developments were largely responsible for the
change in perception and an encouragement of greater interest and commitment from the
developing world.

1. Changes to the criteria for the listing of wetlands of international significance to
increase the recognition of their wider functional importance beyond bird habitat;

2. Elaboration of the “wise use” commitment to emphasise the contribution of wetlands
to human welfare and sustainable development.

A summary table of the changes in criteria from the Conference of Parties in Cagliari in
1980 and Montreux in 1989, either side of the Regina Conference, is given in [2]. Not all del-
egates at Regina initially supported the changes, with some concern that they might change
responsibility for the Convention from government departments of nature conservation to
those dealing with natural resources (E. Maltby personal observation).

Revision of the criteria was influenced by a rapidly growing body of scientific evidence
revealing the significance of the hydrological and biogeochemical as well as ecological
functioning of wetlands. These translated to benefits such as flood control, water quality
and fisheries support to which people could more easily relate. Modifications to the criteria
focused on how wetland ecosystems functioned, rather than their habitat description and
ecological characterization orientated towards traditional nature conservation values such
as rarity, uniqueness, and particularly good examples of an ecosystem type. The switch in
emphasis from habitat and ecological research to ecosystem processes and functioning was
led from the United States where the significance of “wetland functions and values” was
linked to state wetland regulatory laws starting in 1963 [40] and from 1972 at the Federal
scale to the requirements of section 404 of the Clean Water Act [41].

Internationally, the World Wide Fund for Nature (WWF) and World Conservation
Union (IUCN) initiated the Wetland Conservation Programme 1985–1987. The programme
set up a scientific advisory group, which inter alia provided technical advice and guidance to
the Ramsar Convention. This included developing the first definition of “wise use” [42] and
active participation in influential discussions at the Regina COP in which the present author
served as chair of the session of contracting parties reviewing criteria for designating sites of
international importance. The Programme also commissioned the preparation of a new text
to draw international attention to the real importance of wetlands to Society. Waterlogged
Wealth, Why waste the world’s wet places? [15] attempted to capture the essence of the changing
wetland paradigm, which had moved to a new emphasis beyond fundamental ecology to
functioning which underpinned a wide range of benefits enjoyed by human communities.

One indicator of the influence of this change in emphasis is found in the number of
developing countries signing up to the Ramsar Convention. Pre-Regina there were only
13 developing countries out of 37 signatories. Post-Regina the numbers had changed to
123 out of 167 in 2018 and are currently 124 out of 170. The proportional change from 35%
to 73% is a clear reflection of the fundamental change in understanding and perception by
governments worldwide that wetland conservation and sound management was not just
for the benefit of the populations of rich nations, but was an important tool to underpin the
improved well-being of developing nation communities.

3.1. Elaboration of the Wise Use Concept

Signatories to the Ramsar Convention are required to nominate at least one wetland
of international importance but also undertake to promote the “wise use” of all wetlands
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within their territories. The original 1987 definition was formulated by the IUCN Wetlands
Programme Advisory Committee: “The wise use of wetlands is their sustainable utilization
for the benefit of mankind in a way compatible with the maintenance of the natural
properties of the ecosystem”. Sustainable utilization was defined as “human use of a
wetland so that it may yield the greatest continuous benefit to present generations while
maintaining its potential to meet the needs and aspirations of future generations” [42].
Clarification and fuller interpretation of the wise use obligation coincided with the revision
of the criteria for recognition of wetlands of international importance. The Regina COP can
be regarded as a key milestone in the global wetland research and policy shifts in emphasis
including from birds to people, habitat to ecosystems as well as nature conservation to
environmental quality and human well-being.

A wide gap has often existed between accepting the definition and obligations of
wise use and applying its principles and objectives to specific wetlands, or in particular
countries. Maltby [43] indicated that in general the application of wise use would require:

1. Identification of wetland functions and values;
2. Integration of compatible uses where possible;
3. Separation of incompatible uses;
4. Zoning and environmental planning;
5. Catchment management;
6. Appropriate employment, social and economic strategies to relieve the ecosystem of

damaging pressures.

The continued loss and degradation of wetlands across all signatory countries to
Ramsar brings into question the effectiveness, not only of the wise use obligation but of the
Convention itself, in securing the world’s wetland resources. Whilst regrettably ineffective
in preventing wetland loss globally, the Convention has been a key factor in raising the
importance and political awareness of iconic wetlands, which are symbolic of the wider
wetland resource. Such has been the case of the Florida Everglades threatened by water
quality issues and hydrological changes resulting largely from agricultural development
and urbanization in its wider catchment. The legal basis for intervention by the Federal
Government (advised by the present author) to try and halt their progressive degradation
was supported in no small measure by the triple international designation of Everglades
National Park which, in addition to being a Ramsar site of international importance, is
a World Heritage Site and an International Biosphere Reserve (S. Ponzoli, pers. comm.).
The attorney and expert scientist fees associated with the Everglades lawsuits alone ran
to many millions of dollars and the costs of remedial works orders of magnitude more.
Kadlec [13] and Richardson [14] give authoritative summaries of the main issues and
subsequent actions. It is unlikely that any other country in the world could afford to
tackle a prosecution and mount a restoration plan on the scale seen in the Everglades. The
effectiveness of such a message remains to be seen, but the over-riding conclusion is that it
makes economic as well as ecological sense to avoid wetland degradation in the first place
and such a strategy can be aided by following wise use guidance.

The wise use definition under the Convention was revised at the 2005 Conference of
Parties (COP 9) to “Wise use of wetlands is the maintenance of their ecological character
achieved through the implementation of ecosystem approaches, within the context of
sustainable development”. This modification reflected the influence of not only the Con-
vention’s mission statement, but also Millenium Assessment terminology [44], elaboration
of the “ecosystem approach” under the Convention on Biological Diversity [45,46], and the
Brundtland Commission’s definition of sustainable development [47].

3.2. The Rise of a Functional Approach and Assessment Procedures

Concomitant with the change in emphasis from what wetlands a to what wetlands do
has been the requirement to better understand and assess wetland functioning.

“A functional approach to wetland assessment is one that acknowledges that wetlands
can perform work at a variety of scales in the landscape, which result in significant direct
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and/or indirect benefits to people, wildlife and the environment” [48]. It effectively
broadens consideration of wetlands from a view as conservation icons to recognizing
their wider utilitarian importance resulting from multiple ecological, biogeochemical, and
physical processes and their natural dynamics (Figure 18).

The need for a different perspective on wetlands which recognized the functions
they performed (and the values resulting) was recognized initially in the United States
where state wetland regulatory laws, starting in 1963, stimulated the first assessment
methodologies [40]. Functional assessment subsequently became central to the US Federal
permitting process, which regulates wetlands under Section 404 of the Clean Water Act
(33 US Code 1344) and coupled to a “no net loss” policy. Conceptual development of
assessment in the US is described by Brinson [41], and Smith [42] provides examples in
practice. In developing countries, the underpinning science-based evidence is much more
limited (see examples in Roggeri) [49]. Hawson et al. [50] examine approaches in Canada.

Figure 18. Physical, chemical, and biological processes lie behind the provision of ecosystem ser-
vices [51].

The early literature from the United States was highly influential in stimulating further
research, e.g., Sather and Smith [52], but whilst pioneering, was also simplistic by grouping
together functions and values (without clear separation between the two) and not making
sufficient distinction between the ability of different wetlands or parts of the same wetland
to perform particular functions. It became increasingly clear that not all wetlands perform
the same functions or perform the same functions to the same extent.

Physical, chemical and biological processes, individually or in combination, within the
diverse structures of different wetland ecosystems, control different patterns and quantities
of functioning such as hydrological (e.g., flood control), biogeochemical (e.g., nutrient
retention) and ecological (e.g., habitat provision) functions. Functions result in the pro-
vision of different goods and services valuable to people such as flood risk reduction,
pollution reduction, and food chain support (Figure 18). These and other outcomes are now
commonly referred to as “ecosystem services”, recognising where and how they impart
human benefits.

“Assessment of functioning is a key pre-requisite to making management decisions
that affect delivery, by wetlands, of specific or particular combinations of ecosystem services.
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This knowledge is critical to provision of the evidence necessary to underpin strategic
and policy decisions. Effective functional assessment provides an essential tool for those
individuals, regulatory bodies, and other government or non-government organisations
that make informed decisions for appropriate wetland management” [53].

Bartoldus [54] identified 40 different wetland assessment procedures for the United
States alone, reflecting inter alia the diversity of ecosystems, species targeted, time/effort
required, costs, outputs, expertise and user needs. The rationale has been driven by policy
and the need to better inform decision-makers of the public values provided by wetland
functioning which may be lost or impaired by development. The inevitable legal disputes
involving the rights of individuals and property ownership have led to the concept in the
US of “jurisdictional wetlands” with a need to delineate wetland areas (and their functions)
on the basis of both legally as well as scientifically verifiable criteria [54].

Tools in the United States for “rapid” assessment have tended to treat a wetland as a
single functional unit. The most widely used method initially was the Wetland Evaluation
Technique (WET) developed from the work of Adamus [55] and Adamus et al. [56]. It has
been the basis for training and use by the US Army Corps of Engineers (who together with
the US Environmental Protection Agency are responsible for wetland permitting under the
Clean Water Act legislation) and other regulatory programmes [41].

Subsequently the HGM (Hydrogeomorphic) Approach was developed to overcome
criticisms of WET [57]. It was initially designed to estimate change in wetland condition
by means of a quantitative comparison of altered/impacted wetlands with those that had
not been altered and considered as “reference” wetlands using ecosystem functions as
the basis for evaluation. Brinson [41] was intimately involved in the development of the
HGM concept and provides a critical analysis of the HGM approach. He cautions on two
major limitations in practice. First, it “does not provide decision-makers with complete
information to determine the full consequences of degrading a wetland” and second, “only
a rapid level of assessment is provided and the building of a reference system is expensive”.
For an up-to-date summary of recommended approaches in the United States see [39].

With financial support from the European Commission, an empirically based method-
ology of wetland functional assessment was developed based on trans-European multi-
disciplinary research [58]. The approach in Europe differed from that adopted in North
America, partly because there was no regulatory framework for wetlands and partly be-
cause of the generally smaller scale of wetlands and the often intimate association with
agricultural land use systems. The basic unit of assessment developed by the Maltby-
coordinated international team was the “hydrogeomorphic unit” (HGMU), defined as
“areas of homogeneous geomorphology, hydrology and/or hydrogeology, and under
normal conditions, homogeneous soil/sediment” [58]. The mapping of HGMUs allows
prediction of the variation in wetland process across often complex European wetland
ecosystems and associated landscapes, based on the recognition of easily identifiable or
measured controlling variables [58].

Its application has never been mandated by regulatory agencies in Europe because
of the absence of specific wetland policy requirements. It remains as a tool available to
predict the likelihood of a wetland, or part of a wetland, performing a particular function
or combination of functions and resulting ecosystem services, together with assessment
of the effects of wetland alteration without the need for expensive and time-consuming
empirical research [58].

One important further application has been to link with Earth observational data
to facilitate the mapping of wetland functions using remote sensing [59]. This is just
one example of the very recent expansion of geospatial technologies such as GIS, remote
sensing and spatial modelling that are increasingly used for wetland applications including
mapping, assessment and simulations.
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3.3. Re-Discovery of the Natural Capital Value of Wetlands through Economic Determinations

Society today ultimately is no less dependent on the globe’s wetland resources than
were the prehistoric communities whose livelihoods were inextricably linked with these
ecosystems. Such realization has emerged at least in part from the idea of “natural capital”,
which recognizes the importance of the natural assets of the planet and their underpin-
ning of economic development as well as wider human well-being. Costanza et al. [60]
emphasized the disproportionate contribution of wetlands to the natural capital provided
by the world’s ecosystems. One estimate is that only 1% of global terrestrial rainfall flows
through wetlands but the yields of ecosystem goods and services are disproportionately
higher that this [60–63]. Hence, wetlands multiply the value of rainfall compared with
other natural and man-made ecosystems [2]. Balmford et al. [61] concluded that conversion
of wild habitats to other uses, such as mangroves to aquaculture, was always harmful
in overall economic terms. They cite as one example the analysis by van Vuuren and
Roy [64], who reported that for freshwater marshes in Canada, the total economic value
was more than twice as high when the wetlands remained intact rather than converting
them to agriculture.

The Millennium Ecosystem Assessment engaged between 2001 and 2005 over 1360 ex-
perts worldwide to assess the consequences of ecosystem change on human well-being.
Their findings provide a state-of-the-art scientific appraisal of the condition and trends
in the world’s ecosystems and the services they provide, as well as the scientific basis for
action to conserve and use them sustainably [44]. The key messages from the wetlands
and water synthesis report provide insight into the condition, rate of change in the global
wetland resources, and captured the new emphasis on the services provided, the value of
which often far exceeded alternative land uses. (Box 1).

Box 1. Key messages from the MEA wetlands and water synthesis report [44].

� Wetland ecosystems (including lakes, rivers, marshes, and coastal regions to a depth of 6 m at
low tide) are estimated to cover more than 1280 million hectares, an area 33% larger than the
United States and 50% larger than Brazil. However, this estimate is known to under-represent
many wetland types, and further data are required for some geographic regions. More than
50% of specific types of wetlands in parts of North America, Europe, Australia, and New
Zealand were destroyed during the twentieth century, and many others in many parts of the
world degraded.

� Wetlands deliver a wide range of ecosystem services that contribute to human well-being,
such as fish and fiber, water supply, water purification, climate regulation, flood regulation,
coastal protection, recreational opportunities, and, increasingly, tourism.

� When both the marketed and nonmarketed economic benefits of wetlands are included, the
total economic value of unconverted wetlands is often greater than that of converted wetlands.

� A priority when making decisions that directly or indirectly influence wetlands is to ensure
that information about the full range of benefits and values provided by different wetland
ecosystem services is considered.

� The degradation and loss of wetlands is more rapid than that of other ecosystems. Similarly,
the status of both freshwater and coastal wetland species is deteriorating faster than those of
other ecosystems.

� The primary indirect drivers of degradation and loss of inland and coastal wetlands have
been population growth and increasing economic development. The primary direct drivers of
degradation and loss include infrastructure development, land conversion, water withdrawal,
eutrophication and pollution, overharvesting and overexploitation, and the introduction of
invasive alien species.

� Global climate change is expected to exacerbate the loss and degradation of many wetlands
and the loss or decline of their species and to increase the incidence of vector-borne and
waterborne diseases in many regions. Excessive nutrient loading is expected to become a
growing threat to rivers, lakes, marshes, coastal zones, and coral reefs. Growing pressures
from multiple direct drivers increase the likelihood of potentially abrupt changes in wetland
ecosystems, which can be large in magnitude and difficult, expensive, or impossible to reverse.

22



Land 2022, 11, 1526

Box 1. Cont.

� The projected continued loss and degradation of wetlands will reduce the capacity of wetlands
to mitigate impacts and result in further reduction in human well-being (including an increase
in the prevalence of disease), especially for poorer people in lower-income countries, where
technological solutions are not as readily available. At the same time, demand for many of
these services (such as denitrification and flood and storm protection) will increase.

� Physical and economic water scarcity and limited or reduced access to water are major
challenges facing society and are key factors limiting economic development in many countries.
However, many water resource developments undertaken to increase access to water have not
given adequate consideration to harmful trade-offs with other services provided by wetlands.

� Cross-sectoral and ecosystem-based approaches to wetland management—such as river (or
lake or aquifer) basin-scale management, and integrated coastal zone management—that
consider the trade-offs between different wetland ecosystem services are more likely to ensure
sustainable development than many existing sectoral approaches and are critical in designing
actions in support of the Millennium Development Goals.

� Many of the responses designed with a primary focus on wetlands and water resources will
not be sustainable or sufficient unless other indirect and direct drivers of change are addressed.
These include actions to eliminate production subsidies, sustainably intensify agriculture,
slow climate change, slow nutrient loading, correct market failures, encourage stakeholder
participation, and increase transparency and accountability of government and private-sector
decision-making.

� Major policy decisions in the next decades will have to address trade-offs among current
uses of wetland resources and between current and future uses. Particularly important
trade-offs involve those between agricultural production and water quality, land use and
biodiversity, water use and aquatic biodiversity, and current water use for irrigation and
future agricultural production.

� The adverse effects of climate change, such as sea level rise, coral bleaching, and changes in
hydrology and in the temperature of water bodies, will lead to a reduction in the services
provided by wetlands. Removing the existing pressures on wetlands and improving their
resiliency is the most effective method of coping with the adverse effects of climate change.
Conserving, maintaining, or rehabilitating wetland ecosystems can be a viable element to an
overall climate change mitigation strategy.

� The MA conceptual framework for ecosystems and human well-being provides a framework
that supports the promotion and delivery of the Ramsar Convention’s “wise use” concept.
This enables the existing guidance provided by the Convention for the wise use of all wetlands
to be expressed within the context of human wellbeing and poverty alleviation.

The cross-fertilisation between the expert guidance to the Ramsar Convention and
the scientific expertise involved in the MEA was significant in ensuring that the latest
thinking could be engaged within the working practices and implementation strategy of
the Convention.

Hard on the heels of the MEA was the UK National Ecosystem Assessment (UK
NEA)—the first ecosystem assessment to be carried out at the national scale [65]. Figure 19
depicts the Conceptual Framework of the UK NEA, and Figure 20 shows how ecosystem
services are incorporated.

The UK NEA originated partly as a need to provide an evidence base on which
to adopt an ecosystem approach in government policy as required by commitments to
international agreements—notably the Convention on Biological Diversity as well as the
Ramsar Convention. It built on the conceptual framework established by the global MEA;
most importantly, it provided a direct feed into new UK government policies relating to
environment and including wetlands. It aimed to provide a comprehensive overview of the
state of the natural environment and a new way of expressing its wealth. The assessment
was carried out under eight Broad Habitats in the UK, which meant that wetlands were
considered in three of these: freshwaters including open waters, wetlands and floodplains;
mountains, moorlands and heaths; and coastal margins.
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Figure 19. Conceptual framework of the UK National Ecosystem Assessment. Source: UK National
Ecosystem Assessment 2011 UNEP-WCMC Cambridge.

 

Figure 20. Incorporation of Ecosystem services terminology within the UK NEA. Source: UK National
Ecosystem Assessment 2011 UNEP-WCMC.
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Of particular significance in the assessment is that each key finding was assigned a
level of scientific certainty which provides decision-makers with a level of confidence often
previously lacking in the use of research findings for policy innovations. The over-arching
conclusion from the freshwaters (including open waters, wetlands) and floodplains assess-
ment was “a need to reappraise our view of the importance of Freshwater ecosystems and
their critical position in policy, management and a sustainable economy. This involves rec-
ognizing the multiple benefits, potential cost-benefits and wide range of public and private
interests which can be supported simultaneously . . . through a more holistic approach
linked to their pivotal role in delivering ecosystem services. In turn, this recognition will
arise from a more practical implementation of the ecosystem approach to integrate the
sustainable management of land, water and living resources” [66], and so congruent with
both the Ramsar Convention and the Convention on Biological Diversity.

The need for more holistic and integrated thinking has strongly influenced policy, at
least in the UK.

The Government’s 25-year Plan for the Environment sets out its comprehensive and
long-term approach to protect and enhance natural landscapes and habitats. This includes
working with nature and using natural capital to benefit communities.

A parallel initiative under the auspices of the Natural Capital Initiative has developed
the concept of “Wholescapes”, which emphasized the importance of partnership working
as essential to integrate sound management of the land, its freshwater, the coast and
open seas [67]. The UK National Ecosystem Assessment and follow-on Natural Capital
Committee reports have catalogued the severe loss of natural capital in the UK. This is due
partly to failure of land and water management practices, because individual sectors are
often too narrowly focused and miss the benefits that can be achieved from working across
traditional institutional and geographical boundaries. There is increasing awareness that
better partnership working can support local economies, improve livelihoods, and enhance
quality of life that are all consistent with meeting the objectives within the Sustainable
Development Goals (particularly Goal 17 but also 11, 14 and 15). Figure 21 illustrates in a
simplistic way how the “wholescapes” concept is inclusive and connective from upland
freshwater catchments to the open sea and superimposes the delivery of ecosystem services
on the wide range of habitats more traditionally defined.

Figure 21. Schematic representation of the Wholescape concept [53].
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The most recent changes in the focus on wetlands have concentrated particularly
on their roles at scales well beyond individual sites such as within whole freshwater
catchments, extensive coastal zones, major biomes and the balance of radiatively active
gases in the atmosphere with a particular emphasis on their contribution to the challenges
of climate change. The need to uncouple the converted uses of freshwater catchments, such
as for food production or urbanization from negative impacts downstream, has brought the
wide range of ecosystem services provided by wetlands into strong consideration. A new
case for the conservation of peatlands based on their functioning and provision of services
contributing to human well-being was outlined by Maltby [25]. Subsequently, Maltby and
Acreman [67] have explained the transformation in how modern society values the benefits
of natural ecosystems and highlighted the pathfinder role that wetland research has played
in this paradigm shift.

Currently wetlands are at the heart of Nature-Based Solutions (NBS) to tackle issues
ranging from flooding hazard and poor water quality to the many environmental challenges
arising from global climate change.

There is now an unprecedented level of societal awareness of and concern over the
possible far-reaching consequences of climate change. Potential impacts include increased
extreme events of storms, flooding, drought and wildfires, as well as progressive sea-level
rise and biodiversity loss. Wetlands can provide mitigation in respect of all these impacts
as well as playing a vital role in the dynamics of greenhouse gases. An assessment of
Nature-Based Solutions for Climate Change in the UK coordinated by the British Ecological
Society sets out measures that can be used in “Freshwaters, Peatlands and Coastal and
Marine systems” as well as other natural systems [67].

A key conclusion from the Freshwaters assessment is that NBS are best and most effec-
tively delivered by local-based partnerships. The role of “Trusted Intermediaries” is vital
to facilitate local support, attract resources, and foster engagement of local communities
and facilitate Citizen Science. This finding is consistent with the success of the Rivers Trust
movement throughout the UK in implementing a wide range of wetland restoration actions
with the support of volunteers from the local communities.

3.4. Upstream and Downstream Thinking

Changing farming and land management practices aims to reduce the movement
of sediments, pesticides and animal waste into rivers. In southwest England, moorland
restoration is helping to achieve these aims and improve the condition of rivers, such as
the Dart and Exe. This reduces downstream water treatment costs, defers large capital
investments, and lowers household water bills. This “Upstream Thinking” approach has
been facilitated through a partnership of South West Water, Exmoor National Park, Devon’s
and Cornwall’s Wildlife Trusts, and the Westcountry Rivers Trust (https://wrt.org.uk/
project/upstream-thinking/ (accessed on 26 March 2022)).

The long-term goal is to see partnerships amongst and between government, civil
society and businesses that operate at the whole scale—linking, where appropriate, land,
the coast and sea. Although wholescape is based on geography (the bio-physical scale),
its application needs a transformation in human behaviour to affect a cultural change also
at this scale. Successful implementation will also require the parallel application of the
ecosystem approach and the new thinking that this necessitates (Figure 22).

3.5. The Economics of Ecosystems and Biodiversity (TEEB)

Paralleling the new emphasis on natural capital and the ecosystem services which
result from wetland functioning is the recognition of the real economic values of wet-
land ecosystems and water. The Economics of Ecosystems and Biodiversity (TEEB) is a
global initiative focused on “making nature’s values visible”; its principal objective is to
mainstream the values of biodiversity and ecosystem services into decision-making at all
levels. It aims to achieve this goal by following a structured approach to valuation that helps
decision-makers recognize the wide range of benefits provided by ecosystems and biodiversity,
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demonstrate their values in economic terms and, where appropriate, capture those values in
decision-making. The findings from the part of the programme of work dealing with wetlands
capture the essence of the challenges facing policymakers worldwide (see Box 2).

Figure 22. Summary of the key changes in thinking required to effectively apply the ecosystem
approach [46].

Box 2. Key Messages from TEEB Wetlands and Water 2013.

1. The “nexus” between water, food and energy is one of the most fundamental relationships—
and increasing challenges—for society.

2. Water security is a major and increasing concern in many parts of the world, including both
the availability (including extreme events) and quality of water.

3. Global and local water cycle are strongly dependent on wetlands.
4. Without wetlands, the water cycle, carbon cycle and nutrient cycle would be significantly

altered, mostly detrimentally. Yet policies and decisions do not sufficiently consider these
interconnections and interdependencies.

5. Wetlands are solutions to water security—they provide multiple ecosystem services supporting
water security as well as offering many other benefits and values to society and the economy.

6. Values of both coastal and inland wetland ecosystem services are typically higher than for
other ecosystem types.

7. Wetlands provide natural infrastructure that can help meet a range of policy objectives. Beyond
water availability and quality, they are invaluable in supporting climate change mitigation and
adaption, support health as well as livelihoods, local development and poverty eradication.

8. Maintaining and restoring wetlands in many cases also lead to cost savings when compared
to manmade infrastructure solutions.

9. Despite their values and despite the potential policy synergies, wetlands have been, and
continue to be, lost, or degraded. This leads to biodiversity loss—as wetlands are some of the
most biodiverse areas in the world, providing essential habitats for many species—and a loss
of ecosystem services.

10. Wetland loss can lead to significant losses of human wellbeing, and have negative economic
impacts on communities, countries and business, for example through exacerbating water
security problems.

11. Wetlands and water-related ecosystem services need to become an integral part of water
management in order to make the transition to a resource efficient, sustainable economy.

12. Action at all levels and by all stakeholders is needed if the opportunities and benefits of
working with water and wetlands are to be fully realised and the consequences of continuing
wetland loss appreciated and acted upon.
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3.6. International Recognition of the Significance of Trans-Boundary Water Control on Wetlands,
Political Conflict and the Effects on Human Culture and Livelihoods

One of the outcomes of the war in Iraq was media attention and increased public
awareness of the vulnerability of one of the world’s most ancient wetlands, and the unique
Madan culture associated with the floodplain marshes and shallow water bodies of the
former Mesopotamia.

The Mesopotamian marshlands are fed by the Tigris and Euphrates rivers mainly
through the flood pulse generated by the annual snow melt from the mountains of Turkey,
and to some extent Iran. Numerous tribes of marsh dwellers, Marsh Arabs or “Madan”
provide the cultural link with Sumer, one of the world’s earliest civilisations. In a pioneering
interdisciplinary international study, funded by the NGO Amar Appeal, attention was
drawn to the importance of the wetland ecosystems in supporting the livelihoods as well
as cultural traditions of the Madan [68,69]. Their significance also at the regional and wider
international scale was illustrated in terms of the connectivity to important bird flyways,
linkages of aquatic species between the marshes and the Gulf, and as home for rare and
endemic species [68,70].

Until recently the marshes occupied an area of some 25,000 km2 but about 90% of
the wetlands existing in the 1970s had disappeared by 2000 [69]. Further assessment in
2003 indicated that just 7% of the original area remained (Figure 23). It was estimated that
the entire wetland would disappear within 10–20 years [68], and in 2003 by UNEP within
5 years.

Figure 23. Landsat imagery of the Mesopotamian marshes showing the progressive desiccation from
the 1970s to 2000 [68,69].

Dam construction and other engineering works upstream in Turkey and Iran, as well
as Iraq itself, provided the Saddam regime with the opportunity to accelerate the drainage
of the marshlands through deliberate diversions within the wetlands themselves. Driven
by the desire to suppress the traditional opposition from Madan tribes and the provision
of refugia for political opponents, the Saddam administration may have displaced up
to half a million people, with many killed and the remainder becoming “environmental
refugees” [69]. The impact, both on human misery as well as wildlife and cultural heritage,
was seized upon by the global media and politicians creating strong public awareness and
engagement of national and international NGOs as well as governments.
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The uncoordinated restoration of the marshes started in 2003, very soon after the
fall of the Saddam regime. Individual communities took the initiative to breach local
structures that were preventing normal flooding and wetland regeneration. More organized
restoration of hydrological flows followed, and in Spring 2005 UNEP reported recovery
of more than 50% of the marshland present in the 1970s (see https://postconflict.unep.
ch/publications/UNEP_IMOS.pdf (accessed on 30 March 2022)). There was a remarkably
swift re-establishment of many species [71,72], reinforcing the adage “just add water and
nature will take care of the rest” (Figures 24 and 25).

The post-war Iraq government, new NGOs such as Nature Iraq and the international
aid community (especially US AID) invested heavily in planning and assessment initiatives.
From personal observations in the field and more recent reports of others, the restoration
of what has been regarded as a “human and environmental catastrophe” is technically
feasible [2,73]. Most recently Crisp [73] describes occurrence of the deepest water conditions
in the marshes for some 20 years due in part to the increased release of Tigris and Euphrates
flows from Turkey together with higher rainfall. In response, there has been significant
recovery of important bird and fish species. More than 250,000 people have returned since
2003 but most have occupied surrounding towns and villages rather than the reed houses
and floating islands associated with the traditional Madan culture.

Figure 24. Mesapotamian wetlands. Desiccated landscape. Reflooded impoundment with limited
biodiversity. Restored wetland within the natural floodplain landscape with traditional canoe, reed
housing and animal husbandry. Source: Edward Maltby.
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Figure 25. Electrofishing in restored Mesopotamian marshland often replaces more traditional meth-
ods, and without sound management and community cooperation may threaten the sustainability of
stocks. Source: Edward Maltby.

This likelihood was forecast in interviews carried out by this author during the US
AID funded international mission in 2004. There is no doubting the importance of wetland
restoration in the opinion of many of the local inhabitants to recover the historic land and
waterscape as well as support some livelihoods, environmental quality, and biodiversity.
However, there is wide consensus that this should not deny people access to improved
health care, more formal education, better transport facilities and energy resources.

The challenge is to achieve the most appropriate balance of restored “natural” ecosys-
tems and sustainable development with the support of the local population, together with
awareness of its significance to the wider regional and interests. This may require innova-
tive financial mechanisms to compensate or incentivise communities, in a way like the shift
in policy in the UK and elsewhere towards payment for ecosystem services, recognizing
that their provision to the benefit of others generally comes at a cost to the local custodians
or owners of the resource.

Sustainability of the right balance will inevitably require progressive river basin
dialogue among Turkey, Iran and Iraq. It will require comprehensive engagement of
diverse stakeholders with often conflicting demands for water and other resources in the
region (Figure 26).

The principles of the Ecosystem Approach offer guidance on how to achieve an
integrated solution to maintaining sustainable land, water and living resources [47]. There
is a potentially important role for the Ramsar Convention to catalyse the ongoing process.
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Figure 26. Spheres of influence of stakeholders as presented by the author to the round table
discussions among Iraq, Iran and international delegates at the UN Geneva 2003 [74].

3.7. Increase in the Political Priority of Wetland Restoration

A significant element of the paradigm shift in wetland management in recent years
has been an increase in momentum of wetland restoration at a range of scales and for a
variety of purposes. The overriding driver for the restoration effort has been recognition
that such restoration is required to underpin economic and social well-being.

Notably in the United States, The Comprehensive Everglades Restoration Plan (CERP)
was authorized by Congress in 2000 as a plan to “restore, preserve, and protect the south
Florida ecosystem while providing for other water-related needs of the region, including
water supply and flood protection”. At a cost of more than USD 10.5 billion and with a
35+ year timeline, this is the largest hydrologic restoration project ever undertaken in the
United States, if not the world [75]. It is a further irony that the need for such restoration
is to support the population growth, urban expansion, and economic development that
have actually been responsible for reduction of the historic extent of Everglades. The
Water Resources Development Act (2007) further authorized funds towards restoration
of the Florida Everglades. It also recommended the establishment of a Coastal Louisiana
Ecosystem Protection and Restoration Task Force that would make recommendations and
propose strategies to protect, repair, restore and maintain the ecosystems of the Louisiana
coastal zone. This built on The Coastal Wetlands Planning, Protection and Restoration Act,
(CWPPRA), the federal legislation enacted in 1990 that is designed to identify, prepare,
and fund the construction of coastal wetlands restoration projects. Since its inception, 210
coastal restoration or protection projects have been authorized, benefiting approximately
100,000 acres in Louisiana [76]. Federal, State and university partners have dedicated
considerable research effort into the understanding of the underlying causes of coastal
wetland loss in Louisiana, currently estimated at about 75 square kilometers per year, and
determining the optimum solutions to mitigate and/or reverse such dramatic losses and
the resulting economic and human misery [77]. There has been considerable scientific
debate over the most sustainable approach to restoration and management. This has
focussed in large measure on the restoration of sediment nourishment to the Mississippi
Delta. The review by Allison and Meselhe provides some insight into the range of scientific
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opinion [78]. Current approaches at individual project locations include one or more of
the following actions: marsh creation and restoration, shoreline protection, hydrologic
restoration, beneficial use of dredged material, terracing, sediment trapping, vegetative
planting, barrier island restoration, and bank stabilization techniques.

It is particularly noteworthy that in recent years China has made considerable advances
in wetland conservation and protection which now includes over half of the nation’s
extensive resource. The People’s Daily newspaper reports wetland expansion of more than
200,000 hectares from 2016–2020, and a new wetland protection system comprising mainly
national and more local wetland parks and wetland nature reserves [79]. The enhanced
status of wetlands is enshrined in the Wetland Protection Law, passed by the national
People’s Congress in December 2021 and which entered into force in June 2022 [80]. The
new law includes a specific section on wetland restoration in which the principle “natural
restoration first” is emphasised partly in recognition that some restoration projects have
actually caused more ecological harm. In addressing how to make the law work in practice,
Wang Xinyi and Sheng Xiaoying from Friends of Nature, have stressed the importance of
public participation in making the law work, especially because of the crucial knowledge of
local communities. The potential benefits in creating jobs and prosperity to local residents
is a powerful argument for sound management, and where necessary wetland restoration.
Almost 10,000 villagers close to the Longji terraced fields national wetland park in South
China’s Guangxi Zhuang autonomous region have benefitted from Park revenue and local
government subsidies. According to the National Forestry and Grassland Administration
(NFGA) China’s wetland parks contributed CNY 53.6 billion (USD 8.21 billion) to regional
economic growth and created 47,000 new jobs. In 2019 China’s national wetland parks
received 385 million visitors [79].

In Europe, the most recent five year environmental report [81] portrays a somewhat
dismal picture of the state of the continent’s waters, with only 40% of surface water bodies
achieving good ecological status and wetlands widely degraded; this is especially the case
for floodplains, resulting in a “critical impact on the conservation status of wetland habitats
and the species that depend on them”. The report strongly advocates a river basin scale
and ecosystem-based approach to future management, with restoration including natural
water retention measures and buffer strips to parallel economic measures such as smart
water pricing, more efficient irrigation, and so-called precision agriculture. Restoration of
wetlands is a common theme supported by policy at the European and individual country
levels with the objective of reconnecting rivers to their floodplains a high priority [82,83].

4. Structure of a New Paradigm

An attempt is made in Figure 27 to capture the complexity of the new perspectives of
wetlands amidst the present challenges facing Society. The paradigm shift, which is now
merging nature, economic growth and prosperity within the same conceptual framework,
is being embraced increasingly in policy initiatives worldwide.

4.1. Current Priorities and Future Challenges

Civil society faces arguably unparalleled new threats that may lead to severe and
accelerated degradation of our remaining wetland resources but could also offer great op-
portunities for wetlands to play a renewed role in sound planetary management. The nature
of these threats can be grouped under the headings of Food, Energy, Water, Environment
(FEWE). Associated with all of these is the global biodiversity crisis which is a fundamental
constraint to actually achieving sustainable economies, livelihoods and human well-being.
To what extent can wetlands be seen as the nexus of the threats and opportunities associated
with FEWE?

Human conflicts, plus forced and unforced migration, are creating refugee crises at
various scales and have raised public as well as political awareness of the stark reality and
far-reaching implications of climate change; these are just some expressions of exacerbated
concerns for sustained human well-being.
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Figure 27. Outline of the new wetland paradigm with multiple linkages among the natural world
and human society [2].

Current food shortages and dramatic price inflation arising from the war in Ukraine are
likely to renew pressures to convert wetlands and other natural ecosystems to agriculture.
A notable historical precedent and example of such a threat comes from the expansion of
soybean cultivation in the southern United States from the late 1950s. Between 1959 and
1964, 400,000 hectares in the Mississippi Delta region were drained and cleared almost
exclusively for soybean, and in north Louisiana alone forested wetlands disappeared at
45,000 hectares a year [15]. The economics of wetland forest clearance and drainage were
given an unanticipated twist in the early 1970s by events off the Pacific coast of South
America. Years of over-fishing were compounded in 1972 by a change in the upwelling
pattern of the cold, nutrient-laden Peru current resulting in collapse of the anchovy industry,
one of the most important sources of protein meal. The demand for soybean increased as
a replacement and prices soared. Despite the enormous costs of clearance and drainage,
the anchovy crash made cultivation of even difficult wetland terrain financially attractive.
Between 1973 and 1975 over 200,000 hectares of wetlands on the coastal plain of North
Carolina were cleared. Large agricultural corporations with substantial outside investment
converted enormous tracts of intact pocosin(literally ‘swamp on a hill’) wetland into
agriculture. The pocosins once covered almost a million hectares of North Carolina, but
by 1980 only 21,800 hectares remained with considerable, but then largely ignored, loss
of wetland ecosystem services [84]. Maltby [15] records numerous other examples where
changing economics and policy decisions such as relating to taxation (as was the case with
commercial afforestation of the peat bogs of the Scottish Flow country) [37], have led to
dramatic wetland losses.

At the present time there are major concerns for the global supply of sunflower oil
because of the conflict in Ukraine. It remains to be seen if this results in renewed pressures
for the conversion of more peat swamp forests in Southeast Asia to palm oil plantations,
where already deep concerns surround existing rates of expansion and the loss of habitat
for iconic species such as the Orang Utan together with wider ecosystem services [85]
(Figure 28).

There is little doubt that the world food and other manufacturers will be closely
monitoring the need for alternative ingredients or new country sources, should supplies
from Ukraine and elsewhere continue to dwindle and prices rise further. Developing
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countries, in particular, facing mounting international debt and possibly famine, may
find it difficult to resist the pressures which may lead to further wetland degradation
and loss in the bid to realize short-term economic returns and meet the problem of food
commodity shortages.

Figure 28. An illustration of the frequently ignored services provided by Peat Swamp Forests in
Southeast Asia. After Chai et al. [86]. Photograph Edward Maltby.

Even if wetlands are not converted directly to support additional food production,
intensification of farming will inevitably result in greater pressures on catchment hydrology,
especially downstream water quality and biodiversity resulting in adverse changes in
ecological character and wider ecosystem functioning. The dramatic extent of potential
off-site impacts has been well demonstrated in the case of the Everglades and has been a
major concern of the Ramsar Convention (Figures 29 and 30).

 

Figure 29. Wetland stresses and impacts on ecosystem structure and functioning in Everglades.
Source: Edward Maltby.
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Figure 30. Wetland conversion to agriculture outside Everglades National Park—the Everglades
Agricultural Area. Source: Edward Maltby.

It is possible that the use of modified wetlands, such as Storm Treatment Areas
(STAs), aimed to reduce the nutrient load from the Everglades Agricultural Area (Figure 30)
reaching and altering the wetland ecosystems of the Everglades National Park, can be
a potential solution but at costs that may prove prohibitive for application elsewhere.
At smaller scales, wetlands may be used effectively as buffer zones to protect adjacent
aquatic ecosystems from pollution and ecological damage [87]. Whilst policy has often
encouraged the use of buffer zones immediately adjacent the water bodies to be protected,
such locations may not be the most effective because of the pattern of runoff and nutrient
pollution pathways (Figure 31).

Whilst wetland buffer zones may be highly effective in reducing nutrient pollution
and protecting water quality, there may be a downside contribution to global warming
resulting from the incomplete process of denitrification releasing nitrous oxide rather than
nitrogen gas (Figure 32). Decisions to use wetlands control of nutrient pollution will involve
an assessment of “trade-offs” and cost-benefit analysis that goes well beyond short-term
economic expedients. This will always depend on the availability of an empirically sound
and verifiable evidence base to which the scientific community has contributed already a
great deal, but will benefit from increasingly targeted policy-relevant research.

In the face of such major threats to wetlands it is even more important to emphasise
the many ways in which these ecosystems actually contribute to the wider sustainable
supply of food—a key part of the provisioning services they provide.

It may be necessary now to follow the example set by the IPCC reports, and assemble
the evidence regarding the benefits from the healthy functioning of the wetland resource
and the consequences of their loss and/or degradation, in such a way that policy makers
within governments can take a much more informed, urgent and serious view of what is at
stake. The Ramsar Convention could reasonably take a strong lead in such an initiative
and subsequent “Wetland Days” may assist in generating supportive public awareness,
building on already highly relevant themes of previous years.
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Figure 31. Incongruity between wetland science and policy in which river marginal wetlands running
parallel to the channel may not necessarily offer the most effective buffers against nitrate pollution of
freshwaters. The graphs show reduced levels of nitrate at locations along the runoff flow line from the
source in agricultural fields and at right angles to the alignment of the channel. The grey shaded areas
are particularly effective wetland hotspots for nitrate reduction especially by denitrification [88].

Figure 32. Example of trade-offs between water quality maintenance and global warming [89].
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4.2. Energy

The rationale for a drive away from hydrocarbons and the development of alternative
renewable energy sources has become generally well-accepted in the face of increasingly
incontrovertible evidence for their role in global warming. The argument has gained
additional force because of the 2022 spike in world energy prices and an increasing im-
perative for nations to become less dependent on potentially less-reliable supplies from
other countries.

The switch to “green” energy sources is of paramount importance, but care must be
exercised where there is the possibility of wetland loss and/or degradation that could
outweigh any gains. This might be the case in inappropriate tidal barrage schemes, hy-
dropower dams, or selecting wetland areas for solar or wind power if potentially adverse
impacts on ecosystem functioning are either ignored or subjugated to a lesser importance.

4.3. Water

The world has a finite freshwater resource, and the lack of adequate, safe and reliable
supply is a major contributor to poverty and deprivation for a significant proportion of the
global population. Wetlands are a vital link in the hydrological cycle, controlling flows as
well as water quality and mediating the essential connectivity from atmosphere through the
land to the sea. Modification of hydrology has been an ever-increasing feature of human
history. There are increasing examples of the restoration of pre-existing hydrological
conditions including reconnecting rivers to their floodplains [82], managed realignment
to accommodate rising sea-levels, and re-wetting peatlands. It is unlikely, however, that
future pressures which result in over-exploitation of water resources will cease. In addition
to increasing populations, urbanization, and industrial and agricultural pressures, the
premium in real estate values attracted by water-side locations will continue to threaten
river, lake and coastal wetlands even though in many countries such new development is
now severely restricted [90].

Over-exploitation of groundwaters has been a long-standing threat to iconic wetlands
dependent on those aquifers, and the Tablas de Damiel in Spain offers a salutary example.
Despite its designated and “protected” status, the wetland was severely degraded by
groundwater abstraction from the surrounding cultivated area via the La Mancha aquifer
in the 1970s. Desiccation combined with high temperatures led to combustion of the peat
substrate and extensive fire damage to the ecosystem. The lesson is that even wetland
“jewels” included within a nation’s conservation network are not necessarily safeguarded
from external damaging demands for water. Llamas 1988 [91] describes the conflicts over
water use and still the emergency remedial measures to save the wetland are on-going
in the face of limited financial resources. Additionally, over-use of coastal aquifers by
increasing urban populations, as well as sea-level rise, are causes of salt-water intrusion
which can extend far inland resulting in ecological as well as economic damage [92,93].

Desiccation of major wetlands such as Lake Chad in Africa [94] and the Aral Sea in
Central Asia [49], in addition to the case of Mesopotamia, are clear signposts to the reality
of potentially more extensive losses due to poor management of water resources.

Regional rainfall and hydrology will be affected by climate change. Increases in ex-
tremes and unpredictability of droughts and floods are likely consequences, and in this case,
wetlands can be an invaluable resource adding a high level of natural resilience to freshwa-
ter catchments against the adverse consequences of climate change. Particular benefits will
include cost effective management of flood peaks and maintenance of base flows.

4.4. Environmental Change and Health

Concerns surrounding climate change have brought into sharp focus the importance of
the natural environment and its “natural capital” in mitigating, arresting or even reversing
the effects and/or rate of global warming. Wetlands offer some of the most potent tools to
meet the challenges posed by the current climate crisis. Of particular importance is their
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role as sinks or stores of carbon, which otherwise would add to the atmospheric load; these
are well-documented.

Somewhat less explored are the physical and mental health benefits to be gained from
engagement with the wetland ecosystem. There is at least some evidence that investment
in improving access to wetlands may be cost effective in relation to the returns in human
health benefits and reduced costs to traditional health care providers [95].

Responding to the so-called climate crisis in terms of the wetland resource is not
invariably straightforward, and an area of concern must be the potential for an increased
threat from disease vectors either in type or geographical extent. The complexity and
difficulties in predicting the effects of climate change on important disease vectors have been
examined by Rocklov and Dubrow [96]. Analysis is urgently required of the potential role
of wetlands in facilitating the increased risk of water-borne or other disease vectors under
various climate change scenarios and strategies developed for prevention or amelioration.

4.5. World Wetlands Day and the Future

The themes of a quarter of a century of World Wetlands Day, celebrated in this special
series, well reflect the new wetland paradigm in which human well-being is a central focus.
This in no way reduces the importance of biodiversity and the migratory birds which were
the original primary focus of the Ramsar Convention. Biodiversity is a good indicator of
ecosystem health, which in turn reflects the ability to function in ways that can deliver the
services essential for sustainable livelihoods. Healthy wetland ecosystems are an important
part of Earth’s natural capital.

5. A New World Charter—Conclusions

Despite the increasing evidence base for the vital natural and economically important
roles played by wetlands, the resource continues to decline and degrade. The pressures on
wetlands imposed by Society’s responses to current and possible future social, economic,
and environmental challenges are unlikely to diminish. Frustrated by the lack of effective
policies to protect wetlands, a transdisciplinary team have proposed a Universal Declaration
of the rights of Wetlands [97]. (Box 3).

Box 3. The proposed Universal Declaration of the rights of Wetlands.

1. The right to exist
2. The right to their ecologically determined location in the landscape
3. The right to natural, connected, and sustainable hydrological regimes
4. The right to ecologically sustainable climatic conditions
5. The right to have naturally occurring biodiversity, free of introduced or invasive species that

disrupt their ecological integrity
6. The right to integrity of structure, function, evolutionary processes and the ability to fulfil

natural ecological roles in the Earth’s processes
7. The right to be free from pollution and degradation
8. The right to regeneration and restoration.

They conclude by urging “all governments, from local to national, as well as interna-
tional organisations to support this Declaration and provide mechanisms and funding for
implementation and enactment”. They “specifically encourage the Contracting Parties (coun-
tries) to the Ramsar Convention on Wetlands to seek ways to embrace the Declaration and to
incorporate the rights of wetlands into their national procedures and operational processes”.

Such an initiative is to be applauded, but we must remember that it is people who use
and abuse wetlands and it will be at the individual or community level that their values or
“rights” will be safeguarded for future generations and the welfare of the planet. Wetland
scientists can contribute significantly to this effort, and the ways in which this might be
achieved are summarized in Figure 33.
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Figure 33. Some Key Challenges for wetland science. Source: Edward Maltby.

Human evolution, prehistoric community survival and the development of civilisa-
tions owe much to the natural capital provided by wetlands. Failure to maintain recognition
of such significance led to the progressive demise of these ecosystems worldwide, and
throughout history. Whilst the rise of conservation ethics and the emergence of ecology as
a respected scientific discipline did much to underpin their importance, it was the Ramsar
Convention that was of key significance in raising awareness internationally. Notwith-
standing the role of Ramsar as a standard bearer of the wetland conservation movement,
it has been a renewed recognition of the importance of their natural capital, manifest as
wide-ranging ecosystem services, that has reshaped the perspective of Society. Realisation
of the roles of wetlands in underpinning human well-being has come full-circle and is the
essence of the paradigm shift for wetland scientists, managers and policy-makers alike.
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Abstract: Despite occupying an area no greater than 8% of the earth’s surface, natural wetland
ecosystems fulfill multiple ecological functions: 1. Soil formation and stabilization support, 2. Food,
water, and plant biomass supply, 3. Cultural/recreational services, landscape, and ecological tourism,
4. Climate regulation, and 5. Carbon sequestration; with the last one being its most important
function. They are subject to direct and indirect incident factors that affect plant productivity and the
sequestration of carbon from the soil. Thus, the objective of this review was to identify the incident
factors in the loss of area and carbon sequestration in marine, coastal, and continental wetlands that
have had an impact on climate change in the last 14 years, globally. The methodology consisted of
conducting a literature review in international databases, analyzing a sample of 134 research studies
from 37 countries, organized in tables and figures supported by descriptive statistics and content
analysis. Global results indicate that agriculture (25%), urbanization (16.8%), aquaculture (10.7%),
and industry (7.6%) are incident factors that promote wetlands effective loss affecting continental
wetlands more than coastal and marine ones. Regarding carbon sequestration, this is reduced
by vegetation loss since GHG emissions raise because the soil is exposed to sun rays, increasing
surface temperature and oxidation, and raising organic matter decomposition and the eutrophication
phenomenon caused by the previous incident factors that generate wastewater rich in nutrients in
their different activities, thus creating biomass and plant growth imbalances, either at the foliage
or root levels and altering the accumulation of organic matter and carbon. It is possible to affirm in
conclusion that the most affected types of wetlands are: mangroves (25.7%), lagoons (19.11%), and
marine waters (11.7%). Furthermore, it was identified that agriculture has a greater incidence in the
loss of wetlands, followed by urbanization and industry in a lower percentage.

Keywords: anthropogenic activities; climate change; terrestrial ecosystems; environmental impacts;
greenhouse gases

1. Introduction

The ecosystemic value of wetlands is the set of functions, characteristics, or processes
that indirectly or directly contribute to human well-being [1]. The most stand out functions
are: wildlife habitat, water supply, and carbon sequestration [2,3]. They additionally
produce food, medicine, and recreational uses [4], along with water purification and
filtration of agricultural pollutants [5]. In addition, they counteract the effects of climate
change through atmospheric CO2 sequestration that they capture and store in the long
term either naturally or through man-made sinks [6].

It is important to consider that wetlands represent between 5% and 8% of the earth’s
surface [7,8], constituting 29.83 million km2 distributed in Asia (9.2 million), South America
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(7.95 million) and North America (5.65 million), and representing 78% of the global per-
centage [9]. Africa has 19% (5.6 million) [10]; especially vegetated coastal wetlands, that
store organic and inorganic carbon in greater quantities [11].

Despite the benefits provided by wetlands, the dense populations that develop in
coastal areas along with their added poverty, are both responsible for 1% to 3% of annual
deforestation [12]. It is estimated that this population around wetlands, favored with its
benefits, would reach half the world population located within a radius of 100 km from
the coast [13] as a result of the damages caused to their vegetation. Davidson [14] made
a balance of area losses by continents since 1900 and adjusted the deforestation rate from
64% to 71%, being higher in coastal wetlands.

One of the main environmental services provided by natural wetlands is carbon
sequestration that takes place both in the soil and biomass. In sediments, it is in a 2 to
3 ratio compared to biomass storage [15]. In addition, Marin-Muñiz et al. [16], from their
research on several marshes and swamps from the Gulf of Veracruz in Mexico, determined
that accumulated carbon was higher in swampy soils than marshes, (0.92 ± 0.12 KgC/m2Yr
and 0.31 ± 0.08 KgC/m2Yr, respectively) in a ratio of 3 to 1.

Riparian and coastal wetlands can sequester 50 times more carbon in the soil than
other land forest systems [17]. Other more conservative authors such as Donato et al. [18]
manifest that in the first 30 cm of soil in wetlands such as mangroves, twice more carbon can
be stored in one hectare than boreal forests. This thickness or layer is the most susceptible
to changes in land use. On the other hand, Adame et al. [19], citing the Intergovernmental
Panel on Climate Change (IPCC), state that mangroves can store two or three times more
carbon than tropical and temperate forests.

The largest soil organic carbon reserves are found in tropical wetlands. Köchy et al. [20]
and Villa and Bernal [21] confirm that they can store up to one-third of global carbon.
Mangroves store 218-ton C/year from the atmosphere, a key component of the so-called
‘blue carbon’ (Cui et al.) [22] referring to the carbon exchanged by habitats near the coast
with vegetation [23].

Therefore, determining natural wetland conditions and their evolution over time is
important for the global context since the value of ecosystem services per unit area would
be known, including areas where vegetation losses develop. They are desirable to restore
and protect, as well as to enhance through priority policies [24] due to their quality of being
natural carbon sinks.

Vegetation loss implies loss of its functions not only in the ecosystem services for
man, but also in the breakdown of the world carbon cycle, and in the water and nutrient
cycles [25]. Furthermore, global warming as a result of climate change born from the
industrial revolution puts future human survival at risk and has become a challenge to
mitigate gas emissions and conserve ecosystems such as wetlands that absorb CO2 [26].

In this context, the objective of this review was to identify the incident factors of loss
of area and carbon sequestration in marine, coastal, and continental wetlands that have
had an impact on climate change in the last 14 years at a global level.

2. Materials and Methods

2.1. Information Sources

This research is of a qualitative type, made up of articles integrated with a database
of 134 publications from the last decade, adding some research from the second last one
to further strengthen the search. This temporality was determined following what was
suggested by von Uexkull and Buhaug [27] indicating that in the last decade, scientific
research has abundantly been carried out in relation to conflicts associated with climate,
considering variable incidents in losses. Such is the case of natural events such as floods,
cyclones, pests, or diseases because mangroves and wetlands show resistance to this kind
of disturbance [12].

The review was structured by articles, book chapters, books, and theses, and was
published in both English (93%) and Spanish (7%). For the search, Google Scholar (26%),
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Sciencedirect (10%), 1findr (19%), Springer (11%), Proquest (19%), and EBSCO (15%) were
used. The selected articles were reviewed by academic peers, who guaranteed the quality
of the collected data. When starting the search, keywords were used at phase one such as:
carbon fixation in wetlands, carbon in tropical wetlands, carbon in tropical coastal wetlands,
carbon sequestration in tropical coastal wetlands, wetland boundaries, and remote sensors
in coastal wetland vegetation. At phase two, more specific words such as: coastal wetlands,
carbon sequestration, remote sensing, and others. Finally, in Spanish, pérdida de humedales
[loss of wetlands] and actividades antropogénicas y naturales [anthropogenic and natural
activities], four inclusion and exclusion criteria were used to review the literature and
obtain the final database, as shown in Figure 1.

2.2. Information Analysis

This document was organized with all the extracted data highlighting activities that
affect vegetation loss and decrease carbon sequestration capacity in marine, coastal, and
continental wetlands, considering its geographical position, and organizing it in tables
by continent, country, wetland location, incident factor, indicator, and percentage of af-
fected area.

Descriptive statistics were applied, constructing frequency histograms by incident
factor by country, continent, and type of affected wetland.

According to the Ramsar International Convention, a classification for wetlands was
followed in five levels: system, subsystem, class, subclass, and wetland type. This review
was focused on two levels: the system including the marine, coastal, and continental
ones; and the wetland type, here, the mangroves, lagoons, marshes, rivers, marine waters,
peatlands, swamps, and river deltas. Some wetlands considered natural reserves and those
within national parks were also included.

2.3. Statistical Analysis

For mapping locations of sites studied in the investigations, the software ArcGIS,
Version 10.0 was used. In addition, content analysis was the technique used, and an
analysis guide was used as an instrument for the information by continents regarding the
incident factors, countries, and types of wetlands. The Origin Pro Software, version 2021
(OriginLab Corporation, Northampton, MA, USA) was used to elaborate the frequency
histograms. Figure 1 shows the methodology in a flowchart.
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Figure 1. Methodology for the literature review.
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3. Results and Discussion

Figure 2 shows the spatial location of the number of investigations reviewed that
highlighted the incident activities in the loss of coverage and reduction of carbon seques-
tration capacity in marine, coastal, and continental wetlands. These include 134 documents
structured by countries and continents, where the United States of America and China hold
first place with the most publications on the subject, followed by Australia, Mexico, India,
and Brazil.

Figure 2. Number of investigations reviewed globally.

This information makes it possible to visualize the distribution and importance re-
quired for research on natural wetlands, to gain a better understanding of the current
state of the effects on wetlands in the world. Although it is possible that there are other
unreported or unavailable research studies, it is very likely that the incident factors reported
are similar. The collected information became the sample that was classified by continent
for analysis, which allowed us to find the following results.

3.1. Research on the African Continent

Table 1 presents 10 studies found in Africa where location and wetland type, impact
period, incident factor in vegetation loss and sequestration, loss indicator, sequestration
and impact percentage are analyzed, showing a pattern of continental behavior and helping
to build an analysis. It is evident that although few investigations were recorded, the
eastern part of the continent allows us to analyze the following:
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Table 1. Data from the African continent on wetlands in coastal, marine, and continental zones
(n = 10).

Country
Site and Type of

Wetland or
Flooded Area

Affectation
Time (Years)

Incident Factor in
Loss of Vegetation
and Sequestration

Loss and
Sequestration

Indicator

Affectation
Percentage

Author

Kenia Gazi Bay Mangroves Yearly Logging Vegetation Loss 0.7 [28]

Kenia Gazi Bay Seagrasses Last 140 Fishing with nets Degradation N.A. [29,30]

Egypt

Coastal Area
Governorate of Kafr

Elsheikh-Nile
River Delta,

N.A. Salinity Productivity N.A. [31]

Egypt Burullus Lake Last two
centuries

Soil erosion,
agricultural soil

drainage.

High
Sedimentation and

Eutrophication
62.5 [32]

Ghana
Densu Delta,

Sakumo II and
Muni-Pomadze

1985, 2002, 2017 Flood, marin erosion LDD, NDVI N.A. [33]

Tanzania
Tanzania, Kenia and

Mozambique
Coastal Zone

2000–2016
Urbanization,

agriculture, livestock,
lumber industry

Vegetation Loss N.A. [34]

Tanzania and
Mozambique Rufiji and Zambeze N.A. Illegal Logging and

Coastal Erosion Vegetation Loss N.A. [35]

Uganda Kirinya Wetland
and Nakivo 1950– Agriculture Vegetation Loss N.A. [36]

Uganda Wetland Naigombwa N.A. Agriculture Vegetation Loss N.A. [37]

South Africa Mkuse
Floodable Plain N.A. Agriculture, Dams

Vegetation Loss,
Flood and

Sediment Control
N.A. [38]

N.A.: Not Available. LDD: Landscape Deviation Degree. NDVI: Normalized Difference Vegetation Index.

First, it was found that in the Gazi-Kenya Bay, mangrove forests are used by inhabitants
for construction and firewood, authorized by the government for being the only forests. This
has brought erosion consequences that finally lower sequestration capacity, experimentally
observed in a small-scale plot [28]. On the other hand, Githaiga et al. [29] and Juma
et al. [30] indicated that Gazi-Kenya Bay contains some seagrasses that have been degraded
by daily fishing with trawls and purse seines by artisanal fishermen. These pastures have
not been studied on their vulnerability and carbon sequestration capacity. However, it was
determined that pastures with sediments and vegetation sequestered more carbon than
others with a scarcity of these.

Second, in another latitude, the coastal area of the Nile River is also affected by
salinity when the tide rises, implying a low nitrogen and carbon content since vegetation is
scarce. Restoration and ecosystem management with crops was recommended to improve
sequestration and mitigate climate change [31]. Authors such as Eid and Shaltout [32],
emphasized that Lake Burullus is a Ramsar site and before being declared as such it had
lost almost 62.5% of its area due to erosion and sediment deposit loaded with allochthonous
carbon and pollutants resulting from agricultural land drainage in the Nile River Delta.

Furthermore, in Ghana, an ecosystem health study was conducted in three coastal
Ramsar wetlands, Sakumo II, Densu Delta, and Muni-Pomadze; using structure, function,
and resilience indicators such as the Landscape Deviation Degree (LDD), Normalized
Difference Vegetation Index (NDVI), and Normalized Difference Water Index (NDWI).
The result showed that in 1985, 2002, and 2017, the LDD indicator increased due to urban
development activity as the main fragmentation cause in the three wetlands, and the NDVI
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behaved inversely due to the reduction of areas covered by vegetation. The NDWI was
variable due to flooding processes and erosion caused by the sea [33].

In Tanzania, coastal ecosystems not only protect but also serve as habitats for pop-
ulation and fauna. This last function has been threatening animals, transforming their
vegetation, especially by man. Thus, these changes along with their dynamics, and so-
cioeconomic drivers were studied between 2000 and 2016. It was evidenced that urban
development, agriculture, livestock, and the logging industry are the main activities affect-
ing ecosystems [34].

Comparatively, Lagomasino et al. [35] conducted research in four deltas of two conti-
nents on carbon in mangroves, its losses and gains. In the African Deltas, Rufiji (Tanzania),
and Zambeze (Mozambique), they identified that incident factors in vegetation loss were
illegal logging of mangrove forests and coastal erosion, respectively. Remote sensing tech-
niques were used in the study to determine the changes. The other two deltas will be
observed in the Asian continent sections.

On the other hand, agricultural intrusion into Ugandan wetlands, especially Kirinya
and Nakivudo, very close to Lake Victoria, has replaced native endemic papyrus vegetation
with Cocoyam cultivation. The impact suffered by these incident changes in carbon
sequestration and CO2 emission was determined using the Eddy Covariance Technique [36].
Therefore, it is very important to increase statistics of carbon sequestration worldwide.
Were et al. [37] studied the Naigombwa wetland located in Iganga, Uganda, where the
estimate was determined since a large part of freshwater wetland is being transformed
into rice fields. It was found that in the natural wetland carbon sequestration was higher
than in the transformed area and it was recommended to use other options of sites for rice
cultivation and not in the wetlands.

Finally, the Mkuze floodplain is the largest wetland area in Kwazulu-Natal, South
Africa which has been affected by agriculture and construction of the Pongola dam to
regulate hydrology, consequently varying the thickness and width of peat deposits as well
as sediments along the tributary valley towards Lake Mpanza [38].

Figures 3 and 4, shows eleven (11) incident factors that affect wetlands and the types of
wetlands affected respectively in Africa. The descriptive analysis is premature to infer what
happens continentally, but it is possible to affirm that there is a trend of incident factors of
agricultural activities in the first place, such as farming, fishing, livestock (40%), urbaniza-
tion, and industry. The latter being directly correlated with each other. Nevertheless, they
represent 20% of the analyzed sample.

On the other hand, direct anthropogenic factors alternate; understood as those where
pressure is exerted by man on ecosystems first-hand, with indirect factors, negative exter-
nalities, consequences, or collateral damage that were classified as coastal erosion, salinity,
and flood.

The effects in Africa are mainly due to agricultural activities since this continent is
the second most populated but at the same time the poorest on the planet, being rich in
natural minerals such as platinum, diamonds, chromium, and so on. It also has a high
number of countries without access to the sea and cities with high population density. Its
development has been slowed down in terms of continental trade, due to its large desert
and jungle area that prevent people from transit [39].

The interpretation given to the previous results can be focused on two aspects: In the
first instance, the two figures show a trend in data behavior in Africa, because, with only
ten investigations, they represent 7.46% of the total research. However, in the second one,
this information indicates a consistent trend of what is happening with wetlands due to the
lack of an appropriate conservation policy and extreme poverty. Therefore, farmers do not
consider the effects on wetlands from their productive activities.
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Figure 3. Frequency distribution of incident factors of wetland loss in Africa.

Figure 4. Frequency distribution by type of affected wetland in Africa.

3.2. Research in the American Continent

In Table 2, fifty-five (55) studies found in the American continent are described,
occupying the first place among all the continents with 41.04% of the total sample, making
it an important number, covering research from the United States to Argentina.
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Table 2. Data from the American continent on wetlands in coastal, marine, and continental zones
(n = 55).

Country
Site and Type of

Wetland or
Flooded Area

Affectation
Time (Years)

Incident Factor in
Loss of Vegetation
and Sequestration

Loss and
Sequestration

Indicator

Affectation
Percentage

Author

USA
Wetlands of

Albermarle Strait,
North Carolina

N.A. Agriculture Drainage N.A. [40]

USA
Estuaries from

Delaware Bay and the
Indian River Florida

1970– Rising Sea Levels Vegetation Loss N.A. [41]

USA

Tidal Marshes
Estuaries-

National Research
Reserve, Delaware

1780– Agriculture and
Urbanization Vegetation Loss 54 [42]

USA
Seagrasses from

the Virginia
Coastal Reserve

N.A. Mud Mold and
a Hurricane. Vegetation Loss N.A. [43]

USA
Timberlake,

Albemarle Peninsula,
North Carolina

1900–1980 Deforestation
Agriculture Vegetation Loss N.A. [44]

USA Salt Marsh in Rowley
Massachusetts N.A. Waste Water Eutrophication N.A. [45]

USA San Francisco Bay 20th century Agriculture and
Urbanization Vegetation Loss 90 [46]

USA New England Coast Last 30 years Overgrazing Vegetation Loss N.A. [47]

USA Georgia Coast –2100 Rising Sea Levels Vegetation Loss 20 [48]

USA

Elkhorn Slough
Wetland Last century Agriculture Eutrophication N.A. [49]

California

USA Coasts 1960–1970 Oil Spill Pollution N.A. [50]

USA New York N.A. Agriculture
Respiration and

Nitrogen
Mineralization

N.A. [51]

USA Indiana and Illinois 150–200 Agriculture Drainage 90 [52]

USA Coastal Wetlands
of Louisiana

Last two
centuries Flood Control Levees Degradation N.A. [53]

USA Continental
Wetlands Louisiana 200 Agriculture Drainage 80 [54]

USA Barataria Bay, Lousiana Coastal Sinking Rising Sea
Levels, Erosion [55]

USA Ohio Freshwater
Wetlands Agriculture Erosion N.A. [56]

USA Marshes, California 100 Agriculture, Livestock Drainage N.A. [57]

USA Everglades Boglands 19th Century Waste water Eutrophication N.A. [58]

USA Everglades Wetlands,
Great Dismal Swamp 200 Agriculture,

Urbanization and Fire Vegetation Loss N.A. [59]

USA
Indian River Lagoon At the end of

the 20th
Century

Reservoir Construction Drainage variables [60]Vero Beach and Fort
Pierce Florida
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Table 2. Cont.

Country
Site and Type of

Wetland or
Flooded Area

Affectation
Time (Years)

Incident Factor in
Loss of Vegetation
and Sequestration

Loss and
Sequestration

Indicator

Affectation
Percentage

Author

USA Mangroves in
Tampa Bay 1950–1990 Urbanization Vegetation Loss 21 [61]

USA Naples Bay
Mangroves, Florida 2005 Urbanization Vegetation Loss 70 [62]

Mexico

Nuxco Sub-basin
Mangroves,

Municipality of Tecpan
de Galeana

1981–2015 Agriculture and
Urbanization Vegetation Loss 50 [63]

Mexico Terminos Lagoon Last Years Waste water
and Garbage Disturbance N.A. [64]

Mexico Alvarado
Lagoon System Colonial Period Agriculture

and Livestock
Change in
vegetation variable [65]

Mexico Sinaloa Marshes Last Three
(3) Decades Aquaculture Vegetation Loss variable [66]

Mexico Marshes and Swamps
State of Veracruz N.A.

Livestock,
Petrochemistry and

Urbanization.
Vegetation Loss N.A. [67]

Mexico Gulf of México
Mangroves 100

Sub-freezing and
Increased level of the

substrate due
to sediments

Vegetation
Loss vegetal variable [68]

Mexico

La Encrucijada
Biosphere Reserve N.A. River dredging

and Fires
Degradation N.A. [69]

Chiapas

Mexico California Gulf
Mangroves N.A. Urbanization Population Growth 50 [70]

Mexico
Biosphere Reserve of

Sian Ka’an
Yucatán Peninsula

N.A. Climate Change Sea Level,
Roads, tourism N.A. [71]

Belize and
Guatemala

Milpa, blue creek and
Zotz. Wetlands. Recent Years Agriculture Carbon Isotope

Variation N.A. [72]

Honduras Fonseca Gulf
Mangroves 1985–2013 Aquaculture Vegetation loss 5800 ha [73]

Costa Rica Estereo Brook Basin Last ten years Urbanization,
Waste water

Vegetation Loss
and Eutrophication N.A. [74]

Costa Rica Palo Verde
Freshwater W 30 Livestock Grazing N.A. [24]

Costa Rica Earth University,
Parismina River Basin N.A. Agriculture Vegetation Loss N.A. [75]

Cuba Caguanes
National Park 19th Century Agriculture

and livestock Deforestation N.A. [76]

Dominican
Republic

Providence of
Montecristi Mangroves 1983–1993 Aquaculture Vegetation loss N.A. [77]

Colombia Magdalena River 2007–2012

Livestock,
Agroindustry, Mining,

Energy and
Urban Expansion

Population Growth 24 [78]
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Table 2. Cont.

Country
Site and Type of

Wetland or
Flooded Area

Affectation
Time (Years)

Incident Factor in
Loss of Vegetation
and Sequestration

Loss and
Sequestration

Indicator

Affectation
Percentage

Author

Colombia Uraba Gulf Mangroves Two (2) decades
Deforestation,

Agrícultural soils and
Urban areas.

Population Growth 29.8 [79]

Colombia Orinoco River Basin
and the Caribbean

Last four
(4) years Agriculture Change in

Land Use variable [80]

Colombia Malaga Bay Mangroves
and Buenaventura Bay N.A.

Deforestation,
Urbanization,

Expansion of ports
and docks.

Vegetation Loss N.A. [81]

Colombia El Tunjo
Freshwater Wetland 1940–2016 Urbanization Fragmentation 90 [82]

Ecuador
El Pantanal Wetland,
Technical University

of Machala
2007–2016 Solid waste

and Enclosure Vegetation Loss 40 [83]

Peru Santa Rosa
Wetland, Lima N.A.

Agriculture,
Porciculture, Livestock

and Waste water

Invasive Plants,
Eutrophication N.A. [84]

Trinidad
and

Tobago
Coasts of the Islands N.A.

Port Industry,
Agriculture and

Urbanization

Ecological Stress
and Loss of Cover N.A. [85]

Brazil O Pantanal N.A. Natural and
Arson Fires Biomass Burning N.A. [86]

Brazil Cananeia-Iguape
Lagoon 165 River Diversion

Intrusion of
Macrophyte

Species
N.A. [87]

Brazil Whale Coast in Bahía Last 34 years
Eucalyptus Forestry,

Agriculture,
Urbanization

Vegetation Loss N.A. [88]

Brazil Varzea Clear Water
Alluvial Plain Currently Livestock Soil Compaction N.A. [89]

Brazil Atibaia River Basin
and Jaguari River N.A. Agriculture and

Urbanization
Eutrophication and

Vegetation Loss 72.4 [90]

Brazil Jaguaribe River N.A. Wastewater and
Aquaculture

Eutrophication
Vegetation Loss N.A. [91]

Brazil
Sepetiba Bay

N.A. Metallurgical industry
and Urbanization

Heavy Metals N.A. [92]
Rio de Janeiro

Argentina Parana River Delta 19 Livestock Vegetation Loss 58.3 [93]

N.A.: Not Available.

It is important to highlight that from the total investigations in this continent (n = 55),
41.82% were developed in the United States and the rest in Latin America (Mexico, Brazil,
and Colombia). Results show that agriculture, urbanization, and ranching occupy the first
places with a frequency of double digits in the entire continent. Wetlands in the United
States have had more impact.

In contrast, regarding agriculture and urbanization in Latin America: Although Quim-
bayo Ruiz [40] stated that Latin America and the Caribbean are the most urbanized regions
in the world, in this region, the territory has been developed by socio-political appropri-
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ations of space degrading ecological issues, so it could be assumed that it is not due to
socio-economic activities.

From the ecosystem point of view, it is evident that coastal wetlands (mangroves,
lagoons, and marshes) are more affected than continental ones. It is important to highlight
that they correspond to the spatial location of the most important and populated cities of
the continent. On another level, global efforts have been made to tackle climate change by
trying to reduce net carbon emissions, but they have not been enough. Only two countries
in Latin America and the Caribbean have mitigation plans [41]. Consequently, conservation
and preservation of these ecosystems should be on the political agenda of current leaders,
for the planet’s sustainability due to its great capacity to sequester carbon and counteract
the effects of global warming.

A first aspect to analyze is the repeated entry of saltwater during drought times that
abruptly decreases concentrations of dissolved organic carbon in the freshwater coastal
wetlands of the Albermarle Strait, reaching a salinity of 12 ppt in the dry season. These
conditions are given by agricultural development that has connected the area with drainage
channels [42].

It was also found that a SLAMM/HEA model or approach was developed to predict
effects and economic costs caused by sea-level rise in the Delaware Bay and Indian River
Florida Estuaries, USA since 1970. Finally, it was shown that it can be achieved with
a resolution of 10 MT, a large-scale analysis, useful for ecosystem managers [43]. According
to St. Laurent et al. [44], organic matter and carbon variability in sediments from two
marshes in Delaware were studied. Results showed significant differences in sequestration
and even in vegetation. Stream basins that supply wetlands are affected by agriculture
and urbanization.

On the other hand, a disease such as mud mold and a hurricane in 1933 extinguished
seagrasses in the Virginia-USA Coastal Reserve, causing the closure of the fishing industry.
Starting in 2001, new grasslands were planted and were subject to study to determine
carbon sequestration at different ages of pastures, resulting in higher values in pastures
of 10 years [45]. The restoration of wetlands has been carried out since 2004 subject to
deforestation and agriculture in the 20th century. Then, through monitoring with Lidar
sensors, biomass in this young vegetation was estimated with limited results, and the use
of optical sensors and high spatial resolution was recommended [46].

Furthermore, Moseman-Valtierra et al. [47], consider that some anthropogenic activi-
ties deposit low nitrogen concentrations in the saltwater marshes in Rowley, Massachusetts.
For this reason, the effects of nitrate in gas production were studied during a time through
parcels. It was concluded that anthropogenic additions alter emissions substantially.

According to the point of view of Stralberg et al. [48], the San Francisco Bay in the
USA contains marshes that will be threatened by the rise in sea level and supply of
sediments limited by works upstream with a possible vegetation loss. However, it was
evident that since European colonization, about 90% of marshes were lost to agriculture
and urbanization.

Regarding the wetland degradation process, it was determined that on the coasts of
New England, not only has overgrazing determined vegetation loss due to population
growth, but also burrows of crabs because they weaken the peat and cause erosion with
tides [49].

On the Georgia coasts, properties of soil, carbon sequestration, and accretion in
freshwater forests from three rivers affected by increases in sea level were studied. It was
concluded that the accelerated level will decrease the forests and expand saline marshes,
and the conversion into marshes will improve carbon sequestration [50].

Now, Siciliano et al. [51], used three approaches to determine changes in nutrient en-
richment in the Elkhorn Slough wetland, California. This served to measure how an estuary
is affected by agricultural activities where amounts of nutrients are discharged to its waters
causing eutrophication. He also used hyperspectral images to detect the spatial changes
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that vegetation underwent when using two spectral indices. They found a relationship
between reflectance, chlorophyll, and nutrients.

Similarly, researchers analyzed the impacts that coastal ecosystems can suffer in
their flora and fauna due to the spills of different types of oil, either due to transport or
production in the high seas, especially the one caused in 2010 off the coast of the Gulf
of Mexico. The spilled oil reached the coasts by high tides or winds, stagnated in the
vegetation and soil, and caused damage to fish and wildlife due to its chemical toxicity [52].

In contrast, the agricultural activity in the Marlens Tract wetland, located in the
Montezuma Wild Management Area in New York State, has partly affected its 99 ha area,
reducing its spatial heterogeneity in soil and microbial properties [53].

In the Corn Belt located in the USA Midwest (Indiana, Illinois), Craft et al. [54] argued
that almost 90% of wetlands have been drained in 150 to 200 years, for agricultural activities
that require large amounts of soil nutrients.

On the other hand, Lane et al. [55] reported that the construction of dams to control
floods has been affecting the forested coastal wetlands of Louisiana, USA, largely due
to scarcity of sediments and the contribution of fresh water. Failing that, these receive
effluents have been treated by wastewater treatment plants. The potential of these wetlands
as carbon pools was researched. Louisiana has 40% of the wetlands in the USA and they
accumulate 42% of the world’s carbon reserve. Furthermore, 80% of losses from the 19th to
the 20th century in Louisiana were due to drainage to convert wetlands into agricultural
land, which accelerated organic matter loss, carbon oxidation, and its release into the
atmosphere as CO2 [56]. In the same state in Barataria Bay, the coastal subsidence of 5 to
16 mm/year and the increase in sea level of 3.4 mm/year has given rise to the loss of
25.9 km2 per year of wetlands due to erosion, causing soil carbon to be dissolved and
degraded until it is released into the atmosphere [57].

Fennessy et al. [58], studied the variation of carbon sequestration depending on the
ecological condition and by eco-region in the USA. Nine (9) freshwater wetlands were taken
in the Erie Drift Plain region (Ohio) and 10 in Ridge and Valley (Pennsylvania). Results
showed that in the Ohio region soil accretion rates were higher because agriculture domi-
nates there and there was greater sediment carry-over, while in Pennsylvania the region is
made up of mountains and wooded areas that limit erosion and sediment transport.

In the Sacramento-San Joaquin Delta located in the central valley of northern California,
Hemes et al. [59] studied the carbon that accumulated organic matter in freshwater marshes
for more than 7000 years, generating a peat layer with more than 15 m deep rich in carbon,
but a large part of it was eliminated in just 100 years due to dams’ construction, drains for
agriculture and livestock, generating a high emission of greenhouse gases. Therefore, their
restoration was proposed.

The nutrient load that the peatlands from the Everglades in the USA receive has
allowed phosphorus to be the main cause of changes in the ecosystem, especially in
vegetation structure. This element has been deposited with the construction of drainage
channels [60]. The Everglades in Florida have historically been subject to agricultural
exploitation on the north and urbanization on the east, thus becoming the subject of
restoration. In addition, the Great Dismal Swamp is a swamp affected by fire, drainage,
and deforestation in the last 200 years [61].

Verhoeven et al. [62] stated that insects are being controlled globally through the Rota-
tional Impoundment management (RIM) approach, which consists of creating reservoirs
and pumping water from wetlands, then returning it through sewers, which has caused
changes in vegetation due to the nitrogen cycle. It was implemented in Florida until 1985
causing the vegetation cover to decrease from 75% to 30%.

In another research, Dontis et al. [63] deduced that in Tampa Bay, Florida, mangroves
have been displacing marshes to a great extent due to climate change. However, wetlands
lost an average of 2000 ha between 1950 and 1990 to urban development. In Naples
Bay, approximately 70% of mangroves have been lost due to urbanization. Where soil
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samples were taken, carbon was estimated, and sequestration data were lower than world
averages [64].

In Mexico, more than 50% of mangroves in the coastal area of the Nuxco sub-basin
from Guerrero State have been lost in 34 years. Geographic information systems were used
to prepare thematic maps that identified agriculture, livestock activities, and developers as
the main causes of vegetation losses [65].

Furthermore, as highlighted by Cerón et al. [66], the Laguna de Terminos in the Yucatan
Peninsula, has been considered a Ramsar site since 2004. Two research sites Esterero-Pargo
and Bahamitas were chosen, both sites affected by human pollution, especially wastewater.
Carbon content was determined at different seasonal times and in relation to depth.

In addition, Vázquez-González et al. [67] in relation to current vulnerability and,
current and strategic trend, using a scale index for coastal wetlands, found in the lagoon
system of Alvarado, Mexico, that the main anthropogenic factors that have affected them
have been livestock since the arrival of conquerors and sugar cane agriculture. As a result,
they found that vulnerability in the current scenario and current trend increases in all
municipalities of the State of Veracruz.

In Mexico, the area with the highest aquaculture shrimp production is the Sinaloa
state. Berlanga-Robles et al. [68] found with satellite images that 75% of shrimp farming
occurred in marshes and 1% on mangroves, modifying the spatial vegetation pattern in
coastal wetlands.

Now, due to livestock, petrochemical, and urbanization activities, coastal wetlands
in the State of Veracruz have been transformed, and their capacity to retain water and
sequester carbon has decreased. It was determined that marshes and swamps are important
for these two functions [69].

The Gulf of Mexico was subject to a historical reconstruction of mangroves in its
area, given its significance on carbon sequestration and the effects of climate change it has
suffered. It was concluded that in 1983 the sub-freezing in Texas affected approximately
80% of mangroves. On the other hand, those without vegetation (open water), decreased
from 1951 to 1967 because the substrate increased due to sediments driven by Hurricane
Carla in 1961 [70].

Additionally, Adame et al. [71], in research developed on the Pacific coast of southern
Mexico, in Chiapas to be exact, located La Encrucijada Biosphere Reserve (LEBR) with
an area of 144,868 ha and different types of wetlands. There, the carbon pool, as well
as sequestration rates, were determined by comparing stocks in trees, fallen wood, and
soil. The degradation of wetlands was evidenced thanks to a load of sediments resulting
from the dredging of the river upstream and fires threatening the potential sequestration
estimated at 38 tons of carbon.

Furthermore, in Mexico, Ochoa-Gómez et al. [72] studied in the region of the Gulf
of California, the coastal zone including Bahía de la Paz that covers an extensive area of
14 mangrove patches with a total area of 270 ha, affected by the expansion of the urban
center of La Paz adjacent to the mangroves. This region has the second-highest rate in
Mexico in terms of population growth and urban development, reducing the mangrove
area in some cases up to 50%.

In the Ramsar site of Sian Ka’an Biosphere Reserve (SKBR), in the Yucatan peninsula,
carbon reserve in its wetlands was quantified with three vegetation types, finding that
tall mangroves had the largest reserves. It was also concluded that climate change has
affected mangroves with the rise of sea levels, road construction, and water pollution due
to tourism [19].

On the other hand, in Belize and Guatemala, carbon isotope relationships were ana-
lyzed over time since the lowland wetlands have been cultivated by Mayan indigenous
people, finding variations in the different soil layers in the Milpa wetlands [73].

Interestingly, in order to increase carbon data in wetlands, a study was carried out
in three areas of Honduras: Laguna de los Micos, Roatan islands (Guanaja, Utila), and Gulf

56



Land 2022, 11, 434

of Fonseca. The latter affected by aquaculture since 1985, aimed to transform 5800 ha of
mangroves. The results did not show significant differences among the three sites [74].

Now, according to Rodríguez-Arias and Silva Benavides [75], the wetlands of the
Estereo brook, located in San Ramon, Costa Rica, are being prioritized due to degradation
suffered from urban expansion and wastewater generated by the population, largely losing
the functions of its ecosystem services in the last 10 years.

Ref. [25] studied 12 wetland communities on two continents with different character-
istics to compare carbon sequestration: two freshwater wetlands in the humid tropics in
Costa Rica and two wetlands in the dry tropics, one in the Okavango north of Botswana
and the other one in Costa Rica. Authors stated for the latter, that in the previous three
decades it has been the object of cattle grazing. It was found that humid tropical wetlands
had higher carbon content than dry ones and also, the dry ones had similar data, but the
humid ones differed significantly. This research was developed at the Earth University, it
has an approximate area of 3300 ha and is located in the Parismina river basin. The study
described how wetlands are being used internally within the campus, finding that farming
activities with plantations of bananas and pineapples have been affecting the basin [76].

In Cuba, since the middle of the 19th century, the cultivation of sugar cane increased,
deforesting and draining hectares of forests and swamps. Then, when the Soviet Union
ended, these areas were switched to large-scale livestock activity. Through an agreement
between American universities, the environmental threats that affect these ecosystems in
the Caguanes National Park were determined. The complexity of the research relationships
was evident due to political causes, and it was considered that the community should be
involved in the wetland’s conservation [77].

Kauffman et al. [78], quantified carbon reserves in wetlands in the province of Monte-
cristi, Dominican Republic, including abandoned shrimp ponds since 1993. Results showed
that they represented only 11% of the mangroves in their reserve and that they also emitted
more CO2 gases. The construction of dikes for aquaculture blocked the flow of fresh water
and tides.

Now, in Colombia, in the Magdalena River basin, two types of wetlands, one fluvial
and the other one isolated, were compared in relation to carbon sequestration. The result
was higher in the isolated one. On the other hand, in the same research, Pérez-Rojas
et al. [79], stated in the discussion, that this basin has been too deteriorated due to having the
main river artery of the country and a high settlement of the population in its surroundings.
In general, from 2007 to 2012, the area of wetlands decreased by 24% in Colombia, due to
livestock, agroindustry, mining, energy activities, and urban expansion.

The Gulf of Uraba region, also in Colombia, is suffering from the excessive deforesta-
tion of mangroves attributed to agricultural and urban activities among others, greatly
affecting mangrove structure. In terms of biomass, diameter varied; in terms of species,
there was a reduction of some and proliferation of others [80].

Furthermore, Ricaurte et al. [81], analyzed the loss of wetlands with remote sensor
images. Results highlight that, in the Orinoco and Caribbean regions, the most incidents of
anthropogenic activities are oil palm cultivation.

According to Palacios Peñaranda et al. [82], mangroves of the Colombian Pacific, and
especially the bay of Malaga and Buenaventura, served as scenarios to quantify carbon
reserves, finding that they were similar to other tropical mangroves. They determined that
these mangroves are being degraded by deforestation, urbanization, expansion of docks,
and ports.

In addition, in El Tunjo wetland located in the Colombian capital of Bogota, Mateus
and Caicedo [83] confirmed that it underwent a transformation process from 1940 to 2014,
determined through satellite images, where it was evidenced that urban processes affected
up to 90% of the area, causing fragmentation.

The study area located at the Technical University of Machala, Ecuador, is a wetland
with approximately 12,500 m2. This has been affected not only by the enclosure of the
university campus, but also by the deposit of solid waste, especially construction debris [84].
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The Santa Rosa wetland, located on the north coast of Lima, is an environmental
lung filtering air and water due to its great biodiversity. It has been affected by activities
such as agriculture, pig farming, livestock, and wastewater, developing in it, a large
number of invasive species such as Pistia stratiotes, which is a floating plant that causes
eutrophication [85].

Regarding the Caribbean islands, Trinidad and Tobago has approximately 362 km of
coasts. It is considered as the country in the Caribbean with the industry most heavily de-
pendent on oil and natural gas. On its coasts, port industries, agriculture, and urbanization
have been developed affecting the ecosystem value of its wetlands, especially the economic
valuation of carbon sequestration [86].

In 2014 and over 2 years, Ding et al. [87] sampled three wetlands in different continents,
Everglades, Pantanal, and Okavango, in order to determine the effects of natural and
provoked fires that burn aerial biomass and its final deposit as black carbon dissolved
not only in the soil but also in the atmosphere, water, and sediments; representing large
significant amounts.

Similarly, in Brazil, Rovai et al. [88] determined that the hydrological alterations made
by man 165 years ago in the Valo Grande canal river modified the deposit patterns and
biogeochemistry of the water by diverting the river. Similarly, the mangrove area was
reduced due to the intrusion of freshwater macrophyte species in the estuarine system of
the Cananeia-Iguape lagoon. With this county being the second largest mangrove area in
the world.

Furthermore, the disorderly growth of eucalyptus forestry, agriculture, and urban-
ization have been occupying the coastal wetlands of Costa das Baleias, Brazil for the last
34 years. Therefore, it is urgent to research this area to value and preserve this natural
environment to counteract human actions [89]. In the Varzea alluvial plain in the Amazon
River, cultivation of cocoa, jute, and rubber occurred between 1940 and 1990. Currently,
they are secondary forests that keep livestock among their trees causing soil compaction.
Remote sensors were used to understand how the stored carbon suffered variability over
time as a consequence of livestock, floods, and forest age [90].

The basin areas of the Atibaia and Jaguari rivers in Brazil have been affected by the eu-
trophication of agricultural lands, mainly by the cultivation of sugar cane and urbanization,
respectively, affecting the physical characteristics of the streams and fish community [91].
Now, in the Jaguaribe River, there is a mangrove area where Ferreira et al. [92], studied
the effects on vegetation and soil by herbivorous crabs and also, biomass restoration as
a result of deforestation. The main factors that affected the area are wastewater and aqua-
culture. After 10 years it was found that the restored area sequestered more carbon than
the self-recovered one.

Regarding pollutants, there are metallurgical companies that produce Zn that con-
taminate the Sepetiba Bay with toxic metals generated when processing minerals such as
bauxite. Concentrations of these metals affect the population when consuming diets based
on shellfish from the bay [93].

Finally, in Argentina in the Paraná River delta, studies were conducted using remote
sensors to identify anthropogenic activities that cause area losses. It was concluded that
from 1994 to 2013, the main cause was the change of use of the soil for cattle production [5].

Figure 5 shows the 14 incident factors that affect wetlands in the American continent,
highlighting agriculture, urbanization, livestock, and wastewater, among others.

On the other hand, and according to the bibliography consulted, it is observed in
Figure 6 that the most affected types of wetlands are mangroves, lagoons, and swamps,
followed by various types of wetlands and rivers. In America, it is where the greatest
evidence of work related to the effects was found, which may indicate the interest in their
study, restoration, and of course the economic capacity to finance this type of project,
especially in the United States of America, which represented more than 50% of the studies
in that continent.
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Figure 5. Frequency Distribution of Incident Factors affecting wetlands in America.

Figure 6. Frequency distribution of the type of wetland affected in America.

3.3. Research in the Asian Continent

Table 3 shows studies found in Asia, with a total of 46 investigations, highlighting
China, India and Malaysia, with a highly significant presence of wetlands, where affecta-
tions were also reported.

China is the country with the largest area in the Asian continent and the longest length
of its coasts, hence the greatest number of research studies (n = 23). It is considered the
second most important economy in the world and results from Table 3, and Figures 6 and 7
indicate this. Factors such as aquaculture (the largest producer in the world), agriculture,
urbanization, industry, coastal erosion, wastewater, and population growth, and the af-
fected wetlands such as: bays, mangroves, lagoons, estuaries, and river deltas are related
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to each other in a cause–consequence relationship [94], where population and urbanization
have affected its coastal wetlands such as bays and estuaries because three large groups of
industrial cities settled in the bays of the most important rivers in the country.

Figure 7. Frequency distribution of incident factors that affect wetlands in Asia.

Exports from Japan, Taiwan, South Korea, and Hong Kong together represent much
more than twice those of the third world. Similarly, their growth rate is higher than other
countries. Their Gross National Product is comparable to that of the United States of
America [95].

Table 3. Data from the Asian continent on wetlands in coastal, marine, and continental zones (n = 46).

Country
Site and Type of

Wetland or
Flooded Area

Affectation
Time (Years)

Incident Factor in
Vegetation Loss and

Sequestration

Loss and
Sequestration

Indicator

Affectation
Percentage

Author

China Yellow River 1990–2015 Urbanization Land Use Cover
Change LUCC 15 [17]

China Xiamen Coast
Wetlands N.A. Urbanization,

Population Growth Vegetation Loss N.A. [96]

China Mangroves Northeast
Coast Hainan Island 1960– Aquaculture Vegetation Loss 73 [97]

China Xincun Bay,
Hainan Island N.A. Aquaculture Eutrophication N.A. [98]

China
Shanyutan

Swamp, Minjiang
River Estuary

19th Century
Aquaculture,

Agriculture and
Wastewater

Carbon
Mineralization N.A. [99]

China Sanjiang Plain Last 50 years Agriculture Vegetation Loss N.A. [100]

China Liaoche Rivel Delta N.A.

Agriculture,
Aquaculture, Oil

Exploitation, Forestry,
Industrial Construction

Vegetation Loss N.A. [101]
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Table 3. Cont.

Country
Site and Type of

Wetland or
Flooded Area

Affectation
Time (Years)

Incident Factor in
Vegetation Loss and

Sequestration

Loss and
Sequestration

Indicator

Affectation
Percentage

Author

China Daya Bay Last Decades.

Domestic, Industrial,
Agricultural and

Aquacultural
Waste Water.

Eutrophication N.A. [102]

China North Hangzhou Bay Last Years Urbanization,
Agriculture and Roads Vegetation Loss. N.A. [103]

China Shenzhen Bay N.A. Microplastics
Heavy and

Organic Metal
Pollution

N.A. [104]

China Yellow River Delta,
Shandong Province Last Century

Agricultural
Fertilization and Fossil

Fuel Combustion
Plant Growing. [105]

China Chongming Island,
Yangtze Estuary Two Decades

Breakwater
Construction

Agricultural Use

Puddling below
Ground Level

(30 cm)
N.A. [106]

China Zhangjiang Estuary N.A. Shrimp Aquaculture
Variation of

Mangrove Height
by Nutrients

N.A. [107]

China Poyang Lake,
Yangtze River Last Decades

Climate change
and intensive

human activities

Loss of Water
Level, Change
in Vegetation

N.A. [108]

China Northeast Last Centuries Agriculture Vegetation Loss N.A. [109]

China Hangzhou Bay 2000, 2010 Industry and
urbanization

Economic
Development 35.81, 15.19 [110]

China Jiaozhou Bay N.A. Aquaculture High Alkalinity
and Salinity N.A. [111]

China Bohai Bay 1979–2014 Urbanization and
agriculture

Economic
Development N.A. [112]

China Heilongjiang, Jilin and
Liaoning Provinces 50 Climate Change Desiccation N.A. [113]

China Yangtze River N.A. Waste water Decreasing
Biomass N.A. [114]

China Sanjiang Plain 50 Agriculture Drainage N.A. [115]

China Yancheng Natural
National Reserve 1988–2006

Agriculture,
aquaculture
urbanization

Landscape
Fragmentation N.A. [116]

China Baiyangdian
Freshwater Wetland 1970– Reservoir Construction Wetland Drying N.A. [117]

Thailand Phang-nga Bay
Phuket Province Variable

Mining, Agriculture,
Aquaculture and

Urbanization
Change in Use N.A. [118]

Saudi
Arabia Pérsian Gulf Last Century

Oil Industry,
Urbanization,

Population Growth
Vegetation Loss 90 [119]

Korea Marshes Mud Flat 1987– Industry Pressure due to
Development 22 [120]
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Table 3. Cont.

Country
Site and Type of

Wetland or
Flooded Area

Affectation
Time (Years)

Incident Factor in
Vegetation Loss and

Sequestration

Loss and
Sequestration

Indicator

Affectation
Percentage

Author

Korea Seagrasses Korea
Peninsula

Last two or
three decades

Construction of Levees,
Urbanization and
Industrialization

Vegetation Loss N.A. [121]

India Coastal zone Cambay
Gulf, Gujarat N.A.

Industry, Aquaculture,
Urbanization and
Coastal Erosion

Vegetation Loss N.A. [122]

India
Lake wetlands

University of Kalyani
West Bengal.

N.A. Industrial Waste Water Eutrophication N.A. [123]

India Kerala State
Coastal Mangroves Last 50 years Aquaculture and

Coastal Erosion Vegetation Loss N.A. [124]

India Chilika brackish
water lagoon N.A. Nitrogen Fertilizers Eutrophication N.A. [125]

India Kannur, Kerala, and
kunhimangalam Currently

Agriculture,
Aquaculture,

Urbanization, Roads
Vegetation Loss. N.A. [126]

India
Kodungallur-

Azhikode
Estuary

N.A. Aquaculture y
Agriculture

Organic and
Inorganic Waste. N.A. [127]

Malaysia Kalimantan indoor
bog, Borneo Last Decades Fires and Drainage Vegetation Loss N.A. [128]

N.A.: Not Available. LUCC: Land Use Cover Change.

The northeast coast of Hainan Island, in southern China, has lost around 73% of its
mangrove area due to aquaculture activities since 1960, generating high rates of suspended
matter and nutrients such as nitrogen, causing eutrophication of waters, and possibly
causing damage to reefs, seagrasses, and corals [96]. In another area of China Fan et al. [97]
found that the loss of coastal wetlands in Xiamen is due to high urbanization and high
population from recent years, which has caused an expansion of reclamation lands and
a decrease in land for cultivation.

On another level, Jiang et al. [98] stated that contributions of nutrients generated
by shrimp aquaculture in Xincun Bay, Hainan Island, South China Sea, have allowed eu-
trophication to indirectly reduce the seagrass, sequestering organic carbon, and conversely
enhancing labile organic carbon. Carbon mineralization in the Mianjiang River, China has
been affected by anthropogenic activities, mainly aquaculture, agriculture, and pollutant
discharge, inhibiting the sequestration process [99].

Now, the Sanjiang plain is a region with different types of wetlands, bathed by the
Heilong, Wusuli, and Songjhua rivers. Marshes have been converted to farmland for
50 years before this publication, becoming one of the most productive regions in China.
They were converted into Ramsar sites and the rate of carbon accumulation in the short
and long term was estimated [100].

One of the largest coastal wetlands in Asia is the Liaoche River delta, which has
suffered the impact of changes in land use due to different anthropogenic activities, which
led to research on how land reclamation affects the storage of organic carbon and total
nitrogen. It was identified that: oil pollution had a higher concentration of carbon and
nitrogen but does not serve as a fertility test. Sugar cane released both elements quite a lot.
In terms of uses, there were also differences in storage [101].

In another place of high economic importance such as Daya Bay, an industrialized
and highly-populated area, Zhao et al. [102] identified a discharge process of wastewater

62



Land 2022, 11, 434

product of different anthropogenic activities, causing the eutrophication phenomenon in its
waters due to nitrogen. That is why the incidence of some environmental attributes within
the denitrification process was researched, studying key enzymes that favorably act to
achieve it. It was concluded that temperature and ammonia are key factors in the removal.
Furthermore, the mangrove has a 48% efficiency in relation to other types of wetlands.

In the Yangtze Delta, North Hangzhou Bay is the largest economic center in China with
a dense population. Demand for land has been such that it has been used for urbanization,
agriculture, and road construction. Huang et al. [103], conducted their analysis, thanks to
the use of remote sensing and geographic information systems, as well as a weighted linear
model used to evaluate the risk of loss and degradation of wetlands.

Moreover, a very serious environmental problem generating pollution is micro-plastics,
not only in the fauna transferred through the food chain causing energy depletion, slowing
growth, and even causing death, but also in the flora because they function as adsorption
vectors and carry heavy metals such as (lead, cadmium, and chromium) and organic
pollutants (polychlorinated, pesticides, biphenyls, and so on) affecting the growth of
microalgae and macrophytes. Depending on the wetland characteristics, whether they
were deposited in it, a study was carried out in Shenzhen Bay, and it was determined that
severe pollution in the mangrove accumulates more in the edge strip than in the inside and
on the floor [104].

The deposition of nitrogen in the soil of wetlands, a product of anthropogenic activities
of fertilization or fossil combustion, affects carbon dynamics and the soil physicochemical
properties, being reflected in the growth of plants and soil microorganisms. The delta
of the yellow river in the Shandong province does not escape this reality, that is why
an experiment was carried out at the mesocosmic level with different amounts of nitrogen.
The effect on plant growth and carbon decomposition was evidenced [105].

Additionally, the effects of climate change at the global level and the constant rise
in temperature, brings with it damaging and catastrophic effects on land ecosystems, es-
pecially in wetlands and in their soil, affecting the microbial activity and the same soil
chemical properties that directly affect the wetland vegetation, for which the possible
changes in the reserves of Carbon, Nitrogen, Phosphorus of the soil and the related micro-
bial activities were examined after 7 years of experimental heating in situ through open
chambers (OTC) in a Phragmites wetland in the Yangtze estuary. The researchers concluded
that global warming in this estuary without tidal impacts could increase C reserves, while
N and P reserves could increase with moderate warming [106].

Floods are equally important since they cause a distribution of the different mangrove
species with their tides. As determined by Zhu et al. [107], many times they are used by
the inhabitants to establish aquaculture activities, especially shrimp farming, resulting in
variability in mangrove growth due to the nutrients in the drainage of the shrimp ponds.
Some species are more sensitive than others.

Researchers Mu et al. [108] showed that Lake Poyang is hydrologically suffering, due
to climate change and anthropogenic activities, affecting its water level, and increasingly
reducing its vegetation cover as well as its distribution in the dry season as a critical period,
thus minimizing its ecological function. Remote sensing images from multiple sources,
using the Random Forest technique, digital elevation models, meteorological data, and so
on, were used to examine long-term vegetation changes during the dry season.

Similarly, a review article was prepared whose main axis was the carbon budget in
Chinese wetlands. The prevailing problem showed uncertainties in the different seques-
tration data in multiple investigations, so all the pertinent information was synthesized.
On another level within the document, it was discussed that a large part of marshes in
northeast China, without specifying location, have been lost due to agricultural activities in
recent centuries [109].

Now, wetlands in Hangzhou Bay China are in a very economically developed coastal
area. Consequently, industrialization and urbanization have had an impact on surrounding
ecosystems in recent decades due to changes in land use, being in descending order among
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the most affected: rice fields, shallow waters, reservoirs and ponds. The total sum of area
among all ecosystems in 1990 was approximately 6000 km2. By 2000 they were reduced by
35.81% and by 2010 by 15.19% [110].

Likewise, Jiaozhou Bay located in the Shandong-China peninsula has an area of
approximately 500 km2, where ponds have been built for aquaculture, becoming the main
use of the land of the Dagu estuary, which has generated high alkalinity and salinity in the
soil, causing a more complex carbon cycle [111].

China suffers rapid urbanization and industrialization, as estimated by Meng et al. [112],
especially Bohai Bay affecting blue carbon ecosystems due to economic development,
affecting wetlands from 1979 to 2014 in 1.11 × 105 km2 of soils for construction and
agricultural activities such as aquaculture, represented by 2/3 of the world total.

Indirectly Zhang et al. [113], state that in northeast China in the provinces of Hei-
longjiang, Jilin, and Liaoning there are different types of wetlands including Ramsar, with
a total area of approximately 753.6 km2. In the last 50 years, these boreal and temperate
ecosystems have undergone transformations as a result of climate change due to varia-
tion in temperature and rainfall, exerting negative effects on carbon sequestration due to
wetland desiccation.

The Jiuduansha Wetland has an area of 423.2 km2 and is located in the estuary of
the Yangtse River. Carbon sequestration and its ecological function, are being affected
by the discharge of wastewater by plants located upstream, causing the eutrophication
phenomenon and also the increase in tides, high soil respiration and decreasing biomass,
thus reducing carbon sequestration [114].

The microbial activity was related to the labile organic carbon of the soil, i.e., dis-
solved, in the Sanjiang plain in northeast China, with a wetland area of approximately
1.04 × 104 km2, specifically, in the Honghe International Nature Reserve wetland, a Ramsar
site since 2001, but despite its category, agriculture around the reserve has affected the
water level in the last 50 years, causing it to drop 4.02 m between 2005 and 2014, affecting
its function as a carbon sink [115].

In the Yellow River Delta in China, an attempt was made to reduce carbon loss by
improving the connections between wetlands fragmented by anthropogenic activities and
land use and cover change (LUCC), moving from crops to urbanization, for which maps
were used to observe the variability over time and proposed to protect the wetlands with
the regulation of sediments and to observe the dynamic changes of landscapes in some
lower reaches and in the delta itself [17].

Bearing in mind Ke et al. [116] who state that the Yancheng National Nature Reserve
in China has received all kinds of considerations because it is a place of protection for en-
dangered birds, and despite its international importance, it does not escape anthropogenic
activities such as agriculture, aquaculture, and urban expansion, which have degraded
and fragmented the landscape due to population growth and economic development. The
damage caused was evidenced by remote sensing techniques.

In the north of China, the Baiyandian wetland is the largest freshwater lake in that
area, Dong et al. [117] studied its storage capacity because it has been affected by the
construction of 150 reservoirs upstream, which has allowed a reduction of its humid area in
drought periods, affecting the Pharagmites australis as the main biomass plant and primary
wetland productivity, reducing its carbon fixation.

On the other hand, in Thailand, the first aspect to highlight is the use of the land
around Phang-nga Bay, province of Phuket, tin mining has been present there since 1600.
Furthermore, other actions such as palm oil, rubber cultivation, and recently, urbanization.
The particulate organic matter in the sediments of the bay was researched, comparing it
with seagrasses and mangroves [118].

Similarly, due to its oil wealth, the Arabian Gulf has undergone transformations in its
wetlands due to industry, population, and urbanization, achieving mass losses of up to 90%
in the last century. Carbon sequestration was found to be higher in mangroves, seagrasses,
and marshes, respectively [119].
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Now, In Korea, Byun et al. [120], studied the Mud Flat 2 tidal plain, finding that it
experiences an anthropogenic impact and pressure for development more than Mud Flat
1, affecting carbon sequestration. Marshes on its shores have been lost by 22% since 1987.
Furthermore in the Korean peninsula, Sondak and Chung [121], pointed out that seagrasses
have been lost in the last two or three decades due to urbanization, dam construction, and
industrialization, reducing the potential for blue carbon sequestration.

In India, in the Gulf of Cambay or Khambhat in the Arabian Sea, there are three
districts with approximately 10 million inhabitants. There is an important industrial center,
deteriorating estuaries such as marshes, mangroves, and cliffs which also suffer coastal
erosion since the last decades. Remote sensing analyses determined that aquaculture and
urbanization affect marshes [122].

In West Bengal-India, five districts were chosen to measure water quality, especially
inorganic carbon content in algae, which depends on the amount of nutrients since some
wetlands receive moderate industrial wastewater. Inorganic carbon and nitrogen may be
important for microalgae in their phytocarbonate content [123].

On the coasts of Kerala, mangroves have lost vegetation in the last 50 years due to
shrimp farming and coastal erosion as expressed by Harishma et al. [124]. Despite this,
results showed that biomass is high and with six varieties of mangroves, highlighting the
Avicenia marina with the highest amount of biomass and Sonneratia alba with the least. It was
concluded that they must be conserved due to the high volume of carbon they sequester.

The Chilika lagoon is the largest in Asia with brackish water. It was declared a Ramsar
site in 1981. It receives a high load of nitrogen fertilizers in agricultural activities by several
freshwater streams. Nutrient concentrations were evaluated showing both spatial and
temporal variations regulating chlorophyll [125].

In Kerala, Kannur, among others, the wetlands belong 50% to the state and 50% to
individuals. In these, cultivation of coconut trees, excessive exploitation of resources,
shrimp farming, urbanization, and roads are developed as the main activities that degrade
mangroves. Researchers monitored with remote sensors and geographic information
systems to make an assessment of carbon stocks in the ecosystem [126].

The Karuvannur and Chalakkudy rivers discharge a large quantity of nutrient-rich
waters to the Kodungallur-Azhikode estuary on the southwest coast of India. The product
is from anthropogenic activities, mainly aquaculture, and agriculture because they release
inorganic and organic waste that causes quality effects of water and therefore, in the fixation
of carbon through phytoplankton [127].

In contrast, an important aspect that Dommain et al. [128] found about carbon seques-
tration in peat from Southeast Asia, in Kalimantan, Borneo to be exact, is that it decreased
with the decrease in sea level. In the Holocene, there was the availability of new lands
allowing the formation of mobs, disturbed by anthropic activities such as fires and drainage
for agriculture; thus, releasing carbon to a depth of 30 cm.

The Berbak National Park according to Miettinen et al. [129] was subject to changes
in its coverage by oil palm plantations despite its state protection. Illegal invasions have
grown by cutting down the forest, increasing its vulnerability.

Something important that Bal and Banerjee [130] highlighted is that little is known
about mangroves in India, especially their biomass and carbon sequestration, so it was
decided to evaluate them in the Bitharkanika Wildlife Sanctuary Wetland and relate them
to physicochemical factors to understand the relationship. Carbon per hectare of biomass
and that of soil was quantified. They showed that the wetland is affected by aquaculture,
agriculture, and urbanization.

In Bangladesh in the Ganges River Delta, agricultural land has progressively changed
from use to wetland aquaculture due to salinization, industrialization, population, and
so on. Shrimp aquaculture has destroyed 45% of mangroves, reducing their ecosystem
services [131].
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Now, on the island of Pulau Indah, Malaysia, a multitemporal analysis was carried
out with remote sensors using Landsat images and it was identified that the main factor of
vegetation loss from the mangroves was the growth of the port infrastructure [132,133].

Due to the very high rates of deforestation in the peatland forests in Borneo, the
importance of knowing the impact and magnitude of the disturbance from the past is
born, so the researchers used the paleoecological technique of fossil pollen and charcoal to
determine the changes, confirming that the last 500 years has been the most critical period
of human disturbance with the oil palm cultivation and the logging industry [134].

There is a special type of activity that has been affecting mangroves of Tanjung Piai
National Park in the south of Johor, Peninsular Malaysia, and it is the river traffic of boats
through the Strait of Malacca towards Singapore, causing waves that generate erosion on
the coasts in addition to road construction [135].

In Indonesia, Tareq et al. [136] found that vegetation underwent changes in the Rawa
Danau wetland in West Java, in the last 7428 years. It was documented based on forest
fires and land uses due to human influences using an elemental analyzer to determine
the content of organic carbon and nitrogen. The results allowed us to conclude that these
effects are not only related to climate change but also to man.

In another Indonesian wetland, Kusumaningtyas et al. [137], identified that the Segara
coastal lagoon is affected by sediment deposition of rivers in the west, achieving reductions
in mangrove vegetation. Furthermore, in the center of the lagoon, there is less vegetation
than in the east of it. In the lagoon, the carbon reserves were measured and compared with
another wetland, Kalimantan, where great variations were evidenced due to the effects
on the ecosystem, especially due to activities such as: sedimentation, aquaculture, and
overexploitation of resources.

Mangroves and coastal wetlands of Mimika district, Papua province, Indonesia, have
undergone modifications due to small indigenous settlements with little impact on them,
unlike the mining industry, and palm plantations as the biggest threats [138].

The PT Setia Alam Jaya logging concession has been cutting down the peat forest in
the upper basin of the Sebangau river, in Indonesia since before 1998. There, the flow of
carbon was studied, especially in the form of greenhouse gases in areas with or without
affected vegetation. Due to the water table, more gases were emitted in the dry season [139].

Now, in Sri Lanka, the tourism industry in recent years has specifically focused on four
natural parks and due to the high influx of visitors it has led to a degradation of attractions
and they should be developed with caution because tourism is already being considered
a source of disturbance. Therefore, other forms of tourism must be diversified. A study
was made through a survey to estimate the perception of tourists, where they showed their
satisfaction with the tour, they evidenced the dirt in the river and other attributes. The
study served as input for the necessary corrections to be taken [140].

Likewise, in Sri Lanka Perera and Amarasinghe [141] studied carbon sequestration in
micro estuaries and tidal lagoons. The general objective was to assess carbon reserves in
the soil in different wetlands. In addition, it was evidenced that the incident factor in the
degradation of these, was the population growth that leads to a depletion of the ecosystem
and its reserves.

Interestingly, research was carried out in four deltas of two continents on carbon in
mangroves, their losses, and gains, in the Asian deltas: Ganges (Bangladesh) and Mekong
(Vietnam). This identified that the incident factors in the vegetation loss were coastal
erosion and deforestation, respectively. Remote sensing techniques were used to determine
the changes in the study [35].

During the Vietnam War between 1964 and 1970, the Can Gio mangrove forest was
sprayed with the orange herbicide causing a 57% loss due to defoliation. Currently, the Kien
Vang mangroves are being affected by aquaculture, deforestation, and coastal erosion [142].

In this way, as seen in Figure 7, there are nineteen incident factors in Asia. The
main factor is aquaculture because the Asian continent is the world’s largest producer
of aquaculture products [143]. It generates economic growth but also many pollution
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problems due to discharges of nutrients from aquaculture production units to wetlands. On
the other hand, despite the fact that China is one of the main economies, agriculture plays
an important role in feeding the most populated continent of the world [144]. Therefore,
the pressure exerted by the land and the negative effect on wetlands.

Urbanization and industry are factors related to economic growth and the phe-
nomenon of modernization of cities and their industry that has led China to sustain
a growth rate of 6.8% GDP even before the pandemic [145].

On the other hand, the fourteen types of wetlands most affected by these activities are
observed in Figure 8, where marine waters and mangroves are those that have the greatest
effects. This is mainly due to the lack of wastewater treatment from the activities described
in Figure 6.

Figure 8. Frequency distribution of the types of wetlands affected in Asia.

3.4. Research on the European Continent

In Table 4, a limited information base on the European continent is described with
nine investigations, highlighting Spain with the largest number of researches.

On Schiermonnikoog island in the Netherlands, Elschot et al. [146] analyzed, in
different plots of marshlands, the impact degree on carbon sequestration by cattle grazing,
determining that in young plots sequestration is limited and in older ones, it increases
because the compaction of the cattle trampling decreases oxygen concentration in the soil
and therefore reduces carbon decomposition.

In Spain, the remote sensing technique was used with free software to show changes
made in 11 wetlands, 7 from the coast and 4 continentals. It was determined that urban
development and tourism are the main cause of vegetation loss. This conclusion was
reached through digital Landsat image processing [147].

Wetlands in the Ebro River delta are being affected by the construction of dams and the
adaptation of rice crops, bringing with it an alteration of the accumulation of allochthonous
carbon transported in the sediments. Furthermore, there are alterations in the soil level,
showing that where there is greater connectivity, there will be greater results of organic
carbon accumulation [148].
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Table 4. Data from the European continent on wetlands in coastal, marine, and continental areas
(n = 9).

Country
Location and Type

of Humidity
Affectation

Time (Years)

Incident Factor in
Loss of Vegetation
and Sequestration

Loss and
Sequestration

Indicator

Affectation
Percentage

Author

New Scotland Fundi Bay N.A. Agriculture Change of Use 80 [3]

Spain Lago Fuente de
piedra Last decades Agriculture and

Urbanization Change of Use N.A. [4]

Czech
Republic

Biosphere Reserve
UNESCO

MAB Třeboň
400–600 Aquaculture and

Sowing Pastures Drainage 30 [54]

Holland
Back Barrier

Swamp Island of
Schiermonnikoog

Last 120 Livestock Compaction N.A. [146].

Spain 11 wetlands
in Murcia Last decades

Agriculture,
Urbanization,

tourism
Loss of area N.A. [147]

Spain Ebro River Delta N.A. Dam Construction
and Rice Planting

Reduction of
Sediment Flow and

Organic Matter
99 [148]

Spain
Wetlands adjacent

to the Doñana
National Park

N.A. Aquaculture and
Agriculture Change of Use N.A. [149]

Greece Ten Greek
Ramsar sites 30 Agriculture Change of Use [150]

United
Kingdom

Tadham Moor
Somerset Levels

and Moors
Historically Agriculture and

Livestock Drainage N.A. [151]

N.A.: Not Available.

On the other hand, Sánchez-Espinosa and Schröder [4], affirm that agriculture expan-
sion has led to changes in land use in recent decades within and around the limits of water
resources by modifying water level. The Fuente de Piedra saline lake located in the Malaga
province, with an area of 1400 ha, a Ramsar site since 1983, does not escape this problem of
the effects of olive groves, vineyards, fruit trees, and small urban settlements.

Similarly, Morris et al. [149] assure that the Doñana National Park is the best-protected
wetland in Europe by UNESCO and Ramsar. In this, only activities such as forestry are
allowed. However, on the surrounding wetlands in private properties, aquaculture and
agriculture are the main anthropogenic activities developed. In Doñana, some anthro-
pogenic impacts have reduced the water hydroperiod and when they are extensive, it
favors carbon sequestration.

Now, in the Czech Republic from 400 to 600 years ago, some of the wetlands have
been used for aquaculture (30%) to this day and others drained for sowing pastures [54].

Greece has 10 Ramsar sites. The wetland area including its catchment area covers
1,858,666 ha and, despite enormous conservation efforts, there have been profit and loss
balances as a result of anthropogenic activities from 1986 to 1987 until 2016 to 2017 (30 years).
Among the most relevant is the conversion of forested and natural lands to agriculture
(22,264 ha), in addition to urban expansion with (14,044 ha) [150].

In Nova Scotia Gallant et al. [3] argue that in the Bay of Fundi, a high percentage
of marshes (close to 80%) have been lost due to conversion to agriculture, reducing the
wetland social and environmental benefit in carbon sequestration. The Integrated Dynamic
Climate and Economy Model (DICE) was used for its economic valuation, estimating an
approximate value in the total range from $5105/ha/year to $39,795/ha/year.
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In the United Kingdom, as agricultural and livestock production has been historically
exploited in the Tadham Moor and Somerset Levels, moors and wetlands have been affected
due to their drainage. It became necessary to develop a carbon balance and controls to
design conservation management policies. For this, the Eddy Correlation Technique based
on flows in the ecosystem was used [151].

In Spain, there are two wetlands dependent on groundwater, the Tablas de Daimiel
and the Lagos de Ruidera, some 75 km apart. They have different hydro-geomorphological
conditions, both are Ramsar sites and also nature reserves; the first has a humid area of
250 km2 and only has 20% of its initial area, the Gigüela river provides brackish water
and the Guadiana fresher water apart from other sources that feed it; it is affected by
potentially toxic trace elements (PTEs) dragged by the river and sediments as stated by
Jiménez et al. [152]. In another plane, its water table is 3 m deep because its aquifer has
been affected since 1970 with overexploitation, extracting 20,000 million m3 in the last
40 years, which has caused a drop in the water level of 20 m. Likewise, the second, the
Ruidera Lakes, are a series of wetlands interconnected with each other by different water
sources, which have had drainage problems since the 1980s due to the pumping of wells
for irrigation and have been declared overexploited [153].

Furthermore, in Belgium, the Scheldt estuarine wetland downstream of the city of
Ghent is affected by anthropic activities, such as the case of intertidal marshes with heavy
metals such as Cd, Cu, Pb, and also Zn in their sediments up to a pro- depth of 1 m, with
spatial and temporal variations in its sediments in the short term [154].

In a combined way, Figures 9 and 10 can be explained based on Coles [155], who
states that human alteration on wetlands encompasses a wide history of degradation since
prehistoric settlements. A first aspect to highlight is that they implemented the cultivation
by draining the wetlands, especially when food became scarce in the middle of the 20th
century due to the two world wars. Subsequently, since 1950, the drainage process for
housing construction, industrialization, and of course, agriculture continued. That explains
why agriculture tops the list.

Figure 9. Frequency distribution of incident factors in Europe.
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Figure 10. Frequency Distribution of the Types of Wetlands Affected in Europe.

On the other hand, affected wetlands in Europe are varied as can be seen in Figure 9,
with seven different types of natural wetlands affected by the six incident factors found
in the review. The majority coincide with Asia, with agriculture being the most relevant.
Nonetheless, all have their relative importance. Due to lack of information, it is not possible
to generalize, but the information gives support in trying to understand that several
incident factors are similar in most of the cases analyzed.

3.5. Research in the Oceania/Australia Continent

Oceania and Australia are continents with very important biodiversity for the whole
world, the studies on the effects were 14 as can be seen in Table 5, and the majority are
focused on Australia with 12 investigations.

Overall, 86% of research studies were developed in Australia, so it is relevant to
focus the discussion based on this country. Agriculture as an incident and relevant factor
affecting wetlands, and is attributable to the fact of water regulation for agricultural
purposes, industry, and urbanization. These externalities are expected to influence climate
change to be a preponderant factor in land-use change [156].

In Micronesia, carbon reserves were estimated because they have been little studied
by scientists, being an ecosystem service of high value. Two wetlands were studied on
two different islands. It was found that the mangroves lost vegetation due to climate
change, deriving other effects such as ocean acidification, changes in marine currents,
among others that could decrease their productivity and increase mangrove mortality [157].

On Kosrae Island, there are wooded wetlands that are being replaced with agroforestry
systems, especially by Colocasia esculenta for forestry. Effects of this crop on the carbon cycle
within the forest peat were researched [158].

In Australia, Wong et al. [159] found that estuary drainage in the Richmond and
Clarence River basins, a product of agricultural activities since 1900, has caused the growth
of non-flood-tolerant vegetation in dry or drained areas, and when these occur, organic
matter decomposes causing oxygen consumption by microorganisms and providing anoxic
conditions within the wetland.
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Table 5. Data from the Oceania/Australia continent on wetlands in coastal, marine, and continental
zones (n = 14).

Country
Location and Type

of Humidity
Affectation

Time (Years)

Incident Factor in
Loss of Vegetation
and Sequestration

Loss and
Sequestration

Indicator

Affectation
Percentage

Author

Micronesia Mangroves Babeldoab
Island and Yap Island N.A. Climate Change Vegetation Loss N.A. [156]

Micronesia Wooded Wetland
Kosrae Island Last 50 years Agroforestry Crops Change of Use N.A. [157]

Australia
Richmond and
Clarence River

Basins Estuaries
1900–1970 Agriculture Drainage N.A. [158]

Australia Queensland wetland N.A. Urbanization
(Waste Water)

Oxygenation,
Water, and

Soil Quality.
N.A. [159]

Australia Herbert River
Queensland 20th Century Agriculture Vegetation Loss variable [160]

Australia
Halifax bay Wetlands,

National Park Insulator
Creek among others

Last Century Deforestation and
Degradation Vegetation Loss 50 [161]

Australia Victoria State 187 Agricultural Frontier Drainage 27 [162]

Australia Fogg Dam Wetland N.A. Floods and, natural
and arson fires Gas emission N.A. [163]

Australia Hunter Estuary 1954–1994 Industry, drainage. Vegetation Loss 30 [164]

Australia Hunter River Estuary N.A. Rising sea level Possible loss of
vegetation 100 [165]

Australia
East Coast Rivers of
New South Wales
and Queensland

1950–1960 Flood control projects Vegetation Loss N.A. [166]

Australia Westernport Bay N.A. Agriculture, industry
and urbanization Vegetation Loss N.A. [167]

Australia

Mangrove forests on
western shores

Moreton
Bay-Queensland

N.A. Waste water Eutrophication N.A. [168]

Australia Duck Creek North
Freshwater Wetland

European
Colonization Dams, roads Change in

hydrology N.A. [169]

N.A.: Not Available.

On the other hand, eutrophication that occurs in the Queensland urbanized wetlands,
due to the load of anthropogenic pressures that add organic matter and nutrients, generated
a water quality loss due to decrease in dissolved oxygen reaching a saturation <5% exposing
the fish to that level daily (Dubuc et al.) [160] which under these conditions are susceptible
to dying due to lack of dissolved oxygen in the water.

Wetland vegetation loss in Queensland, since the last century, can be attributed to
agriculture especially 56% with stagnant pastures, sugar cane cultivation with 8%, and
4% for other uses. These changes of uses have significantly altered the emission process
of greenhouse gases such as CO2, CH4, N2O2 which varied in emission according to land
use [161].

Maleleuca spp. was researched in several wetlands in Australia where there are
large areas of forests because it is considered an invasive species and offers antimicrobial
properties thanks to the oil extracted from its leaves. More than 1 million ha are found
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on private land. They suffer high risks of deforestation, preventing their high capacity to
retain sediment during floods and sequester carbon [162].

Based on what was researched by Carnell et al. [163], in the State of Victoria a study
of carbon sequestration and gas emissions was conducted in different types of wetlands.
It was reported that since 1834 (European colonization), 27% of wetlands (147,053 ha)
have been lost out of a total of 530,400 ha, which has generated a gas emission between
22.5 and 74.2 million MgCO2. More than 40% of the carbon reserves of these ecosystems are
a product of the expansion of the agricultural frontier through the drainage of wetlands.

Exchange of greenhouse gases in the Fogg dam wetland and control exerted by
climatological and environmental conditions over these exchanges. It was identified that
an influencing factor is floods and also natural fires caused in 1 to 4 years on average,
burning extensive areas of alluvial plains. These changes in land use have altered the
fragile balance between gas emission and net absorption [164].

Carbon sequestration and area were studied in some undisturbed and disturbed
wetlands, mostly by industry development activities coupled with drainage works on
Kooragang Island, Australia. It was concluded that rehabilitation has positive benefits and
depending on how these wetlands adapt to disturbances, so will their capacity to sequester
carbon [165].

Rogers et al. [166], report that the Hunter Natural Park Wetland will possibly lose
100% with a large rise in sea level. Otherwise, if the levels were kept low, it could expand
by 35%. This theory resulted from modeling of the management of gates given that this
area, despite being a Ramsar site, which with the opening and closing of these, would
increase or decrease carbon sequestration, respectively.

In the 1950s and 1960s in Queensland and New South Wales, some hydraulic works
were built that affected their rivers, causing losses in wetlands. In another hand, around
4200 structures were also identified preventing the tidal flow towards them [167].

Agriculture, industry and urbanization have degraded melaleuca forests in the West-
ernport Bay, a site chosen to assess greenhouse gas emissions in sediments, mangrove soils,
and marshes. Results showed less carbon content than more tropical wetlands [168].

Assessing the incidence of nutrients in mangroves is important, so in the Moreton Bay-
Queensland forests, nutrient-rich pollutants from agricultural runoff caused eutrophication.
It was determined that aerial biomass increased more than soil seedlings [169].

Construction of dikes and roads since the European colonization made changes in the
hydrology of the Duck Creek North freshwater wetland, because normal flow of water
was modified, causing periods of drought and floods that in turn oxygenate or not the soil,
varying microbial activity, altering the carbon cycle and emitting greenhouse gases [170].

In the same case as Asia and Europe, agriculture is the incident factor with the highest
proportion of the ten identified in this continent. This revelation allows us to clearly
observe that the need to produce food is affecting wetlands in these continents, despite the
unfavorable climatic conditions in Australia, the Oceania region where the largest number
of investigations were found as can be seen in Figures 11 and 12.

Regarding wetland type, seven were identified, being mangroves the most affected,
followed by rivers and lagoons. It is very important to notice that agricultural activity in
Australia such as the cultivation of Saccharum officinarum and Colocasia esculenta are highly
demanding of water and fertilization, and all nutrient discharges affect wetlands.

In addition, Australia produces wheat, grains (barley, oats, millet, corn, and triticale),
rice, oilseeds (rapeseed, sunflower, soybeans, and peanuts), legumes (lupins and chickpeas),
cotton, fruits, grapes, tobacco, and vegetables. The main livestock consists of sheep (lamb
and wool), beef, pork, poultry, and dairy products. More than 90% of wool and cotton
are exported, almost 80% of wheat, more than 50% of barley and rice, more than 40%
of meat and grain legumes, more than 30% of dairy products, and almost 20% of fruit
production [144].
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Figure 11. Frequency Distribution of Incident Factors in Oceania/Australia.

 

Figure 12. Frequency Distribution of the type of wetlands affected in Oceania/Australia.

3.6. Incident Factors and Effective Losses Globally

Urban and agricultural development of some continents such as Europe, North
America, Asia, have deteriorated many wetlands, unlike South America, where popu-
lations are widely separated from continental wetlands; but failing that, they deteriorate
the coastal areas by urban settlements [171].

On the other hand, in terms of carbon capture, it is diminished every time wetland
vegetation is lost, or wastewater is added, causing eutrophication. Consequently, the
carbon cycle is broken. First, more greenhouse gases are emitted due to vegetation loss
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when the soil is exposed, and second, vegetation is affected due to changes in nutrients,
especially nitrogen.

Characteristic aspects in all continents are in the loss and sequestering indicators:

• Vegetation loss;
• Eutrophication by wastewater.

Differing aspects are in some incident factors:

• Oil spills;
• Salinity;
• Fires;
• Sea level.

Sixteen factors identified in the different regions are observed in Figure 13, being
agriculture farming the most important, followed by urbanization and aquaculture. Two as-
pects have to do with food and one with industrial development.

Figure 13. Frequency distribution of incident factors at a global level.

Furthermore, fourteen different types of wetlands have been established on all conti-
nents with effective losses as shown in Figure 14. Mangroves, lagoons, marine waters, and
several wetlands stand out.

This information is useful because global efforts should be focused on this type of
system for future planning, mainly because demand for food will grow together with the
population by 2050 [172]. This indicates that wetlands are at risk if measures are not taken
to work on their protection and on sustainable agricultural production practices.

By grouping wetlands according to the Ramsar system, they can be classified into
marine, coastal, and continental. In Figure 15, results confirm what was stated by [14],
“continental wetlands have been more affected than marine and coastal ones”. He also
debated the theory that wetlands have been lost by 50%, estimating that the value is
between 54% and 57% since losses are attributed to economic growth, population, extensive
and intensive agriculture, changes in use, and urbanization. The results of this research
study identified the most frequent incident factors by continents, establishing a broad
panorama of direct and indirect factors that affect them.
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Figure 14. Frequency Distribution of Affected Wetlands at a Global Level.

Figure 15. Classification of Wetlands Affected Globally.

In another context, global ineffective public development policies have been having
an impact on wetlands, because they uncontrollably allow or promote anthropogenic
activities, being urban or economic. Territorial planning goes in a diametrically opposite
direction to the ecological function of wetlands because the economic point of view prevails
in the first instance. Consequently, it is recommended that the local population participate
in decision-making for the conservation of their territories [173].

Proposal to implement the care and environmental management of wetlands in a sig-
nificant way.

The results, however, will be useful for the entities in charge of monitoring wetlands,
especially those that are most susceptible to changes, on which the most incident factors
are, in such a way that it serves as an early warning to prevent damage. Unfortunately,
those interested in the study of wetlands are very few in Mexico and Colombia. It is
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an opportunity to make significant contributions. More studies are required. It is important
that young people join the research of these environments, from biological, economic and
engineering aspects. In Mexico, research is supported in the Laboratory of Wetlands and
environmental sustainability of the National Technology of Mexico campus Misantla, as
well as in the College of Veracruz, the Institute of Ecology AC, and the Research Institute
on Ecosystems and Sustainability (IIES) of the National Autonomous University of Mexico.
In the Colombia University of Sucre, its research group GIMAGUAS supports this type
of research.

This research work is the starting point that can serve as a guide for wetland studies
to consider: biogeochemical factors, geographic location in severe loss, ‘vegetation loss’,
and ‘blue carbon loss’.

A comprehensive view of the current situation regarding factors that affect the loss
of wetlands at a global level, on the other hand, shows that the impacts are influenced
by human activities related to agricultural, industrial and urban development. Therefore,
decision-makers are the ones to take measures to manage quality towards healthier wet-
lands. This study fulfills its objective, and we hope that it will be useful in the future while
we continue working on this topic with the same interest.

The sustainable development of wetlands must be linked to the Sustainable Devel-
opment Goals of the United Nations. Every country with its commitments acquired for
its fulfillment must consider actions to maintain them in the future, one of them is the
one established by the Ramsar Convention that focuses around three pillars: the wise use
of all wetlands, the designation and conservation of Ramsar sites, and the promotion of
transboundary management. The Ramsar Strategic Plan for 2016–2024 has four closely
related objectives: address wetland loss and degradation, effectively conserve and manage
the Ramsar Site network, wisely use wetlands, and improve enforcement. SCR [174]. Fur-
thermore, in the study carried out by the Secretary of the Ramsar Commission in 2018 [174],
quantitative data on wetland losses in different continents were reported, however, incident
factors were not considered as they were in this research.

This research is pertinent because the level of affectation that the different types of wet-
lands have suffered at a global level is described in a timely manner and not independently
without any type of compilation, considering that their functions are of great importance
to counteract the effects of greenhouse gases that produce global warming. The study is
original as well because the results of previous investigations were found and served as the
basis for the construction of a global map where the countries that do the most research on
issues related to wetlands and the factors that affect them are identified, and the little or no
research in some regions is also observed.

The contribution of this research is built on the description of factors affecting updated
natural wetlands due to population dynamics related to urbanization, and agricultural
activities due to the connection they have between the production of housing and food
for the population. Nonetheless, despite the fact that the sample studied does not have
information from many other countries, it is important to notice that it is very possible
that these factors are common factors in other parts of the world. This is mainly because
they are factors related to the direct pressures exerted by the human being, also bearing in
mind that towards 2050, projections of food and population requirements are alarming and
pressure on wetlands may proportionally increase as well [143,175–177].

These damages degrade wetlands that are losing their sequestration functionality
and consequently, climate regulation, confirming that global warming will continue to
gradually increase in proportion to the damage caused. IPCC [178], unless an international
public policy is applied that minimizes consumption of water-soil resources, we will not
exceed the capacity for nature self-regulation.

Future Lines of Research

Due to the effects that wetlands suffer from distinct factors, it is advisable to monitor
them using remote sensing techniques to identify and quantify the vegetation type, that
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serves to make comparisons among wetlands of different latitudes using the spectral
signatures useful in the identification of coverage and study of the phenology of the
wetland vegetation.

It is important to analyze the health status of wetlands using remote sensors through
indices that work with the reflectance of the cover and show the degree of health of the
vegetation, such as the Normalized Difference Vegetation Index (NDVI), the Normalized
Difference Water Index (NDWI), and the Enhanced Vegetation Index (EVI), which will help
identify health problems that possibly affect wetlands such as nitrification of their waters.
With this information, it is possible to make models of artificial intelligence and large
volumes of satellite images from specialized sensors in water and wetlands. A predictive
analysis of the future behavior of ecosystems is recommended, considering variables such
as population, temperature rise, land-use change, vegetation loss and blue carbon.

Increasing carbon quantification studies to increase global inventory statistics on
different continents is suggested.

Rethinking land use planning policies is also advisable because economic interests
take precedence over the land ecological component, greatly affecting ecosystems. Thus,
sustainability evaluations are necessary with existing methodologies and, failing that,
generate new methodologies for their evaluation.

Some indicators shown in the different tables were not analyzed in this document
because they were not included within the objective of the research. However, they can be
useful for new studies on loss of areas and/or degree of affectation of a quantitative but
not qualitative way as it was in this study.

4. Conclusions

After carrying out a macro-analysis of the incident factors and the types of wetlands
affected at a global level, of 134 articles, the objective set in the investigation was fulfilled,
‘to identify the incident factors in the effective loss of area and carbon sequestration in
marine, coastal, and continental wetlands that have had an impact on climate change in
the last 14 years at a global level’, and it is possible to affirm that this work ratifies the
importance of conserving and preserving wetlands due to the incident factors found.

It is confirmed that all over the world, anthropogenic activities that most affected
natural wetlands were agriculture (25%), urbanization (16.8%), aquaculture (10.7%), and
industry (7.6%). These are direct impacts or pressures exerted by human beings, implying
that, increasingly, population growth will be an important factor as a determining agent of
damage in the future if this trend is followed.

On the other hand, it was determined that the types of wetlands most affected are:
mangroves (25.7%), lagoons (19.11%) and marine waters (11.7%). Nevertheless, after
making a summation between marine-coastal and continental wetlands, we find that these
systems are affected by 35.7% and 64.3%, respectively. This confirms that more effective
environmental management and control measures are urgently needed in order to conserve
and preserve them, given the multiple ecological functions that such ecosystems provide.

Finally, this research work is unique and relevant because it exposes the different
incident factors at a global level together, evidence was found of little research in other
continents on a topic of global interest, the percentages found by continent stand out,
they show that there are some with more studies than others, i.e., America (41.04%), Asia
(34.32%), Oceania/Australia (10.44%), Africa (7.46%), and Europe (6.74%). Thus, it should
be said that the first two have the largest number of coastal wetlands, especially mangroves.
Nonetheless, research should be increased in all of them because economic and population
development as a result of globalization have been affecting the global climate with GHGs.
Therefore, environmental management of conservation and handling of these ecosystems
is recommended to reduce their ecological issues by 2050.
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Abstract: Constructed wetlands (CWs) for wastewater treatment are engineered systems that are
designed and operated in order to use all natural processes involved in the removal of pollutants
from wastewaters. CWs are designed to take advantage of many of the same processes that occur in
natural wetlands, but do so within a more controlled environment. The basic classification is based
on the presence/absence of wastewater on the wetland surface. The subsurface flow of CWs can be
classified according to the direction of the flow to horizontal and vertical. The combination of various
types of CWs is called hybrid CW. The CWs technology began in the 1950s in Germany, but the major
extension across the world occurred during the 1990s and early 2000s. The early CWs in Germany
were designed as hybrid CWs; however, during the 1970s and 1980s, horizontal subsurface flow CWs
were mostly designed. The stricter limits for nitrogen, and especially ammonia, applied in Europe
during the 1990s, brought more attention to vertical subsurface flow and hybrid systems. Constructed
wetlands have been used to treat various types of wastewater, including sewage, industrial and
agricultural wastewaters, various drainage and runoff waters and landfill leachate. Recently, more
attention has also been paid to constructed treatment wetlands as part of a circular economy in the
urban environments: it is clear that CWs are a good fit for the new concept of sponge cities.

Keywords: constructed wetlands; macrophytes; pollution; wastewater

1. Introduction

Wetlands are transitional environments. In a spatial context, they lie between dry
land and open water at the coast, around inland lakes and rivers or as mires draped across
the landscape. In an ecological context, wetlands are intermediate between terrestrial and
aquatic ecosystems. In a temporal context, most wetlands are destined either to evolve
into dry land as a result of lowered water tables, sedimentation and plant succession, or
to be submerged by rising water tables associated with relative sea-level rise or climatic
change. Wetlands often form part of a large continuum of community type, and therefore it
is difficult to set boundaries [1].

Wetlands can be defined as areas flooded with shallow water, or soil is saturated with
water for long enough to create hydric soils that support specialized macrophytes adapted
to life in anaerobic conditions [1,2]. However, Mitsch and Gosselink [1] pointed out that
although the concepts of shallow water or saturated conditions, unique wetland soils and
vegetation adapted to wet conditions are fairly straightforward, combining these three
factors to obtain a precise definition is difficult, due to a number of characteristics that
distinguish wetlands from other ecosystems, yet make them less easy to define.

Natural wetlands have been used for wastewater treatment for centuries. In many
cases, however, the reasoning behind this use was disposal rather than treatment, and the
wetland simply served as a convenient recipient that was closer than the nearest river or
other waterways [3]. Such uncontrolled wastewater disposal led to the destruction of many
wetlands around the world. The attempts to use natural wetlands for wastewater treatment
under controlled conditions continued even in the 1970s and 1980s, especially in the United
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States [4–6]. The experiments with natural wetlands revealed the difficulties with system
maintenance and, also, the treatment efficiency was quite unpredictable. Therefore, the use
of natural wetlands to treat wastewater was replaced with the use of constructed wetlands
(CWs), which have been developed since the 1960s.

Constructed wetlands designed to treat wastewater are engineered systems that are
built to utilize natural wetland processes involved in the transformation and removal
of pollutants, but under more controlled conditions. Constructed wetlands can be built
with a greater degree of control than natural systems, thus allowing the construction of
treatment facilities with a well-defined composition of substrates, vegetation types and flow
patterns. In addition, constructed wetlands offer several additional advantages compared
to natural wetlands, including site selection, flexibility in sizing and, most importantly,
control over the hydraulic pathways and retention time [7]. Plants are an indispensable
part of constructed wetlands; however, their role in pollution removal is rather indirect,
such as the insulation of subsurface flow systems, provision of oxygen to otherwise anoxic
substrates, provision of surface for attached bacteria, excretion of antibacterial compounds
from the roots and the reduction of wind allowing better sedimentation of the suspended
solids in surface flow CWs. The direct role is restricted to the uptake of nutrients if the
biomass is harvested [8–10].

2. Classification of Constructed Wetlands for Wastewater Treatment

The most comprehensive classification of constructed treatment wetlands was pub-
lished by Fonder and Headley [11], who pointed out that there are three main characteristics
typical of these systems: the presence of macrophytes, the existence of water-logged or
saturated substrate conditions for at least part of the time and the inflow of contaminated
water with constituents to be removed. Based on the predominant position of the water
in the system, two major groups can be recognized: surface flow CWs (sometimes called
free water surface CWs) and subsurface flow CWs. Subsurface flow systems can be further
classified as horizontal and vertical, according to the direction of the flow.

2.1. Surface Flow Constructed Wetlands

Surface flow constructed wetlands usually consist of shallow basins or channels with
soil or other suitable mediums, to support the growth of macrophytes if rooted macrophytes
are present. One of their primary design purposes is to contact slow-flowing wastewater
with reactive biological surfaces [12].

Surface flow CWs can be classified according to the macrophyte type into CWs with
(a) free-floating macrophytes, (b) floating-leaved macrophytes, (c) submerged macrophytes,
(d) emergent macrophytes and (e) trees [13]. In surface flow constructed wetlands, the
organics are removed principally by the bacterial metabolism of both attached and free-
living bacteria. Bacteria can be attached to either the roots and rhizomes of free-floating
plants, or to the stems and leaves of rooting macrophytes. The removal of suspended solids
occurs through gravity sedimentation. The plants minimize the wind-induced turbulence
and water stirring, allowing for effective sedimentation [8]. The removal of nitrogen is
primarily executed by denitrification, while ammonia volatilization and plant uptake play
minor roles. Nitrification occurs in most surface flow constructed wetlands, but this process
does not remove nitrogen from wastewater and only transfers ammonia to nitrate. The
removal through denitrification can take place in a layer of decomposed plant material
at the bottom of the wetland. Phosphorus removal is generally very low because of the
limited contact of wastewater with soil particles; therefore, there is a limited precipitation
with Fe, Al, Mg or Ca [14].

2.1.1. CWs with Free-Floating Macrophytes

Free-floating macrophytes are highly diverse in form and habitat, ranging from large
plants, such as Eichhornia crassipes (water hyacinth, Figure 1) or Pistia stratiotes (water lettuce)
with large leaves and roots, compared to very small plants, such as Lemnaceae (duckweeds,
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e.g., Lemna spp., Sprodela polyrhiza or Wolffia spp.) with tiny roots [15]. Free-floating plants
are highly productive and belong to the fastest growing plants on the planet. E. crassipes and
P. stratiotes are frost sensitive and do not survive in temperate and cold climatic conditions,
and are restricted to the tropics and subtropics. On the other hand, Lemnaceae (Figure 2)
have a much wider geographic range as they are able to survive even under light frost [16].
Constructed wetlands with free-floating macrophytes were intensively studied in the late
1970s and the early 1980s, but the high operation and maintenance costs were connected
with the constant need of plant harvesting, and the subsequent disposal prevented the use
of these systems from a wider application [17,18]. It is important to say that duckweed can
naturally occur in all types of surface flow constructed wetlands, as these plants can easily
be transported by wind or by birds.

Figure 1. Surface flow constructed wetlands with Eichhornia crassipes (water hyacinth) in Langtou
near Guangzhou, China. Photo Jan Vymazal.

2.1.2. CW with Floating-Leaved Macrophytes

Floating-leaved macrophytes (Figure 3) include plant species that are rooted in the
substrate, and their leaves on long peduncles float on the water’s surface. Typical examples
of this type of macrophyte are water lilies (Nymphaea spp.), spatterdock (Nuphar lutea) or
Indian lotus (Nelumbo nucifera). The plants in this group usually have large rhizomes and
leaves floating on the water’s surface connected to the rhizomes with long peduncles. So
far, only several constructed wetlands have used floating-leaved macrophytes.
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Figure 2. Constructed wetland with Lemna spp. (duckweed) and Taxodium distichum (baldcypress)
designed to treat stormwater runoff in Orlando, Florida. Photo: Jan Vymazal.

Figure 3. Constructed wetland (Ironbridge, Florida) planted with Nuphar lutea (spatterdock), designed
for tertiary treatment of 800,000 PE in Orlando, Florida. Photo Jan Vymazal.

2.1.3. CW with Submerged Macrophytes

Submerged macrophytes root in the sediment and the entire plant is submerged in a
water column. Submerged plants take up nutrients from the sediments; however, it has
been discovered that at least some plants are able to absorb the nutrients directly from the
water column [19,20]. The use of submerged macrophytes is restricted to well-oxygenated
waters with low concentrations of suspended solids. High concentrations of suspended
solids can limit the penetration of PHAR (photosynthetically active radiation) necessary for
full photosynthesis. Therefore, it has been recommended to use submerged macrophytes
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for constructed wetlands designed for tertiary treatment [7]. There is wide variety of species
that can be used for constructed wetlands and have been used in laboratory or small-scale
systems; however, in full-scale constructed wetlands, Myriophyllum spicatum (watermilfoil,
Figure 4) has mostly been used [13,21]. In some systems, naturally occurring species were
used, such as in the case of the Florida Everglades Stormwater Area constructed wetlands,
in which Najas guadalupensis (southern naiad) and Ceratophyllum demersum (coontail) are
present. Submerged plants are naturally covered by periphyton (algal-based assemblage).
Periphyton has a beneficial effect on pollutant removal through the release of oxygen nec-
essary for the oxidation of pollutants as well as the uptake of nutrients. On the other hand,
the excessive growth of periphyton can seriously limit the photosynthesis of submerged
macrophytes by blocking the PHAR [22].

Figure 4. Surface flow CW with submerged macrophytes (mostly Myriophyllum spicatum, water
milfoil) in Montréal, Canada. Photo Jan Vymazal.

2.1.4. CWs with Emergent Macrophytes

A typical surface flow CW with emergent macrophytes (Figure 5) consists of a shallow
basin or sequence of basins, containing 20–30 cm of rooting soil, with a water depth of
10–60 cm and a dense stand of macrophytes. The most common plants used in this type of
CW are Phragmites australis (common reed), Typha spp. (cattails) and Scirpus/Schoenoplectus
spp. (bulrushes) [23]. The shallow water depth, low flow velocity and presence of the plant
stalks and litter regulate the water flow and, especially in long, narrow channels, ensure
plug-flow conditions [24].

Typically, surface flow constructed wetlands have aerated zones, especially near the
water surface, due to atmospheric diffusion and the production of oxygen by the photosyn-
thetic activity of algae and cyanobacteria. The anoxic and even anaerobic conditions can
occur near the bottom and especially within the layer of decaying plant material.
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Figure 5. Surface flow CW with emergent plants (Eleocharis sphacelata, tall spikerush). Otorohanga,
New Zealand. Photo Jan Vymazal.

In Europe, this technology started during the late 1960s. One of the first examples of
full-scale FWS CWs with emergent vegetation, are those built in 1967 in Lelystad, in the
Netherlands [25] and near Keszthely, Hungary [26].

2.1.5. CWs with Floating Mats of Emergent Macrophytes

Some emergent macrophytes are capable of forming floating mats, even though their
individual plants are not capable of such an existence. Under field conditions, the floating
islands of emergent macrophytes can naturally occur as a consequence of bottom distur-
bance [27]. Floating mats are a common phenomenon in wetlands throughout the world,
both in temperate [28] and (sub)tropical regions [29]. The floating wetlands (called “plavs”),
were first described by Pallis in 1915 from the Danube delta in Romania [30].

Buoyancy in natural systems is supported by the composition of a wetland plant
biomass, which contains a large amount of air space (aerenchyma) that makes the biomass
less dense than water [31]. Buoyancy can also be promoted by the provision of suspended
cables over the water surface, from where the roots of plants that tend to form floating mats
can cover the whole surface [32]. Other materials used in constructed floating wetlands
(Figure 6) are, for example, Styrofoam, coconut-peat strings or bamboo [33,34].
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Figure 6. Floating constructed wetland planted with Cyperus alternifolius. Ningbo, China. Photo
Jan Vymazal.

2.1.6. CWs with Trees

Constructed wetlands with trees are seldom used for wastewater treatment; however,
there are some fine examples of such treatment wetlands. The tree species that were used in
constructed wetlands are Taxodium distichum (bald cypress) (Figure 1), Melaleuca quinquen-
ervia (paper bark tea tree) or mangroves, which can be used to treat saline (waste)waters
(Figure 7) or [35,36].

 

Figure 7. Dapeng Bay, Taiwan: surface flow constructed wetland with mangroves (Kandelia candel)
for the treatment of mariculture wastewater. Photo Jan Vymazal.
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2.2. Subsurface Flow Constructed Wetlands

Constructed wetlands with a subsurface flow can be classified according to the di-
rection of the flow into horizontal (HF CWs) and vertical (VF CWs). The HF CWs are
continuously fed, while VF CWs are fed intermittently. The feeding mode creates different
redox conditions in the filtration media being anoxic/anaerobic in HF CWs and aerobic in
VF CWs. A special category of subsurface CWs is “zero-discharge” CW.

2.2.1. Horizontal Flow Constructed Wetlands

In HF CWs, mechanically pretreated wastewater slowly flows under the surface
of the filtration bed filled with porous material planted with emergent macrophytes
(Figures 8 and 9). During this passage through the filtration material, the wastewater
comes into contact with a network of aerobic, anoxic and anaerobic zones. The aerobic
zones are restricted to narrow zones adjacent to the roots and rhizomes that leak oxygen
into the substrate [8,37]. The filtration bed is sealed from the surrounding area by an
impermeable layer; in most cases, a plastic liner to prevent leakage to the groundwater.
The water level in the filtration bed is maintained in the outflow sump using swiveling
elbows (Figure 10) or flexible hoses, or plastic pipes that can be held in position by a chain
(Figure 10).

Figure 8. Distribution zone filled with large stones and the filtration bed filled with crushed rocks
(4–8 mm) before planting. HF CW Čejkovice, Czech Republic. Photo Jan Vymazal.
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Figure 9. Constructed wetland with a horizontal subsurface flow. Roseč, Czech Republic. Photo
Jan Vymazal.

Figure 10. Water level maintenance. Left: outflow pipes hanging on a chain at CW Waikeria,
New Zealand. Right: swiveling elbow at CW Bouvron, France. Photo Jan Vymazal.

The early experimental HF CWs in Germany, during the 1960s and early 1970s, were
filled with coarse sand [38], which was replaced in the late 1970s and early 1980s with
soil [39]. However, the soil substrate did not achieve and maintain the necessary hydraulic
conductivity and quickly became clogged [40]. The unsuitability of the soil as a filtration
material was confirmed in Denmark in the mid-1980s and, following the research conducted
in the United Kingdom, proved that gravel was the most suitable filtration medium [41,42].
At present, most constructed wetlands either use washed gravel or crushed rock with a
fraction size between 5 and 20 mm, depending on the country.

The macrophytes growing in constructed wetlands help to create suitable conditions
for pollution removal. Their role is rather indirect, such as the (1) insulation of the surface
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during periods of cold weather; the (2) provision of substrates for attached bacteria and the
(3) release of the root exudates that can possess antimicrobial properties. The direct role
is the sequestration of nutrients from the wastewater in the (aboveground) biomass that
can be removed via harvesting [43]. Worldwide, the most frequently used macrophyte is
Phragmites australis (Common reed), but many other species, such as Typha spp. (cattails),
Phalaris arundinacea (Reed canarygrass, Figure 8), Scirpus (Schoenoplectus) spp. (Bulrush)
and Iris pseudacorus (Yellow flag), are used in HF CWs [9].

HF CWs provide a high and steady removal of organics and suspended solids. Organ-
ics are degraded by both anaerobic and aerobic microorganisms, but aerobic degradation is
mostly restricted to narrow zones adjacent to the roots and rhizomes, in which oxygen can
be released [44,45]. Due to the predominant anoxic/anaerobic conditions in the filtration
bed, HF CWs provide suitable conditions for denitrification. On the other hand, due to a
lack of oxygen, nitrification is very limited and so is volatilization as there is no free water
surface. Nitrogen removal through plant uptake and subsequent harvesting is limited and
can reach the same values as in natural wetlands, i.e., about 30–60 g N/m2 on an annual
basis for large macrophytes, such as P. australis or T. latifolia [46]. Phosphorus removal
is usually low, provided that the common filtration materials, such as gravel or crushed
rock, are used [47]. However, the removal of phosphorus can be enhanced by the use of
materials with a high sorption capacity, such as steel slags, shell sand or expanded clay
materials [48,49]. In such situations, it necessary to keep in mind that the sorption capacity
will be exhausted, and the filter material will have to be replaced in order to keep the high
removal. The removal of phosphorus by plant harvesting is limited and usually amounts
to 2–5 g P m−2 on an annual basis [46].

Horizontal flow constructed wetlands capital costs are higher than those for the
surface flow CWs, due to the costs of bed sealing and costs of filtration material, including
transportation. The operation and maintenance costs are very low and are derived from
the maintenance of pretreatment units. The area required for the filtration beds of HF CWs
usually ranges between 5 and 6 m2 per population equivalent [50–52].

2.2.2. Vertical Flow Constructed Wetlands

Vertical flow constructed wetlands generally consist of a bed of porous material,
through which the water moves in a vertical direction. In general, this group of CWs
incorporates various hydrologic characteristics. There are three arrangements of vertical
subsurface flow constructed wetlands: down flow, up flow and fill and drain [11].

The most common type of vertical flow CWs is the free-drainage down flow unit,
in which the outlet is open at the base of the filter bed. The wastewater is intermittently
delivered to the surface of the filtration bed in batches. Each new batch is brought, only
after the water from the previous batch has percolated through the filter. This allows
for air diffusion in the empty bed and, thus, the filtration bed is predominantly aerobic.
Wastewater is spread across the filter surface by a network of pipes (Figure 11) with
multiple diffusers, to evenly distribute the wastewater to avoid short circuiting. Influent
distribution pipes can be positioned on or above the surface of the filtration bed or, mostly
in cold climates, can be buried within the coarse material or under the layer of insulating
mulch [11]. This concept, developed as early as the mid-1960s by dr. Seidel in Germany,
was used to oxidize the anaerobic outflow from a septic tank [53].
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Figure 11. Wastewater distribution pipes at Changshu Advanced Materials Industrial Park VF CW,
Suzhou, Jiangsu Province, PR China. Photo Jan Vymazal.

The most common filtration material in down flow CWs is sand. Coarse gravel or
stones are used in the drainage layer, where perforated drainage pipes are laid. The most
frequently used macrophyte in this type of constructed wetland, especially in Europe, is
P. australis (Figure 12). In Asia, various species, such Arundo donax (giant cane), Miscanthus
saccharoflorus (Amur silvergrass), Cyperus alternifolius (umbrella papyrus), Thalia dealbata
(powdery alligator-flag), Vetiveria zizanoides (vetiver grass) or Canna indica (Indian shot)
are used.

Figure 12. Down flow vertical constructed wetlands planted with Phragmites australis. Oberwindhag,
Austria. Photo: Jan Vymazal.

Treatment efficiency is high for organics, suspended solids and ammonia, due to
the aerobic conditions in the filter bed, and thus results in effective nitrification. As a
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result of the predominantly aerobic conditions, the down flow vertical CWs do not achieve
denitrification. The removal of phosphorus is limited but, similar to the horizontal flow
CWS, the removal can be enhanced by filtration material with a high sorption capacity [13].

The surface area required for free drain down flow CWs is smaller than for HF CWs,
and it is usually set at 4 m2 per population equivalent [52,54]. In France, down flow VFs are
used to treat raw sewage in a two-step VF system, sometimes called the “French system”.
In the first stage, sludge treatment, the partial removal of organics and nitrification occur.
In the second stage, the further removal of organics and nitrification occur. The system is
designed with an area of 1.2 m2 per PE for the first stage, and 0.8 m2 per PE for the second
stage [55].

The second standard type of system with a vertical subsurface flow is the up flow. In
this system, the wastewater is distributed to the bottom of the filter and moves upwards
to the filtration bed surface. The outflow can be below or above the bed surface. The up
flow vertical constructed wetlands were introduced in the 1980s in Brazil as “filtering soil”
(Figure 13). This system is used much less frequently, compared to down flow systems
and, in general, provides the same treatment conditions as horizontal flow CWs, due to the
saturation of the filtration bed.

Figure 13. Vertical up flow constructed wetlands planted with rice (Oryza sativa) called “filtering
soil”, in Piracicaba, Brazil. Photo Jan Vymazal.

The third type of vertical CW is the system called “fill and drain”. The flow typically
alternates between an upward and downward flow. The media in these systems has an
intermittent saturation level, as it alternates between being saturated and unsaturated
as a result of the filling and draining sequences [11]. Due to the alternating aerobic and
anaerobic conditions, this system has the potential to remove both ammonia and nitrate [56].
The fill and drain system is also called the “reciprocating” or “tidal flow”.

2.3. Zero-Discharge Constructed Wetlands

The zero-discharge constructed wetland (Figure 14) was developed in Denmark in
the late 1990s. The function of the system is based on the fact that, during the growing
season, the willow evapotranspiration exceeds the wastewater inflow and precipitation [57].
During the winter period without the evapotranspiration, the filtration bed is filled with
wastewater and precipitation; however, during the period of evapotranspiration, the water
level in the bed decreases. For a single household in Denmark (Figure 13), the area needed
typically varies between 150 and 300 m2. One third of the willow stems is harvested every
year to keep the willows in a young and healthy state with high transpiration rates [58].
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Figure 14. Zero discharge constructed wetlands planted with Salix viminalis (basket willow).
Borup, Denmark. Photo Jan Vymazal.

2.4. Hybrid Constructed Wetlands

Various types of constructed wetlands can be combined to complement each other, in
order to enhance treatment efficiency, especially for nitrogen. Hybrid constructed wetlands
were first introduced in the 1960s in Germany [53]. The original design consisted of several
parallel down flow VF CWs (called “filtration beds”), followed by two stages of HF CWs
(called “eliminations beds”). In the first VF beds, nitrification was achieved while in the
HF stage denitrification took place. Since then, various types of constructed wetlands have
been combined [59].

3. Historical Development of Constructed Wetlands as Treatment Technology
for Wastewaters

3.1. The Early Stages of Constructed Wetland Treatment Technology Development

Wallace and Knight [60] mentioned that the first documented engineered treatment
wetland system was patented as early as 1901 [61]. The treatment system was a typical
vertical flow CW; however, the spread of this technology is not documented. It has taken
until the early 1950s for the constructed wetland treatment technology to be revived in
Germany, by K. Seidel [62–64]. During the early 1960s, Seidel carried out experiments
using macrophytes to improve inefficient rural treatment systems (septic tanks and Imhoff
tanks). She used highly permeable substrates in modulated basins planted with various
macrophytes. The first stage was vertical and aerobic to improve the oxygenation of the
septic effluent; the second stage was horizontal [53]. Further cooperation with R. Kickuth
in the mid-1960s, resulted in a HF CW commonly known as the “Root Zone Method”. The
filtration bed was filled with a heavy soil containing clay, and planted with P. australis [65].
However, the first full-scale HF CW was put in operation in 1974 in Liebenburg-Othfresen,
to treat municipal wastewater.

Despite the fact that most research studies on constructed treatment wetlands, in
the 1960s, were aimed at subsurface systems, the full-scale surface (free water surface)
constructed wetlands were built in Lelystad, Netherlands [66,67] and in Keszthely, Hun-
gary [68]. On the other hand, in North America, efforts were made in the 1960s to explore
the potential of surface flow CWs, both natural and constructed. During the late 1960s,
Odum [69] evaluated the use of coastal lagoons for recycling municipal wastewater in
North Carolina. During the 1960s, the first experiments with floating plants, especially with
Eichhornia crassipes (water hyacinth), were carried out. The experiments were restricted to
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small mesocosms and were performed in locations in which this plant occurs naturally,
such as southeast Asia and southern parts of the United States [70,71].

During the 1970s, the research on constructed wetlands for wastewater treatment in
Europe was mostly restricted to the Root Zone Method, and mostly only in Germany. In
the United States, the research was focused on surface flow constructed wetlands, but
subsurface flow technology was also explored. The surface flow large-scale installations
included, for example, constructed wetlands for refinery wastewaters in North Dakota [72]
or municipal wastewaters in the cold climate in Michigan [73]. During the 1970s, very
intensive research was also carried out with the focus on water hyacinth-based constructed
wetlands, especially in the Southern States of the United States [74–77]. The first experi-
mental HF mesocosms were built in 1972, and the pilot scale HF CW was built in 1974, in
Seymour, Wisconsin [78]. The system could be operated with the water level above as well
as below the surface, although the subsurface flow was the preferred option. On the West
Coast, the California sub-licensee for the Max Planck Institute (MPI) system, developed
by Seidel in Germany, built a hybrid VF-HF CW in Laguna Niguel [79]. Moreover, two
large national conferences were organized in the United States with the focus on the use of
wetlands for wastewater treatment [80,81].

In Australia, the potential use of aquatic and wetland macrophytes for wastewater
treatment was evaluated by Mitchell, during the mid-1970s [82].

3.2. The Rapid Growth of Constructed Wetlands Technology across the World

The 1980s and 1990s can be regarded as the periods that witnessed the rapid extension
of the constructed wetlands for wastewater treatment across the world. While until the
beginning of the 1980s the technology spread slowly and mostly on a personal exchange of
the experience during the late 1980s and during the 1990s, many international conferences
with a special focus on this technology were organized in Europe, Asia, Australia and both
North and South America. These conferences were mostly organized under the umbrella of
the International Water Association (in the 1990s, under the names International Association
on Water Pollution Research and Control and International Association on Water Quality).

During the mid-1980s, the international cooperation and exchange on constructed wet-
land technology in Europe accelerated extensively. In October 1986, the cooperation among
ten European countries resulted in the decision to form a European coordinating group,
with the two major objectives being the production of design and operation guidelines
and to organize a conference in 1990 to bring together experts from around the world [83].
Meanwhile, in the Unites States, two major international conferences on the use of plants
and constructed wetlands for wastewater treatment were organized in Orlando, Florida
(1986) [84] and in Tallahassee, Tennessee (1988) [85]. These conferences, together with
the conference organized in Cambridge in 1990 by the European coordinating group [86],
represented a major breakthrough in constructed wetland technology extension around
the world.

In Europe during the 1980s, horizontal subsurface flows were the major focus, espe-
cially in Germany [87], Denmark [88], Austria [89] and the United Kingdom [90]. In 1983,
the soil-based Kickuth-type HF CWs were introduced to Denmark and, shortly after that,
about 80 full-scale constructed wetlands were built, mostly for municipal sewage. The
evaluation of the performance of these systems revealed that the area originally proposed
by Kickuth (m2/PE) was not enough to provide sufficient treatment, and an area of about
5 m2/PE was suggested [88]. Moreover, in 1983, a large pilot scale HF CW was built
in Mannersdorf near Vienna, Austria. The system was monitored for seven years and
the results were summarized by Haberl and Perfler [91]. After a visit to Germany from
engineers from U.K. water companies, two full-scale HF constructed wetlands were built
(Acle and St. Pauls Walden) in 1985 in UK, and, in the following year, another 21 full-scale
systems, such as Freethorpe (Figure 15), were built [90].
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Figure 15. Horizontal subsurface flow CW, Freethorpe, United Kingdom, for 900 PE. The early CWs
were built as a single bed. Photo Jan Vymazal.

The systems were very intensively monitored, and the major outcome of this research
was the recommendation to replace soil with gravel, 5–10 mm in size [92,93]. At the
end of the 1980s, the hybrid constructed wetlands of Seidel’s configuration (VF-HF) were
installed in France [94] and the United Kingdom [95]. At the end of the 1980s, the national
guidelines on the design and operation of constructed wetlands for wastewater treatment
were issued by ATV in Germany [96], and, shortly after that, the European guidelines were
published [97].

In North America, surface flow constructed wetlands were built quite regularly, dur-
ing the 1980s. Many of these systems served as tertiary treatment units for municipal
sewage, and the surface area was usually quite large. Examples of such systems are Incline
Village, Nevada (173.28 ha), Ironbridge, Florida (494 ha, Figure 16) or Arcata, California
(15.18 ha) [12,98]. In addition to the use of surface flow CWs for municipal sewage, other
types of wastewaters were treated in the constructed wetlands, such as urban runoff [99],
acid mine drainage [100,101] or livestock feedlot wastewaters [102]. The costly operation
and maintenance of water hyacinth-based constructed wetlands, mainly connected with
constant harvesting and the disposal of the biomass, caused the gradual cessation of the
use of these systems [103].

Figure 16. Surface flow CW at Ironbridge. Tertiary treatment for the city of Orlando, Florida. Photo
Jan Vymazal.
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The CW consists of 17 cells with a total area of 4.92 km2. The figure features two of
those cells (see also Figure 3).

In North America, subsurface technology was developed slowly, compared to its
development in Europe. However, several full-scale installations were put in operation for
municipal sewage in California, Louisiana, Alabama, Tennessee and Kentucky [12,104–106],
or the paper mill effluent [107]. In the United States, the experience with the design and
operation of constructed wetlands was summarized in the manual issued by the U.S.
Environmental Protection Agency [108].

The subsurface technology was also developed in Australia during the 1980s, and
pilot HF CWs were built to treat piggery waste and abattoir wastewater [109,110]. Pilot
scale HF CW experiments with various macrophytes were carried out at the University of
Western Sydney at Hawkesbury (Figure 17), where numerous studies were conducted [111].
In Africa, the constructed wetlands have been used since the mid-1980s, especially in South
Africa. The constructed wetlands were designed to treat various types of wastewater, in-
cluding raw and secondary sewage, stormwater runoff and a variety of industrial and mine
drainage waters. In these systems, surface flow as well as subsurface flow systems were
used [112]. In South America, the constructed wetlands were applied only in Brazil [113].
Research focused on water hyacinth-based systems in combination with up flow vertical
CWs, called “filtering soil” (Figure 13). There are no records of full-scale constructed
wetlands in Asia during the 1980s.

Figure 17. Experimental HF CW at the University of Western Australia, Hawkesbury. Photo
Jan Vymazal.

During the last decade of the 20th century, the constructed wetland technology ex-
tended to all continents and all types of constructed wetlands were used. During the 1990s,
the technology started in several Asian countries, namely China, India and Nepal. In China,
the first full-scale constructed wetland was put in operation in July 1990 at the Longgang
Shenzen Special Economic Zone [114]. The constructed wetlands consisted of three stages
of HF units with a total surface area of 4589 m2, and a surface flow cell with a surface area
of 1710 m2. Other hybrid CWs were used to treat pig raising farm wastewater or industrial
wastewater [115]. In India, mostly HF constructed wetlands planted with Phragmites karka
were built to treat municipal sewage [116]. In Nepal, in the 1990s, constructed wetlands
drew a lot of attention because of the low costs for the operation and maintenance of them;
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however, most systems suffered from a lack of maintenance. The hybrid system in Dhulikel
was probably the first constructed wetland built to treat hospital wastewater [117].

The rapid growth of constructed wetland installations, as well as the increased knowl-
edge on processes occurring in constructed wetlands during the treatment of various types
of wastewater, resulted in the release of national guidelines in many countries, such as in
Austria, [118], Denmark [119], New Zealand [120] and Canada [121], during the late 1990s.

3.3. Constructed Wetlands for Wastewater Treatment in the 21st Century

Constructed wetlands became a “certified” method for wastewater treatment, in many
countries across the world in the 21st century. In some countries, such as China, the number
of constructed wetlands exceeds one hundred thousand and it is still growing (Figure 18).
There is also a growing number of constructed wetlands in South America, especially in
Colombia, Argentina and Chile. Unfortunately, the technology has not spread significantly
in Africa, where there is great potential for this technology.

Figure 18. Constructed wetlands with horizontal subsurface flow, planted with Thalia dealbata
(left) and Canna indica and Thalia dealbata (right) in Quangdong Province near Guangzhou. Photo
Jan Vymazal.

At the beginning of the 21st century, research on the wastewater treatment in con-
structed wetlands focused on the various design and operation aspects that can lead to the
enhanced removal of pollutants [122,123]:

- operation strategies (such as aeration, microbial fuel cells and bioaugmentation);
- supply of electron donors to enhance the removal of selected inorganic anions;
- selection of filter materials for higher sorption capacity and microbial biofilm estab-

lishment;
- determination of functions of various bacteria groups on pollution removal;
- selection of macrophytes for enhanced removal of pollutants;
- effect of constructed wetlands on greenhouse gas emissions;
- efficacy of constructed wetlands to remove pharmaceuticals and personal

care products.

Constructed wetlands for wastewater treatment are also gaining more attention in
relation to sustainable water management in urban settlements, as part of the circular
economy and “sponge” cities. Masi et al. [124] pointed out that constructed wetlands can
be effectively used in cities to treat sewage, greywater, stormwater overflows and runoff,
and can effectively recycle the water within cities. Constructed wetlands can also be a core
part of SUDS (Sustainable Urban Drainage Systems). Moreover, Stefanakis [125] stressed
that constructed wetlands for wastewater treatment have a great potential to be successfully
integrated in urban and peri-urban areas, and fit well within the new concept of sponge
cities and the circular economy. The importance of constructed treatment wetlands within
urban circularity through the restoration and maintenance of water cycles, water and
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wastewater treatment, recovery and reuse as well as nutrient recovery and reuse was
reported by Atanasova et al. [126].

Unfortunately, most of the research is carried out in small laboratory or greenhouse
experiments, with no attempts to include the results of this experiments in a design of
full-scale installations. Vymazal [127] pointed out that while, in 1995, 88% of the papers
recorded on the Web of Science database were based on full-scale CWs, in 2017 it was
only 26%. It seems that the transfer of the laboratory experiment results to the full-scale
constructed wetlands will be the major challenge in coming years.

4. The Use of Constructed Wetlands for Various Types of Wastewater

The early use of constructed wetlands was restricted to sewage treatment. The various
types of constructed wetlands and their combination enabled the use of CWs for a variety
of wastewaters (Tables 1 and 2).

Table 1. The use of constructed wetlands for various types of wastewater.

Type of (Waste) Water Examples of Use

Sewage Domestic, municipal, combined sewer overflow

Drainage Acid/alkaline coal mines, metal ores mines, agricultural
tile drainage

Feedlots Livestock, poultry, pigs, milking parlors

Aquacultures Freshwater fish, marine fish, shrimp

Food processing Dairy, cheese, winery, brewery, distillery, sugar, olive
mills, fish, soft drinks, abattoir, meat processing

Other industries Tannery, textile, electroplating, pulp and paper, glass,
explosives, refineries, oil drilling water, rubber industry

Runoff waters Urban, highway, airport, greenhouses, nurseries, golf
courses, agricultural fields

Landfill leachate

Table 2. Examples of the first use of macrophytes and/or constructed wetlands for the treatment of
different types of pollution. Experimental (laboratory, mesocosms) and Operational (pilot scale, full
scale). Modified and updated from Vymazal and Kröpfelová [13].

Experimental

Year Wastewater References

1952 Phenol wastewater [128]

1956 Sewage and dairy wastewater [129]

1956 Livestock wastewater [64]

1965 Sludge dewatering [130]

1973 Textile wastewater [131]

1975 Photographic laboratory wastewater [132]

1978 Acid mine drainage [133]

1980 Electroplating wastewater [134]

1980 Removal of cresol [135]

1980 Piggery effluent [110]

1980 Abattoir wastewater [109]

1981 Heavy metals removal [136]

1981 Tannery wastewater [137]
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Table 2. Cont.

Experimental

Year Wastewater References

1982 Agricultural drainage effluent [138]

1982 Pesticides [139]

1982 Sugar refinery wastewater [140]

1982 Benzene and its derivatives [141]

1982 Rubber industry effluent [142]

1983 Pulp/paper mill wastewater [143,144]

1985 Seafood processing wastewater [145]

1986 Potato starch industry wastewater [146]

1986 Cyanides and chlorophenols [147]

1987 Meat processing wastewater [148]

1988 Landfill leachate [149,150]

1989 Chicken farm wastewater [151]

1991 Fish aquaculture [152]

1991 Phenanthrene [153]

1994 Hydrocarbons [154]

1995 Lignite pyrolysis wastewater [155]

1997 Winery wastewater [156]

1998 Coke plant wastewater [157]

2000 Linear alkylbenzensulfonates (LAS) [158]

2001 Steel processing industry
wastewaters [159]

2001 Brewery wastewater [160]

2001 Electric utility wastewater [161]

2003 Azo dyes removal [162]

2004 Chlorobenzene removal [163]

2004 Steel mill effluent [164]

2006 Sugarcane molasse stillage from
ethanol production [165]

2008 Brine treatment [166]

2008 Coffee fruit processing wastewater [167]

2010 Saline aquaculture wastewater [168]

2010 Brackish shrimp growout system [169]

2105 Bauxite residue drains [170]

2017 Rice noodles wastewater [171]

2018 Glass industry wastewater [172]

2019 Batik wastewater [173]

2020 Jewelry industry wastewater [174]
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Table 2. Cont.

Operational

Year Wastewater References

1967 Sewage [66]

1974 Sludge dewatering [175]

1975 Oil refinery wastewater [176]

1978 Textile wastewater [177]

1979 Fish rearing pond discharge [178]

1982 Acid mine drainage [179,180]

1983 Urban stormwater runoff [99]

1983 Rubber industry effluent [142]

1985 Dairy wastewater [41]

1986 Seepage from piled pig muck [181]

1986 Ash pond seepage [182]

1987 Thermally affected wastewater [183]

1988 Livestock wastewater [102]

1988 Pulp/paper mill wastewater [107]

1988 Pesticides [184]

1989 Landfill leachate [185]

1989 Airport runoff [186]

1989 Reduction of lake eutrophication [187]

1990 Lake water [188]

1991 Woodwaste leachate [189]

1992 Bakery wastewater [190]

1992 Channel catfish pond effluent [191]

1992 Sugar beet processing wastewater [192]

1992 Combined sewer overflow [193]

1993 Pesticides in agricultural runoff [194]

1993 Highway runoff [195]

1994 Abattoir wastewater [196]

1994 Airport runoff [197]

1994 Poultry wastewater [198]

1995 Greenhouse wastewater [199]

1995 Nitroaromatic organic compounds [200]

1995 Potato processing wastewater [201]

1996 Explosives [202,203]

1997 Hydrocarbons [204]

1997 Hospital wastewaters [117]

1998 Trout farm effluent [205]

1998 Golf course runoff [206]

1998 Nylon and ethylene polymers [207]

1999 Molasses-based distillery effluent [208]

1999 Winery wastewater [156]
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Table 2. Cont.

Operational

Year Wastewater References

1999 Distillery wastewater [208]

2000 Surfactant removal [209]

2000 Subsurface drainage from grazed
dairy pastures [210]

2001 Tannery wastewater [211]

2002 Tool factory wastewater [212]

2002 Pharmaceuticals removal [213]

2003 Olive mill wastewater [214]

2004 Sugar factory effluent [215]

2007 Mountain cheese factory [216]

2009 Flower farm effluent [217]

2010 Brewery wastewater [218]

2010 Brackish shrimp aquaculture
wastewater [168]

Constructed wetlands have been used to treat various types of wastewater, since the
1950s. In the beginning, this treatment technology spread slowly, based only on personal
contacts. The worldwide distribution of constructed treatment wetlands occurred in the
1990s, primarily due to several large international conferences. Since the beginning of the
21st century, constructed wetlands for wastewater treatment have become a worldwide
phenomenon and an accepted technology in many countries around the world. However, in
some countries, the treatment performance of constructed wetlands is still underestimated
by water authorities and, therefore, the number of installed constructed wetlands is slow.

Until recently, constructed treatment wetlands have mostly been built and considered
with the sole purpose of wastewater treatment. However, in addition to the high treatment
efficiency, the constructed treatment wetlands have recently been shown to have a great po-
tential in the new sustainable and circular economy in the urban environment. Constructed
treatment wetlands can effectively treat, accumulate and recycle water and nutrients for
further use, as suggested in the “sponge city” concept.
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Abstract: As one of the most important wetland systems, coastal wetlands play an important role in
conserving water, regulating the climate and protecting biodiversity. However, due to large-scale and
long-term tidal flat reclamations, the landscape structure and function of the coastal wetlands have
been greatly affected. Therefore, it is necessary to understand the spatio-temporal characteristics of
the impact of tidal flat reclamation on regional ecology and to quantitatively assess the relationships
between them. In this study based on long-term, multiperiod remote sensing data, the main spatio-
temporal variation characteristics of stability, and the relationship between stability and tidal flat
reclamation were analyzed with regard to the influence scope of tidal flat reclamation. The results
showed that a substantial decrease in natural wetlands in 1980, mainly caused by tidal flat reclamation,
was discovered in the Jiangsu coastal area, and the influence scope of tidal flat reclamation on regional
landscape ecology was roughly 30 km. In the affected area, the overall stability had a tendency to
improve, but the stability change characteristics between reclamation area and non-reclamation
area varied greatly. Especially in the reclamation area, the stability of construction wetlands and
non-wetlands deteriorated. Spatially, the stability outside the reclamation area had the characteristics
of first deteriorating and then improving as the distance from the reclamation area increased. Under
the influence of tidal flat reclamation, the influence of different use types of TFR on stability was not
completely consistent, and the influence of the same uses type of tidal flat reclamation on different
landscapes was also different.

Keywords: coastal wetlands; tidal flat reclamation; stability; impact; Jiangsu coastal area

1. Introduction

Coastal wetland, as an important landscape cover type and unique wetland ecosystem
in coastal areas, plays an extremely important role in maintaining water, regulating climate
and protecting biodiversity [1,2]. However, a great loss of coastal wetlands has been caused
by excessive anthropogenic activities at different spatial scales [3,4], which will inevitably
lead to the structural degradation of wetland systems and ultimately seriously affect the
service supply capacity of regional ecosystems [5,6]. Therefore, to reduce the negative
impact of human activities on the ecological environment, a better understanding of the
ecological effect of human activities is urgent.

Tidal flat reclamation (TFR), as one of the most important human activities in the
coastal area, has a long history in China [7] with a long coastline and abundant coastal
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wetlands [8,9]. According to statistics, a large number of coastal wetlands have been
converted into agricultural land, industrial land, urban land, etc., to meet the needs of
various industries [10]. From 1984 to 2018 alone, the coastal wetlands in China shrank from
10,263 km2 to 7400 km2, a decrease of approximately 27.9% [11]. In recent decades, TFR
has provided a large number of reserve land resources for the development of various
undertakings in coastal areas, which has greatly promoted economic development [12];
however, it has also caused a series of ecological and environmental problems [13,14].
A growing body of research suggests that rapid and large-scale TFR can lead to a sharp
decline in coastal wetland resources [15], loss of diversity [16], decrease in coastal ecosystem
functions and services [17], etc. Finally, these negative impacts, in turn, can have an
impact on the regional environment and are detrimental to the sustainable development
of coastal areas [13]. Therefore, facing irreversible ecological degradation caused by TFR,
the evaluation of the ecosystem state has become particularly necessary for explicating the
impact on ecosystems, which is significant to regional ecological conservation.

In recent years, the ecological impact of TFR has received an increasing amount of
attention, and many scholars have conducted relevant research and achieved a series
of results [18,19]. As the understanding of the ecological impact of TFR has increased,
managers have taken a more scientific approach to formulating land planning and resource
conservation policies [20]. However, most of the research has focused on very specific areas
of aquatic or terrestrial ecosystems such as biodiversity loss [21], carbon flux [22], heavy
metal contamination [23] and the bacterial community [24] and the comprehensive impact
of TFR on the ecosystem is still relatively lacking [25].

Stability is an important feature in the structure and function of ecosystems that de-
termines the rise and fall of ecosystems. As an important comprehensive indicator of
the ecosystem state, stability has been the focus of ecological researchers to evaluate the
ecological conditions of terrestrial ecosystems [26,27]. As ecological stability is a multidi-
mensional concept that covers the different aspects of the dynamics of the system and its
response to perturbations, the concept of stability has not yet been defined exactly [27,28].
Due to the differences in the professional backgrounds and research angles of researchers,
different scholars often assign different connotations to ecosystem stability according to
actual research needs [26,27]. Although there are many different concepts of ecological
stability, they all contain the following implications: the ability of a system to remain in the
status quo after a disturbance and the ability of a system to return to its original state after
being disturbed.

To evaluate the ecological stability of wetlands, many scholars have performed ex-
cellent work and constructed many meaningful evaluation indicators. The evaluation
of stability has mainly been based on the research objective of selecting a single indica-
tor to characterize stability [29] or based on the structural relationship between multiple
indicators by constructing a composite stability evaluation index to comprehensively
evaluate stability [30,31]. Commonly used indicators can be roughly divided into three
categories: structural indicators, functional indicators and external environmental factor in-
dicators. Structural indicators include the components of animals, plants, microorganisms,
soil [32,33], structural characteristic indices [31], etc., in the ecosystem. Functional indica-
tors include the productivity level of the ecosystem [32], carbon absorption capacity [31],
surface water availability [34], etc. External environmental factor indicators mainly include
the external effects exerted by nature or humans on wetlands [35,36]. However, many
functional indicators are difficult to measure, or raw data are difficult to obtain, making it
impossible to conduct large-scale, long-term studies. Moreover, external environmental
factor indicators are easily subject to subjective cognition and environmental influences
and are not easy to quantify. There are also some indicators that are limited to theoretical
research and cannot be applied to practice [27].

In view of the fact that most coastal areas tend to display long-term and large-scale
TFR, it is necessary to construct an appropriate evaluation indicator when comprehensively
evaluating the impact of TFR. The realization of landscape functions requires the support
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of the landscape structure [37], and the landscape structure can be expressed through the
rich information contained in the landscape types and its spatial distribution forms and
combinatorial relationships such as the diversity of landscape types, the area of landscape
types and the landscape pattern. The change in this kind of information characterizes some
of the most critical implications of the complex interactions between natural environment
changes and human activities [5,38]. Remote sensing technology is widely used in land-
scape ecology due to its wide spatial range, long time series and easy access and can obtain
rich landscape ecological information [39]. Therefore, a stability evaluation index can be
constructed from the perspective of landscape structure based on remote sensing data.

In addition, previous research on the ecological impact of TFR was mostly limited to
the impact of a single or several projects [40,41], and the change in the ecological environ-
ment before and after the project(s) was usually compared in the whole study area [42].
However, many studies have shown that the impact of human activities on regional ecology
has obvious spatio-temporal characteristics [43], indicating that the characteristics of the
impact of TFR inside and outside the reclamation area are not necessarily the same. Even
within the non-reclamation area, the influence in different locations may be different. At
the same time, the ecological impact of TFR has obvious spatial-temporal accumulation
characteristics, and the impact at different times and different locations is constantly su-
perimposed. Therefore, combined with long-term and multiperiod data, research on the
spatio-temporal characteristics of the ecological impact of TFR is still lacking.

In this paper, we aim to make a modest step toward understanding the ecological
impact of TFR from the perspective of landscape ecological stability by choosing the Jiangsu
coastal area as a case study. Combined with multiperiod remote sensing data from 1980
to 2018, this study evaluated the impact of TFR on landscape pattern and determined the
impact range of TFR. On this basis, the spatio-temporal variation characteristics of stability
were analyzed, and the relationship between TFR and stability was quantitatively analyzed,
both of which are expected to provide a meaningful reference for the future conservation
and management of coastal wetland resources.

2. Materials and Methods

2.1. Study Area

The Jiangsu coastal area, as one of the regions with the richest wetland resources, is
located in eastern China and adjacent to the Yellow Sea (Figure 1). The coverage is between
119◦28′–121◦59′ E and 31◦39′–34◦31′ N. In this region, there are a total of 10 cities and coun-
ties, as follows: Xiangshui, Binhai, Sheyang, Dafeng, Dongtai, Haian, Rudong, Tongzhou,
Haimen, and Qidong. Due to the differences in the natural geographical environment, the
northern part of the coastal wetlands is mainly dominated by rocky sand and substrate,
and the central and southern parts are dominated by muddy coast, which is conducive to
the formation of tidal flats. According to previous surveys, the coastline is approximately
954 km, accounting for approximately 5% of the total length of China’s coastline [44,45].
Abundant natural wetlands provide important habitats for endangered animal species
and maintain regional biodiversity and at the same time provide sufficient reserve land
resources to meet different land needs such as agricultural land and construction land.
However, with the development of the economy, the short-term impact of human activi-
ties on the regional landscape ecology and its cumulative effect have gradually emerged.
Therefore, the Jiangsu coastal area, due to its unique natural conditions and intense TFR, is
a typical area for studying the ecological impact of TFR on the coastal area.
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Figure 1. Location of the study area and geographic distribution of reclamation area since 1980.

2.2. Data Sources and Preprocessing

The data we collected and used in this study involved both primary and secondary
data. The primary data included Landsat MSS/TM/ETM+/OLI data for almost 40 years,
as follows: 1980, 1983, 1986, 1992, 1995, 2000, 2005, 2008, 2011, 2014 and 2018 [45]. To
fully cover the entire study area, three scenes of images were used for each target year.
All the remote sensing data involved in this study were mainly cloud-free and acquired
from August to October, with path/row numbers of 120/036, 119/037 and 118/038 (the
path/row numbers for 1980 are 129/036), and with a spatial accuracy of 30m (the accuracy
of remote sensing data in 1980 is 80 m). Considering that the size of the landscape patches
in the study area was between 1.83 and 3.06 km, the 30m or 80m spatial accuracy was
sufficient [5].

To meet the requirements of this study, 17 landscape types (Table 1), including natural
wetlands, artificial wetlands, and non-wetlands (for the sake of discussion, non-wetlands
were considered a special type of wetlands in this study), were extracted based on an object-
oriented remote sensing interpretation method supplemented by visual interpretation. The
interpretation results showed that the overall accuracy was more than 90%, which met our
research requirements. In addition, vector data, including the provincial, municipal and
county administrative boundaries of the administrative divisions of Jiangsu province, were
used as secondary data.
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Table 1. Landscape types in Jiangsu coastal wetlands.

Categories Landscape Types

Natural wetlands
River (RR), grassy marshland (GM),

Phragmites Australis (PA), Suaeda glauca (SG),
Spartina alterniflora (SA), mudflat (MT)

Artificial wetlands Paddy field (PF), pool (PL),
salt field (SF), mariculture farm (MF)

Non-wetlands
Dryland (DL), forest (FT), bareland (BD),

levee (LE), urban land (UL),
rural residential land (RL), construction land (CL)

2.3. The Identify of Use Types of Reclamation

Based on the remote sensing interpretation results and combined with the main use
types of reclamation in the Jiangsu coastal area in the past 38 years (regarding 2018, the
same as below), five main use types of reclamation were identified by overlay analysis.

To identify the transformation of TFR from the change in landscape types in each time
period, sequential spatial overlay analysis was run on the landscape vector data layers
for 1980, 1983, 1986, 1992, 1995, 2000, 2005, 2008, 2011, 2014 and 2018 using the overlay
module of ArcGIS version 10.2. The results showed great continuous transformation of
landscape change over the past 38 years. As the transformation processes information
during a specific time period (e.g., 1980–1983, 1983–1986 and 1986–1992) can be identified
by comparing the start-point landscape types with the end-point landscape types (e.g., a
transformation from a tidal flat into a port area indicates a typical reclamation) [46], five
major use types of reclamation were identified (Table 2). These types included aquaculture
land (AQL), arable land (ARL), port construction land (POL), salt industry land (SAL) and
hydraulic engineering land (HYL). In addition, as the area from tidal flats to woodland and
bare land was minimal, neither transition was taken into account.

Table 2. The identification of use types of reclamation according to their start-and end-point land-
scape types.

Use Types Start-Point Landscape Type End-Point Landscape Type

AQL Nature wetlands: mudflat,
Suaeda glauca, Phragmites

Australis, grasslands, rivers,
and Spartina alterniflora

Mariculture farm
ARL Paddy land, dryland
POL Rural land, urban land, construction land
SAL Salt pond
HYL Pool, levee

2.4. Buffer Analysis

Buffer analysis, as an important spatial analysis tool, is often used to identify changes
in ecosystems, which are affected by human activities or other disturbance [47]. To analyze
the spatial characteristics of landscape pattern and stability under the influence of TFR,
one-sided buffer zones were constructed along the boundary of the reclamation area based
on the Geographic Information System (GIS). A total of 12 bands with a width of 4.5 km
were distributed on the landward side of the reclamation area (the southwest side). The
width of levees was not accounted for in this study. To facilitate the further discussion,
each buffer zone was numbered 1-12 from nearest to farthest according to its distance to
the reclamation area.

2.5. Evaluation of the Ecological Stability in the Jiangsu Coastal Area

Based on the background structure (the optimal area proportion of the landscape
types) of the Jiangsu coastal area, the stability index, as an indicator of local ecological
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stability, was used to evaluate the impact of TFR on ecological stability in the Jiangsu
coastal area. The ecological stability index equation is as follows:

I =
2

√
∑m

i=0 (
Ai
As

− Bi)2

m
(1)

where I is the stability index of the target area; Ai is the area of landscape type i in the study
area; As is the total area of the study area; Bi is the proportion of type i’s area to the area
of the study area in the background structure; m is the number of landscape types in the
study area. Stability index I can be understood as the standard deviation of the landscape
structure over a certain time period and the background structure, so the smaller the I, the
better the stability in a region.

The calculation of the background structure was mainly based on the theory of compe-
tition/coexistence. First, the ecological service game/competition model was constructed
by using the reference point-based non-dominated sorting (NSGA-III) algorithm. The
optimal solution as the optimal balance of ecosystem services was obtained using this
model [45]. Finally, the corresponding landscape type area and area ratio (background
structure; Table 3) were obtained based on the cascading relationship of “process-function-
service”. (For a specific calculation method, see reference [45]).

Table 3. Optimal area ratio of various landscapes in Jiangsu coastal area (unit: %).

Types GM MT DL RR FT PA BD SA PL PF SG SF MF

Optimal 9.94 0.07 0.87 1.81 35.81 7.27 2.53 4.24 0.44 29.53 0.15 1.30 6.00

2.6. Statistical Analyses

To analyze the stability trend with distance from the reclamation area, the ordinary
least squares (OLS) method was used in this study. In addition, the Pearson correlation
coefficients between the stability index and the cumulative area of reclamation in the af-
fected area, the reclamation area and non-reclamation area were calculated to quantitatively
analyze the effects of TFR on stability. All statistical analyses were conducted in SPSS 23.
Statistical significance was at the 0.05 level.

2.7. Landscape Indices

To determine the spatial extent of the impact of TFR on the regional ecology, based
on previous research [5,43,48,49], and taking into account the ecological significance of
landscape patter indices, the fragmentation index (fragmentation), cohesion index (COHE-
SION) and Shannon’s Diversity Index (SHDI) were selected in this study. The landscape
pattern indices of each buffer zone were calculated according to the formulas as follows:

Fragmentation characterizes the degree of fragmentation of the landscape, reflects
the complexity of the spatial structure of the landscape, and to a certain extent reflects the
degree to which human activities affect the landscape. The formula is as follows:

Ci =
Ni

Ai
(2)

where Ci is the fragmentation of landscape type i ; Ni is the number of patches of landscape
type i ; Ai is the total area of landscape type i. To understand the degree of fragmentation
of all types as a whole, we divided the total number of patches in a target area by the total
area of this area.

COHESION reflects the aggregation and dispersion of patches in the landscape,
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−1< COHESION < 1. When the value is −1, the patches are completely dispersed;
when the value is 0, the patches are randomly distributed; when the value is 1, the patches
are clustered.

COHESION =

[
1 − ∑m

j=1 pij

∑m
j=1 pij

√aij

]
∗ [1 − 1√

A
]−1 ∗ 100 (3)

where aij is the area(m2) of the j th patch in the landscape type i ; pij presents the circumfer-
ence (m) of the j th patch in the landscape type i; A is the total area of the landscape type
i (hm2).

SHDI is used to describe the diversity and complexity of landscape patches, SHDI ≥ 0.
When SHDI = 0, the landscape contains only 1 landscape. When SHDI is large, the
proportional distribution of area among landscape types becomes more equitable, and the
complexity of the ecosystem composition usually tends to increase.

SHDI = −∑m
i=1 pi ln(pi) (4)

where Pi is the area ratio of patch type i to a target area; m is the number of all patch types.
In addition, the overall transfer probability (P) of the target area was also calculated

in this study. The probability of landscape transfer indicates the likelihood of a landscape
transformation within an area. It is calculated as follows:

P =
n

∑
i=1

li
S

(5)

where P is the overall transfer probability of the target area; li is the area of landscape type
i that is converted to other landscape types in a certain period; S is the area of the target
area; n is the number of landscape types in the start year of the target period;

3. Results

3.1. Major Landscape Transformation Features
3.1.1. Analysis of the Landscape Change Process

In the past 38 years, the main landscape change throughout the study area was
characterized by a significant decrease in natural wetlands and a significant increase in
artificial wetlands and non-wetlands (Figure 2). Specifically, natural wetlands decreased by
2477.64 km2 (41.63%), and artificial wetlands and non-wetlands increased by 1987.32 km2

(21.77%) and 378.89 km2 (2.96%), respectively.
Among natural wetlands, the mudflat and coastal marshes decreased by 1600.42 km2

and 756.59 km2, respectively and accounted for 60.11% and 28.26% of the total natural
wetlands outflow area, respectively. Mariculture farms and paddy fields were the main
contributors to the increase in artificial wetlands, increasing by 1736.73 km2 and 657.34 km2,
respectively, and accounting for 72.51% and 27.44% of the total inflow area of artificial
wetlands, respectively. The increase in non-wetlands was mainly due to the increase
in residential land (including rural residential land and urban land) and construction
land, and the area of residential land and construction land increased by 945.69 km2 and
296.54 km2, respectively, accounting for 73.67% and 23.10% of the total non-wetlands inflow
area, respectively.
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Figure 2. The area of the landscape transformation in the Jiangsu coastal area during the period
1980–2018.

3.1.2. Analysis of TFR process

Due to the natural conditions and policy-oriented reclamation planning, landscape
transformation in the Jiangsu coastal area was spatially distinct. The reduced natural
wetlands were mainly concentrated in the reclamation area in the tidal flats. Overall, from
1980 to 2018, a total of 1969.86 km2 of coastal wetlands was reclaimed across the tidal
flat area in Jiangsu province, and a consistently increasing annual rate of 51.84 km2 was
observed. From the perspective of time course (Figure 3), the intensity of reclamation
showed a generally fluctuating upward trend during the period 1980–2011, reaching a
maximum value in 2008–2011, and then showing a rapid downward trend.

Figure 3. The reclamation process from 1980 to 2018.

124



Land 2022, 11, 421

The majority of reclamation occurred in the middle of the coastal wetlands. Specifi-
cally, over 85.1% of the reclamation occurred in Dongtai, Rudong, Sheyang and Dafeng.
Especially, approximately 35% of the reclamation occurred in Dafeng, where the average
annual reclamation area between 1990 and 2005 (36.3 km2) was two times higher than that
over the past 38 years. For administrative reasons, there has been only 12.6 km2 wetlands
reclaimed in Tongzhou in the past 38 years, with a rate of less than 1 km2 per year.

In terms of use types, nature wetlands were mainly occupied by aquaculture land
(APL) and arable land (ARL), followed by hydraulic engineering land (HYL), port con-
struction land (POL) and, salt industry land (SAL), accounting for the total amount of
reclamation 81.94%, 12.40%, 2.60%, 2.42%, and 1.64%, respectively. Aquaculture land was
an absolute advantage at all time. When aquaculture land was not considered, the main
use types were salt industry land (SAL) and arable land (ARL) in 1980–2005. After 2005, the
main use types were port construction land (POL) and hydraulic engineering land (HYL),
indicating that the use types of TFR shifted from agriculture to industry.

In non-reclamation areas, landscape transformation mainly occurred near tidal flats
and at the junction of paddy field and dry land. Except for the large-scale transition
between paddy field and dryland, a large amount of construction land and urban and
rural settlements have been transferred from paddy field and dryland. The transformation
from rural residential land and construction land to urban land also accounted for a
certain amount.

3.2. Change in Cological Stability in the Coastal Area
3.2.1. The Impact Scope of TFR in the Jiangsu Coastal Area

At the landscape level, the general impact of human activities is the transformation of
the landscape in the target area, the results of which are changing the landscape structure,
affecting the system functions [48,49], and ultimately affecting the stability of the landscape
ecology [50]. Therefore, the stability change in regional ecology is fundamentally a change
in the landscape structure. In this regard, to identify the spatial extent of TFR in the
Jiangsu coastal area, the overall transfer probability and three landscape pattern indices
(fragmentation, COHESION and SHDI) within each buffer zone were calculated, as shown
in Figure 4.

Figure 4. The overall transfer probability and landscape pattern indices in buffer zones.

In Figure 4, it can be seen that the overall transfer probability generally showed a
downward trend. Specifically, the overall transfer probability gradually decreased with the
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distance from the reclamation area in the range of 0–29.25 km (buffer zones 1–7) and then
increased to the max at 38.25 km. After 38.25 km, the overall transfer probability tended to
stabilize. As the landscape transformed, the landscape pattern also changed at the same
time. Specifically, within 24.75 km from the reclamation area, fragmentation showed a
general downward trend and reached a minimum value at 24.75 km from the reclamation
area, after which the overall trend of fragmentation was upward. COHESION was roughly
negatively correlated with the fragmentation. Within 15.75 km from the reclamation area,
COHESION rose significantly with the increase in distance and reached a maximum value
at 15.75 km. Then, COHESION was basically stable within 20.25–29.25 km. After 29.25 km,
COHESION decreased rapidly and reached a minimum at 42.75 km. Due to the reduction
in landscape types, SHDI descended rapidly within 15.75 km from the reclamation area.
After 15.75 km, SHDI gradually rose and then began to accelerate at 29.25 km, reaching a
maximum at 38.25 km. After 38.25 km, SHDI gradually declined.

In summary, in the range of 24.95–29.25 km from the reclamation area, a significant
turning point could be identified for the transfer probability and all three landscape pattern
indices. Therefore, we believe that the maximum impact extent of TFR is approximately
29.25 km.

3.2.2. Temporal and Spatial Change in Stability

Based on the stability index calculation method, the stability index of the reclamation
area, non-reclamation area (including the area all the buffer zones covered within the
influence scope of TFR), and the affected area (including the reclamation area and non-
reclamation area) were obtained for 11 target years (Figure 5).

In the affected area, the stability index was basically on a downward trend before
2000 and fluctuated after 2000 (including 2000), while the stability index of natural wetlands
maintained a slight downward trend with small fluctuations. The change characteristics
of the stability index of constructed wetlands and non-wetlands were basically consistent
with those of the wetlands, but the stability index of construction wetlands had a slight
upward trend after 2000. The above shows that the stability of construction wetlands and
non-wetlands had a significant impact on the stability of wetlands in the entire affected area.

In the non-reclamation area, the change characteristics of wetlands stability were
generally consistent with those of the affected area. The stability index of natural wetlands
remained basically unchanged, and the stability index of construction wetlands showed
small fluctuations after a significant decline in 1983–1986. The stability index change
process of the non-wetlands was basically the same as that of the wetlands. The above
shows that the stability of non-wetlands played a leading role in the stability of the non-
reclamation area.

In the reclamation area, the stability index of wetlands maintained a downward
trend after a short period of increase in 1980–1983, and generally remained unchanged
after 2011. The variation characteristics of the stability index of natural wetlands were
basically the same as those of wetlands, but the former declined faster. The stability index
of construction wetlands gradually fluctuated and rose, while the stability index of the
non-wetlands maintained a slight upward trend with small fluctuations. Overall, the
stability of the reclamation area was mainly dominated by the stability of natural wetlands.

On average, the average stability index for the past 38 years was 0.17, 0.14 and 0.17 in
the affected area, reclamation area and non-reclamation area, respectively (Figure 6), indicat-
ing that the stability level of the reclamation area was better than that of the non-reclamation
area. From the perspective of different wetland types (Figure 6), in the reclamation area, the
stability index of different wetland types was not much different, but the stability index of
various types of wetlands in the non-reclamation area had a significant gap, which was ba-
sically consistent with that of the affected area. The stability index of natural wetlands and
constructed wetlands in the reclamation area was greater than that in the non-reclamation
area, and the stability index of non-wetlands in the reclamation area was smaller than that
in non-reclamation area.
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Figure 5. Temporal variation of different wetland types in different regions.

To further explore the spatial distribution characteristics of stability, the stability index
of each buffer zone in the non-reclamation area was calculated. The general results of
stability change in different buffer zones (Figure 7) showed that TFR can significantly
affect the spatial distribution of stability. Figure 7 shows that the effect of LFTF on the
stability index of the non-reclamation area was not linear but showed a cubic function
relationship (R2 = 0.98, p < 0.01). Specifically, 11.25 km was the threshold distance from
the reclamation area for stability index change, within which the closer to the reclamation
area, the smaller the stability index (or the better the stability level), and outside which,
the closer to the reclamation area, the greater the stability index (or the worse the stability
level). In addition, the standard deviation of the stability index in each buffer zone over
the past 38 years also exhibited obvious spatial characteristics. Similarly, approximately
11.25 km was the threshold for the change of standard deviation of the stability index.
Within 11.25 km from the reclamation area, the overall stability index fluctuation was larger,
and with the increase in distance, the stability index fluctuation increased. After 12.5 km
from the reclamation area, the overall stability fluctuation was smaller, and as the distance
increased, the fluctuation of the stability index gradually decreased until it was almost close
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to zero. The above shows that within the affected range the impact of TFR on stability was
mainly concentrated within a 15.75 km range from the reclamation area (buffer zones 1–4).

Figure 6. Stability index of different wetland types in different regions.

Figure 7. Stability index and deviation of stability in the different buffer zones.

3.3. Quantitative Relationship between TFR and Ecological Stability

Overall, the cumulative area of reclamation was negatively correlated with the stability
index of natural wetlands in the affected area and natural wetlands, artificial wetlands, and
wetlands in the reclamation area, and it was positively correlated with the stability index of
natural wetland in the non-reclamation area (Table 4).

For specific use types of reclamation, in the affected area, all five use types were
negatively correlated with the stability index of natural wetlands. Type ARL and SAL were
negatively correlated with the stability index of artificial wetlands and coastal wetlands.
In the reclamation area, all five types were negatively correlated with the stability index
of natural wetlands and coastal wetlands. Type POL and HYL were positively correlated
with the stability index of artificial wetlands, and type SAL was positively correlated with
the stability index of non-wetlands. In the non-reclamation area, type AQL, ARL, and
SAL were positively correlated with the stability index of natural wetlands, while type
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ARL and SAL were negatively associated with the stability index of non-wetlands and
coastal wetlands.

Table 4. Correlation matrix between stability index and area of reclamation.

Use
Types

Affected Area Reclamation Area Non-Reclamation Area

SW SNW SCW SOW SW SNW SCW SOW SW SNW SCW SOW

CA −0.488 −0.936 ** −0.525 −0.385 −0.909 ** −0.987 ** 0.667 * 0.596 −0.486 0.686 * −0.474 −0.476
AQL −0.570 −0.899 ** −0.618 * −0.474 −0.932 ** −0.962 ** 0.581 0.582 −0.563 0.712 * −0.441 −0.556
ARL −0.675 * −0.749 ** −0.777 ** −0.589 −0.962 ** −0.843 ** 0.267 0.593 −0.675 * 0.821 ** −0.397 −0.670 *
POL −0.376 −0.977** −0.321 −0.281 −0.794 ** −0.965 ** 0.793 ** 0.364 −0.343 0.522 −0.418 −0.333
SAL −0.631 * −0.707 * −0.737 ** −0.547 −0.880 ** −0.817 ** 0.353 0.666* −0.644 * 0.735 * −0.454 −0.637 *
HYL −0.405 −0.977 ** −0.357 −0.308 −0.824 ** −0.979 ** 0.755 ** 0.444 −0.384 0.565 −0.444 −0.374

“**” Indicates significant correlation at the 0.01 level (two tails); “*” indicates significant correlation at the
0.05 level (two tails); SW, SNW, SCW, and SOW represent the stability index of coastal wetlands, nature wetlands,
construction wetlands, and non-wetlands, respectively. CA represents the cumulative area of five use types
of reclamation.

4. Discussion

4.1. The Impact Scope of TFR

Tourism development, such as port construction, urban expansion and road networks,
can have an impact on the surrounding environment. For TFR, the various use types of
reclamation represent the comprehensive impact of human activities. According to the first
law of geography, “everything is related to everything else, but near things are more related
than distant things [51]”, so this effect of TFR diminishes with distance and accumulates
over a certain time period and space.

The ecosystem structure is the basis of the system function, and a certain structure
supports a certain function [37]. Changes in landscape structure are the basis for functional
change. The landscape pattern indices condense a variety of rich information about the land-
scape pattern. According to previous research, human activities can significantly affect the
fragmentation, COHESION, and SHDI; the AREA_MN (mean patch area); the FRAC_MN
(mean fractal dimension index); the AI (aggregation index) [5,49,52]; etc. Combined with
the ecological implications of landscape indices, we chose three indices (fragmentation,
COHESION, and SHDI) to depict the landscape structure. According to the buffer analy-
sis, the selected landscape pattern indices had obvious spatial distribution characteristics.
Based on this, it was concluded that 29.25 km away from the reclamation area was the
abrupt distance of the landscape pattern change and 29.25 km was used as the maximum
influence range of TFR in the Jiangsu coastal area.

There are only a few studies on the impact extent of TFR on landscape ecology in
China. Based on buffer analysis, Di et al. [53] found that the intensity of human activity
had a significant gradient within 30 km from the coastline, indicating that the effects of TFR
were within 30 km. Considering that the average distance between the western boundary
of the reclamation area and the coastline was 9.32 km in this study, if the coastline was
taken as the starting point, the influence range of TFR in this study was roughly 39 km,
which was obviously greater than 30 km. Possible reasons for this are as follows: TFR
has obvious spatio-temporal accumulation characteristics, so the impact of the TFR on
the landscape ecology is the result of the combination of long-term and multi-regional
reclamation. In Di’s study, the time span was 10 years, while our study spanned almost
40 years, so the impact scope of TFR was greater in our study.

4.2. The Rationality of the Index Construction

At present, there are no fixed indicators for stability evaluation due to the complexity of
ecological stability itself and the inconsistency of the concepts of ecological stability [26,31].
Most studies have selected stability indicators based on specific research objectives. This
study built a local stability index by combining the composition ratio of landscape types of
optimal ecological backgrounds and realistic landscapes.

The selection of the index needs to be based on the characteristics of the study
area [31,54]. In the Jiangsu coastal area, due to the long-term and large-scale TFR, while the
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landscape ecology in the reclamation area changed, it could also significantly affect the sur-
rounding landscape pattern through natural or socioeconomic factors and ultimately affect
the service supply and ecological stability of the ecosystem. At the landscape level, this is
manifested by the transformation of landscape types before and after reclamation as well
as the difference between the transformation of landscape types or the landscape pattern of
the reclamation area and non-reclamation area. The result of the change or difference led to
the changes in the areas of different landscape types over a certain time period. As a result,
the impact of human activities can be reflected by proportional relationships between the
areas of the various landscape types.

To evaluate the proportional relationships between different periods or different re-
gions, a reasonable reference is necessary. According to Li et al. [45], the optimal ecological
background structure depicted an ecological competition result in the case of artificial par-
ticipation with minimal human intervention. By this they meant that the various functions
of the ecosystem were not only coordinated and unified but also achieved approximately
the best-reachable, natural stable condition before humans carried out large-scale produc-
tion and life transformation in the area. Therefore, this situation can be regarded as the
background quantitative structure of the Jiangsu coastal area.

According to the definition of stability we constructed, the stability index essentially
reflects the closeness of various service supplies of the study area between reality scenarios
and the best equilibrium state in a certain period. Therefore, the closer the landscape type
proportion of the ecosystem in the study area is to the background structure, the better the
ecology stability in this region. When the stability changes, e.g., becomes smaller, it can not
only indicate that the landscape type proportion of the system is closer to the background
structure but also that the various services of the ecosystem have been maximized after
ecological competition by all parties.

In addition, Figure 4 shows that in the region close to the reclamation area (buffer
zones 1–2), the fragmentation was larger and the COHESION was lower, meaning that the
region had a higher degree of fragmentation and scattered patches. However, the SHDI
was relatively large; the reason for this was that due to the proximity to the tidal flats, there
were many landscape types, and patch distribution was also more balanced, which enabled
the system to resist external disturbances [55,56]. In the zones that were slightly farther
away (buffer zones 3–4), the fragmentation and SHDI were low, and the COHESION was
relatively high. Combined with the results of remote sensing surveys, there were very few
landscape types here with a large area of arable land and construction land, which was not
conducive to its resistance to external disturbances. In the more distant zones (buffer zones
5—7), the fragmentation and COHESION remained at a low and high level, respectively,
but the SHDI increased significantly as the landscape types in this region increased, and the
distribution was relatively balanced. Therefore, the resistance to the external disturbances
in the most distant zones (buffer zones 5–7) was enhanced relative to the slightly farther
away zones (buffer zones 3–4).

Combined with the spatial variation characteristics of the standard deviation of the
landscape pattern indices, it can also be seen that with the increase in the distance from
the reclamation area, the standard deviation (especially for the SHDI and fragmentation)
basically showed the characteristics of first increasing and then decreasing (Figure 8), indi-
cating that the ability of the system to maintain its own state under human disturbance
had this spatial change feature. The above shows that within the influence scope stability
showed the characteristics of first deteriorating and then improving with the increase in
distance from the reclamation area. This was basically consistent with the stability change
characteristics indicated by the stability index in this study (t7). Furthermore, through
correlation analysis, it was found that the stability index had a significant positive corre-
lation with the SHDI (p < 0.05), a marginally positive correlation with the fragmentation
(p = 0.059), and a nonsignificant negative correlation with COHESION. The standard devi-
ation of the landscape pattern indices had a positive correlation with stability index, but
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only SHDI passed the significance test (p < 0.05). Therefore, we believe that the stability
index constructed in this study is reasonable.

Figure 8. Standard deviation of the landscape pattern indices in different buffer zones.

4.3. Landscape Transformation and Stability

In the past 38 years, the landscape structure in the Jiangsu coastal area has undergone
significant changes due to the influence of human activities. Intense human activities,
especially TFR, can not only directly change the landscape pattern of the reclamation
area [57] but also have spillovers within a certain range. The spillovers can affect the
surrounding landscape ecology through a variety of factors such as the development and
construction of ports and tourist resort area, which can drive the surrounding economy
and gradually change and reshape the surrounding landscape pattern.

In this study, we constructed a local stability index to characterize the stability of the
coastal area in Jiangsu province and to study the impact of TFR on regional ecology. As
can be seen from Figures 5 and 6, the stability of the reclamation and non-reclamation
areas was very different. In the reclamation area, the stability index of the wetlands and
natural wetlands showed a downward trend, but the stability of natural wetlands has

131



Land 2022, 11, 421

remained almost unchanged in recent years. The stability index of constructed wetlands
and non-wetlands has shown an upward trend. In the non-reclamation area, the stability
index change characteristics were generally consistent with those of the entire affected area.

In the reclamation area (mainly distributed in the tidal flat area), a large number of
natural wetlands were converted to artificial wetlands, such as mariculture farm and salt
fields in the early stage (1983–2000) [43]. The result of this was that the proportion of
natural wetlands and artificial wetlands gradually decreased and increased, respectively,
and both tended to be close to the background structure. At the same time, although
the urban land and construction land increased, the area proportion of non-wetlandss
remained relatively stable, so the stability level of the reclamation area was determined by
the stability level of natural wetlands and construction wetlands, which was manifested
as a tendency to improve. In the later period (2000–2018), in addition to the conversion
of natural wetlands into aquaculture land, they were mainly converted to non-wetlands
such as dry land and construction land [43]. After 2008, although the natural wetlands
were in a relatively stable state, the stability of non-wetlands gradually deteriorated, and
the construction wetlands were in a very unstable state. After 2015, the government and
Jiangsu province strengthened the protection of coastal wetlands, and the proportion of
construction wetlands decreased, so the overall stability of wetlands showed no significant
fluctuations or deviations.

In the non-reclamation area, paddy fields, dryland, construction land, urban land, and
rural residential land were mainly distributed, of which the area proportion of non-wetlands
was significantly greater than that in the background structure at any time. Therefore, in
the non-reclamation area, the stability change was mainly affected by the area change in
non-wetlands. In the early stage (1983–2000), the landscape transformation was mainly
from arable land to construction land and residential land, and the area proportion of non-
wetlands increased, but it was closer to the background structure, so the stability tended to
be slightly better. In the later period (2005–2018), in addition to the early main landscape
transformation, the mutual conversion between paddy fields and dryland increased at
the junction of paddy fields and dryland near the reclamation area, resulting in obvious
fluctuations in the proportion of non-wetlands, which were eventually manifested as
obvious fluctuations in stability.

In addition, spatially, both the stability index and the volatility of the stability index
in the non-reclamation area increased first and then decreased with the distance from
the reclamation area. The main reasons for this were as follows: In the area closer to the
reclamation area (buffer zones 1 and 2), there were mainly natural wetlands and artificial
wetlands such as paddy fields and mariculture farms, and the landscape types were diverse.
Compared with other more distant areas, the landscape structure composition of this area
was closer to the tidal flat area with a higher stability level, so the stability index of this area
was relatively smaller. In the past 38 years, the main transformation was the continuous
transformation of large areas of natural wetlands to artificial wetlands or non-wetlands.
As a result, the proportion of artificial wetlands and non-wetlands changed dramatically,
which was manifested by significant fluctuations in the wetland stability index. In the
slightly further areas (buffer zones 3 and 4), paddy field, dryland, urban land, and rural
residential land were the main landscapes, but the non-wetland types were dominant, so
the landscape structure deviated from the background structure more. Because the non-
wetlands such as residential land and construction land were more susceptible to economic
factors, the area of these landscape types (non-wetlands) has had a significant increase with
the huge losses in paddy fields and dryland in the past 38 years, resulting in a dramatic
change in the proportion of non-wetlandss and a significant increase in the volatility of the
wetland stability index. In the more distant areas (buffer zones 5–7), although paddy fields
and dryland were also the main landscapes, there were fewer construction land areas than
in slightly further areas, so the contribution of non-wetlands to the stability of this region
was weakened, and the wetland stability index was relatively small. In the past 38 years,
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the area of various landscape types has not changed significantly, and the stability index
has not fluctuated much.

4.4. Implications for Protection and Management of Wetland Resources

Regarding the contradiction that the demand for land resources is large and resource
protection is imminent, it is of great significance to deal with a series of ecological and
environmental problems caused by the destruction of coastal wetlands such as reduced
diversity, poorer water quality, and reduced carbon storage to achieve the sustainable
development of tidal flat resources [11,58].

Although the average annual reclamation intensity accounted for a small proportion
of the coastal area, the impact of TFR was continuous and cumulative, and a long period
of large-scale TFR led to landscape degradation within the reclamation area as well as
non-reclamation area in the Jiangsu coastal area [5]. The results of this study further showed
that TFR had a significant impact on the stability of the non-reclamation area, the size of
which was much larger than that of the reclamation area. Although the stability of the
entire affected area had a slight tendency to improve, the stability of artificial and natural
wetlands in the reclamation area was deteriorating, and the stability of non-wetlands in
non-reclamation areas has also deteriorated in the past 10 years, which requires attention.
In addition, different use types of TFR had different effects on wetland stability, and the
same use type of TFR had different effects on different landscape types. All of the above
indicate that future reclamation plans need to carefully consider the scale and use types
of reclamation.

In addition, the concept of the compact city, whose basic principle is to form a better
ecological environment for human living by increasing the density of development in a
relatively compact area [59] can be borrowed and applied to TFR to solve the problem of
unreasonable reclamation planning, by increasing the TFR in fewer areas and strengthening
the efficiency of land use in tidal flat areas.

4.5. Limitations

This study has several major limitations that need to be addressed through future research.
First, we constructed 12 one-sided buffer zones with a width of 4.5 km outside the

reclamation area to analyze the influence scope of TFR and the spatial variation of stability
in this study. However, the spatial scale is an important factor that significantly influences
the identification of the landscape structure and functional features. As the width of the
buffer zone gradually increases or decreases, the results obtained may vary. Therefore,
determining the optimal analytical scale is a problem that needs to be solved.

In addition, as the impact of TFR on regional landscape ecology is not immediate, the
time when different use types of TFR have an impact on the ecological environment may
also be different. When the interval time between adjacent target years is too short, it may
not accurately reflect the impact of TFR in this period. In this study, although the time span
was relatively long (between 3 and 6 years), it may have still omitted or overcalculated the
impact of TFR in the target period to varying degrees.

Finally, when calculating the stability index in this study, we uniformly used the
optimal background structure of the entire study area, but theoretically, each specific area
should have its own optimal background structure. Therefore, it may be more appropriate
to calculate the best background structure of the corresponding region when calculating
the stability index of a certain area. For example, different buffer zones can have their own
optimal background structure. However, when the optimal structure is obtained for the
departmental areas, the entire study area will not necessarily achieve the best structure.
Therefore, balancing local optimality with global optimality is a new problem that needs to
be solved.
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5. Conclusions

The rapid and large-scale TFR strongly changed the landscape pattern of the coastal
area of Jiangsu province and also affected the structure and function of the landscape. The
results showed that in the past 38 years, the main transformation features were the decrease
in natural wetlands and the increase in artificial wetlands and non-wetlands. Among them,
the reduction of natural wetlands was mainly caused by reclamation, which has reached
1969.86 km2 in the past 38 years. Except for the huge conversion to aquaculture land in
each period, the use types of the reclaimed natural wetlands have gradually changed from
agricultural land to industrial land since 2008.

According to the spatial analysis of landscape transfer probability and landscape
pattern indices, the impact range of TFR on regional landscape ecology was roughly 30 km.
Within the influence scope, overall, the stability of the affected area had a tendency to
improve, but the volatility has increased in the past 10 years. In the reclamation area, the
overall stability of the reclamation area had a tendency to improve, but the stability of
construction wetlands and non-wetlands deteriorated. In the non-reclamation area, the
stability change characteristics were generally consistent with the entire affected area. In
addition, spatially, both stability and its volatility had the characteristics of first deterio-
rating and then improving as the distance from the reclamation area increased. Through
correlation analysis, the relationship between the cumulative area of TFR and the stability
index was quantitatively analyzed. It was found that under the influence of TFR, the
influence of different use types of TFR on stability was not completely consistent, and the
influence of the same use type of TFR on different landscape types was also different.

In summary, based on multitime remote sensing data and combined with the spatial
analysis of the landscape structure indices, the spatial scope of the ecological impact of
TFR was determined. On this basis, the spatio-temporal characteristics of stability were
analyzed through buffer analysis by constructing a local stability index, and the impact
of TFR on regional stability was quantitatively analyzed through correlation analysis.
However, this study also has some drawbacks, as described in the previous discussion. All
the shortcomings should be explored in future studies to better understand the impact of
TFR on regional ecology and to better support the future conservation and management of
wetland resources in the coastal area of Jiangsu province, China.
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Abstract: The basins containing rivers and wetlands are very significant to the surrounding dwellers
in various ways, altogether aiming at boosting the economy for most developing countries. Unfortu-
nately, the benefits are frequently overlooked and lead to basin mismanagement and degradation
posed by increasing population. This study used population and satellite data to quantify the extent
of land-use and land-cover changes along the Msimbazi valley between 1990 and 2019. Geographic
information system and remote sensing techniques were used in the analysis and processing of
remotely sensed images acquired in 1990, 2000, 2010 and 2019. The results reveal that the dominant
area is built-up land that occupied 39.3% of the total in 1990 and gradually increased to 42.6% in
2000, 54.1% in 2010 and 65.5% in 2019. Moreover, forest and agriculture that in 1990 had been the
second and third largest in size, respectively, had been decreasing throughout the entire period. The
population increase had been threatening wetland vegetation during the initial 10 years (1990 to 2000);
however, the wetland vegetation showed subsequent improvement after the implementation of some
government initiatives. Other land cover, such as bush land and grassland, showed minority status
with inconsistent changes in either increase or decrease. These findings imply that the Msimbazi
Basin suffers much from uncoordinated human activities that consequently degrade its fertility. This
degradation can be observed as well from the population distribution maps that show that a huge
stress is being exerted along the riverine due to population growth and urbanization. The study also
highlights that a lack of intensive management plans that are supported by clear legal commitments
for optimal and sustainable resource utilization contributes to wetland deterioration.

Keywords: remote sensing; spatial–temporal changes; human activities; wetland

1. Introduction

Globally, river and wetland ecosystems provide significant benefits for humans. Ac-
cordingly, different conventions have been formulated to define their conservation for
sustainable use. The Ramsar Convention of 1971, for example, defines wetlands as areas of
marsh, fen, peat land or water, whether natural or artificial, permanent or temporary, with
water that is static, flowing, fresh, brackish or salt, including areas of marine water, the
depth of which at low tide does not exceed six meters [1,2]. These areas are recognized as
the most important environmental components due to their substantial benefits biologically,
ecologically and economically [3,4]. Some biological and ecological benefits derived from
wetlands include providing habitats for specific flora and fauna, mitigating flooding, mini-
mizing erosion, controlling pollution and regulating climate [5]. Furthermore, the wetlands
support human livelihoods in numerous ways, such as by furnishing water for domestic
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use and land suitable for socio-economic functions such as agriculture, grazing, industries
and settlements [6]. Generally, such benefits are also obtained from the ecosystems with
rivers that in some cases connect with wetlands [7].

Despite the substantial ecological, economic and biological contributions of rivers
and wetlands, their values have nonetheless been seriously stressed by anthropogenic
disturbances [8,9]. Human activities, when carried out arbitrarily, exert pressure on the
resource—hence, resulting in adverse impact on rivers and wetlands, such as land degra-
dation, soil erosion, biodiversity loss, pollution and frequent floods [10]. Such impact has
been reported in the Yellow River delta of Shandong Province in China [11], the Nakivubo
and Lubigi wetlands in Uganda [5,6], and East Kolkata wetland in India [12]. Similar
problems have also been happening in the Msimbazi Basin, which contains wetlands
with mangroves and marshlands and the river flowing through many areas in Dar es
Salaam, Tanzania [13–15]. Furthermore, due to industrial activities, the studies by [16–19]
have detected the presence of a high level of heavy metal pollution in the soil, water and
vegetables grown in this area. These adverse effects not only affect the humans but also
contribute to the degradation of the basin’s potential. Such lands need protection, and for
this purpose, Tanzanian National Land Policy (1995) states, for example, that measures
will be taken to prevent building and encourage development that is environmentally
friendly and beneficial for the local community. Nonetheless, despite the presence of such
directives, the studies that have been carried out to date show that many areas in this basin
are already inhabited, and hence, the extent of development and trends regarding any
additional land-use activity need to be monitored from time to time in order to determine
the quality of the constructions and their ecological ramifications [9,20].

This research was designed to join the efforts of restoring the destroyed wetlands
and to thus benefit from what their ecosystem provides [21–23]. Contrary to the existing
studies that focused mainly on the consequences arising from intensive land utilization,
this study aimed to determine spatiotemporal dynamics in land use and land cover along
the Msimbazi valley between 1990 and 2019. Further, it aimed to realize whether the
causes and effects of changes comply with other policies and legal frameworks govern-
ing river and wetland resource utilization. These objectives were achieved through the
processing of the Landsat remote sensing imagery and population data acquired for four
periods of the studied time from GloVis and the National Bureau of Statistics (NBS), re-
spectively. Ultimately, this study is important for providing significant information to
land-use planners, policy-makers, decision-makers and other environmental stakeholders
for sustainable land management in the Msimbazi valley and all other areas containing
river and wetlands ecosystems.

2. Materials and Methods

2.1. Description of the Study Area

Msimbazi Basin is part of the Wami-Ruvu Basin that contains rivers and wetlands
towards the coast of the Indian Ocean in Tanzania (Figure 1). It is located in Dar es Salaam
city, and its boundary coverage is estimated at 162 square kilometers. The main river in
this basin is also called Msimbazi (approximately 35 km long), and it traverses through
many areas in Dar es Salaam from the Kisarawe district in the Coast region to its discharge
into the Indian ocean. Topographically, the highest altitude of this basin is about 308 m
(from MSL) recorded at the Pugu Hills in Kisarawe, and geologically, it is characterized by
quaternary and Neogene deposits. The wetlands area within the basin is very important as
a biodiverse habitat for endemic species. According to the latest Population and Housing
Census (PHC) carried out in 2012, the population at this area of study was 2.5 million,
and most live in unplanned settlements with inadequate infrastructure services such as
sanitation and solid-waste management. Their economic activities include commercial,
industrial (e.g., textile, breweries and meat plants) and agricultural pursuits that supply
Dar es Salaam city with most of its vegetables and fruits [24]. The climatic condition of this
area is humid tropical and characterized by two seasons: dry and wet. The average annual
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rainfall ranges from 800 to 1400 mm, and the area has bimodal seasons, i.e., long rains
(March–May) and short rains (October–December). The mean daily temperature varies
between 18 ◦C and 33 ◦C. The mean annual evaporation rate is 2104 mm, and humidity
lies between 67% and 96%.

2.2. Data Source
2.2.1. Population Data

Due to the nature of this study, the population in the study area was considered to be
the main influence on land-cover changes. This association is given in the sense that an
increase in population varies proportionally with human activities that result in variations
in land use that ultimately make changes to the land cover. Therefore, based on the same
focus for determining spatiotemporal changes of LULC, this study obtained population
information from the national censuses conducted in 1988, 2002 and 2012 at NBS Tanzania.
Available online: https://www.nbs.go.tz/index.php/en/census-surveys/population-and-
housing-census (accessed on 18 January 2021). These population data were obtained along
with the shape-files of the valley system and their administrative units. Due to the lack of
the recent population census, the 2019 population data were obtained through projection
of the 2012 population data by an arithmetical method [13]. In order to fulfill requirements
of the formula, the existing population (Po) in 2012, growth rate (r = 5.6%) and the time
interval for estimation (n = 7) were identified and used to compute the 2019 population
(Pn) using the formula shown below:

Pn = Po

(
1 +

r
100

)n

2.2.2. LULC Data

In order to associate trends of the LULC, four remotely satellite datasets overing the
study area were identified and downloaded from the Global Visualization Viewer (GloVis)
at Glovis. Available online: https://glovis.usgs.gov/ (accessed on 15 March 2021). Landsat-
5TM (Thematic Mapper) data for 1990, 2000 and 2010 and Landsat-8OLI (Operational Land
Imager) data for 2019 were acquired to determine the extent of LULC spanning 29 years.
All of these images have a spatial resolution of 30 m, with multispectral coverage from the
visible to the middle infrared radiation fields of the electromagnetic spectrum. In ensuring
that the used data were of not poor quality, images were acquired in the dry season (June
to October). During this season, the chances of obtaining cloud-free data are higher due to
the low cloud coverage and scant ground surface reflectance changes. Moreover, the use of
Sentinel-1 data could be effective in this study of coastal wetland by providing cloud-free
independent images. This is because they carry C-band synthetic aperture radar (SAR) that
can provide images under all weather conditions, day or night. Unfortunately, since it was
launched in April 2014, the data were available only for the 2019 time period.
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2.3. Image Processing and Classification

The obtained population and satellite data were processed using different approaches
based on their status and the direction of the study. The population data from the National
Bureau of Statistics (NBS) was not integrated in the shape-file of their administrative units;
thus, its format hindered spatial association for easy interpretation via maps. To overcome
the formatting challenge, ArcGIS 10.5 software (Environmental Systems Research Institute,
West Redlands, CA, USA) was used to explore the data, unify names and update population
values for subsequent mapping.

The satellite data for identifying land-use patterns was acquired by separate bands in
the WGS84 coordinate system. Thus, in order to make them suitable for deriving intended
results, preprocessing of images was done. In this phase, layer stacking, correction of
the atmospheric effects and realignments of images were carried out. Layer stacking was
performed to combine several single-band images to generate a single multi-layer image.
The histogram equalization technique in ERDAS Imagine version 9.1 software was used to
enhance the quality of each of the combined images for simplifying visual interpretability.
Thereafter, images were corrected using the ENVI 5.1 FLAASH module to eliminated any
atmospheric effects. All images were projected using the Universal Transverse Mercator
(UTM) coordinate system of the WGS 1984, zone 37S datum so as to align them with other
data of the study area.

The pre-processed image was then classified to generate the land-use land-cover
status of the area. The image classification process was undertaken by maximum likelihood
algorithm using a supervised classification technique. Generally, the classification involved
selection and digitization of known pixels “training sites” defined by the user, which
guided the software in categorizing all pixels into respective land-cover classes based
on the spectral signatures. The classification process was performed using ArcGIS 10.5
software. The area was classified into seven land classes: agriculture, built-up land, forest,
bushland, grassland, water and wetland vegetation. A description of these land-cover
classes is presented in Table 1.

Table 1. Land-use land-cover classes used in the classification.

Land-Use Class Description

Agriculture Land used for agriculture, including paddy fields, irrigated and dry farmland,
vegetation and fruit gardens, etc.

Grassland Land covered by grasses mainly used for grazing.

Forest Natural and secondary forest covered with trees, including woodlands and dense
and open forests.

Bushland Land that is dominated by bushes.

Wetland vegetation Land consisting of shallow water bodies and wetland plants, such as mangroves,
and salt marshes.

Water Land covered by water bodies such as rivers, lakes and ponds.

Built-up land Land that was modified by human activity, including residential, industrial,
transportation and other infrastructures.

During land-cover classification, the annual change rates were calculated to show
the rate of change per year within each specific 10-year (decadal) interval by using the
formula below: (

LCf − LCi
LCi

)
× 100

tf − ti

where LCf is the land coverage area for the final, LCi is the land coverage area for the initial
year, tf is the final time period and ti is the initial time period.
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2.4. Accuracy Assessment for Land-Cover Classification

The next step after the classification process was to determine how the classified land-
use land-cover classification aligned with reality. This objective was realized using a more
accurate image of 2016 with 10 m spatial resolution from Sentinel-2 that was downloaded
and used to extract and compare its pixel-based information with the classified imagery.
In the first step of this post-classification process, 1000 accuracy assessment points were
specified and randomly distributed to extract pixel values of the classified imagery. Next,
the obtained results of the point shapefiles were updated with the ground-truth values from
the Sentinel image. Last, the final files with complete pixel values were used to compute
confusion matrixes, providing overall accuracy results, as presented in Section 3.1, below.

3. Results and Discussions

3.1. Accuracy Assessment Results

The accuracy results show that all imagery—i.e., for the years 1990, 2000, 2010 and
2019—were correctly classified, with kappa coefficients of 79, 91, 90 and 85%, respectively.
According to the classification schemes by Anderson [25], these results, presented in detail
in Tables 2–5, provide evidence of sufficient reliability for assessing the detected land-cover
changes in the studied area. Furthermore, the other overall accuracy results—for example,
for the year 2019—show similarity with the image of 2018 that was classified and assessed
using the same approach as used in a study by Jamila et al. [7]. This matching implies that,
in addition to the compliance with standards, the results of accuracy obtained in this study
are also common in other research that involved the Msimbazi Basin. When observing
all classes individually, the areas of agriculture and water, especially for the images of
2010 and 2019, showed lower accuracy results compared with others. In general, many
reasons for the imprecision in the accuracy for some classes in LULC studies can be argued,
including the occurrence of natural disasters such as floods due to seasonal variations [26].
However, in this case, the researchers view this cause as being insignificant because all
images were taken during the dry season, i.e., June to October. Rather, the invasion and
instability of land-use activities, particularly in such prime areas of water and agriculture,
could be the main reason for frequent land cover changes, which when compared with
static references provide significant mismatches of their reflectance.

Table 2. Accuracy assessment results of LULC classification for image of 1990.

LULC

Ground Truth Pixels

Wetland
Vegetation

Bushland Forest Grassland Agriculture Built-Up Water Total U-Accuracy Kappa

Wetland
vegetation 4 0 0 0 0 0 0 4 1 -

Bushland 7 19 0 0 0 11 0 35 0.513514 -
Forest 21 1 208 0 0 30 0 260 0.8 -

Grassland 0 0 0 30 0 6 0 36 0.833333 -
Agriculture 4 1 2 3 8 11 0 29 0.275862 -

Built-up 5 1 0 0 2 611 3 622 0.982315 -
Water 2 0 0 0 0 0 12 14 0 -

Total 43 22 210 33 10 669 15 1002 0 -
P-Accuracy 0.903023 0.863636 0.99 0.909091 0.8 0.9133 0.8 0 0.89022 -

Kappa - - - - - - - - - 0.792278
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Table 3. Accuracy assessment results of LULC classification for image of 2000.

LULC

Ground Truth Pixels

Wetland
Vegetation

Bushland Forest Grassland Agriculture Built-Up Water Total U-Accuracy Kappa

Wetland
vegetation 44 1 0 0 0 1 0 46 0.956522 -

Bushland 1 14 2 1 0 3 0 21 0.666667 -
Forest 1 1 218 1 0 8 0 229 0.951965 -

Grassland 1 0 2 41 0 9 1 54 0.759259 -
Agriculture 0 1 0 3 3 4 0 11 0.272727 -

Built-up 1 1 2 0 1 627 1 633 0.990521 -
Water 0 0 1 0 0 0 9 10 0.9 -

Total 48 18 225 46 4 652 11 1004 0 -
P-Accuracy 0.916667 0.777778 0.968889 0.891304 0.75 0.961656 0.818 0 0.952191 -

Kappa - - - - - - - - - 0.910515

Table 4. Accuracy assessment results of LULC classification for image of 2010.

LULC

Ground Truth Pixels

Wetland
Vegetation

Bushland Forest Grassland Agriculture Built-Up Water Total U-Accuracy Kappa

Wetland
vegetation 39 0 0 0 0 1 1 41 0.95122 -

Bushland 0 21 1 3 0 3 0 28 0.75 -
Forest 2 0 216 2 0 8 1 229 0.943231 -

Grassland 1 1 0 24 0 3 0 29 0.827586 -
Agriculture 0 0 2 0 7 8 2 19 0.368421 -

Built-up 1 1 3 o 3 639 1 648 0.986111 -
Water 0 0 0 0 0 0 8 8 1 -

Total 43 23 222 29 10 663 12 1002 0 -
P-Accuracy 0.906977 0.913043 0.972973 0.827586 0.7 0.963801 0.583333 0 0.951098 -

Kappa - - - - - - - - - 0.904584

Table 5. Accuracy assessment results of LULC classification for image of 2019.

LULC

Ground Truth Pixels

Wetland
Vegetation

Bushland Forest Grassland Agriculture Built-Up Water Total U-Accuracy Kappa

Wetland
vegetation 29 0 0 0 0 1 0 30 0.966667 -

Bushland 0 19 2 0 0 1 0 22 0.863636 -
Forest 3 0 190 0 0 4 1 198 0.959596 -

Grassland 0 2 6 32 0 20 0 60 0.533333 -
Agriculture 1 0 4 1 6 1 1 14 0.428571 -

Built-up 0 3 13 3 3 645 2 669 0.964126 -
Water 0 0 0 0 0 0 8 8 1 -

Total 33 24 215 36 9 672 12 1001 0 -
P-Accuracy 0.87978 0.791667 0.883721 0.888889 0.666667 0.959821 0.666667 0 0.928072 -

Kappa - - - - - - - - - 0.857554

3.2. Trend and Extent of Land-Use Land-Cover Change

The LULC maps for 1990, 2000, 2010 and 2019 generated from the Landsat images are
presented in Figure 2. The distribution and extent of changes are shown in Table 6 and
Figure 3. From the table, it can be clearly observed that built-up land has dominated and
increased tremendously from 6348 ha (39.3%) in 1990 to 10,612ha (65.6%) in 2019. Further
analysis revealed that in 1990, the land covered by built-up land and forest comprised
66.2% of all land use, whereas in the most recent period (2019), 66.5% of land cover came
from built-up land alone. This implies that the increase in built-up land has generally been
to satisfy the growing population’s demands at the expense of the forests [27]. The majority
of people depend on the forest’s resources—i.e., firewood, charcoal, timber and medicinal
herbs—for sustaining their livelihood. These findings also comport with land-cover change
detection along the Tanzanian coast researched by Wang [28].
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Figure 2. Land-use land-cover maps for (a) 1990, (b) 2000, (c) 2010 and (d) 2019.

Table 6. Land-use land-cover status and change between 1990 and 2019.

Land-Use Types

Land-Cover Annual Change Rate

Year: 1990 Year: 2000 Year: 2010 Year: 2019 1990–2000 2000–2010 2010–2019

Ha % Ha % Ha % Ha % % % %

Agriculture 2450 15.2 2396 14.8 1430 8.8 509 3.1 −0.2 −4.0 −7.2
Built-up 6348 39.3 6887 42.6 8742 54.1 10,612 65.6 0.8 2.7 2.4

Bushland 1793 11.1 1222 7.6 2287 14.1 363 2.2 −3.2 8.7 −9.3
Forest 4344 26.9 3327 20.6 2483 15.4 1917 11.9 −2.3 −2.5 −2.5

Grassland 882 5.5 2019 12.5 920 5.7 2388 14.8 12.9 −5.4 17.7
Water 226 1.4 211 1.3 183 1.1 192 1.2 −0.7 −1.3 0.5

Wetland vegetation 123 0.8 104 0.6 123 0.8 184 1.1 −1.5 1.8 5.5
TOTAL 16,166 100.0 16,166 100.0 16,168 100.0 16,165 100.0

Despite the decrease in forest land cover, the wetland vegetation still increased grad-
ually from 104 ha in 2000 to 184 ha in 2019. This situation has shown similarity with the
mangrove dynamics study conducted along the mainland coast by Wang [29]. It is possible
that one of the reasons is due to its location being at the river mouth, which is prone to the
effects of the sea. In this respect, the area is found waterlogged almost in all seasons of the
year; thus, the area cannot provide a chance for the construction of dwellings. Apart from
its geographic position, the government’s initiatives under its national Integrated Coastal
Management (ICM) strategies of 2002 have contributed by protecting mangroves (wetland
vegetation) that were earlier stressed when used for domestic energy (e.g., firewood and
charcoals) by inhabitants [29].
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Figure 3. Chart showing the extent of land-use land-cover changes between 1990 and 2019.

Conversely, the areas occupied by agriculture were shown to decrease significantly,
with the greatest change over the latter period from 2010 to 2019, in which a sharp decrease
of 7% was realized (Figure 3). Agriculture activity by urban dwellers is getting scarce
elsewhere in developing countries due to land scarcity arising from rapid population
growth [30]. Likewise, the decrease in agricultural land use in our study is greatly asso-
ciated with urbanization (Figures 2a–d and 3) where people access surrounding land for
establishing settlements. In addition, agricultural land in the area was found to be polluted
with heavy metals from the industrial discharges that ultimately degraded the soil fertility,
thus making the land unfit for cultivation [15,31–33]. With time, the abandoned unfertile
land transformed into bushland and grassland [34]. The area covered with grassland
increased at a rate of 12.9% per year and 17.7% per year between the periods 1990 and 2000
and between 2010 and 2019, respectively. Possibly, this increase is linked to the slash and
burn practices under shifting cultivation, increasingly cutting down trees and expanding
urban areas [35,36].

3.3. Urbanization and Its Implication on the Wetland

Considering the analysis results of LULC, built-up land has drawn much attention in
this study. In most peri-urban areas, the expansion of built-up land is merely attributed to
increases in population. As such, the increasing population in conjunction with rapid urban
expansion and industrial activities mostly contributes to threats to the natural environment
and the entire ecosystem [37,38]. Environmental unsustainability occurs when the demand
rate for resources becomes higher than the rate of resources provision required for eco-
friendly economic growth. In Dar es Salaam, the population growth rate is one of the
highest among other cities in sub-Saharan Africa [39]; it is a city in which most people
are known to concentrate in the Kinondoni district, which the Msimbazi River traverses.
This is reflected in Figure 4, which shows how the population of the Msimbazi area is
increasing in parallel with the Dar es Salaam population. Census data from National
Bureau of Statistics has shown that Msimbazi had a total population of 1.1 million in 1988,
which was projected to be an estimated 2019 population of about 3.7 million (Table 7).
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Generally, this tremendous increase in the population is a consequence of three factors: high
birth and fertility rates, reclassification of rural land into urban areas and rural-to-urban
migration [40–42]. The majority of people migrate into urban areas in search of a better
livelihood, social services and economic opportunities [43,44].

Figure 4. Population growth trend of Dar es Salaam and Msimbazi (1988–2019).

Table 7. Population census and growth rate of Msimbazi (1988–2019).

Population (in Millions) Average Growth Rate

Year: 1988 Year: 2002 Year: 2012 Year: 2019 1988–2002 2002–2012 2012–2019

1.1 1.7 2.5 3.7 3.0 3.8 5.7

Looking at this vast demographic growth on the one hand has positive effects on
socio-economic development. On the other hand, the population growth seemed to account
for the stresses on the riverine system, as observed in zones A, B and C in Figure 5. The
reasons behind this trend could be that the Msimbazi area is characterized by informal
settlements [45], and most of its dwellers use the benefits of water availability and soil
fertility to engage in irrigation farming along the riverbanks [46,47]. Spatially, it is observed
that the eastward area extends towards the city center, thus providing many business
opportunities that attract people to migrate and live in the nearby surrounding area [48,49].
Certainly, the business opportunities have increased the demand for agricultural products
(vegetables and fruits) in town markets, and as a result, over time, many people along the
river have continued to cultivate and stress the valley system for economic gain [15,46].
In fact, stresses arising from continuing intense pressure exerted on the land are diverse
depending on the nature of disturbances. For instance, unplanned spatial expansion and
over-cultivation along the valley clogs the drainage systems, increases surface run-off
and leads to frequent floods [50,51]. Furthermore, because of the potential escalation of
environmental pollution (air, water and land), the agricultural and marine products of
these resources will therefore be harmful for human consumption [14,31,52].
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Figure 5. Population distribution maps by wards in 1988, 2002 and 2012.
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3.4. Policy and Legal Insights into Wetlands Management

Despite the stresses caused by socio-economic gains, the study area lacks a comprehen-
sive legal framework for governing sustainable resource utilization. This could be justified
based on the fact that the management of wetlands in Tanzania depends on directives
from multi-sectoral organs with stakes in the resources contained therein [47,53,54]. In this
respect, other parts of the wetlands that are of little or no concern to those organs (sectors)
are easily vulnerable to anthropogenic activities that degrade the wetlands through pollu-
tion, erosion and the loss of its biodiversity. Currently, the Wildlife Division (WD) under
the Ministry of Natural Resources and Tourism is in charge of overseeing all wetlands in
the country. However, its scope of management is limited only to the areas found within
wildlife reserves [47,53], i.e., other wetlands in rural or urban areas (Msimbazi, in this case)
receive almost no attention from the WD.

Notwithstanding the lack of specific policy on wetland management, the adopted pol-
icy since the year 2000 for the conservation of Ramsar sites seems to recognize few wetlands
(about 5.5% of all wetlands) falling within the criteria stipulated by the convention [53].
This implies that even if the WD could extend its scope to include all Ramsar sites, a large
percentage of the wetlands would still continue to rely on multi-sectoral directives that
essentially focus on providing sustainable use of specific resources owned by the wetlands.
The water sector for example uses its Water Policy of 2007 and Resource Management Act
No.11 of 2009 to define wetlands as sources of water that need to be protected together with
their aquatic biodiversity. Similar objectives are realized from the environmental sector
that uses its Environment Policy of 1997 and Management Act No. 20 of 2004 to recognize
wetlands as fragile ecosystems that play an important role in water systems. Generally,
these two sectors focus on the management and conservation of wetlands as sources of
water, and therefore they have limited scope when it comes to protecting the buffer zones
of 60 or 120 m [45].

It is for this reason that the land sector within either urban or district councils appears
to be the main concern for managing wetlands at-large and beyond the jurisdiction of
the WD and other dedicated sectors such as Forestry and Fishery. The National Land
Policy of 1995 and its subsequent Land and Village Acts of 1999 have set guidelines for
sustainable land use in urban and rural areas. In line with this objective, the guideline
clearly defined wetlands as the “wastelands” that are not useful for social and economic
development. However, in other sections, the guideline seemed to present a contradiction
by encouraging developments that benefit the public and the local community [54]. Hence,
this study argues that to some extent, such loopholes weaken implementation of the law,
and consequently offer opportunities for people to encroach upon and stress the wetlands,
as explained earlier in the study.

4. Conclusions

In the findings of this research, various changes on the land-cover pattern in this area
of study are demonstrated through the decrease and increase in certain classes of land
cover. Built-up land has been dominant among others and has shown a steady increase at
the expense of forest and agriculture. Conversion of agricultural land is likely the result of
soil and water pollution due to rapid urbanization with unplanned settlements. Population
growth and urban expansion are the main drivers of wetland degradation and other
weather-related disasters, such that continuing exposure to drought, floods and pollution
will most probably have an adverse impact on the health and livelihood of vulnerable
communities. Moreover, findings also indicate that wetland restoration and sustainability
have been a challenge for environmental officials due to the deficiencies in policy and law
that specifically govern wetlands utilization. This calls for assorted approaches among
decision makers and various stakeholders for strengthening sustainable utilization through
establishing effective policy and legislation, as well as educating the local communities
on how to wisely use wetlands resources. In general, these findings provide the key for
sustaining the river and wetland systems in urban areas, even though more promising
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results could be achieved if all the datasets were available for the exact times of the studied
period. There was a slight deviation in the time period for the population data, and
the resulting lack of data led to a projection of values for the year 2019. Despite the
gap, all data revealed realistic characterizations of the study area. Overall, this study
recommends the preservation of wetland and the restriction of certain activities, such as
cultivation and building along wetland peripheries, for the benefit of both the current and
the future population.
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Abstract: Coastal forested wetlands provide important ecosystem services along the southeastern
region of the United States, but are threatened by anthropogenic and natural disturbances. Here,
we examined the species composition, mortality, aboveground biomass, and carbon content of
vegetation and soils in natural pine forests of the lower coastal plain in eastern North Carolina, USA.
We compared a forest clearly in decline (termed “ghost forest”) adjacent to a roadside canal that
had been installed as drainage for a road next to an adjacent forest subject to “natural” hydrology,
unaltered by human modification (termed “healthy forest”). We also assessed how soil organic carbon
(SOC) accumulation changed over time using 14C radiocarbon dating of wood sampled at different
depths within the peat profile. Our results showed that the ghost forest had a higher tree density at
687 trees ha−1, and was dominated by swamp bays (Persea palustric), compared to the healthy forest,
which had 265 trees ha−1 dominated by pond pine (Pinus serotina Michx). Overstory tree mortality
of the ghost forest was nearly ten times greater than the healthy forest (p < 0.05), which actually
contributed to higher total aboveground biomass (55.9 ± 12.6 Mg C ha−1 vs. 27.9 ± 8.7 Mg ha−1 in
healthy forest), as the dead standing tree biomass (snags) added to that of an encroaching woody
shrub layer during ecosystem transition. Therefore, the total aboveground C content of the ghost
forest, 33.98 ± 14.8 Mg C ha−1, was higher than the healthy forest, 24.7 ± 5.2 Mg C ha−1 (p < 0.05).
The total SOC stock down to a 2.3 m depth in the ghost forest was 824.1 ± 46.2 Mg C ha−1, while that
of the healthy forest was 749.0 ± 170.5 Mg C ha−1 (p > 0.05). Carbon dating of organic sediments
indicated that, as the sample age approaches modern times (surface layer year 2015), the organic soil
accumulation rate (1.11 to 1.13 mm year−1) is unable to keep pace with the estimated rate of recent
sea level rise (2.1 to 2.4 mm year−1), suggesting a causative relationship with the ecosystem transition
occurring at the site. Increasing hydrologic stress over recent decades appears to have been a major
driver of ecosystem transition, that is, ghost forest formation and woody shrub encroachment, as
indicated by the far higher overstory tree mortality adjacent to the drainage ditch, which allows
the inland propagation of hydrologic/salinity forcing due to SLR and extreme storms. Our study
documents C accumulation in a coastal wetland over the past two millennia, which is now threatened
due to the recent increase in the rate of SLR exceeding the natural peat accumulation rate, causing
an ecosystem transition with unknown consequences for the stored C; however, much of it will
eventually be returned to the atmosphere. More studies are needed to determine the causes and
consequences of coastal ecosystem transition to inform the modeling of future coastal wetland
responses to environmental change and the estimation of regional terrestrial C stocks and flux.
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1. Introduction

Wetlands occupy 4–6% of Earth’s land area and store C in the range of 202–535 Gt [1,2].
The importance of wetlands in providing habitats for diverse plants and animals, and a
range of other ecosystem services, is well-recognized, but a sufficient understanding of the
aboveground and belowground carbon cycling of wetlands is not well-understood [3,4].
Wetlands are a significant type of ecosystem of the southeastern USA coastal plain. How-
ever, natural and anthropogenic disturbances threaten the ecological integrity and C storage
function of coastal wetland ecosystems.

Climate change threatens wetland ecosystems by exacerbating environmental stres-
sors, which could have effects on the biodiversity, wetland productivity, and resilience to
other stressors [5–8]. How climate change affects such wetland ecosystem functions has
been given relatively little attention [9,10]. Climate change is expected to accelerate sea
level rise (SLR) to between 0.4 and 1.2 m by 2100 [6], and alter the frequency and intensity
of coastal storms [11]. Recently, it was recognized that the formation of “ghost forests”, cre-
ated by the submergence of low-lying land, is one of the most obvious indicators of climate
change [12]. SLR also increases saltwater intrusion into freshwater ecosystems [13–15] and
alters the distribution and quantity of carbon within coastal wetlands, causing species
shifts and landward migration, contributing to the direct loss of wetland area [10]. Shifts in
species composition in response to SLR may cause lower marsh species to replace upper
marsh species as wetlands move landward and as the continental margin adjusts [16].

In addition to these climatic impacts, the draining of coastal wetlands across the south-
eastern USA persisted well into the 1970s and has only slowed in the past 30 years [12].
During that time, the US government decided to drain the wetlands to decrease the ground-
water level for flood control and more viable crop and timber production, construction of
access roads, and other land uses [17]. Eastern North Carolina was extensively ditched
over many years, and one area formerly managed for timber is now the Alligator River
National Wildlife Refuge (ARNWR) in Dare County, administered by the US Fish and
Wildlife Service [18]. Typical lower coastal plain road construction consisted of digging a
ditch connected to a major tributary, sound or other waterway to provide drainage, and
using the resulting “borrow” material as the bed for the adjacent road. Such roads run
throughout ARNWR and across the southeastern lower coastal plain [18].

The effect of ditching on groundwater hydrology and drainage for a given site varies
depending on the location relative to the ditch. Visual observations, whether from the
ground or remotely-sensed (Figure 1), indicate that in eastern NC, vegetation on the side
of the road with a ditch is often dead or dying, while on the other side the vegetation is
much healthier/abundant/productive. Ditches were implicated in allowing saltwater to
move inland into ecosystems that are not salt-tolerant [12], yet disentangling the hydrologic
effects from the salinity effects of coastal forest decline is still a developing science.

Wetland productivity is mediated by complex bio-geomorphic feedbacks, whereby
plants accumulate organic matter and trap inorganic sediments to maintain their elevation
in relation to local groundwater or adjacent water bodies [19,20]. The soil accretion capacity
of coastal wetlands is a key factor in the overall resilience to environmental change [20–22].
Quantifying primary biomass production and soil organic carbon (SOC) storage in wetland
forests is therefore critical for predicting the fate of coastal wetlands and the associated
ecosystem services as the continental margin adjusts to SLR.

Wetlands contain 20–30% of the estimated 1500 Pg of global soil carbon [4] making
them a significant global storehouse for C. The anoxic condition of wetland soils slows
down the decomposition process, resulting in the accumulation of organic matter. Thus,
wetlands can store a large amount of carbon, making them an important sink of atmospheric
carbon. Wetland C stocks vary in response to factors, including salinity, regional climate,
water chemistry, soil type, lateral and vertical variability in soil properties, and vegetation,
which complicates quantification of process rates [23,24]. These complexities limit our
understanding of the quantity and distribution of stored carbon in wetlands [2,4]. Therefore,
a more accurate approach to wetland soil carbon accounting must be used to develop
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models relating the C dynamics to temporal trends in wetlands. Techniques such as
radiocarbon dating markers to determine the geochronology of a series of plant macrofossils
are useful tools to estimate carbon accumulation rates, and were used to integrate the ages
of fossils from 2000–3000 years ago [25]. The radiocarbon dating of plant material found at
depth in peat profiles near ARNWR was also used to recreate historical patterns of past
vegetation dynamics/marsh accretion as a means of sea level reconstruction over the recent
geologic past [19,25].

 

Figure 1. Time series of Google Earth-Landsat images and a ground-based picture in 2015 of the field site of the current
study in the northern part of the Alligator River National Wildlife Refuge, Dare County, North Carolina, USA. In 1998 and
2008, virtually all of the satellite image area hosted healthy pond pine forest, whereas, by 2015, significant areas of ghost
forest were present (grey color) and coastal marsh (beige color) was expanding. The bank of East Lake is visible in the lower
left (dark color). Satellite images show a perspective of approximately 1163 m altitude. Field site elevation is approximately
30 cm AMSL. Photo credit: John King.

In this study, we quantified the vegetation structure and C storage of two adjacent
natural wetland pine forests as affected by millennial-scale SLR and century-scale artificial
drainage at ARNWR, in eastern North Carolina, USA. We estimated the biomass of vegeta-
tion at different levels of the overstory canopy and evaluated tree mortality and species
composition. We also estimated the total carbon stock in vegetation and soils and how
these changed as a function of distance from local water bodies/open water. Further, we
assessed the rate of SOC accumulation using 14C radiocarbon dating on wood samples
collected at different depths within the peat profile down to the underlying Pleistocene
mineral sedimentary deposits, spanning approximately 1800 years BP, and related findings
to local sea level reconstructions. We hypothesized that the ghost forest, which has a visibly
high mortality (e.g., Figure 1), would have lower total C stocks (in vegetation and soils)
compared to adjacent healthy forests. We also hypothesized that ecosystem C storage
would be positively correlated with the distance from open water, due to protection from
salinity and/or hydrologic stress. Finally, we hypothesized that the recent decades-long
visible increase in ghost forests would be associated with recent decadal-scale change in
the rate of local SLR as revealed by the 14C dating estimation of marsh accretion over the
past two millennia.
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2. Methods

2.1. Study Site

This study was conducted in the northern reaches of the Alligator River National
Wildlife Refuge (ARNWR) in Dare County, North Carolina (Figure 2), which spans over
61,600 hectares [18]. The wetlands physiography of ARNWR is a product of post-Wisconsinian
glaciation, as coastal rivers cut channels through the landscape at a time of lower sea level that
consequently filled with marine sediments overlain by accumulating organic peat [26,27]. The
soil at this site is classified as a Belhaven series histosol (loamy, mixed, dystic, thermic Terric
Haplosaprists) with a highly decomposed organic matter layer underlain by loamy marine
sediments [28]. This part of the refuge, adjacent to the water bodies of Albemarle Sound
and East Lake, was historically dominated by extensive pond pine forest due to this species’
tolerance of hydric soil conditions and dependence on fire for regeneration [18,29]. An aban-
doned fire road with adjacent drainage ditch, built in 1965 (Ed Sawyer Road) (Figures 1 and 2),
provided an ideal location to observe the effects of altered hydrology and the distance from
surrounding water bodies on pond pine forest carbon storage and ecosystem transition.
Common overstory species at the study site include swamp bay (Persea palustris), pond pine
(Pinus serotina), red maple (Acer rubrum) and sweetgum (Liquidambar styraciflua), in addition
to numerous understory shrubs and herbaceous plants. The elevation is approximately 30 cm
above mean sea level, average annual precipitation is 1163 ± 49 mm (1981–2018) and average
annual temperature is 15.7 ◦C ± 0.4 ◦C (2009–2018).

Figure 2. Location of the study site in the northern part of Alligator River National Wildlife Refuge in eastern North
Carolina, USA. On the right panel, red circles denoted by their corresponding plot codes represent sampling plots of the
healthy pond pine forest and yellow circles are ghost forest sampling locations. Care was taken to sample vegetation at least
100 m away from the ditch and roadside to minimize edge effects. East Lake/Alligator River is to the west of the study site,
while the Albemarle/Croatan Sound is to the east.

2.2. Overstory Tree Biomass and C Content

Vegetation sampling occurred throughout 2014 and 2015. Paired, circular (15 m radius)
vegetation sampling plots were installed in healthy forest and ghost forest along both sides
of the fire road, starting near the bank of East Lake and progressing inland (Figure 2).
Overstory tree species were identified and live/dead status was determined. All tree
heights (living and dead) were measured with a Nikon laser hypsometer, and diameters
were measured at breast height (1.3 m above ground level) with a D-tape. Dead trees
were assigned to a decay class using USDA Forest Service Forest Inventory and Analysis
(FIA) protocols [30] based on visible characteristics (Table 1). Overstory standing tree
biomass was estimated using species-specific allometric relationships [31] for all overstory
species (Table 1). Allometric regressions for estimating biomass of pond pine do not exist
in the literature, representing a pressing research need, so equations were used for the
taxonomically closely-related pitch pine (Pinus resinosus L.) [32]. Live tree C content was
calculated as 50% of biomass [32], and that of dead trees as the calculated live C content
adjusted by the % remaining by decay class.
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Table 1. Allometric equations and decay classes used to estimate live biomass and C content of overstory
tree species at Alligator River National Wildlife Refuge in eastern, North Carolina, USA [30,32].

Live Biomass Regressions

Species Allometric Equation Notes

Pond pine (P. serotina) y = exp(2.0171 + 2.3373 × ln(dbh)) Equation for P. rigida
Red maple (A. rubrum) y = 2.52363 × (dbh2)1.9648

Sweetgum (L.sty raciflua) y = 1.822108 × (dbh2)1.2635

Bay (Persea spp.) y = −13.388 + 6.82 × (dbh2)
FIA decay class Qualification C remaining (%)

0 Alive 100

1 Dead, small branches attached,
knife does not penetrate 97

2 Dead, no small branches, has large
branches, little penetration 97

3 Dead, no large branches, height
intact, more penetration 86

4 Dead, top broken, easy penetration,
highly decayed 53

2.3. Mid-Story and Understory Biomass and C Content

Mid-story biomass was sampled using 5 m radius circular plots nested within each
overstory plot. Diameter of woody plants up to 10 cm diameter was measured at 10 cm
above the ground. On-site, species-specific, allometric equations were developed to esti-
mate mid-story, woody plant biomass. Fifty mid-story plants ranging in size and species
were destructively harvested, and heights, diameters and total fresh weight were measured
directly. Wood samples were cut from each plant to determine fresh-to-dry weight ratios,
applied to the green biomass estimates. For small mid-story plants, biomass was estimated
using the exponential equation y = 0.0944exp(0.7102x) (R2 = 0.89), where x is the diameter-at-
breast-height (dbh). For large mid-story plants, the linear equation y = 1.3229x − 2.3518
(R2 = 0.78) was used. Understory, primarily herbaceous, plant biomass was estimated by
destructively harvesting 1 × 1 m clip plots in the center of the mid-story plots, dried to
constant mass at 65 ◦C, and weighed. Carbon content of all mid-story and understory
plants was assumed to be 50% of live biomass.

2.4. Soil Sampling

Soil samples were taken with a McCauley auger at 10 cm increments to a depth of
1 m at one location in each overstory plot. Samples were sieved (<2 mm) and dried to
constant mass at 65 ◦C, and weighed. Bulk density was determined by dividing mass by
volume for each depth increment. Each soil increment was analyzed separately for carbon
concentration, content and stable C isotopes using a Picarro G2201-isotopic CO2/CH4 ana-
lyzer with combustion module at the Tree Physiology and Ecosystem Science Laboratory,
North Carolina State University, USA. Percent soil carbon and bulk density were then used
to estimate the total soil carbon content. The soil bulk density and carbon content were
determined using the following formula:

Soil bulk density
(

g cm−3
)
=

Ovendry sample mass (g)
Sample volume (cm3)

Soil carbon content
(

g C cm−2
)
= bulk density

(
g cm−3

)
× soil depth (cm)× % organic C

The total soil carbon pool was determined by summing the carbon mass of each of the
sampled soil depths extrapolated into per hectare basis (Mg C ha−1).
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2.5. Belowground Wood Sampling

Wood fragments were recovered from soil samples at various depths within the 1 m
peat profile sampled with the McCauley auger, and down to 2.3 m depth using a bucket
auger. This was the maximum peat depth encountered at the site, furthest inland from the
shoreline, below which lay Pleistocene mineral sedimentary deposits. The deepest wood
sample collected was embedded in the mineral sediments, in what appeared to be a buried
soil A-horizon, suggesting presence of an upland forest at some point in the past. We
used the radiocarbon dating method to determine the age of the buried wood samples [33].
Sixteen of these samples were sent off for 14C dating at the National Ocean Sciences
Accelerator Mass Spectrometry Facility at the Woods Hole Oceanographic Institution.

2.6. Data Analysis

We used ANOVA and Tukey’s HSD Test for comparison between paired plots, testing
the level of significant differences at a 95% confidence level. Smoothed-curve fittings were
carried out with locally weighted logarithmic regression in ggplot2 package [34]. Contour
plots were used to present a 2-dimensional surface by plotting the aboveground C and
SOC as contours in x-axis (latitude) and y-axis (longitude). Contour plots were generated
using plotly [35], tidyverse [36], and reshape2 [37] packages. All analyses were processed in
R version 4.1.1 [38].

3. Results

3.1. Overstory Species Composition, Tree Density, Mortality and Diameter

Overstory species composition, tree density, and mortality differed significantly be-
tween the ghost forest and the healthy forest (Table 2). The ghost forest had a tree density
of 687 trees ha−1 (Table 2), characterized by 56% swamp bay, 38% pond pine, and the
remaining 5% was red maple. Sixty percent of the overstory (or 412 trees ha−1) in the ghost
forest was standing dead or dying, half of which were swamp bay, 43% were pond pine,
and the remainder were red maple. The most prominent decay class of swamp bay and
pond pine in the ghost forest was class 2, characterized as dead with only large branches
left. In contrast, the healthy forest had a tree density of 265 trees ha−1 (Table 2), with 72%
pond pine, 24% red maple and 4% sweetgum. The amount of standing dead trees in the
healthy forest was only 17% (42 trees ha−1). Most dead trees were pond pine of decay
class 1 (dead, small branches attached). Interestingly, there were no swamp bay trees in
the healthy forest, a species that dominated the overstory of the ghost forest (e.g., species
replacement during ecosystem transition). While the stand density of the ghost forest was
over 2.5 times higher than in the healthy forest, mortality was nearly ten times greater
(Table 2). The ghost forest was also characterized by having a significantly smaller diameter
and height of trees than the healthy forest (p < 0.05; Figure 3).

Table 2. Overstory species composition, tree density, and decay class of dead trees in healthy forest
and ghost forest in the northern part of the Alligator River National Wildlife Refuge in eastern North
Carolina. Different letters after a total value denote significant differences at p < 0.05 between ghost
and healthy forest.

Location
General
Species

Composition

No. of Trees Per ha−1
* Decay
Class of

Standing
Dead Trees

Healthy/No
Decay

Standing
Dead/Dying

Total (Healthy
+ Standing

Dead)

Ghost forest Swamp bay 176 210 388 2
Maple 12 24 36 1

Pitch Pine 85 178 263 2
Total 273 a 412 a 687 a
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Table 2. Cont.

Location
General
Species

Composition

No. of Trees Per ha−1
* Decay
Class of

Standing
Dead Trees

Healthy/No
Decay

Standing
Dead/Dying

Total (Healthy
+ Standing

Dead)

Healthy forest Maple 63 2 65 1
Pitch Pine 148 42 190 1
Sweetgum 10 0 10

Total 220 b 44 b 265 b

* Decay class 0—alive; 1—dead but small branches attached; 2—dead with only large branches left, 3—large
branches gone; 4—top broken off, very decayed.

Figure 3. Diameter (a) and height (b) distributions of all species in ghost forest and healthy forest in
the northern part of the Alligator River National Wildlife Refuge in eastern North Carolina. Dashed
lines represent the means of each population sample.

3.2. Overstory, Mid-Story and Understory Biomass

Ghost forest and healthy forest differed significantly in total overstory and midstory
biomass, but not in understory biomass (Table 3). On a per tree basis, the healthy for-
est had a higher average overstory tree biomass (0.11 Mg ha−1), which is 18% higher
than in the ghost forest (0.09 Mg ha−1) (p < 0.05). However, given the higher tree den-
sity in the ghost forest (Table 1), the overall total overstory biomass in the ghost for-
est was 55.97 ± 12.61 Mg ha−1 compared to 27.99 ± 8.75 Mg ha−1 in the healthy forest
(Table 3). Almost 44% of the total overstory biomass in the ghost forest was in standing
dead trees, however, with a total dead biomass of 25.06 ± 6.26 Mg ha−1. In contrast, of the
27.99 Mg ha−1 total overstory biomass in the healthy forest, a total of 88% was in live trees
(24.81 ± 7.25 Mg ha−1). The remaining 11% was in standing dead trees, primarily pine
(Table 3). Interestingly, the mid-story biomass (3.65 ± 2.70 Mg ha−1) of the ghost forest was
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only 25% of the amount in the healthy forest (14.06 ± 7.30 Mg ha−1), possibly due to the
dense shrub canopy hindering the development of a mid-story in the ghost forest. Finally,
understory biomass in the ghost forest averaged 8.3 Mg ha−1 compared to 7.4 Mg ha−1 in
the healthy forest, but the difference was not significant due to the relatively large variance.

Table 3. Summary of biomass in each vegetation strata by species in healthy forest and ghost forest in the northern part of
the Alligator National Wildlife Refuge in eastern North Carolina. Different letters after a biomass value denote significant
differences at p < 0.05 between healthy forest and ghost forest.

Species

Overstory Biomass (Mg ha−1)
Mid-Story
Biomass

(Mg ha−1)

Under-Story Biomass
(Mg ha−1)

Alive
Standing

Dead
Total BIOMASS
(Alive + Dead)

Ghost forest Swamp bay 16.35 10.08 26.43
Maple 2.69 1.42 4.11
Pine 11.87 13.57 25.43

Total 30.91 a ± 6.96 25.06 a ± 6.26 55.97 a ± 12.61 3.65 a ± 2.70 8.32 a ± 4.1

Healthy forest Maple 8.45 0.23 8.68
Pine 15.42 2.96 18.38

Sweetgum 0.93 0.00 0.93

Total 24.81 b ± 7.25 3.19 b ± 1.65 27.99 b ± 8.75 14.06 b ± 7.30 7.41 a ± 1.28

The ecosystem transition from the healthy forest to the ghost forest resulted in a
major shift in overstory species composition and forest structure, from dominance/co-
dominance by pond pine/red maple to that of woody bay shrubs/(declining) pond pine,
and resulting shifts in biomass distribution (Table 3). In the healthy forest, the total live
overstory biomass averaged 24.8 Mg ha−1, with pond pine and red maple accounting for
62% and 34%, respectively. In ghost forest, the total live overstory biomass of 30.9 Mg ha−1

was comprised of 53% bay shrubs and 38% pond pine, although the pond pine was in rapid
decline (Figure 1). With this transition, the structure of the forest changed from median
diameter/height of 24 cm/11.5 m in the healthy forest to 20 cm/8.5 m in the ghost forest
(Figure 3), in addition to the increased density. Finally, the proportion of dead overstory
biomass to total overstory biomass shifted from 0.16 in the healthy forest to 0.60 in the ghost
forest, signifying impending large losses of ecosystem C as the dead material decomposed
in the coming years.

3.3. Ecosystem Carbon Stocks in Vegetation and Soils

As with biomass, the total ecosystem C stocks differed significantly between the healthy
forest and ghost forest, as did the distribution between different compartments (Figure 4).
The total aboveground C content of ghost forest, 33.9 Mg C ha−1, was 9.2 Mg C ha−1 greater
than that of the healthy forest at 24.7 Mg C ha−1. The C content of dead trees in the ghost
forest contributed to almost 44% of the total aboveground C, while that contribution in the
healthy forest was only 11%. The percentage contribution of overstory live tree C to the total
aboveground C was similar in both forests, at 45–50%, but the amount was double in the
ghost forest at 27.9 Mg C ha−1, compared to healthy forest at 13.9 Mg C ha−1. The percentage
contribution of the mid-story to total aboveground C differed greatly between the healthy
forest (28%) and ghost forest (5%), as did the amounts, at 7.0 and 1.8 Mg C ha−1, respectively
(Figure 4). Finally, the understory C content of both forests was similar at 3.7 Mg C ha−1 in
the healthy forest and 4.2 Mg C ha−1 in the ghost forest, contributing 15% and 12% to total
aboveground C, respectively.
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Figure 4. Estimates of aboveground (overstory, mid-story, and understory) vegetation and soil carbon stocks (0–100 cm
depth) of healthy forest and ghost forest in the northern part of Alligator River National Wildlife Refuge in eastern
North Carolina. Vegetation C stocks were calculated from biomass estimates, and thus have the same levels of statistical
significance (Table 3).

3.4. Change in Overstory C Stocks with Distance from Open Water

The visible ecosystem transition occurring at our study site (Figures 1 and 2), was
accompanied by a progression of increasing vegetation biomass C and soil organic C with
a distance from open water. Averaged over all sampling plots, the total C in overstory trees
averaged 13.6 Mg C ha−1 in the ghost forest, compared to 25.0 Mg C ha−1 in healthy forests
(Figure 5a,c). There was a correlation (R2 = 0.52) between the increasing live overstory C
and increasing distance from open water in the healthy forest but not with the ghost forest
(R2 < 0.01; Figure 6). There was a strong relationship between the increasing soil organic C
(SOC) with increasing distance from open water in the ghost forest (R2 = 0.60) compared to
the healthy forest (R2 = 0.30; Figure 5c,d and Figure 6).

3.5. Soil Carbon Stocks

The mean soil organic carbon stocks across the plots in the ghost forest was 412 Mg C ha−1,
which was 37.5 Mg C ha−1 greater than the healthy forest: 374.5 Mg C ha−1 (Figure 7). In both
forests, the soil C content in the top 50 cm was less than the lower 50 cm. Across the entire
vertical 1 m soil profile, the ghost forest had a higher soil C than the healthy forest. The mean
soil C in the top 50 cm in the ghost forest was 367.2 Mg C ha−1 and, in the bottom 50 cm,
456.9 Mg C ha−1, whereas the healthy forest had 324.7 Mg C ha−1 and 424.3 Mg C ha−1, for
top 50 cm and below 50 cm depths, respectively.

3.6. Wood Sample Carbon Dating and Soil Accumulation

The radio-isotope of C (14C) in wood samples recovered from the peat during soil
sampling was used to age the soil profile and calculate peat accumulation rates (Table 4).
Wood samples ranged in age from ca. AD 235 to ca. AD 1870, with a fairly strong
relationship between sample age and peat soil depth in soil (Figure 8a). It is notable that the
deepest (−234 cm) and oldest (AD 235) wood sample was recovered from the A-horizon
of a buried mineral soil profile, while all the rest were recovered from the overlying peat.
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As the sample age approached modern times, we found a decreasing soil accumulation
rate (y-axis near 0, Table 4; Figure 8b). The rate of soil accumulation over time ranged from
2.59 to 7.92 mm year−1. To obtain the annual soil carbon accumulation rate, we divided
the average carbon stock between the ghost forest and healthy forest (393 Mg C ha−1) by
the age of the wood samples following the methods of [25]. The resulting average annual
carbon accumulation rate was roughly 0.21–1.67 Mg C ha−1 year−1.

Figure 5. Map of variation in total aboveground C content (a,b) and total soil C content (c,d) as a function of distance from
the bank of East Lake (open water) in healthy forest (left panels) and ghost forest (right panels) in the northern part of
Alligator River National Wildlife Refuge in eastern North Carolina. Red circles denoted by their corresponding plot codes
represent sampling plots of the healthy pond pine forest, and yellow circles are ghost forest sampling plot locations. Values
inside each circle are the total aboveground C (a,b) and total soil C (c,d).

Figure 6. Relationships between aboveground C (left) and total soil C (right) with the distance from the open water in the
healthy and ghost forests.

162



Land 2021, 10, 1294

Figure 7. Soil carbon content at the ghost and healthy forest at the top 50 cm and below 50 cm.

Figure 8. The relationship between the (a) depth of wood samples collected at the study sites and age (calendar year BP
2015), and (b) soil accumulation rate and age of the study site determined using the radiocarbon (14C) analysis for calendar
year BP 2015. A total of 16 underground wood samples were used in the analysis.

Table 4. Depth of soil where 16 wood samples were collected, the estimated age (approximate calendar
year AD) and calculated soil accumulation rate using the method of McTigue et al. (2019) [26].

Soil Depth (cm)
Age (Apprx. Calendar Year

BP 2015)
Soil Accumulation Rate

(mm/Year)

−85 1790 3.78
−90 1380 1.42
−90 1835 5.00
−92 1830 4.97
−95 1485 1.79
−95 1870 6.55
−160 865 1.39
−168 865 1.46
−169 805 1.40
−175 1415 2.92
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Table 4. Cont.

Soil Depth (cm)
Age (Apprx. Calendar Year

BP 2015)
Soil Accumulation Rate

(mm/Year)

−178 1155 2.07
−179 875 1.57
−189 1120 2.11
−190 1775 7.92
−195 265 1.11
−234 235 1.31

4. Discussion

4.1. Species Composition and Forest Mortality

Historical ditching and drainage along lower coastal plain roads and other infrastruc-
ture alter site hydrology, and potentially saltwater exposure regimes, in ways that affect
contemporary ecosystem function, with implications for responses to future environmen-
tal change. The ditch, which provides drainage for the road, may also allow the inland
intrusion of fresh- or saltwater during storm surges further than would normally occur. In
contrast, the roadbed can act as a dam, blocking floodwater from inundating ecosystems
on the other side. In the current study, this altered hydrology due to a roadbed–ditch
system resulted in the conversion of what we termed healthy pond pine forest into actively
transitioning ghost forest. The strong differences in species composition between the ghost
forest and healthy forest was the result of this disturbance to the hydrologic and, poten-
tially, the salinity regimes. The composition of wetland vegetation is strongly controlled
by the wetland water level and hydroperiod [39,40]. Physical and environmental stressors
may exclude several plant species, and the duration and intensity of flooding serves as
environmental determinants of plant species composition [9]. Swamp bay, pond pine,
red maple, and sweetgum are typical overstory tree species found within the Alligator
River National Wildlife Refuge [41]. The healthy forest studied here was dominated by a
pond pine overstory with the other species as associated sub-canopy co-dominants typical
of much of the refuge. However, the adjacent ghost forest, just on the other side of the
roadbed–ditch, was characterized by the almost complete mortality of the pine overstory,
and the replacement of the understory by dense thickets of swamp bays and other woody
shrubs. This type of ecosystem transition (replacement of forest by shrub-dominated sys-
tems) was also typical over much of the refuge, and was due to the shrubs having a higher
flood tolerance, even when compared to the moderately flooded tolerant pond pine, as was
reported for other similar systems [3].

According to personnel from the refuge and the ARNWR Comprehensive Manage-
ment Plan [18], the roadbed–ditch system was constructed at the study site in 1965. How-
ever, it is interesting to note that the remotely-sensed signs of forest decline only began
to appear after the mid-2000s (Figure 1). This suggests the environmental stress factors
leading to large-scale ecosystem transition became severe only relatively recently. Although
pond pine is considered an invader species in wetland coastal plain settings, it is unusual
for this species to mature in waterlogged areas [42]. This supports our hypothesis that the
67% overstory mortality in the ghost forest could, at least in part, be due to the increasing
inundation at the site in recent years. The decreasing canopy cover of the dying pond
pine results in high understory light levels, allowing for very flood-tolerant swamp bays
to flourish, changing the species composition. The continuing dominance of a pond pine
overstory in the healthy forest implicates the roadbed–ditch system as a causative factor
driving this ecosystem transition by slowing site drainage, thus lengthening the inundation
period (hydroperiod), leading to tree mortality. However, the 54% mortality of swamp
bays and other woody shrubs in the ghost forest, indicates that the hydrological stress
is exceeding the tolerance limits of even these very flood-tolerant plants as part of the
ecosystem transition to ghost forest. This suggests that the current shrub-dominance is only
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a transitory state, and that further ecosystem transition occurs with continuing increases in
the severity of the driving environmental stress factors.

In addition to hydrologic stress, saltwater intrusion was implicated as a factor driving
the formation of ghost forests along the southeast Atlantic and Gulf coasts [12]. In the early
stages of saltwater intrusion, live trees may suffer reduced annual growth, and then forest
distress becomes more visible. Young trees die conspicuously and new tree recruitment
ceases [43,44]. This cessation of recruitment skews tree age distributions towards older
age classes until these older remaining trees eventually die, forming relict trees that will
become ghost forests. Although we did not measure salinity exposure regimes in the
current study, accordingly, trees are most vulnerable to salinity stress during germination
and as seedlings [45]. Additionally, even the most flood-tolerant species require periodic
soil aeration for successful seed germination [3]. Therefore, the mortality occurring in our
study may have been driven by the synergistic impacts of salinity and inundation, a similar
condition reported by other studies [45–47]. High mortality rates and the subsequent
large amount of forest carbon losses in coastal forests was attributed to sea level rise,
drought [48], hurricane/storms [10,13], and hydrological connectivity from dams, ditching,
and canals [49]. The increasingly apparent forest mortality and ecosystem transition, of
which the current ghost forests appear to be at a seral stage, suggest that the environmental
drivers recently surpassed the threshold of tolerance of coastal pond pine in eastern North
Carolina, accelerated by the effects of human infrastructure on hydrology and, potentially,
salinity regimes.

4.2. Aboveground Biomass and Carbon Content of Vegetation

The proliferation of swamp bays and the decline of overstory pines with ecosystem
transition to ghost forests has implications for aboveground biomass and the carbon content
of these coastal ecosystems. The capacity of forest ecosystems to store C in biomass varies
depending on the species composition, age, and population density of each layer of the
plant community, N:P ratio, total nutrient supply, morphological and physiological traits of
plants, the amplitude of water level, water pH and electrical conductivity [39,50]. Despite
the fact that the healthy forest had a higher average aboveground biomass on a per tree
basis, the ghost forest, with a higher number trees of smaller diameter, had a higher total
aboveground biomass than that of the road side. The intraspecific competition of trees in
higher population densities usually led to a higher total aboveground carbon content [51].

We did not measure the water table depth in this study; however, a carbon flux
monitoring station within ARNWR recorded a prolonged hydroperiod (2009–present)
during non-growing seasons [52–54]. This monitoring station is located inland of the
ARNWR [44]. Since our study plots were located in the outer part of ARNWR and were
closer to a body of water (East Lake), we supposed our study sites would have experienced
more severe, prolonged flooding than the carbon monitoring site. Hydrological conditions
significantly influence wetland functioning [55]. Water level affects oxygen availability,
decomposition rates, and nutrient mobilization from the sediment [56,57] and thus affects
biomass production [58,59]. The water level also influences the ability of seeds to germinate
and establish [60].

A healthy forest has a multi-layered structure that includes overstory, mid-story, and
understory vegetation. Forest structure is a very critical component affecting natural tree
regeneration and forest stability [61,62]. However, our results showed an imbalance in
forest structure in both the ghost and healthy forest. The overstory trees have a far greater
density than the mid-story and understory stratum. In the ghost forest, only a small
percentage of regeneration species live past the mid-story stage, as shown by low biomass
in the mid-story level (Table 3). An increase in overstory structure induces a reduction in
mid-story or understory vegetation due to competition for resources such as light, nutrients,
and space. Maintaining enough understory vegetation biomass should be considered in
the management goals of any forest ecosystem.
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A higher overstory canopy density and biomass in both the ghost and healthy forests
in our study ultimately has a negative effect on the understory layer. This negative impact
significantly limits the restoration of proper stand structure in this wetland forest. However,
there are also positive effects with rising overstory tree density as this increases the tree
number, allocation fraction of photosynthetic products in stems, and the aboveground net
primary productivity [63]. As a result of the interaction between the positive and negative
effects of tree density, the aboveground biomass of trees increases with a higher tree density
but at a declining rate after a period of time [51].

4.3. Soil Carbon

Our results confirmed the relevance of freshwater wetlands within ARNWR as a C
sink. Total carbon (C) stocks in the study sites ranged from 749.0 ± 170.5 Mg ha−1 in the
healthy forest to 824.1 ± 46.2 Mg ha−1 in the ghost forest. These values are higher than those
published for other eastern Mountains and the Upper Midwest, averaging 478 ± 58 Mg ha−1

to 539 ± 47 Mg ha−1 in the top 100 cm soil depth [4]; 533Mg C ha−1 in organic wetlands of
southeastern Atlantic coastal plains [64]; and 586 Mg C ha−1, 100 cm soil depth [65] in forested
wetlands in New England, USA. Our total soil C was also higher than (195 ± 25 Mg ha−1) that
reported in the Interior Plains of the Dakota Praire [66,67] and 198 ± 21 and 216 ± 30 Mg ha−1

in the Coastal Plains and West [4]; 340 ± 94 Mg ha−1 in the Gulf of Mexico measured to soil
depths of 100 and 200 cm [16]; 109 Mg C ha−1 in flats and levees; and 193 Mg C ha−1 in
mineral wetlands of the southeastern Atlantic coastal plains [64].

The depth of peat horizons is mainly determined by the activity of soil organisms, the
repeated interruption of humus accumulation by water dynamics, soil micro-relief, the
distance to bodies of water, production and decomposition dynamics, organic and mineral
depositional history [2,16], which might cause the low soil C stocks found in top 0–50 cm
soil horizons in both the ghost and healthy forests. By contrast, the higher soil carbon below
(50–100 cm depth) in our study indicates the episodic burial and preservation of soil C due
to anaerobic soil conditions that slow the mineralization of the buried C [64]. However, a
study reported that soil layers below 30 cm deep contain substantial cumulative reservoirs
of carbon, with 65% of the total wetland soil carbon stored between 30 and 120 cm [4]. It
must be noted that we only determined C stocks of up to a 100 cm depth and that total
stocks may be even higher at deeper layers. Soil sampling in deeper layers is likely needed
for the more effective evaluation and modeling of wetland soil carbon dynamics.

4.4. Soil Accumulation over Time

The organic sediment of the soils we analyzed was deposited over 1870 years, which
indicated the soil’s capacity to sequester C in the long-term (soil-carbon-memory effect) [2].
Fixed C may be released as CO2 by microorganisms during decomposition or stored
belowground, where anaerobic decomposition occurs slowly, and recalcitrant C may
remain for millennia [16]. The ongoing delivery of sediment due to flooding leads to
sediment deposition, the burial of organic matter, and the vertical accretion of marsh
surfaces, thus allowing carbon to accumulate over long periods [4]. Increasing rates of sea
level rise may also contribute to soil accretion by increasing the duration of inundation and
increasing sediment deposition on marsh surfaces [68]. Anthropogenic impacts such as
the presence of ditches and dikes also have a strong association with affecting soil carbon
deposition [4]. A slightly lower soil carbon stored in the healthy forest might be due to
the presence of ditches increasing stream and base flows, thereby increasing the annual
discharge, which leads to lower (that is, drier) groundwater levels. This lower groundwater
level over time could increase soil carbon oxidation and affect soil carbon stores [4]. More
stored carbon in the ghost forest might be due to the occurrence of constantly saturated
conditions, allowing for more efficient C mineralization at the soil surface and limiting
microbial respiration at depth [64], and some contribution of dying overstory trees to
soil C inputs.
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Our mean soil accumulation rate was 2.59 mm year−1, yet we found a decreasing
trend as our site aged closer to modern times some 235 to 265 years ago (1.11 mm year−1

to 1.31 mm year−1) (Table 4). This decline in trend may occur because the vertical accretion
rates overlap with the range of sea level rise rates. Numerical models predict that the
maximum vertical accretions rates 2100 years ago were generally 5–30 mm year−1 [69].
Once these maximum limits are achieved, wetland drowning can be observed [12,70].
When these threshold rates of sea level rise are exceeded, wetlands must migrate laterally
into submerging uplands to survive [12].

Vegetation at our site persisted for at least 1870 years, resisting drowning to sea level
rise for many centuries because natural ecogeomorphic feedbacks allowed coastal habitats
to vertically accrete and keep pace with the sea level [71]. However, a study reported
that sea levels have risen at an average rate of 2.1 mm year−1, representing the steepest
century-scale increase of the past two millennia [72], and this rate was initiated between
AD 1865 and 1892. Another study also reported a rise in sea level from 2.2 mm year−1

to 2.4 mm year−1 around the 18th century [73]. If we follow the result of these studies
with a sea level rise rate of 2.1 mm year−1 to 2.4 mm year−1, this means that the sediment
accumulation in our study sites of less than 1.5 mm year−1, during the turn of 18th century,
was less than the estimated rate of sea level rise (2.1–2.4 mm year−1). These estimates
suggest that our site may have already been slightly submerged long before and has
transitioned from a depositional to an erosive environment and experienced a drowning
effect [12], slowly migrating laterally towards uplands to survive as it approaches modern
times. Recent global modeling suggests wetland migration into submerging uplands is the
single most significant factor influencing wetland area over time, and that global wetland
area could increase by up to 60% by 2100 for a 1.1 m sea level rise [74]. Our study site also
appeared to be undergoing a transition from organic to mineral accumulation based on
the decreased organic matter and sediment accumulation heading towards the open water.
This stratigraphic sequence was indicative of submerging marsh [16].

Our estimated carbon accumulation rate (CAR) of 0.21–1.67 Mg ha−1 year−1 aged
235–1870 years old at both the ghost and healthy forests (Table 4 aligns with other studies
conducted elsewhere in the United States. Johnson et al., 2007 [75] collected and aged a
New England salt marsh core to 3700 cal BP and reported a CAR of 0.4 Mg ha−1 year−1.
Brevik and Homburg, 2004 [76] collected a core in Southern California that formed over
the course of 5000 years and measured a CAR of 0.3 Mg ha−1 year−1. Drexler, 2011 [77]
measured CAR in cores >6000 years old and found CARs from 0.38 to 0.79 Mg ha−1 year−1.
A study also found a CAR of 0.39 Mg ha−1 year−1 when integrated over ~2400 years at
2.2 m depth of salt marsh [25]. These results suggest that carbon storage in marshes can
be enhanced by SLR-driven OM burial. We caution that our sampling sites only covered
a few plots with a small sampling size, and our estimates came with some degree of
uncertainty. Telford et al., 2004 [78] compared different age–depth modeling techniques for
radiocarbon-dated sediments and found that uncertainty is often underestimated, and the
errors were surprisingly large, especially when there were few dated levels.

5. Conclusions

Our study quantifies the impact of roadside ditching and drainage on ecosystem
transition from pond pine to shrub pocosin along the lower coastal plain of North Carolina.
Ditches and the roadbeds protect forest on the roadside but accelerates the ecosystem
transition to a ghost forest on the ditch side, which has implications for the aboveground
C storage and cycling. Our study helped us to better understand how coastal wetland
soil carbon accumulation changed over time and the response mechanism of vegetation
to these changing hydrological perturbations. Our investigation contributes to providing
information on the current status and past trends in coastal wetland soil dynamics that
may provide valuable insights into the future responses of the wetland ecosystems to
sea level rise and climate change. The mismanagement of the wetland ecosystem may
convert the present soil C pools into net C sources in the future. Therefore, conservation
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strategies for the wetland ecosystem should, to a greater extent, incorporate the functions of
disturbed and undisturbed wetland forests as C sinks. Flood control structures prevented
the migration of outer bank marshes into inland wetlands. The management of wetland
ecosystems must therefore consider the cost of constructing more conventional flood control
structures to the cost of damages associated with flooding and the danger of inland forested
wetlands becoming ghost forests. Choices between defending the coast from sea level rise
and facilitating ecosystem transition play a critical role in determining the fate and function
of coastal wetland ecosystems. Accurate carbon accounting in wetlands is vital to reduce
the risk of climate change contributions by identifying and protecting wetland landscapes
that hold disproportionately large soil C stocks.
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Abstract: Wetland ecosystems play a significant role in the global carbon cycle, and yet are increas-
ingly threatened by human development and climate change. The continued loss of intact freshwater
wetlands heightens the need for effective wetland creation and restoration. However, wetland
structure and function are controlled by interacting abiotic and biotic factors, complicating efforts
to replace ecosystem services associated with natural wetlands and making ecologically-driven
management imperative. Increasing waterfowl populations pose a threat to the development and
persistence of created wetlands, largely through intensive grazing that can shift vegetation commu-
nity structure or limit desired plant establishment. This study capitalized on a long-term herbivore
exclusion experiment to evaluate how herbivore management impacts carbon cycling and storage in
a created wetland in Western New York, USA. Vegetation, above- and belowground biomass, soil
carbon, carbon gas fluxes and decomposition rates were evaluated in control plots with free access
by large grazers and in plots where grazers had been excluded for four years. Waterfowl were the
dominant herbivore at the site. Grazing reduced peak growing season aboveground biomass by over
55%, and during the summer, gross primary productivity doubled in grazer exclusion plots. The shift
in plant productivity led to a 34% increase in soil carbon after exclusion of grazers for five growing
seasons, but no change in belowground biomass. Our results suggest that grazers may inhibit the
development of soil carbon pools during the first decade following wetland creation, reducing the
carbon sequestration potential and precluding functional equivalence with natural wetlands.

Keywords: grazing; created wetlands; freshwater marshes; carbon cycling

1. Introduction

Freshwater wetlands are among the most ecologically and economically valuable
ecosystems in the world, providing ecosystem services such as habitat for migratory
waterfowl [1], nutrient cycling [2,3], and carbon storage [4–6]. Urban and agricultural
development is threatening wetlands, resulting in the need for restoration and creation
to prevent loss of key ecosystem functions. Wetland ecosystems, however, are driven by
complex interactions between biotic and abiotic factors, including hydrology, nutrient
cycling, competition, and grazing, which influence ecosystem structure and function and
pose challenges to successful restoration efforts (e.g., [7–9]). A greater understanding
of the interplay among biotic and abiotic drivers of function, the trajectory of wetland
development over time, and which management tools can be leveraged to maximize
desired outcomes is required for more successful wetland restoration [10].

Emergent vegetation, such as Typha spp., is a key driver of carbon (C) cycling in fresh-
water wetlands [11,12]. Plants fix inorganic C from the atmosphere through photosynthesis,
store organic C in above- and belowground biomass, and transfer carbon to sediments
through decomposition and root exudation. Soil carbon is often stored for long periods
of time due to anaerobic soil conditions [13,14]. High photosynthetic activity, coupled
with anaerobic conditions, means that wetlands can be substantial carbon sinks [6,15,16].
However, the magnitude of soil carbon content is a key functional difference between
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natural and created wetlands, with an average shortcoming in soil C of 51.7% relative to
natural wetlands within two decades of creation in the United States [17]. Globally, created
wetlands require more than 20 years to reach C levels of natural wetlands [9], and estimates
of time to reach comparable C levels in the United States range from 30 to 300 years [18],
with variation among wetland types [17]. This highlights the need to identify wetland
creation and management approaches that accelerate soil development and carbon uptake
and storage.

Herbivory has the potential to exacerbate plant and carbon cycling differences between
created and natural wetlands. Hydrology plays a key role in this top-down dynamic in
freshwater wetlands, with stable hydrologic regimes attracting waterfowl, in particular
the Canada goose (Branta canadensis) and ducks (Anas spp.), to wetlands for nesting and
feeding [19–21]. Created wetlands often feature deep standing water and young palatable
vegetation, which offers desirable habitat for migratory waterfowl [22]. This, coupled
with rising waterfowl populations [23], can cause created wetlands to be particularly
vulnerable to intensive grazing [21]. Herbivory in wetlands can cause a top-down cascade
that shifts ecosystem structure and function [24,25]. Although primary functional traits of
wetlands are determined by physico-chemical factors, especially hydrology and nutrient
availability, interaction between bottom-up and top-down factors may ultimately control
plant community composition and biomass [26–29].

Excessive grazing by waterfowl in wetlands can cause a decrease in total plant
cover [21,30], and also in plant biomass [29,31]. Preferential grazing, especially when
heavy, may also shift plant community composition [21,32–34]. Often waterfowl target
younger, more palatable plants, leading to a shift in plant species composition [35–37]
and changes in the quality and quantity of plant litter. When intensive grazing reduces
plant cover or changes plant species composition, net primary productivity (NPP) and
organic carbon brought into and stored in soil may decrease [38–41]. In grasslands, grazing
may also increase decomposition, by changing both litter quality and the soil environ-
ment [42]. In wetlands, plants also impact soil processes through oxygen transport into
sediments [43,44], and therefore intensive grazing of emergent plants could further alter
belowground carbon cycling by reducing aerobic microsites. While the impact of waterfowl
on plant cover, biomass and species composition has been studied in freshwater wetlands,
the impact on CO2 fluxes, net ecosystem exchange (NEE), and overall carbon storage is
less well understood.

One of the key limitations to many studies on herbivore impacts in wetlands is that
experiments often last only one or two seasons, limiting the ability to observe long-term
changes in carbon cycling and storage. The current study utilizes a long-term herbivore
exclosure experiment and builds upon Lodge and Tyler [21], who found that during the first
2 years of grazer exclusion, plant cover increased by 55% and peak growing season plant
diversity by 30% in a permanently flooded wetland, suggesting that, in some cases, grazer
management could be used to establish desired plant communities during wetland creation.
This result raised the question of whether shifts in plant communities following grazer
exclusion also promote the development of C stocks in created wetlands. The current study
expands on the long-term grazer exclusion experiment by quantifying C pools and fluxes
and addressing whether changes in plant cover following herbivore management result in
long-term changes in wetland carbon cycling and storage. The overarching objective of this
study was to better understand the impacts of grazers on carbon cycling, with the intent to
help managers develop management practices that promote carbon sequestration in created
wetlands. We hypothesized that a reduction in total plant biomass by grazers would lead
to decreased photosynthetic carbon uptake (GPP), lower net ecosystem exchange (NEE),
and ultimately decreased soil carbon storage.
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2. Methods

2.1. Site Description

This experiment took place between June 2017 and the end of April 2019, using
experimental plots established in 2014 by Lodge et al. [21,45]. Plots were located at High
Acres Nature Area (HANA) in a series of natural and created wetlands in Western New
York, USA (43◦5′ N, 77◦23′ W) owned and managed by Waste Management of New York,
LLC. This study was conducted in a 1.87 ha shallow emergent marsh, the North Pool of the
Western Wetland complex at HANA. The land was previously used as a gravel depository,
but was abandoned in the 1960s, left to fallow, and converted to an emergent wetland in
2009. Prior to its use as a gravel depository, the site was used for agricultural purposes. The
wetland is fed through the subsurface by the adjacent remnant quarry pond, and contains
a culvert in the south end which controls water flow to the pond directly south of the area,
allowing control of water levels and consistent standing water year-round [21]. Soils in the
North Pool wetland have relatively low organic matter, soil nutrients (nitrate, ammonium
and total phosphorus); dominant plant species include broadleaf arrowhead (Sagittaria
latifolia), pickerelweed (Pontedaria cordata), and white pond lily (Nymphaea odorata) [21].

In June of 2014, sixteen pairs of plots were established at the site, with each pair
consisting of a 1 m2 hardware mesh caged plot and an uncaged plot marked with poles
(Figure 1). As described by Lodge et al. [21], plots were arranged randomly in four blocks
of four pairs. A three-sided cage-control plot was also included in each block to ensure
that the response variables were unaffected by the cages themselves. Because there was no
cage effect over the first two years of the experiment, the cage controls were not used in
this study.

Figure 1. Experimental design at the North Pool of the Western Wetland complex at High Acres Nature Area in Western
New York. (A) The site was divided into four blocks and the white markers indication locations of pairs of caged and
uncaged plots, (B) cages were 1 m2 and constructed of hardware cloth (photo credit: Kimberly Lodge), and (C) gas flux
chambers were placed over the plots during measurements and were constructed from pvc pipe, clear polycarbonate
sheeting and polyethylene greenhouse film that was rolled into the water and secured at the sediment surface (photo credit:
Benjamin Hamilton.)

2.2. Grazer Abundance

We quantified waterfowl abundance based on observations by trained researchers and
volunteers from June 2017 through November 2018. Species, abundance, date, and time
of day were recorded on every visit with the frequency of observations varying among
seasons (n = 2 to 19; higher observations in summer and fall). Grazer point counts were
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converted to density in units of individuals per ha and compiled by season (winter, spring,
summer, and fall). Evidence of other herbivores, including deer, muskrats, and beavers,
was present, but individuals were rarely observed.

2.3. Vegetation Cover, Biomass and Elemental Composition

Vegetation surveys were conducted every six weeks between early June and August
2017 and May and August 2018. Surveys included estimation of total plant cover within the
plot as well as stem counts for each species and total grazer damage [46,47]. Percent cover
was estimated by at least two observers per plot. We quantified damage by estimating
the total leaf area removed by large grazers, relative to the extant abundance of each
species [34,48]. The stem height, leaf height, and leaf width were measured for five
individuals of each species for use in aboveground biomass estimation. Water depth was
measured in conjunction with all vegetation surveys by averaging three measurements
per plot. We estimated aboveground biomass for the eight plant species that comprised
>95% of total cover roughly every six weeks during the growing seasons of 2017 and 2018
using species-specific allometric equations. We selected representative culms growing
outside of experimental plots at the peak of the growing season (June–July), cut individuals
from the bottom of the stem at the soil surface and immediately measured stem height,
leaf height, and leaf width. We determined the per stem dry mass after drying at 60 ◦C
and created regression curves based on the best-fit allometric relationship for each species
(Supplemental Information, Table S1). Stem density and allometric characteristics measured
during the vegetation surveys were used to calculate the total plot-level biomass for each
species at each time point [48–50] and summed for each plot. We assessed C and nitrogen
(N) composition of the five most abundant plant species from samples collected in August
for use in the decomposition study (below). Plants were air-dried, ground to homogeneity
using an electric coffee mill, and analyzed using a Perkin Elmer 2400 CHNS Elemental
Analyzer. The total aboveground C in plant biomass was calculated for each species using
the estimated biomass and measured C content and then summed for each plot.

A single soil core (6 cm diameter × 20 cm depth) was collected from each plot using
an auger for the determination of belowground biomass and the elemental composition of
roots and rhizomes. Cores were sieved (1 mm mesh) to remove soil particles, and roots
and rhizomes were weighed after drying at 60 ◦C [36]. The C and N composition was
measured as above and the total biomass (to 20 cm) and tissue C content used to calculate
total C in belowground biomass.

2.4. Soil Characteristics and Elemental Composition

In October 2018 we used a syringe corer (2.5 cm diameter × 10 cm depth) to collect
samples in triplicate from each plot for bulk density and elemental composition. Bulk
density was calculated based on the mass of the soil core after drying at 60 ◦C and the initial
core volume. Visible roots and rhizomes were removed and cores were then homogenized
using a mortar and pestle and C and N content was measured as above. Bulk density and
the C content were used to calculate areal soil C in the top 10 cm of soil.

2.5. Decomposition

We identified the dominant plant species based on the plant surveys and used these
to measure decomposition using the litterbag method [48]. Four species were selected that
in combination contributed at least 60% of the total cover: broadleaf cattail (Typha latifolia),
broadleaf arrowhead (S. latifolia), pickerelweed P. cordata, and white pond lily (N. odorata).
Specimens were collected from outside experimental plots at the end of August and air
dried in the laboratory. We filled 20 × 20 cm square bags constructed from polyester screen
(approximate mesh size 1 × 1 mm) with 10 g dry litter and placed four litterbags of each
species into 12 plots (6 caged and 6 uncaged) in September 2018. Bags were collected after
30, 61, 181, and 211 days. The remaining material was rinsed thoroughly with tap water to
remove soil, dried at 60 ◦C, and weighed. The decomposition rate (k-value) of each species
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and treatment was calculated as the linear slope of the natural log of the percent original
mass remaining versus days in the field [51,52].

2.6. Gas Fluxes

We measured CO2 fluxes using the static chamber method [53]. Measurements were
made during the peak growing season (June–July) and at the beginning of plant senescence
(late August–September) in both 2017 and 2018. We measured fluxes in two of the four
experimental blocks (eight pairs of caged and uncaged plots). The chamber was constructed
from a PVC frame that covered a 1 m2 area and was adjustable in height (1 to 1.7 m)
depending on the height of the plant canopy. The top was fitted with a clear polycarbonate
panel that covered roughly one-third of the area, and the remainder of the top and the
sides were covered with clear polyethylene greenhouse film. The chamber fit over the
permanently installed PVC corner posts used to mark the plot and during measurements
the plastic film was rolled down into the water and secured at the sediment surface with a
chain to prevent lateral exchange of water or gases. The polycarbonate top and clear plastic
film used to construct the chamber allowed approximately 67% of photosynthetically active
radiation to pass through. For dark measurements, we covered the chamber with an
opaque tarp.

The polycarbonate top was fitted with a small radiative panel that attached to two gas
tight bulkheads so that chilled water could be circulated continuously through the chamber
while it was sealed. We continuously monitored temperature throughout the sampling
periods both inside and outside the chamber, and maintained internal temperatures within
5 ◦C of external temperature [53] by adjusting the chilled water circulation. Two additional
bulkheads connected the inflow and outflow of an infrared gas analyzer (LI-820) and
air was continuosly circulated from the chamber, through the analyzer and back to the
chamber using a small air pump. We measured changes in headspace CO2 in both the light
and the dark over approximately a 10 min period.

Fluxes were calculated from the slope of the first 5 min period after chamber closure
and calculated based on the headspace of the chamber above the water. We estimated gross
primary productivity (GPP) by subtracting the dark measurement (ecosystem respiration,
ER) from the light measurement (net ecosystem exchange, NEE) for each plot. We estimated
summer C budget values for GPP and ER from chamber fluxes, assuming a 24 h period for
respiration and a 12 h period for photosynthesis. Because submerged plants may directly
take up dissolved inorganic carbon (DIC) released from heterotrophs in the sediments and
water column, which was not reflected in our measured changes of CO2 in the chamber
headspace, we have likely underestimated overall ER and GPP.

2.7. Statistical Analyses

We performed all statistical analyses using the JMP Pro 14 statistical software. We
evaluated each dataset for homogeneity of variance and normality prior to statistical
analysis. Heterogeneity among blocks within each site was analyzed by including block as
a random factor in analyses. For data that met the requirements of normality, we used a
one-way ANOVA (belowground biomass and soil elemental composition) or for variables
that had a seasonal component (GPP, ER, NEE, aboveground biomass, plant cover) or a
species component (decomposition) a full-factorial two-way ANOVA with treatment and
month or species as fixed factors. When significant interactions were identified, we used the
Tukey post-hoc test to determine the differences among means. For data that could not be
successfully transformed to meet the normality assumptions, including grazer density and
grazer damage, we used a one-way Kruskal–Wallis test, followed by a Mann–Whitney U
test to compare means. The relationship between peak growing season (July) aboveground
biomass and carbon gas fluxes (GPP and ER) was assessed using simple linear regression
of data from both treatments and years.
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3. Results

3.1. Grazing Pressure

Waterfowl were consistently abundant in the North Pool site throughout the course of
the study with Canada goose (Branta canadensis), mallard ducks (Anas platyrhynchos), and
common gallinules (Gallinula galeata) as the most common species. Density ranged from 2
to 18 individuals ha−1 d−1. Peak abundance occurred in summer 2017, which was higher
than spring and summer 2018 (Supplemental Information, Figure S1).

3.2. Hydrologic Conditions

The North Pool wetland was consistently flooded, with water depths >8 cm through-
out the time of this study, ranging to a maximum of 50 cm (Supplemental Information,
Figure S2). The ability to control water flow out of the culvert situated at the southern end
of the wetland meant that the regional drought experienced in 2017 had minimal impacts
on water levels. Water depth was similar between the two years, with growing season
averages ranging from 24 to 29 cm.

3.3. Vegetation

A total of 12 species were found in experimental plots, with distinct differences in
composition and abundance across seasons and treatments (Figure 2). Aboveground
biomass showed a predictable seasonal pattern, with biomass increasing from spring into
summer and peaking in mid to late summer (Table 1, Figure 2). Aboveground biomass in
2017, which was unusually hot and dry, was lower across seasons and treatments than in
2018. The exclosure treatment resulted in a significant reduction in aboveground biomass
in both 2017 and 2018, and in 2018 there was a significant interaction between treatment
and month, with the effect of grazer exclusion on aboveground biomass increasing from
spring into summer (Table 1). During the height of the growing season (July), aboveground
biomass was 3-fold (2017) and 2-fold (2018) higher in caged plots than uncaged plots. In
the 2017, both grazer treatment and season were highly significant (p < 0.0001), with no
interaction. However, in 2018, there was a significant interaction between season and
treatment (p = 0.003), with the difference between caged and uncaged treatments increasing
over the course of the growing season. Similar seasonal and treatment patterns were seen
for plant cover (Supplemental Information, Figure S3, Table S2). The species selected for
biomass assessment in both years comprised greater than 90% of the overall cover.

Table 1. Results of analysis of variance examining the effect of date (May, June, July, August or summer, fall) and grazing
treatment (caged, uncaged) on aboveground biomass, gross primary productivity (GPP), ecosystem respiration (ER) and net
ecosystem exchange (NEE) measured in 2017 and 2018. Significant p-values are bolded.

Variable Date Treatment Dt x Tr

F p F p F p

Aboveground biomass 2017 F2,87 = 20.5 p < 0.0001 F1,87 = 17.0 p < 0.0001 F2,87 = 2.6 p = 0.08
Aboveground biomass 2018 F3,117 = 34.2 p < 0.0001 F1,117 = 35.7 p < 0.0001 F2,117 = 4.9 p = 0.003

GPP 2017 F1,25 = 23.2 p < 0.0001 F1,25 = 11.6 p = 0.002 F1,25 = 6.5 p = 0.02
GPP 2018 F1,26 = 7.7 p = 0.01 F1,26 = 4.0 p = 0.06 F1,26 = 3.9 p = 0.06

ER 2017 F1,27 = 7.7 p = 0.01 F1,27 = 6.4 p = 0.02 F1,27 = 0.01 p = 0.9
ER 2018 F1,26 = 0.003 p = 0.95 F1,26 = 5.1 p = 0.03 F1,26 = 3.1 p = 0.09

NEE 2017 F1,26 = 17.4 p = 0.0003 F1,26 = 7.5 p = 0.01 F1,26 = 7.5 p = 0.01
NEE 2018 F1,27 = 10.4 p = 0.003 F1,27 = 2.7 p = 0.1 F1,27 = 3.6 p = 0.07
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Figure 2. Aboveground biomass of dominant species during the (A) 2017 and (B) 2018 growing
season for caged and uncaged treatments. Biomass of minor species, with no value > 2% of the total
biomass in any season were excluded. These species are: Potamogeton crispus, Echinochloa crus-galli,
Polygonum persicaria, and Carex sp. Error bars are the standard error for the total biomass in each
season and treatment (n = 16). Stars indicate significant differences between grazer treatments
(** p < 0.001) for 2017 where no interaction between season and treatment was found. Unique letters
above bars in 2018 indicate statistically distinct values for the interaction between grazer treatment
and season (p < 0.01).

The species composition of aboveground biomass shifted seasonally and between
treatments (Figure 2). S. latifolia had the highest biomass across years and seasons, with the
exception of spring 2018 when Leersia oryzoides, T. latifolia, Alisma plantago-aquatica were
present but overall biomass was low. S. latifolia was particularly dominant in uncaged
plots during the peak of the growing season, contributing >90% of the aboveground
biomass in uncaged plots in 2017 and 75–85% of the biomass in uncaged plots in 2018.
In 2018, N. odorata was also prominent in uncaged plots, contributing 11% of the peak
growing season biomass, while being almost entirely absent from caged plots across both
years. A larger number of species contributed to the aboveground biomass in caged
plots, with S. latifolia contributing 50–90% of growing season biomass and L. oryzoides
up to 40%, while being essentially absent (<0.05%) from uncaged areas. T. latifolia was
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present only in caged plots, and aside from May 2018, always low (<10%). P. cordata was
present in both treatments across the growing season, but was a minor contributor to
biomass. Additional species present in low abundance (<5% of total biomass) in caged
plots included Schoenoplectus tabernaemontani, Scirpus sp., Echinochloa crus-galli, and Lythrum
salicaria. Grazer damage was observed only for P. cordata, S. latifolia, and N. odorata. Of the
species impacted by grazers, relative damage ranged from 17 to 25% (scaled to abundance)
and there were no significant differences among species, although relative damage was
highest for S. latifolia (Supplemental Information, Figure S4). We note, however, that these
measurements do not take into account species completely excluded by grazers or those
for which no measurement of grazer damage was assessed.

3.4. Soil and Belowground Biomass

Belowground plant biomass in the top 10 cm tended to be higher in caged plots
(caged: 555 ± 127; uncaged: 338 ± 105 g m−2). However, there was no significant effect of
grazing (F1,27 = 1.6 p = 0.2) and there was no difference in the C and N content between
treatments (F1,13 < 0.02 p = 0.9, Table 2). Soil C increased from 5.06 ± 0.25% to 6.42 ± 0.23%
in the absence of grazers (F1,30 = 12.3, p = 0.002, Table 2). Although not significant, this
increase in %C was accompanied by increased %N (F1,30 = 2.8, p = 0.1), resulting in no
change in soil C:N (Table 2). Soil bulk density was not different between treatments (caged:
0.34 ± 0.03, uncaged: 0.32 ± 0.03) and the higher C content of soils within caged plots
yielded 34% higher C storage in the top 10 cm of soil when grazers were excluded
(F1,30 = 6.4, p = 0.02).

Table 2. Elemental composition of dominant plant species at the study site and belowground biomass
and soil from caged and uncaged plots, mean ± SE. Bold values indicate significant differences
betwen caged an uncaged plots.

Variable %C %N C:N

Vegetation
S. latifolia 42.0 ± 0.01 2.0 ± 0.05 24.9 ± 0.6
N. odorata 41.9 ± 0.23 2.5 ± 0.01 19.8 ± 0.2
T. latifolia 44.4 ± 0.14 2.1 ± 0.08 24.6 ± 0.8
P. cordata 41.2 ±0.07 1.3 ± 0.02 37.3 ± 0.6

L. oryzoides 43.1 ± 0.03 1.4 ± 0.13 35.9 ± 3.3

Belowground biomass
Caged 35.9 ± 1.66 1.6 ± 0.07 26.0 ± 1.3

Uncaged 35.5 ± 2.00 1.6 ± 0.14 25.7 ± 1.7

Soil
Caged 6.5 ± 0.33 0.5 ± 0.13 19.7 ± 0.7

Uncaged 5.1 ± 0.36 0.3 ± 0.02 20.8 ± 0.7

3.5. Decomposition Rates

Decomposition rates varied significantly across species; N. odorata decomposed faster
than T. latifolia, P. cordata and S. latifolia (F3,35 = 255, p < 0.001, Figure 3). Across all species
measured, N. odorata was also the species with the lowest litter C:N (Table 2). Differences in
these ratios were largely driven by species-specific differences in %N, with values ranging
from a low of 1.3 ± 0.02% in P. cordata to 2.5 ± 0.01% in N. odorata (Table 2). Decomposition
was greater in caged plots overall (F1,35 = 7.3, p = 0.01), but the significant interaction
between species and treatment showed that the increase in decomposition when grazers
were excluded only occurred for N. odorata (F3,35 = 6.5, p = 0.001, Figure 3).
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Figure 3. Decomposition rate of the four dominant macrophytes in caged (grey) and uncaged (white)
plots. There was a significant interaction between species and treatment, and letters indicate statistical
differences between average k-values, p < 0.01.

3.6. Gas Fluxes

Carbon dioxide fluxes differed between summer and fall and were strongly influenced
by grazing (Table 1, Figure 4). Across grazer treatments, there was significantly higher
NEE in the summer compared to the fall in both years (2017: p = 0.0003; 2018: p = 0.003).
There was also a significant interaction in 2017 between season and treatment for NEE
(p = 0.01), with summertime net uptake in caged plots more than double that of uncaged
plots, whereas fall values were similar across treatments. Across years, ER was significantly
higher in caged plots (2017: p = 0.02; 2018: p = 0.03); and in 2017, it was significantly higher
in the summer compared to the fall (p = 0.02), but showed no interaction between treatment
and season in either year. GPP showed a clear interaction between season and treatment,
with a significant interaction in 2017 and a strong trend towards an interaction in 2018
(2017: p = 0.02; 2018: p = 0.06), with higher primary productivity in caged plots during the
summer. In summer 2017, when the grazer effect was greatest, caged plots fixed 55% more
carbon than uncaged plots. Across years and treatments there was also a significant linear
relationship between aboveground biomass and GPP and ER (GPP: R2 = 0.3, F1,29 = 9.2,
p = 0.005, ER: R2 = 0.4, F1,29 = 17.6, p < 0.001), with higher aboveground biomass correlated
with higher GPP and ER (Figure 5).
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Figure 4. Net ecosystem exchange (NEE), ecosystem respiration (ER) and gross primary produc-
tion (GPP) in 2017 (A) and 2018 (B) for caged (grey) and uncaged (white) treatments. Summer
measurements were taken in the period June–July, fall measurements were taken in the period
August–September. Stars indicate significant differences between caged and uncaged plots (p < 0.05)
within a season, where there was a significant interaction between season and treatment.
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Figure 5. Relationship between peak growing season (July) aboveground biomass and (A) ecosystem
respiration (ER) and (B) gross primary production (GPP). Regression analysis includes data from all
plots and years in which both biomass and gas fluxes were measured (n = 31).

4. Discussion

Exclusion of herbivores had large impacts on the plant community and thereby
carbon cycling and storage, with substantially lower biomass and gross productivity
where grazers have access. While carbon losses in the form of ecosystem respiration and
decomposition were also higher in the absence of grazers, higher rates of net ecosystem
exchange and increased soil C content suggest that overall carbon sequestration is increased
when herbivores are excluded. This points toward grazer management as a potential tool
for establishing robust vegetation communities in created wetlands and for accelerating
the accumulation of soil C, a characteristic that often differentiates created from natural
wetlands [7,8,54].

Plant communities were impacted by grazers throughout the growing season, sug-
gesting that exclusion of megaherbivores over multiple years has a persistent influence on
the wetlands. Caged plots were more diverse and consistently had higher plant cover and
aboveground biomass. When converted to units of carbon, using the average of 42.5% C
in plant tissue measured at the site (Table 2), peak growing season aboveground biomass
after five growing seasons of grazer exclusion was 175 g C m−2 compared to 75 g C m−2 in
control plots (Figure 6). The two to three fold increase in aboveground biomass and vegeta-
tion cover in caged plots is greater than the 25–60% increase in aboveground biomass in
riparian wetlands protected from grazers reported by Veen et al. [55] and the 50% increase
in reed stem density observed by Dingemans et al. [33] when geese were excluded from
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wetland plots. Likewise, Mulder and Ruess [56] reported a significant decrease in above-
ground biomass in their grazed treatments in salt marshes. The relative increase in cover in
caged plots was greater than observed in earlier reported values from this experiment [21],
suggesting that the impact of grazers is cumulative over time with continued access to
young wetland sites. Further, the higher vegetation cover (but not biomass) in caged plots
in spring 2018 suggests that the effects of grazer exclusion carry over year to year, and in
created wetlands, which typically have young plant communities with lower stem density
and belowground rhizomal development, limiting grazing may encourage the growth and
establishment of stable and diverse plant communities [57].

Belowground biomass was higher than that measured by Lodge and Tyler [21], sug-
gesting that as the wetland is maturing, belowground biomass is increasing and will likely
continue to contribute carbon stocks to the soil. In contrast to aboveground biomass, below-
ground biomass was only slightly, and not significantly influenced by grazer access. Lodge
and Tyler [21] previously observed significantly higher belowground biomass in these
same caged plots, indicating that more intensive sampling may strengthen our observed
trend. Unlike measurements of aboveground biomass, our measurements of belowground
biomass only occurred once during the year (October), potentially missing some impacts
of grazers on belowground processes. A more detailed sampling approach, including
seasonal sampling and species-level identification of belowground biomass, would enable
better linkages between aboveground responses to herbivory and belowground C storage.

Shifts in vegetation dominance when grazers were excluded were consistent with the
grazing preferences of waterfowl at the site. In uncaged plots, semi-desirable species were
frequently damaged by grazing, such as S. latifolia, resulting in lower biomass. In contrast,
some plants in the caged plots were able to grow to maturity and may eventually become
less palatable to grazers [58]. These species included L. oryzoides and T. latifolia, which were
virtually absent in open plots. In 2018, we also observed the emergence of N. odorata in
the open plots, suggesting that the removal of other palatable species allowed expansion
of surface-covering lilies that may lead to further shifts in ecosystem structure. Bagchi
and Richi [38] made similar observations in grasslands, reporting shifts in vegetation
dominance consistent with grazer preferences, with a higher abundance of more palatable
plants and higher diversity in ungrazed plots. In a review of the environmental impacts of
expanding goose populations, a dominant grazer in our system, Buij et al. [59] found that
grazers not only reduce overall plant biomass, but also reduce plant diversity and modify
the habitat.

Growing season CO2 fluxes in our system were comparable to other created/restored
temperate emergent wetlands, with our estimated daily summer net CO2 uptake for
caged plots of −5.2 g C m−2 d−1 (Figure 6), falling within the range of August CO2
uptake rates (−8.5 to −2.3 g C m−2 d−1) (California; [60]) and our hourly uptake rates of
−0.7 g C m−2 h−1 (caged) and −0.3 g C m−2 h−1 (uncaged) bracketing growing season
static chamber flux values of −0.45–0.55 g C m−2 h−1 (Ohio; [61]). Changes in ecosystem
CO2 fluxes in response to grazing tracked patterns in aboveground biomass, with higher
aboveground biomass correlated with higher rates of GPP and ER. Increases in growing
season GPP in response to grazer exclusion was higher than that of ER, resulting in
25–100% higher summer net CO2 uptake in caged plots. Higher temporal resolution of flux
measurements would provide additional insights into the seasonality of grazer impacts on
CO2 fluxes and enable a more detailed assessment of shifts in carbon uptake in response to
grazer exclusion. The relationship between CO2 fluxes and plant cover confirms the strong
influence of plant biomass on CO2 uptake [62], suggesting that management that impacts
the establishment and growth of vegetation communities can have large effects on carbon
storage in these systems. Similar results were seen following grazer exclusion in alpine
meadows [41] and high arctic wet meadows [40], where significantly lower carbon uptake
in grazed plots was attributed to the substantial reduction in aboveground biomass.
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Figure 6. Estimated peak growing season carbon budget with (A) and after 4 years without (B)
grazing. Average values of each variable are listed with standard error in parentheses, with values
taken from caged and uncaged plots during the peak of the growing season (July) following five
growing seasons of grazer exclusion (2018). Carbon pools are denoted by boxes, with units of g C
m−2; carbon fluxes are denoted by dashed arrows, with units of g C m−2 day−1.

Decomposition rates varied strongly with plant litter type, suggesting that one of
the most significant impacts of grazers on carbon cycling may be through the combined
impact on species composition and total plant production. Variations in decomposition
rates across species generally tracked differences in C:N, where species with the lowest
C:N (N. odorata: 19.8 ± 0.2) decomposed fastest and the species with highest C:N (P.
cordata: 37.3 ± 0.6) decomposed slowest. T. latifolia was the exception, with both low C:N
and slow decomposition. In our system, shifts in species composition following grazer
exclusion (e.g., Figure 2) contribute to slower decomposition rates. While the species with
similar decomposition rates (S. latifolia, P. cordata) were more similar in biomass between
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treatments, the fast decomposing species, N. odorata, contributed <0.3% of the aboveground
biomass in caged plots (<1 g m−2 in 2018) compared to 9% in uncaged plots at the end of
the growing season (13 g m−2 in 2018). In contrast, the slower decomposing T. latifolia was
only found in caged plots, with about 6% of the end of season biomass. While L. oryzoides
(40% of end of season biomass in caged plots only) was not used in our decomposition
study, its high C:N (35 .9 ± 3.3) suggests persistence within the system. T. latifolia and L.
oryzoides together contributed an additional 160 g m−2 of relatively refractory material to
caged plots in 2018. These species composition shifts, coupled with higher litter inputs
associated with high aboveground biomass in caged plots will cascade over time to enhance
the accumulation of soil carbon in the absence of grazers.

Our results support findings that changes in decomposition in response to grazing
can arise from both changes in plant communities and alterations in the soil environ-
ment [42]. Grazer exclusion promoted decomposition of the most labile species in our
study (N. odorata), suggesting that changes in soil environment due to grazing has the
largest impact on more labile plant litter. In wetland ecosystems, high plant biomass can
accelerate decomposition through two mechanisms [63], root oxygen loss creating aerobic
sediment microsites [43,44] and the priming of the rhizosphere through the release of labile
carbon from roots [64], thus facilitating the breakdown of plant litter in caged plots. It is
important to note that N. odorata was not found in any caged plots, thus its higher decom-
position rate in the absence of grazers did not impact overall decomposition rates. An
additional impact of grazers on decomposition is changes in plant chemistry in response
to grazing [42,65], which was not considered in our study. Plant responses to grazer can
result in either increased [42] or decreased [66] C:N, which could exacerbate or reduce the
patterns in decomposition observed in this study and bears further investigation.

A meta-analysis of the impacts of large grazers on carbon storage found that while data
are more limited for wetlands, the response to grazers is similar to terrestrial ecosystems
and experience reductions in soil carbon under grazing [67]. Overall carbon storage in the
soil was increased >30% by grazer exclusion and carbon stored in belowground biomass
was increased by >60% (Figure 6). While many wetland grazing studies focus on the
impacts of mammalian grazers such as nutria (Myocastor coypus; e.g., [68]) or livestock
(e.g., [69]), waterfowl grazing has been shown to reduce carbon storage in arctic tundra
by a similar amount (35%; [70]). This pattern is consistent with grazing studies conducted
across a range of ecosystems (e.g., North American, prairie [71]; Mongolian steppes [72];
Himalayan grasslands [38]). We measured belowground biomass in the top 20 cm of soil
and soil C in the top 10 cm, and therefore may have underestimated overall belowground
biomass and soil C, missing some impacts of grazing on belowground processes. However,
grazer studies in other systems have found that the largest effects of grazer presence are
observed in the soil surface (e.g., [73]), and therefore measurements in deeper soil layers
are unlikely to significantly change our results.

While most prior studies have evaluated the impact of grazing on mature systems,
with perhaps greater resilience, the results here illustrate the strongly divergent trajectories
of ecosystem development that may occur when grazing pressure is applied soon after
construction of emergent freshwater wetlands and extended over several years. In this
nascent created wetland, where hydrology supports high waterfowl populations, both
carbon pools and carbon fluxes were significantly impacted by grazing (Figure 6). The
substantially high C fluxes were in the absence of grazers - approximately 4 g C m−2 d−1

greater intake of atmospheric carbon into the wetland through gross photosynthesis-
cascaded to an additional 750 g C m−2 higher C in aboveground biomass, belowground
biomass and soil pools after five growing seasons of grazer exclusion (Figure 6). Future
trajectories may lead to slower development of emergent marsh structure, or transition
to an alternate stable state dominated by submerged macrophytes. Thus, the impact of
exclusion over longer time periods is worthy of future study to evaluate the persistence of
these divergent trends in ecosystem development.
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5. Conclusions

Grazing can significantly limit the carbon storage potential of created wetlands, un-
derscoring the importance of managing waterfowl populations in newly created wetlands
where vegetation communities are not fully established. As shifts in global climate alter
behavior and migratory patterns of herbivorous waterfowl (e.g., [74]), a greater under-
standing of the interdependence between restoration planning and population dynamics
of dominant species will be required. These results also highlight the need for frequent
monitoring of not only plant populations and hydrology following wetland creation, but
also the use (or overuse) of nascent systems by potentially damaging species. By limiting
waterfowl numbers, and by extension grazing intensity, during the early stages of wet-
land development in created wetlands, a more stable and diverse plant community may
form [35–37], maximizing potential C sequestration.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/land10080805/s1; Figure S1: Waterfowl observations June 2017 through November 2018;
Figure S2: Water depth measured throughout the growing season (May–August) of 2017 to 2018;
Figure S3: Vegetation cover during the 2017 and 2018 growing seasons; Figure S4: Grazer damage
for each species normalized to species abundance; Table S1: Regression curves used to estimate
aboveground biomass; Table S2: Results of analysis of variance on the effects and interactions of
month (Mo), and treatment (Tr) for vegetation cover in 2017 and 2018.
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Abstract: Northeast Shark River Slough (NESS), lying at the northeastern perimeter of Everglades
National Park (ENP), Florida, USA, has been subjected to years of hydrologic modifications. Con-
struction of the Tamiami Trail (US 41) in 1928 connected the east and west coasts of SE Florida
and essentially created a hydrological barrier to southern sheet flow into ENP. Recently, a series
of bridges were constructed to elevate a portion of Tamiami Trail, allow more water to flow under
the bridges, and attempt to restore the ecological balance in the NESS and ENP. This project was
conducted to determine aspects of soil physiochemistry and microbial dynamics in the NESS. We
evaluated microbial respiration and enzyme assays as indicators of nutrient dynamics in NESS soils.
Soil cores were collected from sites at certain distances from the inflow (near canal, NC (0–150 m);
midway, M (150–600 m); and far from canal, FC (600–1200 m)). Soil slurries were incubated and
assayed for CO2 emission and β-glucoside (MUFC) or phosphatase (MUFP) activity in concert with
physicochemical analysis. Significantly higher TP contents at NC (2.45 times) and M (1.52 times)
sites than FC sites indicated an uneven P distribution downstream from the source canal. The
highest soil organic matter content (84%) contents were observed at M sites, which was due to higher
vegetation biomass observed at those sites. Consequently, CO2 efflux was greater at M sites (aver-
age 2.72 μmoles g dw−1 h−1) than the other two sites. We also found that amendments of glucose
increased CO2 efflux from all soils, whereas the addition of phosphorus did not. The results indicate
that microbial respiration downstream of inflows in the NESS is not limited by P, but more so by the
availability of labile C.

Keywords: wetland soil; microbial respiration; CO2 efflux; Everglades; enzyme activity; phosphorus

1. Introduction

Wetlands are considered to be both sources and sinks of terrestrial C and play an im-
portant role in the global C cycle. Wetlands are estimated to contain approximately 20–30%
of the global C pool [1]. The total amount of C stored in wetlands in the conterminous
US is about 11.52 Pg [2]. The nutrient dynamics and biogeochemistry of soils in wetlands
are more complex than in uplands, specifically because of the intermittent anaerobic and
semi-aerobic conditions. Microbial respiration and enzyme assays can be considered as
potential indicators of soil health, nutrient enrichment, availability, and mineralization in
wetlands [3–5]. Induced enzyme activity (EA) links environmental nutrient availability
and microbial biomass stoichiometry [6]. For instance, higher EA in soil indicates low
availability of labile nutrient contents. Additionally, small changes in the decomposition
rate and enzyme activity will be able to alter both recalcitrant and labile C pools, impacting
the long-term soil C stocks. Extracellular enzymes such as glucosidase and phosphatase
are majorly studied for their ability to mineralize C from plant litter and P from nucleic
acids, respectively, whereas the lability of soil organic matter (SOM) can be determined
through the production of CO2 in aerobic incubations [7]. These indicators are also helpful
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in predicting nutrient status in soils under varying hydrologic conditions. This short-term
research study was conducted in the Florida Everglades, the largest wetland in the USA,
and is internationally recognized by several organizations including the United Nations
Educational, Scientific, and Cultural Organization (UNESCO). Hydrologic modifications
enabling anthropogenic development of South Florida have greatly reduced the water flow
in Northeast Shark River Slough (NESS) at the northeastern border of Everglades National
Park (ENP). The construction of the Tamiami Trail (US highway 41) in 1928 to connect
the Florida Coasts created a significant hydrologic barrier (shorter hydroperiod) between
NESS and the remaining Everglades to the north. Additionally, nutrient loading from the
northern border of NESS resulted in a phosphorus gradient consistent with that seen in
other areas of the Everglades in proximity to discharge canals [8]. Studies have suggested
that native periphytons (calcareous, filamentous blue-green algal communities), primary
producers of Everglades ecosystem, are highly sensitive to P concentrations and small
changes in P loading can create rapid changes in the periphyton community [9]. Overall,
the reduced hydroperiods in much of the Everglades as a result of water diversion have
resulted in net soil C loss [10]. Altered hydroperiods are responsible for the replacement
of native aquatic plant species with non-native species [11] and the shifting of native
periphyton communities, consequently hampering the long-term ecological balance in
the Everglades; however, limited infrastructure, including culverts under the Tamiami
Trail, were constructed to allow water to flow southward into the NESS. Since the water
flow through the culverts was not sufficient, two large bridges were constructed in 2012
and 2019 to increase water flow into the NESS and to partially restore the hydrology and
ecological structure and function.

Historically, the Everglades has largely been a P-limited system [12]; however, nutrient
runoff from agricultural and urban development areas may have changed the dynamics
of nutrient availability in NESS soils, specifically in nutrient-rich pockets. We contend
that using biological indicators in the NESS region will help identify potential ecological
and biogeochemical imbalances. The results from this study will be able to provide
insights about the nutrient dynamics of NESS specifically after the construction of new
bridges. We hypothesized that microbial respiration and enzymatic assays in response to
current hydrological changes will be able to indicate the lability of organic matter and P
biogeochemistry at certain distances downstream in the NESS. The specific objectives of this
study were: (a) to characterize total P (TP), total C (TC) contents and other physicochemical
properties of NESS soils at locations with at certain distances from the inflow; (b) to evaluate
the potential of microbial respiration (CO2 efflux) and extracellular enzyme activity as
predictors of nutrient status in the NESS.

2. Materials and Methods

2.1. Site Location and Sample Collection

Soils were collected from NESS sites at certain distances from the bridge (inflow) on
the Tamiami Trail (Figure 1). Sample collection locations included near-canal (n = 28),
midway (n = 24), and far from canal (n = 24) sites that were about 0–150, 150–600, and
600–1200 m downstream, respectively. Intact soil cores (0 to 10 cm) were collected by
inserting plastic tubes of a known diameter (surface area) into the soil. Additional care was
taken to minimize compaction during collection. Subsamples of known mass fresh soils
were used in CO2 efflux incubations and enzyme activity analysis. Additional subsamples
were dried, ground, and used in physicochemical analysis. Water depths during each
sampling were measured using a standard ruler (one meter stick) to the nearest cm as the
depths between the surface of the water and the resistance of the soil.
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Figure 1. Locations of sampling sites in Northeast Shark Slough (NESS), Florida, USA (A), in proximity to a bridge
constructed to partially restore southward water flow into Everglades National Park (ENP). Red tags are near-canal sites
(0–150 m downstream of canal), yellow tags are midway (150–600 m), and green tags are far from the canal (600–1200 m)
(B,C). Remnant vegetation “halos” (increased biomass and nutrients) are identified and show the locations of pre-bridge
culverts (C). Google Earth images were used for context. Photographic images of the bridge (near-canal) (D) and sampling
site (E).

2.2. Laboratory Analyses

The ability of soil microbes to generate CO2 under controlled conditions was assessed
by adding a known mass of fresh 1:1 soil slurries (soil/solution) to 20 mL CO2-free air
purged from headspace incubation vials (triplicate) and subjected to dark incubation at
25 ◦C for 72 h. Gas samples collected from headspace vials were then injected into a
HP 5890 Series II gas chromatograph equipped with a flame ionization detector and a
Shimadzu MTN-1 methanizer. The measured CO2 efflux was expressed as μmoles per unit
mass of dry soil following the methods described by [7,13].

Four treatments were evaluated, including a non-amended control (C) and amend-
ments of 1.2 mmol L−1 of glucose (G), 0.4 mmol L−1 of phosphorus (P), and a combination
of phosphorus and glucose (P + G). Treatment strengths were calculated following the
method proposed [7] and our previous experiments in NESS soil.

Enzyme activities were determined for each of the four treatments (C, G, P, and P + G)
by adding moieties of the fluorogenic substrate, 4-methylumbelliferyl (MUF; either -β-
glucoside (MUF-C) or MUF–phosphatase (MUF-P)), to soil solutions made by diluting
slurries to a final 10−3 dilution. Diluted samples (200 μL) were pipetted into 8 wells of a
96-well plate, to which 50 μL of either MUF-P or MUF-C substrates were added to obtain
final concentrations of 10 μM. Plates were then incubated in the dark for 2 h (MUF-P) or
24 h (MUF-C). Substrates were added to replicate wells after incubation and immediately
before fluorometric analysis to determine the initial fluorescence (i.e., t0). No substrate
was added to rows or columns containing standards or background blanks. A Synergy HT
microplate reader was used for fluorometric determination with enzyme activity regressed
from standard curves.
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Total carbon (TC) and total nitrogen (TN) levels of oven dried soil samples were
analyzed using a Carlo-Erba NA-1500 CNS analyzer [14]. Determination of Total P was
done via oxidation (dry combustion) and hydrolysis to soluble forms (soluble reactive,
ortho-P; SRP) using MgSO4/H2SO4 and HCl [15], followed by standard colorimetric
analysis using USEPA method 365.1 [16]. Dry bulk density (g cm−3) and organic matter
(%) levels of soil were measured following the standard methods of ASTM D4531-86 and
ASTM D2974-87, respectively.

We analyzed and cleaned the data (using interquartile range calculation) outliers
before performing statistical analyses. One-way analysis of variance (ANOVA) was carried
out independently on treatments at certain distances and four treatments were carried out
between distances using the SAS9.4 PROC MIXED procedure. Tukey–Kramer post-hoc
tests were conducted to compare mean separation levels at p < 0.05 among treatments
and between distances. Pearson correlation coefficient analysis was performed on soil
characteristics at p < 0.05 (two-tailed).

3. Results and Discussion

The construction of the Tamiami Canal and Highway bisected the natural north-to-
south sheet flow of water into the ENP. The nutrient-enriched canal water that flowed
southward was funneled through a series of culverts and established the long-term P
gradient evident in our analysis, whereby soil TP content decreased with distance (Table 1).
The soil TP from near-canal (NC) and midway (M) sites were significantly higher (p < 0.05)
by about 2.45 and 1.52 times, respectively, than far from canal (FC) sites. Additionally,
certain samples with high TP contents (as high as 2630 μg g−1 dw) in NC sites were
proximal to “halos” (enriched pockets), areas of increased water depth, nutrient content,
and plant biomass at the outfall of culverts (Figure 1). Soil organic matter (SOM) was
highest (average 87%) at M sites, which resulted in lowest bulk density values (ranged
from 0.11 to 0.16 g dw cm−3) in those soils. A possible explanation would be the presence
of the higher vegetation cover in M sites as compared to NC and FC sites. The Pearson
analysis (Table 2) of selected soil physicochemical parameters indicated that SOM was
highly correlated with TC and TN, which was expected for high organic “peaty” wetland
soils [17,18] where soil nutrients are largely in organic forms. Consequently, TN and TC
contents were also highest in midway (M) soil samples. In unimpacted Everglades soils
(those not influenced by allochthonous sources of P), TP is often correlated with TC [19];
however, this was not the case in our analysis, indicating the possibility of an influence of
external P loading (causing a biogeochemical disconnect) from agricultural areas [20].

Table 1. Physiochemical parameters (mean ± SD), including water depth, soil bulk density (BD), organic matter (SOM),
total P (TP), total N (TN), and total C (TC), at increasing distances from a source canal in the NESS. Different lowercase
letters indicate significant differences (p < 0.05) between sites.

Sites n
Water
Depth

BD SOM TP TN TC

cm g dw cm−3 % ug g−1 dw mg g−1 dw

Near canal 28 19 ± 8 a 0.140 ± 0.035 a 54 ± 19 b 1143 ± 273 a 2.2 ± 0.9 b 32 ± 6 c

Midway 24 12 ± 4 a 0.129 ± 0.029 a 84 ± 17 a 712 ± 151 b 3.4 ± 0.3 a 46 ± 8 a

Far from canal 24 8 ± 4 a 0.149 ± 0.052 a 67 ± 11 b 467 ± 87 c 2.8 ± 0.4 a 40 ± 9 b
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Table 2. Pearson’s (two-tailed) correlation analysis between different physicochemical soil properties
(bulk density, BD; total P, TP; total N, TN; total C, TC; soil organic matter, SOM) for all NESS sites
combined.

Parameters TP Soil Moisture TN TC SOM

BD −0.33 −0.60 * −0.35 −0.50 −0.51
TP 0.25 −0.28 −0.29 −0.21
Soil moisture 0.39 * 0.44 * 0.53 *
TN 0.95 * 0.95 *
TC 0.99 *

footerNote: * significant at α ≤ 0.05.

Soil organic matter accumulates in wetlands when C-fixation during photosynthe-
sis exceeds decomposition through mineralization and respiration [21]. Several factors
influence this balance, including those that affect fixation, decomposition, and the labil-
ity or stability of SOM [22,23]. Previous studies have suggested that decomposition of
litter and belowground biomass in the oligotrophic Everglades is P-limited [24], as is the
oft-cited P-limited productivity [12,25]. The hypothetical influence of P limitation and
variations in SOM lability were studied in our CO2 evolution experiment, where the CO2
fluxes ranged from 0.18 in unamended controls to 5.62 (μmol CO2 g−1 dw soil h−1) under
doubly-amended (P + G) treatments for all three locations along the gradient (Figure 2).
The addition of P alone as an amendment did not significantly increase CO2 emissions
compared to the unamended controls at any location, suggesting that SOM respiration in
these soils was not P-limited. Even in the FC sites that had the lowest TP contents (Table 1),
where P addition might be suspected to have the greatest influence, P addition did not affect
respiration. It should be noted that average TP contents at FC sites (467 mg g−1 dw) were
much higher than the previously reported TP concentrations in unimpacted NESS soils
(approximately 218 mg g−1 dw; 8). In unamended soils, CO2 production was significantly
greater (p < 0.05, as indicated by different capital letters) at the M sites than at the other sites.
This could be reflective of the greater overall SOM content at this site rather than differences
in the lability of the SOM. The addition of glucose (G) increased respiration relative to the
unamended controls at the NC and M sites but not for FC sites (Figure 2). Adding a labile
C source (glucose amendment) supports the hypothesis that the efflux of CO2 from NESS
soil is at least partially dependent on the SOM carbon quality. As might be expected, a
major portion of the SOM present in the NESS soil is in more recalcitrant forms compared
to labile glucose [7]. In a recent study conducted at Everglades National Park, [26] found
that regardless of restoration activities, the decomposition and microbial respiration were
limited by labile C rather than soil P. A potential ecological consequence of recalcitrant
SOM under the influence of hydrologic restoration and concurrently longer hydroperiods
would be an increase in peat accretion. An abundance of recalcitrant C indicates a healthy
and productive wetland ecosystem [27]. In our study, across all treatments at all sites, the
combination of phosphorus and glucose (P + G) produced significantly higher CO2 than
other treatments, suggesting readily available (labile) C and P increased microbial activity
in the soils and caused a “priming effect”, as reported in other studies [7].
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Figure 2. Carbon dioxide (CO2) efflux and enzyme activity (phosphatase or MUFP and glucosidase
or MUFC) analyses of incubated soil slurries collected at certain distances (near-canal, midway, and
far from canal) downstream from the inflow in the Northeast Shark River Slough, ENP. Treatments
included a control (C), glucose (G), phosphorus (P), and a combination of phosphorus and glucose
(P + G). Lowercase letters indicate significant differences (p < 0.05) between treatments (within a
distance), while uppercase letters indicate the treatment difference sacross distances (NC, M, and
FC). Uppercase letters not used in this figure were for treatments with no significant difference
between distances.

Enzyme assays were conducted to determine the activity levels of β-glucosidase and
phosphatase enzymes in NESS soils. Soil microbes produce β-glucosidase or phosphatase
enzymes to cleave the esterase bond between complex organic molecules and the glucose
or phosphate, respectively, allowing these compounds to become available for uptake
and degrade organic compounds in the process. Availability of nutrients in the soil can
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alter enzyme activity and soil respiration. In this study, the addition of G increased
MUFP activity above the unamended controls at all sites (significantly so at NC and F
sites), additionally indicating potential labile C limitation across all sites. Added labile
C enhanced the microbial community to increase phosphatase production, likely as a
response to a growing microbial population to take advantage of the added food source. In
all sites, the MUFP responses were similar for each treatment, as they did not significantly
differ for sites within treatments. Although not statistically significant, the addition of P
appeared to reduce the phosphatase activity compared to controls at all sites, as would be
expected for an inducible enzyme. The addition of glucose at the NC sites, where SOM
was lowest and P content highest, significantly increased the MUFC activity over that of
the controls, while P addition significantly increased this activity at the M sites, where
SOM was highest relative to other locations. There were no other between-site differences
regarding MUFC activity for any other treatments.

The biogeochemistry of P has major implications in controlling soil C dynamics in
wetlands. The external addition of nutrients can potentially impact the enzyme activity
and microbial respiration, specifically when those nutrients are not readily available in the
soil; however, our soils had abundant P content (considering more than 450 mg g−1 dw TP
contents in FC sites), so phosphatase enzyme activity was negligible when additional P
sources were applied. We also observed that heterotrophic microbial activity was more
responsive to additional food sources; therefore, the outcomes of this experiment indicated
that respiration and extracellular enzyme activity, at least downstream of inflows in the
NESS, are not limited by P, but rather by the availability of labile C.
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Abstract: We tested the hypothesis that upland wetland restorations provide the same quality of
wetland, in terms of ecosystem services and biodiversity, as natural wetlands in the St. Lawrence
River Valley. Water quality (pH, alkalinity, colored dissolved organic matter, phytoplankton com-
munity composition, chlorophyll-a, fecal coliform, total phosphorus, dissolved nitrate, turbidity,
specific conductivity) in 17 natural and 45 restored wetlands was compared to determine whether
wetland restoration provided similar physicochemical conditions as natural wetlands in the Saint
Lawrence River Valley of northeastern New York State. Natural wetlands were more acidic, which
was hypothesized to result from the avoidance of naturally acidic regions by farmers seeking to
drain wetlands for crop and pasture use. Natural wetlands had significantly greater fecal coliform
concentrations. Restored wetlands had significantly greater specific conductivity and related ions,
and this is attributed to the creation of wetlands upon marine clay deposits. Other water quality indi-
cators did not differ between restored and natural wetlands. These findings confirm other research at
these same wetlands showing no substantial differences between restored and natural wetlands in
major biotic indicators. Thus, we conclude that wetland restoration does result in wetlands that are
functionally the same as the natural wetlands they were designed to replicate.

Keywords: cyanobacteria; phosphorus; restoration ecology; water quality; wetland

1. Introduction

Wetland restoration is a form of ecological engineering wherein these valued ecosys-
tems in the landscape are reestablished for communal (human, ecosystem) good [1]. Public-
private partnerships for wetland restoration are a mechanism by which private landowners
and government agencies work together to improve the environmental quality of a human-
modified landscape. US federal wetland restoration programs such as those administered
by the US Department of Agriculture’s Natural Resources Conservation Service (NRCS) or
US Fish and Wildlife Service (FWS) are intended to restore wetlands and the ecosystem
services wetlands provide on agricultural landscapes where wetlands have been drained
or degraded in the past [2,3]. Wetlands are important features in the Upper St. Lawrence
Valley landscape that provide numerous ecosystem services such as fish and wildlife habi-
tats, natural water quality improvement, flood protection, opportunities for recreation,
and aesthetics. NRCS and FWS collaborate with private landowners to restore or enhance
wetlands on former or currently productive agricultural lands. In the St. Lawrence River
Valley of New York, over 200 landowners have had wetlands restored on their property
via these programs. Evaluating the success of wetland restorations is essential to program
expansion and the design of the best approach to achieve communal benefits. A key
question to evaluate programs success is “Do these restorations provide the same quality
of wetland, in terms of ecosystem services and biodiversity, as natural wetlands?”

Regional assessments of wetland restoration programs indicate that aggregating
over restoration projects, wetland restoration programs do augment ecosystem services
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in agricultural landscapes [4,5], though not necessarily the same quality as the former
natural wetlands that had been lost on the landscape due to drainage or other hydrological
alterations. There is a lack of studies, however, that evaluate restored wetlands on a project
level to natural wetlands in the same landscape [6,7].

We conducted biotic surveys and informational surveys of landowners at a large
set of restored and similar natural wetlands within the St. Lawrence River Valley of
New York. Reference natural wetlands were similar in landscape context and size to
wetlands restorations, and in proximity to them. Landowners had voluntarily enrolled in
wetland restoration programs because they want to improve the environmental quality
of their property by establishing and protecting well-functioning wetlands [8]. Restored
wetlands were similar to natural wetlands in terms of birds, amphibians, reptiles, fish,
and vegetation [6,8,9]. By various ecological indicator metrics, restored wetlands were
qualitatively similar to natural wetlands, albeit quantitatively most indices scores, on
average, were a little lower (i.e., lower environmental quality) than natural wetlands [10].
In comparison, these restored wetlands scored much higher (i.e., better environmental
quality) that wetlands in a nearby Great Lakes Area of Concern.

One wetland ecosystem service is improvement of water quality, and water quality is
used as one indicator of wetland state. Thus, one way to evaluate the success of wetland
restoration programs at restoring well-functioning wetlands is to compare water quality
between restorations and natural wetlands in the same landscape. We used a modified
water quality index developed for coastal marshes in the Laurentian Great Lakes [11]; this
index used water quality parameters that are significantly related to Great Lakes basin-wide
land use stressors and sensitive to road density [12]. Our implementation of the index
incorporated water turbidity, pH, temperature, conductivity, total nitrogen, total phosphate,
and chlorophyll-a. We found that the water quality index was, on average, quantitatively
slightly lower (indicating poorer water quality) than natural wetlands. However, the water
quality index averaged much higher (i.e., better water quality) than wetlands in the nearby
Great Lakes Area of Concern at Massena/Akwesasne, where significant anthropogenic
stressors are known to be present [10]. However, this water quality index, surprisingly,
was not correlated with other biotic and landscape indices of wetland quality. We surmised
in [10] that water quality was a poor indicator of wetland habitat quality for wetland-
associated plants and animals, and this may be because water quality parameters in
shallow wetlands are highly variable at short timescales and within short distances.

Water quality properties were compared between sets of restored and natural wetlands
to determine if adverse effects are a result of wetland restorations, e.g., nutrient enrichment
of the aquatic environment leading to eutrophication, and the related increase in potentially
toxigenic cyanobacteria (commonly referred to as blue-green algae). If adverse effects
were detected in water quality, then social impacts could reduce program acceptance and
efficiency. Here we examine water quality attributes between a set of restored and natural
wetlands in the St. Lawrence River Valley of New York, including chemical, physical, and
microbial parameters that are indicators of nutrient runoff-associated eutrophication and
other anthropogenic stressors.

2. Materials and Methods

Wetland sampling for water quality was conducted on 17 natural wetlands and 45
restored wetlands (Figure 1) over a four-week period (25-July-2014 to 25-August-2014);
this set of wetlands underwent extensive biotic assessment in 2009–2011 and 2014 [6].
Wetland restoration techniques included removal of drainage tiles, blocking drainage
ditches, excavation of potholes, creation of dikes and berms, and installation of water
control structures on outflow streams. Reference natural wetlands were selected to match
restorations in terms of size and landscape context (see [6] for details on site selection and
geographic dispersion). The wetlands were shallow (under 2 m maximum depth) and
small (1–3 ha surface area), with bordering upland vegetation that varied from old-field to
hardwood and coniferous forest. Introduced and invasive wetlands plants were present at
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most wetlands [9,13]. Landowners rarely managed water levels using the water control
structures [8]. Most wetlands with adjacent forest had signs of beaver (Castor canadensis)
activity, and all likely had muskrat (Ondatra zibethicus) present [6].

Figure 1. Location of sampled natural (n = 17) and restored (n = 45) wetlands in the Saint Lawrence
River Valley, northern New York.

Grab samples (one liter) were collected in acid-clean polycarbonate bottles from the
surface water present in each wetland, stored cool in the dark, and processed that day.
Wetlands were sampled on a schedule determined by the logistics of travel; sampling
was avoided after heavy rainfall by going into the field minimally three days after a
thunderstorm in the area.

We measured 12 physicochemical and biological state variables: total chlorophyll-a
(acetone extraction and quantification by fluorometry [14]; phytoplankton community
(pigment-specific fluorometry); fecal coliform bacteria (Petri-Film; 3M Corp.); dissolved
nitrate, sulfate, and chloride by ion exchange chromatography; colored dissolved organic
matter (CDOM) by fluorometry (TD-700 using Suwanee River fulvic acid reference material
(International Humic Substances Society); turbidity by absorbance at 500 nm in a 5 cm
path length cuvette; pH by potentiometry, and alkalinity by Gran titration using HCl;
specific conductivity was measured using an electronic meter (YSI model 600XL); and total
phosphorus (TP) by colorimetry following persulfate digestion at 121 ◦C [15]. Dissolved
solutes were measured after filtration through a 0.2-μm polyether sulfone membrane
syringe filter (Whatman). All measurements were made using standard limnological and
analytical methods. Water temperature and dissolved oxygen were not measured due to
their inherent high magnitude of diel variation in wetlands.

The phytoplankton community composition was assessed using the FluoroProbe (bbe
Moldaenke, GmbH), an instrument capable of classifying the community into four major
phytoplankton groupings based on pigment content [16]. Each sample was corrected for
background fluorescence using water filtered through 0.2-μm pore-size syringe filters prior
to evaluating the non-filtered sample.

Statistical hypothesis tests of specific water quality parameters between restored
and natural wetlands were done using Student’s t-test for unequal variances on non-
transformed data, with two-tailed distributions.
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3. Results and Discussion

No significant difference (t-test; p < 0.05) were observed between natural and restored
wetlands for CDOM, turbidity, phytoplankton community composition, nitrate, total
chlorophyll-a and total phosphorus (Figure 2). Significant differences were observed for
chloride (p = 0.010) and sulfate (p = 0.014) concentrations, alkalinity (p = 0.006), specific
conductivity (p = 0.002), pH (p = 0.001), and fecal coliform concentrations (p = 0.005). The
complete data set is an electronic appendix at https://data.mendeley.com/datasets/m7
dycy7gt6/2, accessed on 30 May 2021. Although the analysis in this study is based on a
measurement campaign in a single season, we acknowledge that there might be seasonal
differences within one waterbody. Repeated measurements of water quality parameters
over a summer season in a smaller subset of these wetlands showed that water quality
parameters were consistent between sampling dates over five months [13]. Thus, we
believe that single visit to this larger set of wetlands over a short duration (one month) was
adequate for assessing differences.

Figure 2. Observed water quality in a set of restored (n = 45) and natural (n = 17) wetlands found in
the Saint Lawrence River Valley in northern New York. Significant difference between wetland types
(p < 0.05) were present for: (a) CDOM, (b) turbidity, (c) chloride, (d), nitrate, (e) sulfate, (f) acidity,
(g) alkalinity, (h) specific conductivity, and (i) fecal coliform. Values are mean ± SD.

Total mercury and methylmercury was determined (see [13] for details) in surface
waters from four natural and 16 restored wetlands from among the set described here.
The wetlands were sampled three to five times at approximately monthly intervals (over
the period of May to October 2015). There was no significant difference between mercury
concentration and mercury speciation between the two types of wetlands [13]: total mercury
and percentage mercury in natural and restored wetlands was 1.0 ± 0.4 ng/L (37 ± 17%)
and 1.1 ± 0.5 ng/L (46 ± 15%), respectively (values are mean ± standard deviation; SD).

Both natural and restored wetlands had similar phytoplankton community compo-
sition (Table 1). We were most interested to determine if restored or natural wetlands
contained more phycocyanin-rich cyanobacteria, a group of phytoplankton that contain
species capable of producing potent toxins such as microcystins and anatoxins [17]. There
was no significant difference in the proportion of phycocyanin-rich cyanobacteria between
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the wetland types nor the absolute amount of potentially toxigenic phytoplankton between
wetland types (Table 1).

Table 1. Phytoplankton community composition observed in vivo in restored (n = 45) and natural (n = 17) wetlands in the
Saint Lawrence River Valley of northern New York, measured using spectrofluorometry. Total chlorophyll-a (Chl-a) was
measured following solvent extraction. PC = phycocyanin; PE = phycoerythrin. Values are mean ± SD.

Phytoplankton Groups (% Total)

Wetland Type
Chlorophyta and
Euglenophyta

PC-Rich
Cyanobacteria

Pyrrophyta and
Heterokontophyta

PE-Rich
Cyanobacteria
and Cryptophyta

Total Chl-a (μg/L)

Restored
(n = 45) 38 ± 24 19 ± 19 35 ± 22 7.2 ± 13 29 ± 50

Natural
(n = 17) 36 ± 19 24 ± 17 30 ± 18 10 ± 17 18 ± 15

Chlorophyll-a content within wetlands was highly variable and both wetland types
were highly productive on average, as seen by mean chlorophyll-a at the 20 μg/L threshold
for eutrophy (Table 1); this is not surprising given wetlands are shallow aquatic systems
and highly productive during summer. There was no significant difference between phyto-
plankton groupings in natural or restored wetlands, based on pigment-based groupings of
the phytoplankton community.

Significant differences (t-test; p < 0.05) between restored and natural surface water
quality parameters were detected for fecal coliform concentrations, pH, alkalinity, and
specific conductivity. Natural wetlands had 30% greater fecal coliform concentrations.
Natural wetlands (pH 6.70) were 3.3 times more acidic than restored wetlands (pH 7.22),
calculated by comparing {H+} derived from lab pH. Natural wetlands had 1.5-times lower
alkalinity and specific conductivity than restored wetlands.

Other potential sources of dissolved ions in wetland surface waters were sewage
and proximity to roads. Although there are significantly more fecal coliforms in natural
wetlands, there is no indication of sewage input from human sources or manure run off
from livestock farming, based on visits to these sites. Road salt applications for winter road
management can have profound impacts on roadside waterways and groundwater [18].
Reference natural wetlands were more distant to roads than restorations on average (nat-
ural: 352 ± SD 305 m, restoration: 152 ± 135 m), but the average wetland was distant
enough that it was unlikely that elevated chloride was from deicing road salt. Moreover,
for restorations there was no correlation between distance to a road and chloride or con-
ductivity (distance-chloride r = −0.01, one tailed p = 0.5, distance-conductivity r = −0.13,
p = 0.2); the two highest chloride concentrations were at wetlands 100 m from a potential
source road.

Although TP was positively associated with specific conductivity in natural wetlands
(r = 0.48, one-tailed p < 0.03) with a similar trend in restored (r = 0.23, p = 0.06) and there was
significantly greater fecal coliform densities in natural wetlands (Figure 2), there was no
visible evidence during site visits that natural wetlands were impacted by human sewage
or manure spreading. Thus, it appears that restored wetlands had greater concentrations
of solutes in them; however, this did not affect the trophic status of the restored wetlands,
as could be inferred from differences in total phosphorus concentrations (TPRestored =
32 ± 22 μg/L, TPNatural = 32 ± 24 μg/L).

We hypothesize that the significantly greater salt content (as indicated by specific
conductivity and chloride) in restored wetlands is due to the creation of these wetlands,
which often occurs by simply scraping off top soil until an impervious clay layer is reached
or creating a dike in a region that has impervious soil layers (e.g., clay). Clays in the
St. Lawrence River Valley are remnants of glacial activity and the Champlain Sea that
existed in this area as late as 6000 years ago when these marine clays deposited under briny
conditions [19]. There is a significant difference in the molar ratio (SO4

2−:Cl−) between
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restored (0.20 ± 0.32) and natural (0.43 ± 0.54) wetlands. The molar ratio of sulfate to
chloride is exceeded in all wetlands relative to seawater (SO4

2−:Cl−) ≈ 0.05), which suggest
that there has been more chloride flux from the clays in to overlying fresh waters. Chloride
would be more mobile from clays, and more so with exposed clays as in restored wetlands.
In support of these observations, a long-term study of restored wetlands in a comparable
wet landscape in central New York concluded that establishment of soil conditions critical
for water quality in restored wetlands can require decades to centuries to reach reference
conditions [20].

Natural wetlands were more acidic but this was not solely due to higher concentrations
dissolved weak organic acids (humic and fulvic acids) as indicated by CDOM concentration
(Figure 1). Natural wetlands frequently had mature conifer tree stands growing along the
margins; the acidifying effects of conifer litter may have caused the lower pH. There is a
history of high and sustained levels of atmospheric sulfate deposition in this region that
would contribute to sulfate content, reduction in alkalinity, and increased acidity in the
ground and surface water [21], but this would affect restored and natural wetlands alike.

We suspect that wetlands that were in naturally acidic areas had adjacent acidic (and
hence low quality) soils and were thus avoided by farmers due to poor soil condition and
their collective traditional ecological knowledge of crop production in such soil. Hence,
this set of natural wetlands were those selected to remain in a natural state. Further study
(sensu [22]) would be required to examine whether soil infertility explains the more acidic
natural wetlands in this region.

4. Conclusions

We conclude that water quality is similar between natural and restored wetlands in
the St Lawrence River Valley, and any differences are minor and may be a result of how the
restoration projects were done (site selection for wetland restoration) or the result of site
characteristics of remnant natural wetlands (agricultural bias against removing a wetland
from the landscape). From a water quality perspective, some differences exist between
wetland types (salinity, pH, fecal coliform content) yet they do not have an impact on
criteria of interest, such as trophic status (as indicated by the concentration of phosphorus)
or the abundance of potentially toxigenic cyanobacteria. Overall, wetland restoration
programs do meet their objectives of providing wetlands that are functionally similar to
natural wetlands on the landscape.
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The Expected and the Surprising
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Abstract: Carrum Carrum Swamp was a vast wetland to the south-east of Melbourne, Victoria,
Australia, at the time that it was first sighted by white colonists in 1803. By 1878, the colonists
had commenced converting the swamp to dry land for agricultural and horticultural pursuits, and
100 years later it was predominantly residential land. Shifting values in the 1970s led to environ-
mental concerns about water quality in local creeks and Port Phillip Bay and subsequent residential
development on the former swamp included the construction of stormwater treatment wetlands.
Perceptions of wetlands are now diverse, including positive perceptions that support their presence
in urban settings. In contrast, traditionally, wetlands have been perceived negatively, as waste lands,
leading to their drainage. Nevertheless, alternative, perhaps positive, perceptions could have existed,
only to be overwhelmed by the negative perceptions driving drainage. Understanding the full range
of past perceptions is important to ensure that the historical record is correct and to provide historical
context to contemporary perceptions of wetlands. It will better equip natural resource managers
and designers and managers of constructed wetlands in urban locations to ensure that wetlands are
healthy, functioning and appreciated by their local and wider communities. Thus, the perceptions of
Carrum Carrum Swamp by colonists from 1803 to 1878 were examined through qualitative content
analysis of historical documents, and a typology was developed. Seven different perceptions were
identified: scientific, premodern, exploitative, romantic, aesthetic, medico-mythic and ecological.
Most could be traced to the colonists’ predominantly British heritage, but one perception arose in
the colony in response to the specific environmental conditions that the colonists encountered. This
ecological perception valued wetlands as places of predictable water supply in a land of unpredictable
rainfall. It recognised wetlands as part of a broader hydrological system, with influences on the local
climate. Its proponents promoted the need for a different approach to the management of wetlands
than in Britain and Europe. Nevertheless, a dominant exploitative perception prevailed, leading to
the drainage of Carrum Carrum Swamp. The typology developed in this study will be useful for
exploring perceptions of other wetlands, both colonial and contemporary.

Keywords: wetlands; colonization; nature-culture relationship; perceptual typology

1. Introduction

Traditionally, wetlands have been perceived as waste lands—dangerous, smelly, and
unsightly places, breeding grounds of mosquitoes, snakes, and other pests, producers of
dangerous gases, and physical obstacles to progress. Their value has lain in their potential
as agricultural land, which could only be realized by drainage [1–4]. Draining wetlands
has been described as “one of the oldest and commonest forms of land modification in
American history” ([5], p. x); it is likely that this is the case across the developed world.

The draining of swamps has been explored in many publications, over decades.
(e.g., [5–9], yet there are few studies of the past perceptions of specific wetlands, leading to
their drainage. Meindl (2000) explores perceptions of the Floridian Everglades in the early
20th century [10]. He highlights the importance of beliefs and values in forming perceptions
of the wetland, in the absence of direct knowledge of the place. Giblett (1996) describes
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different perceptions of wetlands during the establishment of Perth, Western Australia in
the early 1800s [2]. Sornig (2018) provides insights into a range of perceptions of Dudley
Flats and West Melbourne Swamp, which were the site of a shanty town well into the 20th
century on the western edge of Melbourne, the capital of Victoria, Australia [11]. These
studies show that past perceptions of swamps were more nuanced than convention allows.

Shifting values in the 1970s have led to environmental concerns about water quality in
local creeks and waterbodies receiving stormwater discharge. Consequently, constructed
wetlands are often part of stormwater management systems to harvest, treat, and reuse
stormwater. Throughout Australia, sustainable stormwater management is being imple-
mented, including the construction of treatment wetlands. Perceptions of wetlands are now
diverse, including positive perceptions that support their presence in urban settings [12,13].

Many residential developments with constructed stormwater wetlands are being
established on sites of former wetlands that have been drained. This is the case at Carrum
Carrum Swamp.

Carrum Carrum Swamp was a vast wetland about 25 km to the south-east of what
was to become Melbourne at the time it was first sighted by white colonists in 1803. The
shallow trough that later became the swamp had been formed at the same time as Port
Phillip Bay, after a period of glaciation 25 to 35 million years ago. The shoreline of the
bay had since retreated a little, leaving sand dunes stranded inland behind which lay
the swamp. Its area was more than 5000 ha, fed by what were to be named Dandenong
and Eumemmerring Creeks, draining a total catchment of 735 km2. Two creeks flowed
through the sand dunes to Port Phillip Bay, one at the northern edge of the swamp, a small
inlet now known as Mordialloc Creek, and another towards its southern edge, Kananook
Creek [14,15]. Much of the swamp contained permanent water, which remained stagnant
for long periods. Water was only slowly released to the bay. Any heavy rainfall or sudden
storm rapidly flooded the entire swamp and often extended for a large area beyond.

By 1878, the colonists had commenced converting the swamp to dry land for agricul-
tural and horticultural pursuits. Always marginal land at best, most of the swamp had
been drained within 100 years.

Since Australia was first colonized in 1788, and Victoria in the 1830s, the landscape
has been transformed, for “a settler society, whether or not numerically dominant, was
an invading, investing, transforming society with an internal frontier, both natural and
cultural” ([16], p. 10). Transformation was a result of the perceptions, beliefs, and values
that the colonists held of the new environment, which were translated into action. Percep-
tion of Carrum Carrum Swamp by settlers, neighbouring residents, citizens, government
authorities, and the media has influenced this landscape change. These perceptions and
underlying beliefs and values attached to the swamp have directed action towards it.

In this study, these perceptions are explored to determine if they were as narrow as
popular opinion would have us believe or broader, akin to current perceptions towards
wetlands. The recent studies of perception of contemporary Victorian wetlands [12,13]
implemented an empirical landscape assessment methodology, based on a transactional
human-landscape model [17,18]. The method involved interviews and questionnaires to
reveal perceptions directly. In contrast, this study adopts an historical methodology, in
which literature is reviewed, archival material consulted, and colonial newspapers read, to
infer perceptions of Carrum Carrum Swamp during the early period of its colonization. An
understanding of past perceptions is important to complement knowledge about current
perceptions of wetlands and to ensure that the historical record is correct.

Landscape perception is an outcome of a transaction between a human observer
and the landscape [19]. There are multiple nested scales at which this transaction can
occur, but the perceptible realm comprises visible landscape patterns, evoking perceptual
processes and affective reactions. The observer’s beliefs, values, knowledge, experience,
and sociocultural context, amongst other personal attributes, will influence perception,
as will attributes of the landscape, such as land type and use, spatial extent, ownership,
etc. An aesthetic perceptual response is an obvious and immediate reaction to a landscape,
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but this is not the only way of perceiving a landscape. Meinig (1999) describes how one
particular landscape can be perceived in ten different ways: as nature, habitat, artifact,
system, problem, wealth, ideology, history, place, or aesthetic [20].

Different values that an observer holds for nature can inform the different ways
of perceiving a landscape. Kellert (2009, 2012, 2018) proposes biophilic values held by
humans towards nature, which can be expected to influence their perception of a natural
landscape [21–23]. Originally there were nine values: humanistic, aesthetic, negativistic,
dominionistic, utilitarian, ecologistic/scientific, naturalistic, symbolic, and moralistic [21].
More recently, Kellert has condensed them into eight: affection, attraction, aversion, control,
exploitation, intellect, symbolism, and spirituality [22,23]. They are defined in Table 1.
As values inherent in all humans [23], these might be expected to exist in colonial times,
informing colonial perceptions of Carrum Carrum Swamp.

Table 1. Biophilic values of nature from Kellert [21,23]. Classification of values has changed slightly
as Kellert developed the concept, decreasing the number from nine to eight and attaching differ-
ent descriptors.

Value Definition [22,23] Earlier Descriptor [21]

Affection Strong emotional attachment and love
for natural world Humanistic

Attraction
Aesthetic appeal of nature, from
superficial sense of the pretty to
profound realization of beauty

Aesthetic

Aversion Antipathy toward and sometimes
fearful avoidance of nature Negativistic

Control Tendency to master, dominate,
subjugate nature Dominionistic

Exploitation
Desire to utilize and materially exploit
the natural world as source of materials
and resources

Utilitarian

Intellect/Reason
Desire to know and intellectually
comprehend the world, from basic facts
to more complex understanding

Ecologistic/scientific and
naturalistic

Symbolism Symbolic representation of nature
through image, language, and design Symbolic

Spirituality
Pursuit of meaning and purpose
through connection to the world
beyond ourselves

Moralistic

Differing landscape perceptions, beliefs and values shaped the five visions of the
environment that Heathcote (1972) identified since colonization of Australia—scientific,
romantic, colonial, national, and ecological [24]. A scientific vision drove the exploration
of the southern Pacific in the late 18th century and developed after colonization into a
curiosity into natural phenomena for their own sake and an interest in the environmental
obstacles to successful colonization. There was great interest in Australia’s landscape, envi-
ronment, and unique flora and fauna, leading to scientific descriptions and analysis. These
involved both pure and applied scientific approaches, identifying local Australian patterns
to help understand general global patterns, and collecting data as potential resources. A
romantic vision existed concurrently with the scientific vision. In this vision, colonists
were sympathetic to the Aborigines and regarded the countryside, known colloquially as
bush, as almost a paradise. An important factor was the apparent lack of human influence,
“a wilderness apparently unmodified by the hand of man” ([24], p. 87). The advance of
civilization was unwelcomed. A colonial vision focused on the potential resources of the
land, with both financial and aesthetic dimensions. The landscape was perceived as large,
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empty, unattractive expanses of wilderness. Its value lay in its potential as productive land,
which would require the introduction of European plants and animals. Transformation
involved land clearing, which was often rapid, widespread, and indiscriminate, with the
goal to establish familiar and tidy agricultural landscapes. A national vision appeared from
the late 1800s, with the celebration of the production of “a unique, Australian landscape”
([24], p. 91) from the original wilderness. This national vision reflected the establishment
of cities as commercial and cultural centres. As cities became more urbane, a romantic
dimension developed in this nationalism, which celebrated the bush in art and literature.
Within this vision was a belief that the potential for national development was limited only
by capital and labour. In the 20th century, an ecological vision emerged. This vision has
characteristics of the scientific, romantic, and national visions. It emphasized the need
to preserve the flora and fauna for their pure and applied scientific value. It implied a
romantic conception of the natural environment as antidote to the built environment and
the need for its appreciation by the public. There were also national overtones, in that
preservation of the natural environment and its flora and fauna would generate pride
and interest.

Heathcote [24] attributes a linear chronology to these visions, commencing with the
scientific vision expressed by the explorers that ‘discovered’ and surveyed Australia and
culminating in the ecological vision in the late 20th century. However, he cautions that one
vision does not displace another, but each remains to create a dynamic complex of visions,
some more conspicuous than others, changing over time.

This study draws on Kellert’s typology of nature values [21] and Heathcote’s ty-
pology of environmental visions [24] to interpret historical data to answer the following
research question:

What were the perceptions of the colonists who first settled in Victoria, towards
Carrum Carrum Swamp, between their first sighting in 1803 and settlement and
drainage, up to 1878?

In answering this question, a typology is developed for wetland perceptions to guide
future studies.

2. Methods

Historical material extending in time from the first observation of Carrum Carrum
Swamp by white colonists in 1803 to its settlement and drainage, up to 1878, was con-
sulted. Searches using the keywords ‘Carrum Carrum’, ‘Carrum Carrum Swamp’, ‘Carrum
Swamp’, ‘Mordialloc Creek’, ‘Mordialloc Common’ located material in the State Library of
Victoria, the Public Records Office of Victoria, National Library of Australia, Dandenong
Library, City of Greater Dandenong council records, and Historical Society of Victoria.
Sources included Victorian Parliamentary Papers with records of parliamentary debates
in the Legislative Assembly and reports of parliamentary committees and commissions;
Parliamentary Acts of Victoria; Victorian Government Gazettes; contemporary newspapers,
e.g., The Argus, The Dandenong Journal, Mordialloc-Chelsea News; applications for land selec-
tion and letters from selectors to the Victorian Commissioner of Lands; Dandenong District
Road Board and Dandenong Shire rate books and minute books. In addition, published
personal memoirs and local histories were found. Letters to the Editor in Melbourne news-
papers contained commentary about other swamps near Melbourne. This was included in
the study to augment material directly relating to Carrum Carrum Swamp as it revealed
perceptions towards wetlands more generally that material specifically relating to Carrum
Carrum Swamp might not.

This material was content analysed qualitatively to infer perceptions of the first
white colonists to see Carrum Carrum Swamp, settlers of the swamp, other citizens of
Melbourne, state and local government politicians, colonial scientists appointed by the
state government to the Swamp Commission, and the media. Quotations are given in
the text to illustrate perceptions. Newspaper quotations are taken from The Argus. Public
commentary on local issues was very active and often reported similarly in the various
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newspapers. To provide continuity of commentary, where necessary, quotations are drawn
from this single newspaper.

Additional references were consulted to aid interpretation of perceptions and provide
context to them.

3. Results

Colonial perceptions of Carrum Carrum Swamp between 1803 and 1878 can be char-
acterized as scientific, premodern, exploitative, romantic, aesthetic, medico-mythic, or
ecological. Six of these relate to Kellert’s nature values [21–23] and Heathcote’s environ-
mental visions [24]. However, the premodern perception is not in either typology.

3.1. Scientific Perception

A scientific perception was revealed, which reflects Heathcote’s scientific vision in
which there is a scientific curiosity about the natural environment and a desire to identify
opportunities for settlement and development [24]. At Carrum Carrum Swamp, this is
evident in diary entries and annotated maps of the first explorers to sight the swamp.
Subsequent surveys described the land and its potential for agricultural development.

The first written account of Carrum Carrum Swamp, in the journal of the exploration
of Port Phillip in 1803 by Charles Grimes, Acting Surveyor-General of New South Wales,
reveals both pure and applied scientific interest. The journal was kept by James Flem-
ming, a gardener, assigned to the expedition to assess soil quality [25]. The published
journal includes the daily entries by Flemming and explanatory footnotes by the editor, J. J.
Shillinglaw [26]. The swamp was described and thereby classified for its potential value as
a resource. On Sunday 30 January 1803, Flemming noted that

“I ascended a hill (footnote—back of Frankston) where I could see eight or ten miles,
hills without trees, narrow valleys with scrubby brush. The soil black, g[r]avelly sand;
at a mile-and-a-half from the beach a run of fresh water to a lagoon. Came to a river
(footnote—Cananook Creek); it was salt; traced it to the beach; crossed it up to the
knees about a mile farther; went in about a quarter of a mile found a fine fresh water river
about 30 feet wide, and deep enough for a boat; Mr. Grimes took the bearings of it; traced
it six or eight miles; it runs in a parallel line with the sea.”

The following day, they

“crossed a neck of land about half a mile over (footnote—referring to Long Beach and
Carrum Swamp); went along the beach a little way and ascended a hill; the country
appearing very barren.”

On Wednesday, 2 February 1803, they came to

“a large swamp, with three lagoons in it, all dry. The land appears covered with water in
wet seasons”.

On the map produced from Grimes’ survey [27], the area of Carrum Carrum Swamp
is described as “Open and barren country” (Figure 1, indicated by red arrow).

On subsequent charts and maps produced of Port Phillip Bay and its shoreline, Carrum
Carrum Swamp is always indicated, reflecting its potential as a resource for the colonists.
At first its description is general, such as “Large swamp overgrown by reeds” in 1804 [28],
“Swampy country” in 1827 [29] or “Swampy land” in 1836 [30]. With time, the swamp was
named and its description on maps became more detailed, indicating the diversity of the
swamplands and suggesting its potential for colonization and agriculture, e.g., “Sandy
ridge”, “Open plain liable to winter floods black soil well grassed”, “Tea tree scrub”,
“Fine agricultural soil lightly timbered with gum, cherry & lightwood”, “Fine agricultural
land—partly subject to flood”, “Dense tea tree scrub water plentiful” [31].
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Figure 1. Survey of Port Phillip Bay, by Grimes, 1803. Red arrow indicates the description of Carrum
Carrum Swamp. Source: Crown Lands and Survey Historical Plan CS26(1), Port Phillip, C. Grimes,
1803, Public Records Office of Victoria.

3.2. Premodern Perception

A premodern perception of swamps is likely to have accompanied those colonists who
first settled on Carrum Carrum Swamp as squatters. Their successful colonization would
have depended on it. Sluyter (2002) contrasts the Modern West, those developed Western
societies in which the natural and the social had become separate dichotomies, with the
Premodern Rests, in which the natural and the social were intertwined [32]. Many colonists
were from countries that had long adapted over centuries to living with coastal wetlands;
their premodern perception of Carrum Carrum Swamp revealed in this study would
have been shaped by their experience of similar coastal wetlands in England and would
have, in turn, shaped their attitudes and actions towards the swamp. This premodern
perception was expressed by the colonists utilising the swamp within its biogeophysical
constraints, in which the social and the natural were not binaries but enmeshed. There
is no equivalent to this premodern perception in either Kellert’s nature values [21–23] or
Heathcote’s environmental visions [24].

By the time of colonization of Australia, many of the coastal wetlands of England had
been transformed from their prehistoric mosaics of intertidal mudflats and more elevated
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vegetated saltmarshes to landscapes of arable land, pasture, and meadows [33]. Darby
(1956) describes the transformation process in The Fens, an area of marsh in East Anglia
on the east coast of England, edging The Wash, a large embayment of the North Sea [7]. It
was a large flooded plain, with an area of 330,000 ha, with peat on the landward side and
silt on the seaward, fed by rivers. Before large-scale drainage in the 17th century, The Fens
consisted of open pastures and meadows, with reedy swamps and pools, connected by
a network of channels. In winter, the entire area was covered with water, punctuated by
islands. From medieval times, clusters of villages had been established on the high land,
e.g., Isle of Ely, sharing common land for grazing and watering stock. Residents lived on
the resources that The Fens provided: fishing, fowling, gathering reeds and rushes, and
making salt within the marshes; making hay, grazing livestock, and cutting turves on the
land less frequently inundated; and farming on the islands or higher arable land. The local
economy was bound with the cycles in The Fens, with land practices based on tradition.
Seasonal variation was accepted as inevitable, maybe even beneficial. For example, winter
floods made the pasture richer; summer floods caused little damage. Although much of
the southern part of The Fens had been drained by the 18th century, with a regular pattern
of channels and dykes superimposed on the older natural streams, there were still areas of
deep water and patches of swamp into the 19th century.

This was the inheritance of the most successful of the squatters who first settled
Carrum Carrum Swamp in 1837. The northern half of the swamp was described in a survey
in 1868 [34] as marshland, elevated 1–3 m above the level of the highest spring tides at the
mouth of Mordialloc Creek. It was unwooded except for a few patches covered with tea
tree or with red gum and honeysuckle (banksia). It flooded in wet seasons [35]. Morass,
overgrown with reeds and sedge, covered half the rest of the swamp, less than 1 m above
the highest observed spring tides at the mouth of Mordialloc Creek or about 1 m above
the level of ordinary high water. This area had been described as swamp with permanent
water in an earlier survey in 1866 [36], with loose peaty soil over sand. The rest of the
swamp was sandy hillocks and flats, covered with scrub, fern or spear grass and lightly
wooded with stunted eucalypts, banksia, and casuarina.

The attraction of land on Carrum Carrum Swamp to colonial settlers was plentiful
water [15], either in Mordialloc or Eumemmerring Creek or the permanent water holes
and lagoons along the creeks or in the swamp itself. In time, four runs were established by
squatters on the swamp, vast holdings to graze cattle and sheep. That much of the swamp
might be too wet at times to be grazed fully was less important than access to water. The
land that was not permanently inundated was valued highly, “extensive plains of rich black
loam covered in rib grass, one of the most nourishing grasses in Australia” (J. Hawdon,
quoted in [15], p. 22). To be successful, the squatters had to work within the physical
constraints of the swamp. Many of the squatters failed and, by 1847, there was a single
large run in the southern part of the swamp operated by the Wedge brothers, known as
Banyan Waterholes (Figure 2). The Wedges had come to Australia from East Anglia [15], so
it is highly likely that they were familiar with a watery landscape such as Carrum Carrum
Swamp and had the skills to manage it.

As British tradition dictated, a farmers’ common was also established on Carrum
Carrum Swamp. An Aboriginal Reserve had been established at the mouth of Mordialloc
Creek on the northern edge of the swamp in the early 1850’s [15]. With the colonial
occupation of Carrum Carrum Swamp limited to the southern half, 2007 ha in the northern
half of the swamp was declared a Farmers’ Common, under the Nicholson Land Act 1860, in
February 1861 [37]. This farmers’ common at Mordialloc included the Aboriginal Reserve.
It was extended twice so that by late 1866 it occupied the entire swamp from Mordialloc
Creek, along the coast of Port Phillip Bay to the boundaries of the squatters’ holdings in the
south. The farmers’ common allowed the benefits of grazing cattle (sheep were not allowed)
to be shared by purchasers of land within 5 miles of the common [37–44]. Access to the
common was particularly important during times of drought when the swamp, although
drying out, would have supported more vegetation than elsewhere. The farmers using the
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common valued the land as their own, wishing to use the revenue from its rental for its
improvement [45].

Figure 2. Carrum Carrum Swamp, extending south from Mordialloc to Frankston and east towards
Dandenong, showing the Wedge’s run, Banyan Waterholes. Source: Map of Victoria; constructed and
engraved at the Surveyor General’s Office; G.A. Windsor, draughtsman; William Slight, engraver.
Melbourne: Published by authority of Government under direction of A.J. Skene, M.A. Surveyor
General, The Hon. J.J. Casey, President, Board of Land & Works & Comr. Of Lands & Survey, 1872,
National Library of Australia.

3.3. Exploitative Perception

An increasing concern for the potential resources of the new colony and a weariness
with the unfamiliar landscape found expression in an exploitative perception of the land-
scape. This encompasses Heathcote’s concept of a colonial vision [24] and is associated
with a utilitarian value of nature [21]. A broad-scale process of landscape change began, in
which the natural landscape was modified to meet utilitarian needs of the colonists or their
aesthetic preference. Landscape change in wetlands involved their drainage. The colonists’
aesthetic preferences were expressed in the conversion of wet land to dry land, as were
the values that drove the change. Inevitably, this involved transformation of the colonial
landscape to a predominantly British landscape, reflecting the preferences of the colonists.

Attitudes towards Carrum Carrum Swamp would have been influenced by the process
of landscape change in wetland regions of England, from where many colonists came. In
prehistoric times, the coastal wetlands in England were mosaics of intertidal mudflats
and more elevated vegetated saltmarshes [33]. Freshwater peatlands developed on the
inland areas, which were settled in the Roman period to exploit their natural resources.
Some reclamation efforts were made late in this period, but most coastal wetlands were
abandoned and reverted to their natural state by the end of the Roman period. Human
settlement resumed during the Middle Ages when drainage efforts commenced [33]. The
drainage process in The Fens marshland is well documented [7]. By the Middle Ages,
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local and individual effort had reclaimed the edges of the marshland. Legislation for
comprehensive draining of The Fens was first passed in 1600, in response to a treatise by
Humphrey Bradley in 1589. He proposed drainage of The Fens to increase the population
of the area, to increase productivity for local, regional, national, and international trade,
to provide employment and in “many other ways redound to the great advantage and
strengthening of the nation” ([7], p. 68). Little drainage was achieved, however, until after
passage of the Act for the draining the Great Level of the Fens, extending itself into the Counties of
Northampton, Norfolk, Suffolk, Lincoln, Cambridge and Huntingdon, and the Isle of Ely, or some
of them in 1649 [7]. By the 18th century, much of the southern part of The Fens had been
drained, to take advantage of the fertility of the peat and silt lands for agriculture and to
open the area for more settlement. By the 19th century, technological advance through
the Industrial Revolution and improved agricultural practices had contributed to effective
drainage of much of The Fens [7].

The colonization of Victoria at the time of the Industrial Revolution equipped the
colonists with the technical skills to effect dramatic landscape change readily [8,16], bringing
the colony into the Modern West [32]. They had access to technology that would enable
them to implement changes consistent with their desire to exploit the land occupied by
wetlands, their familiarity with transformed waterscapes in their home countries [46], and
a legislative system to enforce them.

In Victoria, colonial attitudes that valued wetlands as a potential resource were en-
shrined in legislation, replicating the practice in Britain. A series of Land Acts was pro-
claimed, regulating the survey, selection, and sale of land in the colony. Acts relevant to
Carrum Carrum Swamp were the Land Act 1862 [47], the Amending Land Act 1865 [48], and
the Land Act 1869 [49].

Section 38 of the Amending Land Act 1865 legislated for the granting of a lease of
Crown Land to anyone “willing to make and construct canals or to undertake works for
the drainage or reclamation of any swamp or morass”. This did not apply to land simply
subject to flood [50]. A Professional Board was appointed to inquire into applications in
October 1865 [51]. It received several applications for schemes involving Carrum Carrum
Swamp. Although much of the swamp was under permanent water, the thick layer of
decaying organic matter and silt trapped in the swamp promised very fertile soil. In
October 1865, Lockhart Morton applied for a lease of the entire Carrum Carrum Swamp.
A lease for his scheme, details of which were not given, was recommended by the board,
with the explanation that the land, currently drawing a revenue of £9 2 s. per annum,
would be worth at least £4 or £5 per acre. Subsequently, objections were submitted on
the grounds that “a portion of the so-called swamp was good grazing land” [52] and that
construction of a canal was being considered [53]. In 1869, another proposal was canvassed,
to lease a portion of the Carrum Carrum Swamp for sugar beet cultivation. The scheme
was promoted to benefit the district and the colony, by the employment the lease would
provide (anticipated to be 1500 [54]), and “the conversion of what is a barren waste into a
luxuriant agricultural district” [55]. The issue of the lease was supported by 258 farmers
and other residents of Mordialloc near the swamp. They believed that the proposal to drain
the swamp and use it for growing sugar beet would open up several hundred hectares
for cultivation and be the means of supplying the district with fresh water in the area and
greatly preferred it to Morton’s proposal [54].

As The Argus anticipated on 30 April 1869 [56], soon the government believed that the
value of Carrum Carrum Swamp lay in it being drained for agriculture: “in its undrained
state it would be perfectly useless” ([57], p. 1079). The swamp had been surveyed in 1868 in
preparation of its sale and schemes for its drainage were debated in Parliament. Ultimately,
the cost of drainage was considered too great for either the government or an individual to
bear ([57], p. 1144). Considering sale by auction inadvisable, the land was made available
for selection.

Land on Carrum Carrum Swamp was selected under the Land Act 1869 [49] (Figure 3).
Strict conditions were specified in Section 20, which the selector was obliged to meet.

215



Land 2022, 11, 311

These included the requirement to enclose the land “with a good and substantial fence”, to
cultivate at least 1 acre out of every 10 acres, to occupy the allotment within 6 months of
the issue of a licence for the duration of the licence (minimum residency of 2 1/2 years), and
to undertake substantial and permanent improvements to the value of £1 per acre by the
end of the third year of the licence.

Most of the selectors of allotments on Carrum Carrum Swamp were seeking land from
which they could make a living, as graziers, farmers, and market gardeners. To do so for
many required drainage of the land; drainage was also necessary to meet the conditions of
Section 20. Only allotments on the sandy hillocks and flats in the south of the swamp might
have been able to support cultivation and allow fencing and construction of a residence.

A typical selector was Alfred Bishop, who wrote to the Secretary of Lands in 1878 that
“the land in question is of no use to anyone unless drained” [58]. Norman McSwain wrote
to the President of the Board of Lands and Works in 1876 that “Through the whole year
three fourths of the land is under water and during the past winter there was not one acre
dry in the whole of it . . . the land is not returning anything. I had five head of cattle and
two horses on it but when the first flood came down last winter I found the cows over their
knees in water where they had been for two days without any food and it was with no
small difficulty I got them off so that it is very hard for a poor man to spend money on such
land. When the proposed drainage is finished it will alter the case“ [59].

Edgar Pettit may have had different expectations. He was a basket maker and hoped
to be able to grow willows on his selection [60,61], an undertaking that would require wet
land, but his land was so wet “I cannot reside there to grow willows, and it is no good
taking up ground to grow willows upon a mountain, and it is wet even now; I cannot go
on with the fencing” ([61], p. 3).

3.4. Romantic Perception

Some colonists had a romantic perception of the landscape, as described by Heathcote,
delighting in its “uncivilised” appearance, and dreading the inevitable changes of civiliza-
tion [24]. They perceived the landscape as pristine, untouched by human activity. This is
related to Kellert’s humanistic value [21]. Such an attitude was evident in the perception of
Carrum Carrum Swamp by William Bruton, born in 1854. In his memoirs [62], he recalls
the vegetation and bird life of the swamp of his childhood:

“When I first visited Carrum . . . .the foreshore was a growth of honeysuckle ferns and
wild currants, and when these trees were flowering, a large number of birds were seen.
Magpies and crows preferred the other side of the swamp. The call of the Kookaburra was
heard everywhere, and amongst the trees were wattle birds, leatherheads, woodpeckers,
thrushes, kingfishers, robins and many different kinds of parrots, and as we camped near
the swamp, we heard plovers chattering and chanting the whole night through. As we
cannot go through the swamp we go around a large clump of swamp ti-tree, when—oh!
wild turkeys—they know the human beings, and are up and off quickly.

But what are those tall things over yonder? A flock of native companions. Rare as they
are, they are still birds, but they are far more conceited than any other bird. Note their
stately stride; their very conceit of themselves constitutes the joy of life.

Here the gum trees lay prone where they have lain for hundreds of years, and others in
the full glory of life send their spreading limbs and luxuriant foliage out, displaying their
pride of life.

Here also are the possums in plenty, disporting themselves amongst the branches.

“The rich man has many goods, but here we have all we require. We eat, drink, and are
merry, and the rich man has no grand busy tail as we have.” “Oh! That one out there
and in the daytime, too. Look out pussy! If that gunman comes around the corner he may
want you for dog’s food.”” ([62], pp. 4–5).
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Figure 3. Lot plan of Carrum Carrum Swamp, 1868. Source: Crown Lands and Survey Historical
Plan, Roll plan 17A, Public Records Office of Victoria.
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Bruton regretted the loss of the swamp, concluding

“And so it seems that the energy of the axeman, the drainer, the builder have turned the
heavenly paradise of thousands of years, into a joy somewhat like unto the dog of old,
racing with the jam tin, which rascally boys have attached to his tail” ([62] p. 5).

In this romantic perception of swamps, changes inevitably associated with colonization
were unwelcome.

3.5. Aesthetic Perception

An aesthetic perception, albeit negative, is evident amongst Victorian colonists, who
regarded wetlands as unsightly as well as unproductive land. Heathcote describes aesthetic
responses within the romantic, colonial, and national visions [24], whereas Kellert identifies
aesthetic values of landscapes as a distinct category [21]. As perception is often primarily
visual, a fundamental perceptual response when viewing a landscape is aesthetic [19]. Gob-
ster et al. (2007) define a landscape aesthetic experience as “a feeling of pleasure attributable
to directly perceivable characteristics of spatially and/or temporally arrayed landscape
patterns” ([19], p. 964). However, aesthetic appreciation of wetlands is difficult because it
does not usually fit the scenic canon [2,63]. Appreciation often requires an understanding
of their complexity and ecological functioning [64–68] and perhaps some imagination [69]
and arousal [70]. It is cognitive as well as affective. Consequently, aesthetic appreciation of
wetlands is often unfavourable; wetlands are often perceived as unattractive [19].

In colonial Victoria, negative aesthetic perceptions of wetlands such as Carrum Carrum
Swamp encouraged their drainage, in the process creating the more familiar and favoured
landscapes of Britain. A correspondent to The Argus in 1866 suggested Batman’s Swamp
near Melbourne should be drained using trenches, to create “fine grassy emerald meads,
dotted with clean, sleek, well-fed cows; not, as now, with dirty, raw-boned, wretched
animals, wading up to their bellies in semi-fluid, black putrid mud, to crop the rank,
innutritious garbage growing on its surface” [71]. It is expected that a similar aesthetic
perception applied to Carrum Carrum Swamp.

3.6. Medico-Mythic Perception

Colonial attitudes towards wetlands were also influenced by folklore that had de-
veloped over centuries. Although The Fens had been inhabited, albeit sparsely, since
Roman occupation, most people regarded swamps and marshes with fear and horror. The
Fenlanders were regarded as a breed apart. Swamps were perceived as unhealthy places, to
be avoided. As well as a source of disease, they were believed to be occupied by evil spirits
and devils, a belief that passed into folklore [5]. This can be interpreted as a medico-mythic
perception. It has no parallel in Heathcotes’s typology of visions [24], but it falls within
Kellert’s negativistic value [21].

By the 18th century, scientific knowledge in Europe and Britain supported the miasma
theory [72]. The colonists brought this theory to Victoria. Miasmas were accumulations of
infectious particles floating in the air. It was believed that air held a frightening mixture
of gases in suspension [73]. In particular, the air around wetlands was full of dangerous
emissions from it, including the decomposition products of plants, animals, and insects.
The smell associated with a wetland was regarded to be evidence of these dangerous
particles, contaminating the air around it.

The miasma theory supported the perception of swamps as unhealthy places, requiring
drainage to protect the health of the colonists. Such colonial perceptions were expressed in
Letters to the Editor, published in the daily newspaper. An interesting exchange of letters
was published in The Argus [71,74–78], debating the proposal to drain Batman’s Swamp.
The swamp was a common, used by residents to graze their stock throughout the year. A
proposal had been submitted under Section 38 of the Amending Land Act 1865 [48] to drain
it for cultivation of a market garden. There were conflicting opinions about the value of the
swamp as public or private land ([74], p. 5). Prominent were concerns about the health risks
of the swamp, although it is difficult to separate concerns about the swamp itself from those
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of the drainage of the adjoining manure depot and the neighbourhood’s sewage draining
into it. One medical correspondent wrote that during the hot season, the “atmosphere”
around the swamp was filled with “the most deadly malaria” [75]. He continued, “Ague
is not a common disease in this country, except in some parts of Queensland, but on
the northern part of this swamp I have attended case of the very worst form, with great
danger to life . . . the stench arising from it (the swamp), sufficient to poison a whole
neighbourhood”. The writer concluded with his hope that the government would convert
“a deleterious swamp into a healthy and salubrious garden”. Another letter on 3 March
1866 expressed the same concern about the “poisonous gases” produced by the swamp [77].
The writer believed that it was a ”pestilential miasma arising from Batman’s Swamp and
the manure depot”. Similar perceptions no doubt applied also to Carrum Carrum Swamp.

3.7. Ecological Perception

An ecological perception of wetlands, extending to Carrum Carrum Swamp, is evident
amongst Victoria’s colonial scientists, supported by the local newspapers. This perception
pre-empts the ecological vision identified by Heathcote, which he dates to the late 1970s [24].
This earlier ecological perception recognized the importance of the local flora and fauna
and the ecosystems of which they were a part, although the discipline of ecology was
not named until 1869 by the German scientist Ernst Haekel and defined as “the study
of the natural environment including the relations of organisms to one another and to
their surroundings” ([79], p. 3). Importantly, this perception acknowledged that the
environment of Australia differed markedly from that of Europe and the United Kingdom
and thus needed to be managed differently. It falls within Kellert’s ecologistic/scientific
and naturalistic values [21].

Under Section 38 of the Amending Land Act 1865 [48], applications were made for
leasing and drainage of many swamps on Victorian Crown Land, in addition to Carrum
Carrum Swamp. Applications proposing grazing, farm and garden production, pastoral
and agricultural pursuits, cultivation of cereals and English grasses, and cultivation of
willows were assessed by a Professional Board appointed by the government, forming a
Swamp Commission. Objections raised by the Professional Board highlighted such issues
as the value of the swamps for watering of stock (e.g., [80]), for general access to water
(e.g., [80]), and for the availability of pasture during droughts [81].

With remarkable early insight into the environmental constraints of the colony, the
Professional Board wrote that many swamps in the Western District of Victoria “are the
recipients of water derived from large areas of drainage. They arrest the rapid conduction
of that water to the sea, and render less unequal the summer and winter discharges of
the streams which are fed by these swamps. Many of the swamps are also very useful as
watering places for the stock of owners and occupiers of adjacent lands. In nearly every
case the general interests of the public would be more promoted by raising the levels of the
water in these swamps by dams than by lowering those levels by drains.” [82].

They also highlighted the ameliorating effect of the swamps on the local climate. “We
could not help observing on our journey that the surface of the country in the vicinity
of large swamps and well-wooded hills showed no signs of the drought which has so
seriously affected many districts. It is true that we were traveling through a part of the
colony which has a greater inland water surface than any other. Everywhere swamps lie at
the base of the volcanic hills; and lakes of fresh, and brackish, and salt water are numerous,
and some of them very large. No doubt these extensive sheets of water serve to modify the
local climate; and it is certain that the observant traveler cannot fail to perceive a change
when he approaches one of the larger lakes. The cool moist breeze, the rich colours of the
landscape, the character of the foliage, and the luxuriance of the grasses, all indicate that
the local conditions are different from those which obtain in other parts where a water
surface is absent.” [82].

The members of this Professional Board were Charles Whybrow Ligar, the Surveyor-
General (formerly Surveyor-General of New Zealand), Clement Hodgkinson, Assistant
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Commissioner of Crown Lands and Survey, and Robert Brough Smyth, Secretary of Mines
and formerly Government Meteorologist (Figure 4). Each was a prominent member of
the colonial scientific community, both professionally and personally, and contributed
to the colonial scientific discourse in their areas of training and interest. All were active
members of the Royal Society of Victoria, which had the aim to embrace “the whole field of
science, with a special reference to the cultivation of those departments that are calculated
to develop the natural resources of the country” [83]. In their contributions to the Royal
Society of Victoria, their training was complemented by their interest in natural history.
Each presented papers to the Society in his area of interest and expertise and served as an
office bearer or councilor.

Figure 4. Professional Board appointed to assess swamp reclamation applications, 1865: Charles
Whybrow Ligar, Surveyor-General (left), Robert Brough Smyth, Secretary of Mines (centre) and
Clement Hodgkinson, Assistant Commissioner of Crown Lands and Survey (right). Sources: Charles
Whybrow Ligar, Surveyor-General, ca. 1859, State Library of Victoria; Robert Brough Smyth, 188–?, by
George Gordon McCrae, 1833–1927, National Library of Australia; Clement Hodgkinson, Johnstone,
O’Shannessy & Co. photographers, Melbourne; David Syme & Co., 2 October 1893, State Library
of Victoria.

As members of the Royal Society of Victoria, the members of the Professional Board
would have been well informed about contemporary scientific issues. The Society played
an important role in the scientific development of the colony and contributed to a detailed
knowledge of its natural resources [83]. They would also have had access to scientific
periodicals from overseas, exchanged for the publications of the Royal Society of Victoria.
They were part of an imperial scientific collaboration, whereby British imperial officers and
scientists exchanged environmental data and insights [72,84].

Much had been written in this scientific literature about the negative effects of defor-
estation in the colonies [85]. Clement Hodgkinson was clearly aware of such literature when
he commented that “to drain all the swamps in the country would be as great a calamity as
to denude it of all timber” [80]. He established a program of reservation, regulation, admin-
istration and education to control the use of Victoria’s forests, which became a model for
the future forestry profession (www.asap.unimelb.edu.au/bsparcs/biogs/P002057b.htm;
accessed 25 November 2021). This system had its origins in the forest-conservation system
set up in colonial India [72,85].

This scientific exchange cast doubt on imported environmental theories and associated
management practices [72]. The importance of the specific environmental conditions of each
colony was acknowledged, as was the need to develop local environmental management
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strategies. Water management was critical to the survival of the colony. The Professional
Board’s recommendations reflected this.

The media supported the conclusions of the Professional Board. The Argus published
weekly accounts of the Board’s meetings [50,80,86–89]. On 19 December 1865, the editor
wrote that “the general tenor of the report (of the Professional Board, in which many
swamps were exempted from reclamation) confirms the impression that any extensive
drainage of our “waste lands” would be productive of very dangerous consequences. The
belief that any general or extensive drainage of bogs and fens ought to prove a public
benefit is one of the many old country ideas which is still inapplicable here. In the United
Kingdom, with its constantly dropping skies—in Holland, where so much of the soil has
been wrested from the sea—there is, as a rule, only too much water on the earth and in the
air; and in Western Europe generally, the man who undertakes to remove what has been
termed those “blurs on the fair face of nature”, justly deserves to be regarded as a public
benefactor. But the case in Australia, with its strong sun and with its perpetual liability
to drought, where water is the great physical want, and where every expanse of water,
however unsightly or seemingly wasteful to old country eyes, is really precious from its
influence in lending the atmosphere humidity . . . Our water-covered lands are not now
waste lands; they contribute to a purpose, and no one will deny that it is the most important
of all others here.” [90].

4. Discussion

4.1. The Expected and the Surprising in Colonial Perceptions of Carrum Carrum Swamp

From their homelands, the colonists brought with them to Carrum Carrum Swamp
scientific, premodern, exploitative, romantic, aesthetic, and medico-mythic perceptions
towards wetlands. The presence of these perceptions is to be expected. They represent two
different perspectives of wetlands: those that accept the wetland as wet land and those
that support drainage and conversion of the wetland to dry land. A premodern perception
of wetlands had enabled the first colonists, the squatters, to settle on the swamp before
its drainage and to manage it as a resource. This perception enabled occupants of The
Fens and other coastal wetlands in England and elsewhere to survive for centuries [7] but
has not been revealed before in a study of colonial perceptions in Australia. The romantic
perception also accepted the wetland in its natural state, to be enjoyed as a wild refuge
from everyday life. In contrast, the scientific, exploitative, aesthetic, and medico-mythic
perceptions of wetlands all contributed to the drainage of wetlands, both in Australia and
elsewhere (1–10). Within 41 years of its settlement by colonists, the wet land of Carrum
Carrum Swamp was converted to dry land. A mosaic of swamp, morass, permanent water,
and higher sandy land—waste land—became a landscape of market gardens, farmland,
and grazing land, with some areas of water too deep to be drained.

The presence of an ecological perception of swamps, expressed by colonial scientists
and promoted by the local media, was a surprising result of this study. This ecological
perception attached a different value to wetlands and encouraged their retention as wet
land. It arose in response to the unique environmental conditions of the new colony and
predates the ecological vision identified by Heathcote [24], albeit for utilitarian reasons, and
before the discipline of ecology had been named and defined in 1869 [79]. The members
of the Professional Board of the Swamp Commission understood that the swamps were
elements of hydrological systems, connected to creeks and rivers, and that they moderated
the local climate. They recognised that swamps had value beyond utilitarian purposes.

This ecological perception of wetlands in colonial Victoria is consistent with the rise of
environmentalism in the colonies on the periphery of the modern world [85]. There were
several aspects to this environmental consciousness, related to the practical concern for
the physical wellbeing and survival of colonists; a new valuing of the environment as an
expression of the “other” represented by the newly colonized land; a growing awareness
of extinction processes; and an understanding of the dynamics of species change and the
origin of humans. Scientific members of the colonies were aware of the potential for harmful
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environmental change with colonization. Such changes could jeopardize the long-term
survival of the colony. In such circumstances, conservationism had economic advantages,
particularly in ensuring forest protection and water supply. The perception, beliefs and
values attached to Victorian wetlands by the Professional Board is a local example of this
environmentalism in colonies.

Early colonial conservation policies were almost always perceived as being the legiti-
mate concern of the state rather than of the individual [85]. The unfamiliar environment
of the colony presented risks to its survival. To ensure the future of the colony, some
understanding of those risks was necessary, as was the implementation of some controls.
The advice of scientists was critical to the colonial government in identifying and assessing
the risks. The Victorian colonial government recognised this in establishing the Professional
Board to assess applications for leases of swamps on Crown Land. Consequently, controls
were imposed on the drainage of selected swamps, the value of which for the colony lay in
their retention as water sources in a country of unreliable rainfall.

Water management was critical to the survival of the colony. The environmental con-
ditions in the colony, however, differed dramatically from those of Britain. The premodern
and exploitative perceptions, values, and attitudes towards wetlands had developed in
a stable and known relationship between the people and the land, between society and
nature, over generations in Britain [85]. The establishment of the Professional Board ac-
knowledged the uncertainty of the relevance of these inherited conventions to the new
colony. The involvement of scientists in the assessment of wetlands officially introduced
empiricism into management of wetlands in the colony, although some colonists were
already aware of the need for empirical testing in their management of the new land [72].
Exploitative perceptions and practices might not be appropriate. An empirical approach
was necessary, whereby new land management practices could be developed and their
efficacy tested in the new and unfamiliar environment.

This ecological perception must be distinguished from an ecological aesthetic percep-
tion [19], which focuses on the pleasure experienced from the appearance of a landscape.
An ecological aesthetic perception has been defined in contrast to a scenic aesthetic per-
ception, which is problematic when appreciating many types of landscapes, particularly
wetlands [2,19,66,67]. An ecological aesthetic perception requires knowledge and involves
cognition [65]. It is multimodal, involving senses other than vision and does not involve a
“frame”. It accepts that the landscape is dynamic, living and changing and often messy. It
is not possible to discount an ecological aesthetic perception by the colonial scientists in
this study, but the data did not reveal it specifically.

An ecological perception has also been described by Sewall (1995) [91] but it, too,
differs from the colonial ecological perception. This ecological perception is specifically
visual, focusing on dynamic relationships within a landscape. It has not been identified
empirically but is proposed as a way of “seeing” to bring humans closer to the natural
world. It demands five practices: paying attention; seeing relationships between things
rather than objects independent of context; being flexible in perceiving, by seeing familiar
things in a new way; seeing from a position within the biosphere; and encouraging visual
imagination. Ecological knowledge is not included. This is not equivalent, either, to the
ecological aesthetic perception, which is cognitive as well as affective.

4.2. Typology for Perception of Wetlands

Landscape perceptions, beliefs, and values shaped the five visions of the environ-
ment that Heathcote [24] identified since colonization of Australia—scientific, romantic,
colonial, national, and ecological. The colonial perceptions of Carrum Carrum Swamp lie
within four of these visions. The scientific, romantic, and colonial (exploitative) visions
would be expected. However, the fourth, the ecological, has generally been regarded as a
phenomenon of the 20th century. The fifth—a national vision—was absent from Carrum
Carrum Swamp. Yet there were other perceptions that are evident amongst the colonists.
One, a premodern perception, which was a heritage of their homeland, led to adaptive
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land management when colonizing the swamp. In addition, there were aesthetic and
medico-mythic perceptions.

These seven perceptions bear some relationship to the nine values of nature proposed
by Kellert [21]. However, utilitarian values underlie both premodern and exploitative
perceptions of Carrum Carrum Swamp; naturalistic, symbolic, humanistic, and moralistic
values underlie romantic perceptions; and negativistic values can underlie medico-mythic
perception. Utilitarian values can also underlie the colonial ecological perception of wet-
lands. Kellert’s typology with nine values [21] is preferred to his later typology with eight
values [22,23]. It offers more scope, with separate ecologistic/scientific and naturalistic
values and uses adjectives as descriptors of values instead of nouns.

From Heathcote’s and Kellert’s typologies, a typology for wetland perception has
been developed (Table 2). An earlier study of contemporary perceptions of wetlands
identified ecological/scientific, aesthetic, negativistic, utilitarian, naturalistic and symbolic
perceptions [12]. Ecological/scientific and aesthetic perceptions were dominant. This
classification used Kellert’s earlier terminology [21]. Interpreted in terms of the typology
presented in Table 2, these perceptions would be described as scientific, ecological, aesthetic,
medico-mythic, exploitative, and romantic. Thus, present perceptions essentially follow
the same typology as past colonial perceptions. However, in contemporary perceptions,
the predominant were ecologistic/scientific and aesthetic, and aesthetic values related to
the perception of the wetland as habitat.

Table 2. Typology for perceptions of wetlands.

Perception of Wetland Description

Scientific Wetland as repository of scientific information

Premodern Wetland as resource, pre-Industrial Revolution

Exploitative Wetland as potential resource, post-Industrial Revolution

Romantic Wetland as uncivilized landscape, appreciated for its wildness
rather than as physical resource

Aesthetic Wetland as object to be aesthetically appreciated

Medico-mythic Wetland as dangerous and unhealthy landscape understood
through myths and legends

Ecological Wetland as system of plants, animals, soils and climate

A premodern perception was not revealed amongst contemporary perceptions [12].
This can be the result of different personal attributes of the 21st century participants from
those of the 19th century or the specific landscape attributes of the wetlands compared
with Carrum Carrum Swamp. Certainly, a premodern perception requires familiarity with
pre-Industrial Revolution landscapes.

This typology also includes negativistic perceptions of wetlands associated with insect-
borne disease, within the medico-mythic perception. It does not accommodate perception
of insect pests themselves, e.g., mosquitoes, identified with contemporary wetlands. This
might be specific to the colonists of Carrum Carrum Swamp as mosquitoes in the Perth
swamps were a concern [2].

Herein lies a limitation of this study. Perceptions have been inferred from historical
documents located using selected keywords. Searches with additional keywords might
have located other documents, analysis of which might have revealed additional percep-
tions. Further studies of colonial perceptions of other wetlands are needed to clarify this
issue and to test this typology. The typology is likely to have broader application for
understanding contemporary perceptions of wetlands. This, too, should be explored in
future studies.
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5. Conclusions

In contrast to popular opinion that all wetlands were regarded in the past as waste land,
dangerous, smelly, and unsightly places, this study has shown that colonial perceptions of
Carrum Carrum Swamp were not homogeneous and uniformly negative. Certainly, the
overriding perception was exploitative, which resulted in its drainage. However, in the
mix of seven perceptions identified, the premodern, romantic, and ecological perceptions
did not demand drainage of the swamp. An ecological perception of colonial wetlands was
surprising, as ecological awareness is associated with the 20th century. Colonial scientists,
through their ecological perception of wetlands, prevented the drainage of many swamps
in Victoria.

Colonial perceptions of Carrum Carrum Swamp were similar in type to contemporary
perceptions of Victorian wetlands, differing only in the presence of a premodern perception.
A premodern perception is likely to apply only to those with experience of pre-Industrial
Revolution landscapes. However, perceptions in the two periods differed in the relative
importance of each, with consequences for wetland management. In colonial times, an
exploitative perception predominated, resulting in wetland drainage. In contrast, ecolo-
gistic/scientific and aesthetic perceptions prevail in recent times, supporting the use of
wetlands in sustainable stormwater management in urban locations.

The typology for perceptions of wetlands was developed using a suite of nature values
believed to be inherent in all humans. Thus, this typology should be suitable to classify
wetland perceptions regardless of period.
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Abstract: The aim of the present research was to analyze the farmers’ intention towards participation
in the management and conservation of wetlands through the lens of the extended theory of planned
behavior (TPB). To do this, a cross-sectional survey of Iranian farmers was carried out. To select the
samples, a multi-stage random sampling process with a proportional assignment was employed.
The research instrument was a researcher-made questionnaire whose validity and reliability were
verified using various quantitative and qualitative indicators. The results of the extended TPB using
structural equation modeling showed that four variables, namely moral norms of participation
in management and conservation (MNPMC), attitude towards participation in management and
conservation (APMC), subjective norms towards participation in management and conservation
(SNPMC), and self-concept about participation in management and conservation (SCPMC) had
positive and significant impacts on intention towards participation in management and conservation
(IPMC). The results also revealed that that entering MNPMC and SCPMC into TPB could increase its
explanatory power. Also, the fit indicators supported the extended TPB. From a practical point of
view, the present study provides justifications and insights for the use of MNPMC, APMC, SNPMC,
and SCPMC in policies and programs intended to encourage farmers and local communities to
participate in wetlands management and conservation.

Keywords: wetlands ecosystems; moral norms; self-identity; theory of planned behavior; sustainability

1. Introduction

Wetlands are among the most valuable ecosystems on Earth [1]. There are about
1280 million hectares of wetlands around the world, which include inland and coastal
wetlands such as lakes, rivers, swamps, and constructed wetlands such as rice fields
and reservoirs [2]. Wetlands are actually water-saturated soils [3] that include flowing,
fresh, brackish, and saline water bodies. In some cases, wetlands contain a part with
marine water that has a depth not exceeding six meters at low tides [4,5]. Wetlands, with
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their numerous plants, animals, and microorganisms, play a crucial role in conserving
global biodiversity. Their sustainable conservation and management can also play a
key role in achieving 17 goals of the Sustainable Development Agenda of the United
Nations and directly or indirectly contribute to the sustainability of 75 SDG indicators
(out of 230) [6–8]. This means that the importance of wetlands has been emphasized
in 75 indicators of the 2030 Sustainable Development Agenda. Wetlands are of great
importance from ecological, economic, and socio-cultural perspectives. In the ecological
dimension, with the conservation of aquatic wildlife, mammals, native and migratory bird
species, resident amphibians, reptiles, and various species of insects [2–9], wetlands are safe
habitats for plants and animals [10,11] and thus help to preserve and develop biodiversity.
Wetlands are natural filtration systems for runoffs and can improve water quality in an
area [3]. Scientific evidence [12–14] shows that wetlands play a crucial role in reducing the
risks of natural disasters such as storms and floods and preventing soil erosion. Ecosystem
services provided by wetlands include the reduction of climate change impacts, pollutants
treatment, nutrients and human waste recycling [14,15], the rehabilitation of degraded
groundwater aquifers and increasing water use potential [2], and the conservation of
watersheds, carbon sequestration, and storage [14].

The wetlands are economically important because they provide many essential ecosys-
tem services for the welfare of human communities [15]. Wetlands are turned into pivotal
sources in eradicating poverty via the provision of ecosystem services [16]. In this regard,
the role of wetlands resources is especially important in the livelihood of the poor in devel-
oping countries [17]. Tourists’ access to these places and the development of the tourism
industry can be a good source of income for local communities. Normally, the economic
conditions of an area are closely associated with the health and stability of wetlands. In
general, wetlands have numerous commodities and services that have economic value not
only for the local population but also for the people living outside the wetlands [2]. Major
economic services of wetlands ecosystems are human habitation, water supply for various
uses including plantation and seasonal agriculture, the production of fishery products,
the grazing source of local livestock, the growth of wild and medicinal plants, energy
production, the procurement of building raw materials, the protection of genetic resources,
the supply of constructing raw materials, and industrial uses for individuals [2,17].

Rodrigues et al. [18] consider socio-cultural services of wetlands ecosystems to be very
important. The researchers state that wetlands are a place for recreation that can be very
inspiring due to their visual and aesthetic qualities. In addition, wetlands can represent
cultural heritage and identity that have high scientific and educational potential [14].
The potential role of aquatic environments (wetlands) in improving health and reducing
stress has rarely been investigated so far. However, there is evidence that natural habitat
and biodiversity are effective therapies to reduce mental problems such as post-disaster
stress and other psychological diseases [19]. In addition, wetlands reduce intensive and
widespread population movements, as the loss of livelihood opportunities and migration of
people living around wetlands who depend on the existence of wetlands is one of the main
social outcomes of wetlands degradation [20]. This increase in migration has caused many
issues and problems including cultural shocks, slum development, illegal jobs, hidden
unemployment, and other similar things in migration destinations [21].

Despite the great importance of wetlands from an ecological, economic, and socio-
cultural perspective, unfortunately, many of them are being destroyed. Such disasters
can have various consequences such as reducing the capacity of ecosystems to provide
services [14], increasing soil salinity, increasing salt storms, the occurrence of the dust phe-
nomenon, population mobility, international conflicts, famine, desertification, etc. There
are many reasons for wetlands degradation. Examples include high population density and
urbanization pressure [22], drought, storm, and sea level changes [23]. However, it should
be noted that human-induced factors are the main reasons for wetlands’ degradation [17].
Failure to assess the impacts of industrial and tourism development, rapid urbanization
and population growth, dam construction, and agriculture are among these factors [4,23,24].
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Although many factors such as climate change and the depletion of groundwater resources
play a critical role in wetlands degradation around the world, the overdevelopment of agri-
cultural activities is one of the most important factors in the destruction of most wetlands
in some countries such as Iran. In this regard, paying more attention to the role of farmers
as one of the influential stakeholders in the process of wetlands management, conservation,
and rehabilitation is crucial [17]. Farmers can contribute to wetlands management and
conservation in a variety of ways. Reducing the intensity of agricultural activities around
the wetlands, launching non-agricultural businesses to prevent the destruction of wetlands
ecosystems, using modern irrigation methods to reduce water consumption, and low use
of chemicals in agricultural crops’ production are among the contributions of farmers to
the management and protection of the wetlands. Furthermore, respect for the rights of
native and migratory animals of the wetlands, payment for wetlands ecosystem services,
and participation in programs and projects can also be considered as the other roles and
contributions for farmers in the field of wetlands management and conservation [25].

Despite the great importance of the participation of local communities (such as farm-
ers living around wetlands) in the management and conservation of wetlands in Iran,
managers, decision makers, and policy makers have not paid much attention to it. There
are many wetlands that are drying for various reasons such as droughts, unbalanced
agricultural development, population growth, climate change, and mismanagement in
Iran. For example, Ghara Gheshlagh wetland is one of the large wetlands located in north-
western Iran near the shores of Lake Urmia. As the socio-behavioral dimensions are one
of the main dimensions of sustainable wetlands management, many social intervention
programs have been implemented for the rehabilitation and sustainable management of
Ghara Gheshlagh wetland in this area. However, according to the Iranian Department of
Environment [25], many of these social interventions have not been very successful. One of
the main reasons for this is the low awareness of planners and intervention organizations
about the factors determining farmers’ participation and socio-psychological mechanisms
of the intention to participate in the management and conservation programs of Ghara
Gheshlagh wetland. Thus, identifying and analyzing the farmers’ intentions to participate
in the conservation and management of Ghara Gheshlagh wetland was selected as the main
purpose of the current research. The main objectives included developing an appropriate
theoretical framework based on the theory of planned behavior (TPB) to analyze farmers’
intention to participate in the management and conservation of the wetlands, test the
original version of TPB, test the extended version of TPB, and provide practical recommen-
dations for improving the wetlands management and conservation. The present study
is novel from four perspectives. First, no similar study has been conducted in the study
area. Therefore, this study can provide a basis for further research on socio-psychological
dimensions of wetlands conservation and management. The application of the theory of
planned behavior (TPB) to analyze the farmers’ intention to participate in the management
and conservation of wetlands is the second novelty of the study. Furthermore, the present
study extends the original version of TPB by adding the self-concept about participation in
management and conservation (SCPMC) and moral norms of participation in management
and conservation (MNPMC) to the analysis. This can be considered as the most important
theoretical contribution of the study. The last novelty is that it provides the readers and
end-users of the study with innovative results and insights about the mechanisms of the
relationships among socio-psychological variables.

2. Theoretical Framework: TPB

TPB is a significant and well-known social-cognitive theory aiming at explaining the
variance in volitional behaviors [26]. Fishbein and Ajzen [26] first conceptualized and
presented the Theory of Reasoned Action (TRA) to describe individuals’ thinking and
predict their future intentions and behaviors. Attitude towards a specific behavior and
subjective norm are the two main structures of TRA [27]. In 1988, Ajzen developed the TRA
to overcome its limitations [28], and finally, TPB was first articulated and introduced by
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Ajzen in 1991 [29]. Unlike TRA, TPB states that not all behaviors are completely voluntary
and under one’s control. A person may have a strong intention to perform a behavior, but
in certain circumstances, this behavior is prevented. Thus, perceived or actual behavioral
control may affect intention or the relationship between intention and behavior [28]. There
are three main variables in TPB, including the attitude towards behavior, the subjective
norm about behavior, and the perceived behavioral control [29]. Attitude is defined as
the favorable or unfavorable appraisal towards the actual representation of a particular
behavior [30,31]. In the present study, attitude refers to the degree of farmers’ favorable
or unfavorable evaluation towards participation in the management and conservation of
wetlands. The subjective norm denotes “the perception of a person (farmer) that most
people think that he/she must or must not perform a particular type of behavior”, i.e.,
participating in wetlands conservation and management [26–31]. Perceived behavioral
control indicates the perception of individuals about their control over the target behavior,
which in this study is participation in the conservation and management of wetlands.
Kolvereid [32] explains that in TPB, “attitudes or beliefs do not directly predict behaviors.
Instead, these factors are completely or partially absorbed into intention” [33,34].

TPB is one of the most widely used behavior prediction theories due to its global
recognition [35]. Despite the evolution of TPB over the past decades, there are still concerns
about its comprehensiveness and efficiency. One of the limitations of this theory is the
inadequate accuracy in prediction. Fishbein and Ajzen [26] stated that comparative impor-
tance may vary depending on the type of behavior and population. However, TPB has
been criticized for being too focused on the individuals’ behavior and paying insufficient
attention to the respondent’s identity [36,37].

It is also claimed that TPB underestimates the influence and role of social norms.
Based on a study by Ajzen [30], in TPB, social-oriented norms are usually regarded as
subjective-base norms [29]. Another critique of this theory is that TPB is based on individu-
alism and all variables in it are rational predictors [29]. Some researchers [38] believe that
environmentally-friendly behaviors are influenced by public-sphere and altruistic motives.
Therefore, they argue that moral norms are important in perceiving individuals’ behaviors
and should be included in the TPB model [29]. Ajzen and Fishbein [39] also showed that
when encountering behaviors with moral dimensions, moral criteria should be included
in TPB to determine whether it helps to explain the intention and behavior or not. High
personal or moral norms motivate individuals to follow social behaviors, while low moral
norms prevent social and altruistic behaviors [29]. This theoretical approach is very useful
for explaining the behaviors of farmers and other stakeholders in agriculture and natural
resource management [38]. As the goal of TPB is to explain global behaviors (and not exclu-
sively rational behaviors) [40], a variable of moral norm should be added to the extended
version of TPB to improve its predictive power. Moral norms are internal moral rules or
values that are motivated by predicted self-developed rewards or punishments [29–40].
In the present study, moral norms of participation in management and conservation of
wetlands refer to the personal or moral justification of participation by farmers (farmers’
personal beliefs about what it is right or wrong to do).

Some studies [41] have also demonstrated that in addition to moral norms, personal
self-image (self-concept) can also be useful in increasing the TPB’s predictive power [42],
but this variable is ignored in the original version of TPB. The self-image includes all the
individual roles. Individual choices may also be determined by the degree to which a
particular intention is compatible with his/her own feelings [43,44]. The concept of self
can encompass a broader social context for the individuals and connect intention and
action to certain personal characteristics. In the present study, self-image (self-concept) is
defined as the label that farmers use to describe themselves in the field of participation
in the management and conservation of wetlands. The idea of self-concept integration
in TPB is not new, and many previous studies [43] have shown that self-concept is an
important predictor and improves the standard TPB model. Even some researchers such
as Carfora et al. [37] present self-concept as the strongest predictor of pro-environmental
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behavioral intentions. Therefore, in order to eliminate the weaknesses of the original
form of the theory, two variables of moral norms and self-concept were included in TPB,
and the theoretical framework of the study was articulated as Figure 1. This method of
extending a theory is not new and is one of the most widely used and effective methods
for developing behavioral theories. There is strong support for this methodology in the
literature see [43,45–47], and many researchers have used this method to develop the theory
of planned behavior. In order to achieve the main purpose, five hypotheses were defined:

All the studied variables including the attitude towards participation in manage-
ment and conservation (APMC) (hypothesis 1), subjective norms towards participation
in management and conservation (SNPMC) (hypothesis 2), perceived behavioral control
on participation management and conservation (PBCPMC) (hypothesis 3), self-concept
about participation in management and conservation (SCPMC) (hypothesis 4), and moral
norms of participation in management and conservation (MNPMC) (hypothesis 5) will
have positive and significant effects on the intention towards participation in management
and conservation (IPMC).

Figure 1. Theoretical framework of the research.

3. Materials and Methods

3.1. Research Design and Research Type

In terms of paradigm, this study is a quantitative one in which a non-experimental
research design was used, and in terms of purpose, it is an applied one that was conducted
using a cross-sectional survey among farmers.

3.2. Study Area

Ghara Gheshlagh wetland is located in the northwest of Iran and in the southeastern
part of Lake Urmia (Figure 2). This wetland is located in the geographical area of the two
provinces of West and East Azerbaijan and has an area of about 48 square kilometers. This
means that the wetland is located on the border between the two provinces of West and
East Azerbaijan in Iran. Its average height above the sea level is 1275.9 m. The water depth
of this wetland is about 15 cm. It is noteworthy that its water depth varies in different
seasons of the year due to many factors such as rainfall in wet seasons, evaporation in hot
seasons, the consumption of water sources by different users, the extent of exploitation of
underground resources in the wetland, and the decrease in the water level of Lake Urmia.
The main livelihood and income sources of the villagers are agriculture and mobile/fixed
livestock husbandry. The agricultural products of the farmers of the region are alfalfa,
watermelon, wheat, barley, melon, tomato, beet, and orchards (apple and grape), among
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which a significant proportion is allocated to the first four crops. Today, about three-
quarters of the region’s agricultural land is used for alfalfa, watermelon, wheat, and then
barley. Only a quarter of the rest is allocated to other products. Alfalfa, meanwhile, is a
crop that needs plenty of water, and wheat and barley are irrigated rather than rainfed [25].
Therefore, it can be said that the agriculture sector in this region is impressively water
consuming. Handicrafts such as weaving kilims and carpets, hunting waterfowl, and
fishing are other sources of income for local people. The presence of 185 species of native
and migratory birds, numerous mammals, and rare plant and aquatic species indicates
the richness of this habitat as one of the main and ecological reserves. Ghara Gheshlagh’s
biodiversity has made it one of the important habitats for natural vegetation and wildlife.
This wetland is home to thousands of migratory birds (especially flamingos) that migrate
to this area from distant areas every year during the cold season [25].

Figure 2. The study site.

3.3. Population and Sampling

The population in the present cross-sectional survey was farmers around Ghara
Gheshlagh wetland (Figure 2) (N = 9536). As this wetland is located in the West and East
Azerbaijan provinces, we attempted to select a sample from farmers in both provinces.
In order to obtain the required sample size of the population around the wetland, the
Krejcie and Morgan table was used (n = 373). Once the population size is figured out,
the Krejcie and Morgan table is a simple way to estimate the sample size. This sampling
table is one of the most widely used methods for calculating a statistical sample size [44].
For logical distribution of the sample in the population and selection of a representative
random sample, a multi-stage stratified method with proportional assignment was used.
In this sampling method, the study area should be divided into several categories based
on special criteria. Therefore, first, the area was divided into two categories/counties. In
this classification, based on the Statistics Center of Iran, Bonab and Miandoab counties
were considered as separate classes. In the second stage, the name and characteristics of
the villages around Ghara Gheshlagh wetland were determined. To do this, the data and
information provided by the Forests and Rangelands Organization of West Azerbaijan
and East Azerbaijan provinces were used. Wetlands may directly and indirectly influence
agricultural, livelihood, and industrial activities at a distance of 5 km. Therefore, the
villages located within a 5 km radius of the wetland were included in the population
(23 villages). Some other studies have used this approach in the past [48]. However, it
should be noted that in some cases, the direct and indirect effects of wetlands may be
felt at distances of more than 5 km [25]. In the third stage, the number of farmers in
each village was estimated. For this purpose, the demographic statistics presented in the
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agricultural reports of the Agricultural Jihad Administrations of Bonab and Miandoab
counties were used. In the fourth step, the required sample size for each village was
estimated by comparing its agricultural population with the total agricultural population
and the selected sample. This made it possible to distribute the whole sample among
different villages. Finally, farmers (samples) were randomly selected from the farmers of
each of these villages in proportion to the volume.

3.4. Research Instrument

The study instrument was a researcher-made and close-ended questionnaire (Table
S1). Different methods and indicators were used to verify the validity and reliability of the
study device. In order to confirm the face and content validity, the opinions of the expert
group were employed. These experts were either faculty members or field practitioners
with extensive experience in socio-ecological interventions based on sustainable wetlands
management.

The pilot study was conducted among farmers around Parishan wetland in Fars
province in the Southeast of Iran. This area was selected for the pilot study because it
was similar to Ghara Gheshlagh wetland in terms of its conditions. Alpha coefficients
were used to verify the reliability. Table 1 shows the calculated reliability for the various
variables. After the cross-sectional survey, other complementary methods were used to
confirm the validity and reliability. At this stage, two indicators of composite reliability
(CR) and loading factors of items in the first-order confirmatory factor analysis were used
to appraise and examine the reliability of the research instrument.

Three other indicators (composite reliability, convergent validity (CV) or average
variance extracted (AVE), and divergent validity) were also applied to confirm the validity
indices of the research instrument. Divergent validity of the questionnaire was evaluated
by the average shared squared variance (ASV) and the maximum shared squared variance
(MSV). Finally, all the questionnaire items (see Table 1 for the complete list of items) were
scored by means of a five-point Likert scale (1 = Strongly disagree to 5 = Strongly agree). In
order to calculate the scores of the variables in the conceptual framework, the scores of the
constituent items were added together.

Table 1. Items employed to measure the variables and alpha coefficients.

Var. No. Items

APMC

Attitude towards participation in management and conservation (APMC): (α = 0. 78)

1 Usefulness of participation in wetlands conservation and management

2 Prioritization of personal interests such as increasing products over wetlands conservation and
management

3 Necessity of wetlands conservation and management in water shortage conditions
4 Necessity of cooperation and participation of all stakeholders in wetlands conservation and management
5 The desirability of engagement in wetlands conservation and management
6 Considering participation in wetland conservation and management as a wise behavior
7 Trusting the wetlands conservation and management plans

PBCPMC

Perceived behavioral control on participation management and conservation (PBCPMC): (α = 0.75)

1 Having the time and skills needed to participate in wetlands management and conservation

2 Having the necessary economic capability to participate in wetlands conservation and management
activities

3 Ease of participation in wetlands conservation and management
4 Having the knowledge needed to participate in wetlands conservation and management

MNPMC

Moral norms of participation in management and conservation (MNPMC): (α = 0.84)

1 I feel that I am a good person if I help protect and revitalize the wetlands.
2 I consider it a moral duty to participate in the better conservation and management of the wetlands.
3 I feel that I have to do useful work for better conservation and management of wetlands.
4 I have a sense of commitment to participate in wetlands conservation and management.
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Table 1. Cont.

Var. No. Items

IPMC

Intention towards participation in management and conservation (IPMC): (α = 0.82)

1 I want to pay for the rehabilitation and conservation of Ghara Gheshlagh wetland.
2 I want to learn the necessary skills for the conservation and management of Ghara Gheshlagh wetland.
3 I would like to participate in the management and conservation of Ghara Gheshlagh wetland.

4 I would like to cooperate with the government, experts, and stakeholders involved in the rehabilitation of
Ghara Gheshlagh wetland.

SNPMC

Subjective norms towards participation in management and conservation (SNPMC): (α = 0.73)

1 Commitment to participate in the management and conservation of the wetlands will lead to my approval
by those around me.

2 I think my acquaintances and friends expect me to be as committed as I can to participate in the
management and conservation of the wetlands.

3 My acquaintances and friends think that I should be committed to participating in the management and
conservation of the wetlands.

SCPMC

Self-concept about participation in management and conservation (SCPMC): (α = 0.77)

1 I believe that I am a person with environmental concerns in Ghara Gheshlagh wetland.
2 My self-image is a person committed to participating in the management and conservation of the wetlands.

3 I think I am a person who participates in the management and conservation of the wetlands (water
conservationist).

3.5. Data Collection and Data Analysis

The researchers used face-to-face interviews with farmers for data collection. Data
collection was performed by the first author. To collect data, the first author used an
experienced data collecting team. The number of members of the data collection team was
4 and they were engaged in data collection for two months. According to the estimated
sample size, 373 farmers in different villages were selected and interviewed, but 33 of them
refused to answer. Therefore, 340 questionnaires were collected. Then, 25 questionnaires
were excluded due to high missing data. Finally, 315 questionnaires were analyzed. Data
analysis was performed using SPSS24 and AMOS20 software. Data normality was tested
using Mardia’s skewness and kurtosis coefficients. The values of these coefficients were at
the acceptable level (less than ±1.96). First-order confirmatory factor analysis models were
applied to calculate the measuring models and analyze the structure of the extended TPB
variables. Confirmatory factor analysis is a method to determine the power of a predefined
factor model that has a set of observational data. In other words, this type of factor analysis
tests the degree of conformity between the theoretical model and the experimental model
of the research. In this method, first, the relevant variables and indicators are selected based
on the initial theory and then, factor analysis is used to determine whether these variables
and indicators are loaded on the predicted factors or not [49,50]. The maximum likelihood
method was used to examine the measurement models. In this study, in addition to
measurement models, total/direct structural model analysis was employed. The structural
model examined the structural-oriented relationship between the original and extended
versions of TPB. For this purpose, the original TPB was first tested by entering three
independent variables, namely APMC, PBCPMC, and SNPMC. In The next step, the
extended version was tested by adding MNPMC and SCPMC to the original TPB. This is
one of the most common ways to develop behavioral patterns.

4. Results

4.1. Correlation Matrix between Independent and Dependent Variables

The correlation relationships of the variables showed that five variables of APMC
(r = 0.670; p > 0.01), SNPMC (r = 0.465; p < 0.01), PBCPMC (r = 0.544; p < 0.01), SCPMC
(r = 0.547; p < 0.01), and MNPMC (r = 0.709; p < 0.01) had positive and significant corre-
lations with IPMC. These correlations mean that increasing or strengthening these five
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variables can lead to enhancing the IPMC. By comparing the correlation values, it can be
inferred that the intensity of the correlation of MNPMC and APMC with IPMC is higher
than other variables (Table 2).

Table 2. The results of Pearson correlation for the study variables.

Variable
Name

IPMC APMC SNPMC PBCPMC SCPMC MNPMC

IPMC 1
APMC 0.670 ** 1

SNPMC 0.465 ** 0.461 ** 1
PBCPMC 0.544 ** 0.694 ** 0.387 ** 1
SCPMC 0.547 ** 0.494 ** 0.294 ** 0.451 ** 1

MNPMC 0.709 ** 0.680 ** 0.425 ** 0.591 ** 0.549 ** 1
Note: Abbreviations: Intention towards participation in management and conservation (IPMC), Attitude towards
participation in management and conservation (APMC), Subjective norms towards participation in manage-
ment and conservation (SNPMC), Perceived behavioral control on participation management and conservation
(PBCPMC), Self-concept about participation in management and conservation (SCPMC), Moral norms of partici-
pation in management and conservation (MNPMC). ** Sig. level: 0.01.

4.2. Evaluating Validity and Reliability Results Using Measurement Models

The evaluation of the measurement models of the extended TPB variables showed
that the values of the loading factors of all measurement items were greater than or equal
to the acceptable value of 0.4 (Table 3). This means that the items having a loading factor
less than 0.4 are not loaded on the specific factor and must be eliminated. In fact, the
values of the loading factors represent the correlation of individual items with the main
factors (variables). The recommendation presented by Nunnally [51] and Maleksaeidi
et al. [52] was used to determine this acceptable threshold value. The obtained numerical
coefficients for CR and AVE were greater than or equal to the cut off values of 0.7 and 0.5,
respectively. It can be inferred that the questionnaire used in this study had composite
reliability and convergent validity. Comparing divergent validity indicators (ASV and
MSV) with AVE values also revealed that the values of these indicators were less than AVE
values. Therefore, it can be concluded that the study instrument had divergent validity.
Since Mardia’s multivariate skewness and kurtosis coefficients were less than ±1.96, it can
be inferred that the research data had a normal distribution (Table 3).

Table 3. Measurement models’ estimations and validity and reliability results.

Items/Variables/
Normality Measure

IPMC APMC SNPMC PBCPMC SCPMC MNPMC Skew Kurtosis

IPMC1 0.75 * 1.302 0.765
IPMC2 0.75 0.625 0.969
IPMC3 0.60 0.374 0.751
IPMC4 0.57 1.502 −0.298
APMC1 0.52 * 0.881 0.531
APMC2 0.60 −1.449 1.123
APMC3 0.66 −0.460 0.741
APMC4 0.77 0.367 0.758
APMC5 0.72 0.811 0.298
APMC6 0.58 1.742 0.453
APMC7 0.70 −0.569 0.961

SNPMC1 0.78 * 0.276 −0.816
SNPMC2 0.78 0.704 0.316
SNPMC3 0.75 −0.557 0.098

PBCPMC1 0.69 * 0.472 −0.318
PBCPMC2 0.66 1.121 0.811
PBCPMC3 0.52 1.025 −0.591
PBCPMC4 0.62 0.745 0.637
SCPMC1 0.75 * 0.907 0.733
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Table 3. Cont.

Items/Variables/
Normality Measure

IPMC APMC SNPMC PBCPMC SCPMC MNPMC Skew Kurtosis

SCPMC2 0.80 0.282 −0.808
SCPMC3 0.40 −0.596 −0.652

MNPMC1 0.77 * 1.082 0.770
MNPMC2 0.67 1.602 1.238
MNPMC3 0.61 0.729 0.415
MNPMC4 0.75 0.361 −1.608

CR 0.73 0.71 0.78 0.70 0.72 0.74 - -
AVE 0.62 0.58 0.71 0.54 0.59 0.63 - -
MSV 0.45 0.32 0.52 0.24 0.38 0.49 - -
ASV 0.31 0.41 0.36 0.08 0.27 0.44 - -

* Fixed item in the confirmatory factor analysis.

4.3. Evaluation of Structural Models and Analyzing the Relationships among Latent Variables

The results of testing the total/direct structural model for the original TPB revealed
that the variables such as APMC (β = 0.489; p > 0.01), SNPMC (β = 0.175; p > 0.01), and
PBCPMC (β = 0.135; p > 0.05) had positive and significant effects on IPMC (Table 4). This
means that the first, second, and third hypotheses were supported by the results of the
original TPB. Comparing the standardized effects of these variables reveals that APMC
had the strongest effect on IPMC. Independent variables in the original TPB could account
for 47.4% of the variance changes in IPMC.

The estimation of the total/direct structural model for the extended TPB models
showed that APMC (β = 0.260; p > 0.01), SNPMC (β = 0.120; p > 0.01), SCPMC (β = 0.169;
p > 0.01), and MNPMC (β = 0.362; p > 0.01) had positive and significant effects on IPMC
(Table 4; Figure 3). This means that the first, second, fourth, and fifth hypotheses were
supported by the results of the extended TPB. By comparing the effects of these four signif-
icant variables, it can be said that both MNPMC and APMC variables had the strongest
standardized effects in the extended version of TPB, respectively. This result indicates that
these two variables can explain IPMC more than other variables. However, it should be
mentioned that SCPMC and SNPMC also play a significant role in explaining variance
and directing IPMC. In the total/direct structural model in the extended TPB, the effect
of PBCPMC on IPMC was not significant. Therefore, the hypothesis or path of PBCPMC
→ IPMC was not supported (β = −0.027; n.s.). It should be noted that the independent
variables of extended TPB could explain 58.1% of the variance changes in IPMC (Table 4
and Figure 3). The comparison of the total variances explained in original and extended
versions of planned behavior demonstrates that the inclusion of the variables such as
MNPMC and SCPMC in the original version can improve its explanatory power.

Table 4. The results of estimating standardized effects of independent variables on IPMC in original and extended versions
of TPB using the structural model.

Model
Hypothesized
Relationship

Unstandardized
Coefficients

S.E.
Standardized
Coefficients

Sig.
Hypothesis

Test

APMC→IPMC 0.175 0.041 0.260 0.001 Supported
Extended TPB SNPMC→IPMC 0.177 0.064 0.120 0.006 Supported

PBCPMC→IPMC 0.033 0.067 0.027 0.625 Un-supported
SCPMC→IPMC 0.273 0.076 0.169 0.001 Supported

MNPMC→IPMC 0.387 0.060 0.362 0.001 Supported

Original TPB
APMC→IPMC 0.329 0.041 0.489 0.001 Supported

SNPMC→IPMC 0.258 0.071 0.175 0.001 Supported
PBCPMC→IPMC 0.166 0.72 0.135 0.022 Supported

Note: Abbreviations: Intention towards participation in management and conservation (IPMC), Attitude towards participation in
management and conservation (APMC), Subjective norms towards participation in management and conservation (SNPMC), Perceived
behavioral control on participation management and conservation (PBCPMC), Self-concept about participation in management and
conservation (SCPMC), Moral norms of participation in management and conservation (MNPMC).
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Figure 3. Direct structural model with standardized extended TPB.
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4.4. Fit Indices of the Structural Model

The fit of the direct structural models for the original and extended TPB was evaluated
using some indices (e.g., CFI, GFI, AGFI, NFI, IFI, RMSEA, and CMIN/DF). In structural
equation modeling, CFI, GFI, AGFI, NFI, IFI, RMSEA, and CMIN/DF fit indices are used
as standards or criteria to compare the two models. As Table 5 shows, all fit indices are
within a plausible range in both models. In other words, both original and extended TPBs
had an acceptable fit. However, in deciding on the most appropriate model, each of these
fit indices (standards/criteria) must be compared separately for both models. Considering
the results in the table, all the reported values of fit indices for the extended TPB are more
favorable than the fit indices for the original TPB. Therefore, the extended version of TPB
fits better than the original TPB. Overall, it can be concluded that the extended TPB better
predicts IPMC than the original TPB. The comparison of R2 values between the two models
also confirms this result.

Table 5. Cut-offs and results for fit indices in the original and extended TPB.

Fit Index Cut-Off
Results for the Present Study

Extended TPB Original TPB

Comparative Fit Index (CFI) ≥0.90 0.912 0.906
Goodness of Fit Index (GFI) ≥0.90 0.953 0.924

Adjusted Goodness of Fit Index (AGFI) ≥0.90 0.947 0.915
Normed Fit Index (NFI) ≥0.90 0.933 0.908

Incremental Fit Index (IFI) ≥0.90 0.984 0.937
Root Mean Square Error of
Approximation (RMSEA) ≤0.10 0.076 0.083

Chi-square Normalized by Degrees of
Freedom (CMIN/DF) ≤5 1.39 2.41

5. Discussion

The results highlighted that MNPMC had a positive and significant effect on IPMC and
this variable has the highest explanatory power in the extended TPB. Based on this finding,
it can be concluded that part of the issues related to the conservation and management of
wetlands can be improved by creating moral norms among farmers. These findings are
consistent with the findings of Yazdanpanah and Forouzani [46] and Han et al. [34]. In many
cases, the degradation of wetlands, ecosystems, and natural resources is due to the fact that
various stakeholders, such as farmers and local communities, do not consider participation
in the management and conservation of wetlands as a moral action. In such conditions,
collective interests, altruistic values, and intergenerational and intragenerational equality
are not considered in the behavior of individuals. As a result, farmers attempt to maximize
their personal profits by maximizing the use of wetlands services. Such anti-social and
anti-environmental actions in the long term could lead to further wetlands degradation
and natural resources.

According to the results, APMC had a positive and significant impact on IPMC. It can
be concluded that having a favorable attitude towards the conservation and management
of the wetlands can play a significant role in strengthening the IPMC of farmers. This result
has been supported by Valizadeh et al. [53] and Han et al. [34]. The favorable attitude
towards the management and conservation of the wetlands is influenced by various pre-
requisites such as the awareness of non-participation consequences, previous experiences
of participation, and outcome expectancy in the field of participation in the conservation
and management of the wetlands. Therefore, at this stage, they should be aware of the con-
sequences of their participation or non-participation in the management and conservation
of wetlands so that their attitude is based on solid awareness and understanding.

The results revealed that SNPMC had a significant positive effect on IPMC. Based
on this finding, we can understand the key role and importance of farmers’ social envi-
ronments in directing farmers’ IPMC. Similar findings can be found among the results of
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Yazdanpanah and Forouzani [46] and Valizadeh et al. [48]. Such evidence proves that good
subjective norms or positive social pressures about wetlands management and conserva-
tion increase farmers’ intention to participate in wetlands conservation and management.
SCPMC also had a positive and significant impact on IPMC. This result is in line with the
findings of other researchers see [37–43]. SCPMC refers to a set of socially constructed
roles and beliefs about farmers’ participation in wetlands conservation and management.
Despite the key role of SCPMC in encouraging farmers’ behavioral intentions towards
participation in wetlands management and conservation, in many conditions, SCPMC of
farmers is not at the acceptable level. As a result, they are reluctant to actively participate
in sustainable wetlands management activities. In order to strengthen the IPMC using
SCPMC, this perspective must be institutionalized among farmers who do not necessarily
have to accept and implement all the proposed guidelines for wetlands management and
conservation at the same time and in a short period of time. Another strengthening strat-
egy of SCPMC that may be used is self-regulation training in wetlands management and
conservation activities. In other words, farmers are educated on how to monitor and direct
their conservation activities. This can help strengthen the SCPMC and IPMC.

From a practical point of view, this study provides justifications and insights into
the use of the MNPMC, APMC, SNPMC, and SCPMC variables in the policies and pro-
grams that intend to encourage farmers and local communities to participate in wetlands
management and conservation.

From a theoretical point of view, it should be emphasized that this study contributes
to the development of the original TPB. The extended version of TPB has two new variables
(MNPMC and SCPMC). However, the results showed that PBCPMC should be removed
from the original version of TPB. Many studies deny the effect of PBCPMC on IPMC
(see [46,54–57]). The non-significance of the effect of PBCPMC on IPMC in the extended
TPB has various reasons for occurring. First, in structural equation modeling, independent
variables compete with each other simultaneously to predict the independent variable
(IPMC). In general, the greater the number of independent variables in a study is, the
more likely that variables may not have a significant effect on the dependent variable.
However, by reducing the predictor variables, the non-significant effects of some variables
may become significant [58–61]. In this study, the inclusion of the two new variables in the
extended TPB model has made the effect of PBCPMC on IPMC non-significant. Second,
adding the two new variables to the original TPB can increase the non-causal effects since
the introduction of the new variables into the original model will affect the mechanisms
and relationships between independent and dependent variables [58,62]. As a result, in the
extended TPB, the effect of the independent variables (such as PBCPMC) on the dependent
variable (IPMC) may be mediated using new and unknown variables and factors. These
modifications in the TPB could pave the way for further research to develop this theory.
In addition, it provides new insights into the mechanisms of communication between the
variables of TPB theory.

6. Conclusions and Recommendations

Institutions responsible for the planning and sustainable operation of wetlands, such
as the Environmental Conservation Organization and the Ministry of Agriculture, must
take prompt and purposeful interventions to establish and strengthen the MNPMC. These
interventions can be done via participatory and face-to-face discussions with farmers in
the farming communities. The executives of these participatory meetings should try to con-
vince the farmers that participation in the management and conservation of the wetlands is
a moral action and for the benefit of the agricultural community. This could ultimately lead
to strengthening the IPMC. However, interveners should know that enhancing goodwill
and trust is the first step in strengthening MNPMC and IPMC.

In order to strengthen the IPMC using attitudinal changes, it is necessary to precisely
examine the social context of the farmers’ community in participatory activities. In this
process, behavioral and attitudinal change agents must first investigate the experiences of
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the farmers in the field of participation in participatory programs and projects. In many
cases, due to unsuccessful experiences of farmers’ participation in previous development
and partnership programs, they may be reluctant to participate in future programs. In such
cases, it is necessary to provide them with tangible guarantees and motivation to ensure
that the project will not have a similar fate.

It is also suggested that formal and non-formal farmers’ networks, which are generally
in the form of various organizations, are identified to be used as levers for the behavioral
change of the individuals. In addition, leading, influential, and trusted farmers in the
farming community have a high actual and potential ability to direct farmers’ IPMC.
These farmers can also be used as executive elements of programs to enhance farmers’
desire to conserve the wetlands. If leading farmers are used, there is no need for one-to-
one communication to strengthen the IPMC, and the social environment is strengthened
via social pressures. Moreover, wetlands management programs should be community-
and/or region-based. In this way, complex ecosystems can be managed collectively by the
(complex) network of farmers.

It is recommended that planners, policy makers, and operators of the wetlands man-
agement program use strengthening strategies of SCPMC in the agricultural community.
One of the best strategies in this field is to “avoid perfectionism” in participation in the
conservation and management of wetlands. In order to strengthen IPMC using SCPMC, it
is necessary that some of the easiest and most user-friendly measures of participation in
the management and conservation of the wetlands should be adopted and implemented
by farmers. After the implementation and completion by farmers, their actions should be
encouraged by program supervisors to lead to the repetition and development of behavior.

This study led to four general conclusions. First, extending the TPB by including
MNPMC and SCPMC can increase its explanatory power. It seems that these two vari-
ables have a positive effect on predicting farmers’ intention to participate in wetlands
management and conservation. Second, PBCPMC had no impact on IPMC in the extended
TPB. Third, MNPMC and APMC variables were the strongest predictors of IPMC in the
extended TPB. Fourth, the results of the fitness indices supported the extended TPB.

Directions for Future Research

It should be emphasized that the extended TPB is open for further development in
the future. Therefore, researchers can extend this version by including other variables
such as knowledge, information, and environmental concern, as well as individual (self)
identities and relationships with other farmers and communities. The collected data in
this study were analyzed for the whole study area. However, future studies can cluster
the results with respect to the geographical division of the study area. This can make it
possible to identify the determinants of farmers’ intention in areas close to and away from
the wetlands more precisely. In this way, the wetlands managers and extension workers
can strategize to adjust their plans based on stratified classes or clusters of respondents.
In addition, it is worth mentioning that the final validation of the extended TPB requires
a cross-validation analysis, which should be addressed in future studies. Overall, due to
budget and time constraints, performing such an analysis was not feasible in the current
study. Accordingly, this issue is recognized as a limitation for this research which should
be addressed by future studies. In the end, it is worth mentioning that the present study
focused on analyzing and understanding farmers’ intention towards the conservation
and management of the wetlands. Futures studies can investigate the intention of other
stakeholders including the experts of the Department of Environment, project managers,
agricultural extension agents, etc.
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Abstract: Poyang Lake is a typical lake in the middle and lower reaches of the Yangtze River and
is the largest freshwater lake in China. The habitat quality of Poyang Lake has been declining in
recent years, leading to a series of ecological problems. An ecological risk evaluation, based on land
use, is important in order to promote a coordinated development of land use and the ecological
environment. In this paper, land use data from the Poyang Lake basin in the corresponding years are
interpreted based on the images from the Landsat satellite mission in seven periods from 1980 to 2020.
The lake surface and the 1 km lakeshore zone of Poyang Lake are extracted based on the interpreted
land use data. Finally, the ecological service value per unit area of the area is measured by combining
it with the Chinese terrestrial ecosystem service value equivalent table, and then with the value of
each ecological factor and the value of the changes to land use type. The research results show that:
(1) from 1980 to 2000, the lake area of Poyang Lake had an overall decreasing trend (the area slightly
increased from 1980 to 1990); from 2000 to 2020, the lake area of Poyang Lake gradually increased
(the area slightly decreased from 2015 to 2020). (2) The farmland, forest, grassland and desert areas
gradually increased and the wetlands gradually decreased over 40 years; the area of the water body
gradually increased from 1980 to 2010, and gradually decreased from 2010 to 2020. (3) The ecosystem
service value of the lakeshore zone of Poyang Lake fluctuated around 15,000 × 106 Yuan from year
to year.

Keywords: Poyang Lake; ecosystem service value; lakeshore zone; Landsat

1. Introduction

How to use land use/cover changes to understand changes in complex human–
environment systems in an integrated manner—i.e., causes, consequences, and effects—is
one of the focal issues in the land use discipline [1]. Many scholars are now beginning to
focus on changes in land use landscape patterns from different perspectives and scales [2,3]
and are trying to understand land use change and its ecological effects [4–7]. With the
correction and refinement of the principles and methods of Ecosystem Service Value (ESV)
estimation and the various ecosystem service values proposed by Costanza et al. [8], schol-
ars in various countries have determined the appropriate ESVs for different study areas.
Research on the value of ecosystem services has entered a period of rapid development [9].
At the same time, the United Nations Environment Programme (UNEP), the World Bank
and other agencies launched the Millennium Ecosystem Assessment (MA) from 2001 to
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2005. After the MA, the United Nations organized and implemented The Economics of
Ecosystems and Biodiversity (TEEB) project (2007–2010), and the UNEP supported the
establishment of the Intergovernmental Science-Policy in 2012. In 2012, the UNEP also
supported the establishment of the Intergovernmental Science-Policy Platform on Bio-
diversity and Ecosystem Services (IPBES). Since then, ecosystems have gone through a
rapid development phase and a diversified development phase before reaching the current
integrated application phase [10]. In recent years, scholars have also started to use machine
learning in order to construct ecosystem service frameworks [11].

Xie Gaodi et al. [12–14], among other scholars in China, completed a table of ecosystem
service value equivalent factors in China, based on existing studies, to provide support
for the study of the ecosystem value in China. On this basis, Chinese scholars tried to
analyze the value of ecosystem service functions under different time frames and spaces.
Chen Juncheng et al. [15] assessed the ecological service value of provincial administra-
tive regions in China and analyzed the characteristics of changing spatial differences;
Ma Guoxia et al. [16] studied the ecological damage loss in the Chinese ecosystem in 2015,
and from that quantified the ecological loss caused by different factors. The study by
Ma Guoxia et al. [16] quantified the ecological losses caused by different factors in 2015;
Zhang Hao et al. [17] measured the value of arable land development rights and protection
compensation based on this theory. Ecosystem services have a very significant impact
on human life [18], and studying the value of ecosystem services helps to understand
the process of change in ecosystem service functions, which has become a hotspot for
ecosystem sustainability research in recent years.

The lakeshore zone is the area at the edge of the lake basin, which is adjacent to
the surrounding land [19], and has the function of regulating water quality [20], water
quantity [21], and groundwater recharge [22] of the lake. In addition, the lakeshore zone
maintains the biodiversity of flora and fauna in the area [23,24] and is critical for food
security in nearby subsistence agriculture areas [25,26]. The lakeshore of Poyang Lake
influences wetlands maintenance and the biodiversity of Poyang Lake, but previous studies
assumed that there was a fixed area of the lakeshore zone [27–29]. In contrast, the lake
area of Poyang Lake has experienced large fluctuations caused by the implementation of
different water policies in the last 40 years, and the extent of the corresponding lakeshore
zone on the lake surface has changed accordingly [30]. In this paper, the distribution of
the corresponding 1 km lakeshore zone is divided based on the changes to the lake area
in different years from 1980 to 2020. While the remote sensing film of each year cannot
fully reflect the overall situation of the lakeshore zone that year, we believe that the long
time scale can reflect the inter-annual spatial variation of the lakeshore zone of Poyang
Lake, which can provide some reference for the subsequent study of Poyang Lake and the
lakeshore area.

The main research contributions of this paper are: (1) an interpretation of the land
use data from Poyang Lake basin, based on remote sensing images from the Landsat
series satellite from October to November from 1980 to 2020 over seven periods, and we
conducted a change analysis of Poyang Lake and the lakeshore zone, based on the land use
data from Poyang Lake over seven periods. (2) The area of Poyang Lake, the area of the
lakeshore zone, and the land use type of the lakeshore zone from 1980 to 2020 are analyzed.
(3) At the end of the article, the ecosystem service value table of the Poyang Lake basin is
also calculated and the changes to the ESV of the riparian zone of Poyang Lake from 1980
to 2020 are evaluated.

2. Materials and Methods

2.1. Study Site

Poyang Lake is located on the south bank of the Yangtze River, north of Jiangxi
Province, in three prefecture-level cities of Jiujiang, Nanchang and Shangrao. The geo-
graphical range of the main lake body is 115◦49′ E~116◦46′ E, and 28◦24′ N~29◦46′ N, and
is connected to the lower reaches of five major rivers, including Ganjiang River, Fu River,
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Xinjiang River, Rao River and Xiushui River (Figure 1). Poyang Lake is connected to the
Yangtze River via its mouth under the lake, and is an overwater (exchange of nutrients in
lake waters with different rivers) throughput type (water in the lake is fed by rivers and
outflow) seasonal shallow freshwater lake, which has a water level change that is influ-
enced twice as much by the five major rivers and the Yangtze River [31]. The groundwater
flow direction in the lakeshore zone of Poyang Lake is mainly from the surrounding hilly
area to the downstream lake area where the terrain is relatively flat, and the groundwater
flows towards the river and lake area in general [32].

Figure 1. Location of Poyang Lake.

Poyang Lake and the adjacent area is a basin that is composed of different landform
types, such as mountains, hills, plains and lakes. The elevation of the lake basin is generally
high in the south and low in the north; the maximum elevation difference can be up to
13 m, and the average elevation difference between the south and north is about 6.5 m [33].
Taking Songmen Mountain between Duchang County and Wucheng Town of Yongxiu
County as the boundary, Poyang Lake is divided into two lakes in the north and south;
the southern part is wide and shallow, which is the main lake area; the northern part is
narrow and deep, which is the waterway into the Yangtze River. The geomorphology of
the lake is combined by a waterway, continental beach, island, inner lake and branching
port. The waterway includes five rivers that lead into the lake and Poyang Lake leads into
the river waterway. The distribution is strongly influenced by the water level. Due to the
influence of human activities, most of the branches and harbors were turned into closed
water bodies for aquaculture, or were transformed into paddy fields for rice cultivation.

The biodiversity and ecological conservation of the Yangtze River basin has been the
priority area of the World Wide Fund for Nature or World Wildlife Fund, and the ecological
wetlands of Poyang Lake were listed in the “List of Wetlands of International Importance”
in 1992, which is the only representative of China to join the “World Network of Lakes for
Life”. Poyang Lake is responsible for various ecological functions, such as flood control and
water storage, climate regulation and pollution degradation. Poyang Lake is an important
storage lake of the Yangtze River, and the annual average water volume into the river
accounts for about 15.6% of the runoff of the Yangtze River. The sustainable stability of
water quantity and quality of Poyang Lake is directly related to the water security of the
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surrounding area of Poyang Lake and even the middle and lower reaches of the Yangtze
River.

Throughout history, China has seen several southward migrations of populations in
the Central Plains, and a southward migration of the population lived nearby the water,
The migration led to an increase in the population around Poyang Lake, and the seasonally
submerged beach was reclaimed to a large extent, which is called “polder farming”. With
the increase in population and demand for arable land, the activity of “paddock farming”
around Poyang Lake was very active in the early 1970s; after the 1980s, people gradually
realized the harm caused by excessive paddock farming in the Poyang Lake, and paddock
farming was subsequently prohibited. However, due to the influence of the Yangtze River
Three Gorges Storage Project, the low water level of Poyang Lake was persistently low,
and since 2008, the climax of paddock farming, paddock city farming and paddock land
farming in the areas along the lake began. The official approval of the “Poyang Lake
Ecological Economic Zone Plan” by the State Council of China in December 2009 marks the
point at which the construction of Poyang Lake Ecological Economic Zone was formally
upgraded to a national strategy. The Poyang Lake Ecological Economic Zone is an economic
development zone with Poyang Lake as the core, Poyang Lake City Cluster as the base, the
low-carbon economic development pioneer area as the target, and ecological civilization
and coordinated economic and social development as the strategic concept.

2.2. Data Source

We obtained Landsat-MSS, Landsat-TM/ETM, and Landsat-8 remote sensing data
from the Geospatial Data Cloud Platform of the Computer Network Information Center of
the Chinese Academy of Sciences (http://www.gscloud.cn/, accessed on 31 August 2021)
for October–November 1980, 1990, 2000, 2005, 2010, 2015, and 2020 for the Poyang Lake
basin. Among them, Landsat-MSS remote sensing image data were mainly used for the
1980 land use interpretation and Landsat-TM/ETM remote sensing image data were mainly
used for the remote sensing interpretation of the 1990, 2000, 2005 and 2010 data periods,
while Landsat8 remote sensing image data were used for the 2015 and 2020 land use data.
All Landsat satellite mission remote sensing image data were filtered appropriately, based
on cloudiness. Then, ENVI 4.5/ArcGIS 10.2 was used for the preliminary interpretation of
remote sensing images, and land use classification was carried out using the secondary
land use classification standard issued by the Chinese Academy of Sciences (Appendix A,
Table A1). We used the computer supervised classification method, based on the maximum
likelihood method, to classify land use in the Poyang Lake region. The advantages of the
computer supervised classification method are higher classification accuracy, based on
training samples, and faster speed, as compared to the traditional classification method,
and finally, the seven-phases of the Poyang Lake Basin land use data could be obtained.

The DEM data used in this paper were obtained from the geospatial data cloud
platform of the Computer Network Information Center of Chinese Academy of Sciences
(http://www.gscloud.cn, accessed on 31 August 2021), which was processed from the
data from ASTER GDEM version 1, which is a digital elevation data product with a global
spatial resolution of 30 m.

2.3. Research Methodology

Costanza et al. [8,34] classified ecosystem services into 17 types, and in this paper,
the 17 types of ecosystem services proposed by Costanza et al. [35] were reclassified
into 11 types, based on the results obtained by Xie Gaodi et al. [35]. We reclassified the
17 categories of ecosystem services found by Costanza into 11 categories, with the following
criteria (Appendix A, Table A2): (1) climate regulation includes climate regulation and
disturbance regulation in the Costanza system; (2) soil conservation includes erosion
control and sediment retention, and soil formation in the Costanza system; (3) biodiversity
includes pollination, biological control, refugia, and genetic resources in the Costanza
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system; and (4) the aesthetic landscape includes recreation and culture in the Costanza
system.

According to Costanza’s findings [8], the amount of economic value obtained from one
ecological service value equivalent factor was 446.58 Yuan/hm2 (in 1997, the exchange rate
between the US dollar and the Chinese yuan was 1:8.27); however, Xie Gaodi et al. [12,14,35]
argued that the calculation of ecological service value equivalent per unit area of the
Chinese ecosystems should set the ecological service value equivalent of farmland failure
production as 1, and then the value of other ecological services provided by the ecosystem
should be determined. The size of the other ecological services provided by the ecosystem
was determined (Appendix A, Table A3). The calculation method of the ecosystem service
value is as follows.

(1) Firstly, the ecological service value per unit area of the secondary ecosystem in Poyang
Lake basin is calculated as (Table 1):

Pij =
1
7

k·b·c·aij (1)

where Pij is the value of the ecosystem service of class i per unit area of the class j
secondary land use type; i = 1, 2, . . . 11 represent different types of ecosystem service
values of gas regulation, climate regulation, etc.; j = 1, 2, . . . 14 represent secondary
land use types of dryland, paddy field, grassland, meadow, etc.; aij represents class
i ecosystem of the class j secondary land use type service equivalent factor [14]; b
represents the unit area grain yield; c is the average grain purchase price in the region
in that year; k is the correction coefficient of the equivalent factor; and 1

7 k·b·c is the
corrected unit ecosystem value equivalent in the Poyang Lake basin.

(2) Combine secondary land use types into primary land use types according to the
specific research scale of this paper.

Since the land use classification standard used for remote sensing interpretation is
the secondary land use classification standard issued by the Chinese Academy of Sciences
(Appendix A, Table A1), this paper converts both classification standards into six primary
land use types according to the table of ecological service values per unit area of the
primary ecosystem in Poyang Lake Basin (Table 2) before analysis.

According to the geomorphological characteristics of the lakeshore zone of Poyang
Lake [28], we combined the land use types of the lakeshore zone of Poyang Lake; the
average value of dry land and grassland was taken as the ecological service value of the
primary use type farmland; the ecological service value of the shrubs with the highest
area share were taken as the ecological service value of the forest; the ecological service
value of the meadow was taken as the ecological service value of the grassland; wetlands
were kept unchanged; the ecological service value of bare land was taken as the ecological
service value of the desert; the ecological service value of the water system was taken as
the ecological service value of the watershed. Finally, the unit to calculate the ecosystem
value service was converted to Yuan/km2, and the table of the ecological service value
per unit area of the ecosystem in the Poyang Lake basin level after conversion is shown as
follows (Table 2):
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(3) Calculate the value of the ecosystem services in the lakeshore zone.

ESV =
6

∑
m=1

Pm·Am (2)

where m = 1, 2, . . . 6 represent the primary land use types, such as farmland, forest
and grassland, respectively; Pm represents the ecological service value of the m class
primary land use types, and the conversion relationship between Pm and Pij is shown
in Table 2 (Pj = ∑11

i=1 Pij, and Pj represents the ecological service value of the j class
secondary land use types). We converted the secondary land use ecosystem service
value (Pj) into the primary land use ecosystem service value (Pm), based on the
situation of the lakeshore zone of Poyang Lake); Am is the area size of the m class
land use types in the lakeshore zone, unit hm2; and ESV is the total ecological service
value of the lakeshore zone (units are in Yuan).

Based on the results obtained in Xie Gaodi’s study [14,36], the economic value of
1 ecosystem value equivalent in China was determined to be 3406.50 Yuan/hm2, and this
paper calculated the grain yield per unit area using the National Bureau of Statistics (http://
www.stats.gov.cn/tjsj/zxfb/201512/t20151208_1286449.html, accessed on 31 August 2021),
published by Jiangxi Province in 2015; the grain yield per unit area of cultivated land
was 5798.6 kg/hm2, while the average grain yield per unit area of the cultivated land in
China in the same period was 5482.9 kg/hm2, and the correction coefficient was calculated
as 1.058, i.e., k = 1.058. Then, the value equivalent of one ecosystem in the Poyang Lake
basin was determined to be 3604.08 Yuan/hm2. In this paper, the corresponding secondary
ecosystem service value of Poyang Lake was calculated based on the corrected ecosystem
service value equivalent and different land use areas of the corresponding lakeshore zones
(Tables 1 and 2).

3. Results

3.1. Spatial and Temporal Changes of Poyang Lake and Lakeshore Zone

According to the results from the remote sensing image interpretation, the lake area of
Poyang Lake had a generally increasing trend from 1980 to 2020, the lake area decreased
from 1990 to 2000, and the lake area decreased from 2015 to 2020. From Figure 2a, the lake
area of Poyang Lake had an increasing trend, year-by-year, from 1980 to 2020. Due to the
increase in the lake area, all the waters of the lake started to be connected, and the lake
integrity of Poyang Lake was enhanced. It can be seen that the decrease in the lake level of
Poyang Lake firstly leads to the degradation of the lake surface in the southwest area of
Poyang Lake, which is the most significant area, and this reflects the changes to the lake
area of Poyang Lake. The lake area increased by 109.96 km2 from 1980 to 2000, which was
an increase in the lake area by 7.46% in 20 years. The lake area increased by 920.74 km2

from 2000 to 2020, which was an increase in the lake area by 58.13% in 20 years. The
total lake area increased by 1030.43 km2 in 40 years, and the lake area obviously increased
(Figure 2).

According to the results from the remote sensing interpretation, the area of the 1 km
range lakeshore zone of the lake in 1980 was 1215.38 km2, the area of the 1 km range
lakeshore zone of the lake in 1990 was 1370.22 km2, the area of the 1 km range lakeshore
zone of the lake in 2000 was 1076.20 km2, and the area of the 1 km range lakeshore zone of
the lake in 2005 was 1399.76 km2. The area of the 1 km extent lakeshore zone in 2010 was
1584.66 km2, the area of the 1 km extent lakeshore zone in 2015 was 1494.19 km2, and the
area of the 1 km extent lakeshore zone in 2020 was 1457.13 km2. The area of the lakeshore
zone decreased by 139.18 km2 between 1980 and 2000, a decrease by −11.45%.
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(a) 

 
(b) 

Figure 2. (a) Spatial changes and (b) area changes of Poyang Lake and the lakeshore zone from 1980 to 2020.

The area change of Poyang Lake and the area change of the 1 km lakeshore zone of
the lake were highly consistent; both reached the lowest value in 2000 and then started to
increase. Over 40 years, the average change rate of the lake area was 25.76 km2/year, and
the average change rate of the 1 km lakeshore zone of the lake was 6.04 km2/year.

3.2. Changes of Various Land Use Types in the Lakeshore Zone of Poyang Lake

The area of each land use type at the first level of the lakeshore zone of Poyang Lake
from 1980 to 2020 was analyzed by counting the area of each land use type at the first level
of the lakeshore zone of Poyang Lake from 1980 to 2020; the area of each land use type at
the first level of the lakeshore zone of Poyang Lake from 1980 to 2020 shows an increasing
trend from 1980 to 1990, and a decreasing trend from 1990 to 2000 (Table 3). From 2000 to
2015, the area of farmland and forest shows a continuously increasing trend, the area of
grassland and wetlands show a decreasing trend, the area of desert shows a decreasing
and then increasing trend, and the area of water shows an increasing and then decreasing
trend. From 2015 to 2020, the area of farmland, forest and water shows a decreasing trend,
and the area of grassland, wetlands and desert shows an increasing trend; over 40 years,
except the area of wetland, which decreased, the area of all other types increased (Figure 3).
The area of all types of land use increased during the 40-year period, except for the area of
wetlands. The area changes and trends of each land use type were analyzed using a linear
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fit, as shown in Figure 3. The proportion of various types of land uses in the lakeshore zone
of Poyang Lake remained the same in 2000, but its area was greatly reduced compared to
other years. This is due to the fact that the lake area of Poyang Lake shrank to a minimum
in 2000, resulting in the lowest area of the Poyang Lake riparian zone in history.

Table 3. The values of the lake area of Poyang Lake and the area of the land use type of the lakeshore
zone of Poyang Lake from 1980 to 2020 (km2).

Year 1980 1990 2000 2005 2010 2015 2020

Lake area (km2) 1473.47 1750.00 1583.43 2381.27 2529.60 2718.23 2503.90
Lakeshore zone

area (km2) 1215.38 1370.22 1076.20 1399.76 1584.66 1494.19 1457.13

Farmland 430.83 500.30 351.16 648.61 724.59 794.51 728.49
Forests 103.08 107.94 91.13 123.08 114.18 132.90 128.60

Grassland 48.58 60.86 42.02 79.63 70.37 69.46 71.59
Wetlands 529.69 555.66 460.77 374.37 290.90 224.26 311.03

Desert 27.22 37.50 25.43 53.80 48.29 59.14 59.95
Waters 75.97 107.97 105.68 120.26 336.34 213.92 157.47

− −

−

−

− −

Figure 3. Values and trends of land use types at the level of the lakeshore zone of Poyang Lake from
1980 to 2020.

The farmland area generally showed an increasing trend from 1980 to 2020: the lowest
value of 351.16 km2 was reached in 2000 and the highest value of 794.51 km2 was reached
in 2015. Through linear fitting, it was found that the farmland area in the lakeshore zone
increased at a rate of 9.57/year over 40 years. It is worth noting that the area of farmland
in the lakeshore zone was 728.49 km2 in 2020, which is a decrease of 66.02 km2, indicating
a decreasing trend in the area of farmland. The forest area generally showed an increasing
trend between 1980 and 2020; the lowest value of 91.13 km2 was reached in 2000 and the
highest value of 132.90 km2 was reached in 2015. Through linear fitting, it was found that
the forest area in the lakeshore zone increased at a rate of 0.75/year over the 40-year period,
an insignificant increase. It is noteworthy that the forest area in the lakeshore zone shows a
small fluctuation between 2005 and 2020, indicating that its area tends to be stable. The
grassland area generally shows an increasing trend between 1980 and 2020; the lowest
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value of 42.02 km2 was in 2000 and the highest value of 79.63 km2 was in 2015. There is
a high similarity between the area of grassland and agricultural land during the 40-year
period. From 1980 to 2020, the wetlands area showed a generally decreasing trend; the
lowest value of 224.26 km2 was in 2015 and the highest value of 555.66 km2 was in 1990.
The area of wetlands in the lakeshore zone declined at an average rate of 8.08/year over
the 40-year period, and the area of wetlands rebounded in 2020, as compared to that in
2015. The water area showed an overall increasing trend between 1980 and 2020; the lowest
value of 75.97 km2 was in 1980 and the highest value of 336.34 km2 was in 2010. The linear
fit shows that the water area in the lakeshore zone increased at an average rate of 0.86/year
over 40 years. The average rate of increase in the water area in the lakeshore zone was
3.80/year over the 40 years.

3.3. Changes of Ecosystem Service Value in the Lakeshore Zone of Poyang Lake

Based on the area of each primary land use type in the lakeshore zone from 1980 to
2020 (Table 4), combined with Table 2, changes in the value of various ecosystem services
were calculated, as shown in the following table (Table 4).

Table 4. Values of ESV in the lakeshore zone of Poyang Lake from 1980 to 2020 (106 Yuan).

Classification 1980 1990 2000 2005 2010 2015 2020

Farmland 613.34 712.23 499.91 923.37 1031.54 1131.08 1037.09
Forests 565.44 592.09 499.90 675.13 626.33 729.01 705.41

Grassland 200.13 250.71 173.12 328.03 289.87 286.13 294.93
Wetlands 9930.93 10,417.78 8638.73 7018.90 5453.83 4204.47 5831.32

Desert 1.96 2.70 1.83 3.88 3.48 4.26 4.32
Waters 3439.30 4887.74 4784.42 5444.39 15,226.19 9684.26 7128.61
Total 14,751.11 16,863.26 14,597.91 14,393.70 22,631.24 16,039.21 15,001.68

From 1980 to 2020, the ecosystem value service of the lakeshore zone of Poyang
Lake showed an increasing trend from 1980 to 1990, and a decreasing trend from 1990 to
2000. From 2000 to 2010, the ecosystem value service of farmland, forest and water areas
showed a continuously increasing trend, the ecosystem value service of grassland and
desert showed an increasing trend first and then a decreasing trend, and the ecosystem
value service of wetlands showed a decreasing trend. During the period 2015–2020, the
ecosystem value services of farmland, forest and watershed showed a decreasing trend,
and grassland, wetlands and desert showed an increasing trend; during the 40-year period,
except for the decrease in ecosystem value services of wetland, all other types of ecosystem
value services increased. The trend of the total ecosystem value services is shown in
Figure 4.

The overall trend of the ecosystem service value (ESV) of the lakeshore zone of
Poyang Lake shows an increasing trend, but the increasing trend is not obvious. Among
them, the ESV in 2010 is the highest in the lakeshore zone of Poyang Lake, reaching
22,631.24 × 106 Yuan, which may be related to the fact that the water area in the lakeshore
zone of Poyang Lake in 2010 was the largest from 1980 to 2020 (the water area contributes
a significant part of the ESV). The ESV in the lakeshore zone of Poyang Lake decreased
slightly from 2015 to 2020.
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Figure 4. Values and trends of ESV in the lakeshore zone of Poyang Lake from 1980 to 2020.

4. Discussion

Human activities and changes in natural conditions directly cause changes in land
use land cover, which in turn affects the changes in the ecological environment [2,37,38].
With the development of “enclosing the lake and making fields” of Poyang Lake, the
wetlands area is reduced, vegetation is destroyed, soil erosion is serious, and biodiversity
is seriously threatened [39,40]. According to a survey, 119 species of wetlands plants
and 126 species of fishery resources in the Poyang Lake in the 1960s reduced to 102 and
118 species, respectively, in the 1980s, and the reed and dipterocarp clusters everywhere
were gradually replaced by mossy grass clusters with short plants [41,42].

The results of this study show that the lake area of Poyang Lake decreased obvi-
ously between 1990 and 2000, and the lake area decreased from 1370.22 km2 in 1990 to
1076.20 km2 in 2000. Meanwhile, about 40% of the land use types in the 1 km lakeshore
zone are farmland, which is probably due to the “enclosing lake for farming”. It is likely
that the area of the Poyang Lake has been decreasing year after year due to the “enclosing
lake for farming”. The study of domestic related scholars [43] shows that the utilization
of the wetlands of Poyang Lake is mainly to enclose the lake in order to make fields for
agricultural production, which is consistent with the results of this study. Meanwhile, the
area of wetlands increased in 2020, as compared to 2015, which indicates that the proposal
and construction of “Poyang Lake Eco-Economic Zone” has begun to show effect [43], and
this reflects that the ecological service value generated by wetlands accounts for about
40% of the ecological service value generated by all the lakeshore zones in 2020. The land
use types that changed more significantly between 1980 and 2020 were agricultural land,
wetlands, and waters. Among them, agricultural land had the highest change in area,
increasing at a rate of 9.57/year, followed by wetlands, decreasing at the rate of 8.08/year. it
is worth noting that the wetlands area in the lakeshore zone of Poyang Lake has continued
to decrease from 1990 to 2015, which is consistent with some current findings [44–46].

Between 2000 and 2020, the lake area rebounded and the area of the lakeshore zone
increased accordingly. The year 2010 benefited from the increase in the area of water bodies
and the ecosystem service value (ESV) reached 22,631.24 × 106 Yuan in 2010, which was
the highest in 40 years. The area of water bodies in the lakeshore zone decreased in 2020,
as compared to 2015, which is the main reason for the lower ESV in 2020, as compared to
2015. This is the main reason why the ESV of the lakeshore zone in 2020 was lower than the
ESV in 2015. Except for 2010, the ecological service value of the riparian zone of Poyang
Lake grew slowly and remains around 15,000 × 106 Yuan all year round, which indicates
that the ecosystem service value of the riparian zone of Poyang Lake fluctuates within
the normal range (1500–3000 km2) under the change of lake area and spatial location and
area of the riparian zone of Poyang Lake. This manuscript differs from previous papers
in the valuation of ecosystem services in the riparian zone of Poyang Lake in that we
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used the interannual dynamic riparian zone to more accurately quantify the magnitude of
ecosystem services provided by the riparian zone to the Poyang Lake region. Few papers
have been published on the ecosystem service value of the riparian zone of Poyang Lake.
Previous studies [27,32,47–49] used the multi-year mean water level of Poyang Lake in
order to determine the area of the surface of the Poyang Lake and thus the riparian zone
area, and the ESV results obtained from those studies may be inaccurate.

Since the implementation of the Yangtze River Protection Law in March 2021, Poyang
Lake has entered a ten-year ban on fishing, which promotes the implementation of the
“catching big protection and not big development” in the Yangtze River basin; the previ-
ously artificially closed water body has gradually broken the dike, and the hydrological
connectivity of the lake area tends to be in the natural state. The local wetlands protection
policy has achieved remarkable results and should be continued, as well as the ecological
restoration of previously developed agricultural land and construction sites. The local
decision makers could consider the following two aspects: (1) ensure that the total amount
of wetlands in the Poyang Lake area will not be reduced and the ecological function will
not be diminished. That is, consider the need for wetlands protection and biodiversity
protection, especially the need to maintain the function of various aquatic biological re-
serves, and establish an ecological protection alert line in the Poyang Lake area. (2) Speed
up the biodiversity reply in the basin, establish a mechanism for establishing aquatic life
race restoration, and study the influence of human interference on ecosystem degradation.
Use certain anthropogenic methods to accelerate the ecological restoration process of the
Poyang Lake region.

In the future, if the farmland type in the lakeshore zone of Poyang Lake is further
transformed into the wetlands or water body, and the land use types such as building land,
forest and grassland are reasonably allocated, the ecological service value of lakeshore zone
will be further improved, the ecological effect of the lakeshore zone will be more stable,
and the quality of the lakeshore zone of Poyang Lake will be further improved.

5. Conclusions

In this paper, based on the land use data corresponding to a 30 m resolution, based on
7-Landsat satellite image interpretation from 1980 to 2020, the changes in the ecosystem
service value of the Poyang Lake surface and the 1 km lakeshore zone are assessed, in com-
bination with the ecological service value per unit area of different terrestrial ecosystems in
Poyang Lake basin, and the conclusions are as follows.

(1) The lake area of Poyang Lake has shown a decreasing trend from 1980 to 2000; the
lake area of Poyang Lake has gradually increased from 2000 to 2020. This indicates
that the current lake area of Poyang Lake has recovered.

(2) The area of farmland, forest, grassland and desert has gradually increased and the
area of wetlands has gradually decreased over 40 years. The area of the water
body gradually increased from 1980 to 2010, while the area of water body gradually
decreased from 2010 to 2020.

(3) The ecosystem service value of the lakeshore zone of Poyang Lake fluctuates around
15,000 × 106 Yuan from year to year.
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Appendix A

Table A1. Chinese Academy of Sciences secondary land use classification system.

No.
(Level 1)

Name No. (Level 2) Name Description

1 Farmland

Refers to the planting of crops cab land, including
ripe cultivated land, newly opened land, recreational

land, rotational rest land, grass field rotation crop
land; to plant crops which are mainly agricultural

fruit, agricultural mulberry, and agricultural forestry
land; cultivated for more than three years of the

beach and sea shoals.

11 Water Field

Refers to the arable land with water guarantee and
irrigation facilities, which can be irrigated normally
in normal years and used for growing rice, lotus root

and other aquatic crops, including the arable land
where rice and dryland crops are rotated.

12 Dryland

Cultivated land without irrigation sources and
facilities, growing crops by natural precipitation;
cultivated land with water sources and irrigation

facilities, which can be irrigated normally in one year;
cultivated land mainly for growing vegetables;

recreational land and rotational land with normal
crop rotation.

2 Forests Refers to forestry land such as growing trees, shrubs,
bamboos, and coastal mangrove land.

21 With woodland

Refers to natural forests and plantations with a
denseness of >30%. Including timber forests,

economic forests, protective forests and other mature
woodlands.

22 Shrubland Refers to short woodlands and scrub woodlands
with densities > 40% and heights below 2 m.

23 Open woodland Refers to forest land with 10–30% tree densities.

24 Other woodland
Refers to the non-forested plantations, trails,

nurseries and various types of gardens (orchards,
mulberry gardens, tea gardens, hot crop forests, etc.).

3 Grassland

Refers to all kinds of grassland with herbaceous
plants growing mainly and covering more than 5%,
including scrub grassland mainly for grazing and

open forest grassland with less than 10% depression.

31 High-cover grassland

Refers to natural grassland, improved grassland and
mowed grassland covering > 50%. This type of

grassland has a good moisture condition and dense
grass cover growth.

32 Grassland with
medium cover

Natural grassland and improved grassland with
>20–50% cover, where one strand has insufficient

moisture and the grass cover is sparse.
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Table A1. Cont.

No.
(Level 1)

Name No. (Level 2) Name Description

33 Low-cover grassland
Refers to natural grassland with a cover of 5–20%.

This kind of grassland lacks moisture and the grass
cover is sparse and poorly used for grazing.

4 Waters Natural terrestrial waters and water facilities.

41 River and canal
Refers to the land below the perennial water level of
naturally formed or artificially dug rivers and their

main trunks. Artificial canal including embankment.

42 Lakes Refers to the land below the perennial water level of
naturally formed waterlogged areas.

43 Reservoir ponds Refers to the land below the perennial water level of
artificially constructed water storage areas.

44 Permanent glacial
snow

Includes land covered by glaciers and snow all year
round.

45 Mudflats Refers to the tidal inundation zone between the high
and low tide levels of the coastal high tide.

5

Urban and rural,
industrial and

mining,
residential land

Refers to urban and rural settlements and the land
outside of them for industry, mining, transportation,

etc.

51 Urban land The land in large, medium and small cities and
built-up areas above the county town.

52 Rural settlements Refers to the rural settlements independent of the
towns.

53 Other construction use
Land for large industrial areas, oil fields, salt fields,
quarries, etc., as well as traffic roads, airports and

special land.

6 Unused land Land that is currently unused, including land that is
difficult to use.

61 Sandy land
Refers to land with a sand-covered surface and

vegetation cover of less than 5%, including deserts,
excluding deserts in water systems.

62 Gobi
Refers to land where the ground surface is

dominated by gravel and the vegetation cover is less
than 5% cab land.

63 Saline land
Refers to the land where salt and alkali gather on the

surface, vegetation is sparse, and only strong
salt-tolerant plants can grow.

64 Swampy land

Refers to land with flat and low-lying terrain, poor
drainage, chronically wet, seasonally waterlogged or
perennially waterlogged, and wet plants growing on

the surface.

65 Bare land Refers to land with surface soil cover and vegetation
cover of less than 5%.

9 99 Marine Marine
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Table A2. Classification of ecosystem services [8,14].

Primary Classification Secondary Classification Comparison with Constaza Classification

Provisioning services Food production Food production (13)
Raw material production Raw material (14)

Water supply Water supply (5)
Regulating services Gas regulation Gas regulation (1)

Climate regulation Climate regulation (2), Disturbance regulation (3)
Environmental purification Waste treatment (9)

Hydrological regulation Water regulation (4)
Supporting services Soil conservation Erosion control and sediment retention (6), Soil formation (7)

Maintenance of nutrient cycle Nutrient cycling (8)

Biodiversity Pollination (10), Biological control (11), Refugia (12), Genetic
resources (15)

Cultural services Aesthetic landscape Recreation (16), Cultural (17)
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Abstract: Research and field monitoring can disturb wetland integrity. Adoption of ethical field
practices is needed to limit monitoring induced stressors such as trampling, non-native seed and
invertebrate dispersal, and disease and fungal spread. We identify a linear pathway of deterioration
highlighting stressors that can progress to cumulative impacts, consequences, and losses at the
site scale. The first step to minimize disturbance is to assess and classify the current ecosystem
quality. We present a tiered framework for wetland classification and link preventative measures to
the wetland tier. Preventative measures are recommended at various intensities respective to the
wetland tier, with higher tiered wetlands requiring more intense preventative measures. In addition,
preventative measures vary by time of implementation (before, during, and after the wetland visit) to
mitigate impacts at various temporal scales. The framework is designed to increase transparency
of field monitoring impacts and to promote the adoption of preventative measures. Implementing
preventative measures can build accountability and foster a greater appreciation for our roles as
researchers and managers in protecting wetlands.

Keywords: cleaning; efficacy; ethics; researcher impacts; wetland decontamination

1. Call to Action for Wetland Researchers

Wetlands hold special significance to researchers and managers for a multitude of
personal, professional, and public-service reasons [1]. The importance of wetlands, and
their local and landscape functions, have historically been underappreciated by society [2]
(pp. 15,16). Although views are shifting as researchers disseminate information on the
values and ecosystem functions of wetlands such as reducing flood damage, providing
clean water [3–5], preserving biodiversity, and mitigating global climate change [6–8].
These shifting attitudes in public perception are partially a result of ongoing research and
education. Moreover, the importance of understanding these wetland functions in the face
of climate change presents managers with an obligation to prevent further degradation,
to a practical extent, during research and field monitoring events. To aid managers in
encouraging researchers and monitoring personnel to maintain the ecological integrity of a
wetland, we propose a conceptual framework that includes a tiered approach to classify
wetland sensitivity, with guidelines for preventative measures recommended at various
intensities and times of implementation to protect wetland integrity.

Activities of wetland managers and researchers should be held to a higher standard
than the public’s because the scientific community has an obligation to cause minimal
negative impacts to the areas they conserve and study. Despite the recommended ethical
field practices within the field of ecology [9–15], there is no specific guidance for wetlands.
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As more research recognizes the multitude of wetland ecosystem services [16], the adoption
of ethical field practices becomes a moral responsibility for researchers and managers.
Alternatively, others have proposed a Universal Declaration of the Rights of Wetlands that
recognizes the inherent rights of wetlands to exist unaltered from human presence [6].
Moreover, the Ramsar Convention strategic plan proposes the vision that “Wetlands are
conserved, wisely used, restored and their benefits are recognized and valued by all” [17].
Our paper builds off these concepts and provides a roadmap of proactive steps that man-
agers and researchers can follow to conserve wetland integrity. We briefly: (1) review
literature on researcher- and monitoring-induced stressors and subsequent impacts and
consequences to the wetland system; (2) conduct an abbreviated synthesis of successful
strategies to counter these impacts; and (3) propose a tiered hierarchical approach, based
on landscape function and ecological importance, to allow managers to determine prac-
tical preventative measures to better ensure protection for monitoring impacts in these
wetland systems.

2. Linear Pathway of Deterioration

Researcher-induced stressors and disturbances should be understood by managers
and mitigated when possible. These researcher- and monitoring-induced stressors lead to
a predictable and linear pathway of deterioration, progressing from stressors to impacts
to consequences to losses at the site scale. Impacts describe direct results from stressors,
while consequences are the effects of these impacts. The result of these consequences
leads to losses that describe partial or complete deterioration of a physical capacity or
function. We describe monitoring and research-induced disturbances as four potential
stressor categories: (1) physical trampling; (2) non-native seed dispersal; (3) non-native
invertebrate dispersal; and (4) disease and fungal spread. These singular stressors of
introduction alter structural features of wetlands and result in amplified ecosystem impacts,
consequences, and losses (Figure 1).

Figure 1. Researcher-induced stressors degrade ecosystem attributes down a linear pathway, pro-
gressing from impacts to consequences to ecosystem losses. NNIS = Non-native invasive species.
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Physical impacts from field research are broad and can impact characteristics of wet-
land soil, hydrology, and vegetation [18,19]. Repeated trampling impacts vegetation height
with more intensive trampling limiting vegetation cover; however ultimately declines in
species richness are apparent [20]. Animal trails, which are susceptible to repetitive use like
repetitive human disturbance, display higher compacted soil, more standing water, and dis-
tinctive vegetation communities different from surrounding areas [18]. While submerged
community vegetation is particularly sensitive to trampling, emergent communities are
particularly vulnerable to the formation of single file trails since they are much easier to
walk through [21]. Generally, intensity of trampling correlates with damage to vegetation
but depends on vegetation type [20,21].

To access remote study areas, often indicative of pristine or best-case conditions, the
use of off-highway vehicles (i.e., airboats, motorboats, all-terrain vehicles, etc.) negatively
alters and degrades the vegetation community [18,22]. Submerged and shoreline vegetation
communities can become altered with repeated boat traffic, resulting wakes [23], and use
of motorized vehicles resulting in the formation of deep ruts with fewer plant communi-
ties [22]. Even continued foot traffic can result in trampling of vegetation, changing the
soil compaction, and subsequent hydrology to influence the vegetative structure [18]. The
impacted areas typically contain fewer species, consisting of less cover [24]. Changes to
wetland function fluctuates based on the intensity of the trampling [25] and individual
species recovery occurs at different rates [20,26], taking as long as 15 years for recovery [20].

These small-scale disturbances can shift wetland characteristics and provide a mode
for colonization of invasive species as the consistent trampling and soil compactions create
pockets of disturbed microhabitats [27]. While the soil compaction is not necessarily a
precursor to invasive species, it creates a transportation corridor for invasive hitchhikers
carried inadvertently by researchers and others into potentially uncolonized wetlands.
These invasive species may be spread via field gear and waders [28], boats [29], or even
vehicles [30]. They may require specific studies and comparisons on their distribution
from region to region in order to adequately assess their control [31]. The resulting inva-
sive plants, such as reed canarygrass (Phalaris arundinacea L. var. picta) and phragmites
(Phragmites australis Cav. Trin), can form dense monocultures [32,33] leading to a loss of
native grasses [32]. These habitat changes can create disruptions to soil biota [34], wildlife
communities [35–37], and insect communities on the landscape [38].

These ecosystem-disruptive invasive species are not limited to plants. New Zealand
mudsnails (Potamopyrgus antipodarum [Gray]) outcompete native snails [39] and other
macroinvertebrates within the same trophic level [40]. Other species, such as killer shrimp
(Dikerogammarus villosus [Sowinsky]) reduce amphipod diversity of both native and other
exotic species [41], and impact fish and anuran populations, preying upon larval popula-
tions [42]. The literature is replete with numerous other examples.

Researchers themselves have the potential to spread several pathogens and fungi that
can have devastating effects on the surrounding ecosystems [43,44]. For example, there
are two species of chytrid fungus: Batrachochytrium dendrobatidis (Bd), which have a global
distribution, and Batrachochytrium salamandrivorans (Bsal), which is morphologically like
Bd but currently known to only exist in Asia and Europe [45]. Both can lead to localized
population crashes for amphibian communities [46–48], are believed to be spread by direct
contact among frogs or through infected water [47,48], and impact over 350 amphibian
host species [46]. In addition, ranaviruses are another type of disease that can spread
through contact or ingestion of exposed animals [49] or exposure to infected soil and wa-
ter [50]. These pathogens can lead to losses in endemic site-level biodiversity [51]. In 2015,
175 species of fish, amphibians, and reptiles were known to have been infected by viruses
in the Ranavirus genus [49]. Ranavirus has led to mass die-offs in amphibians, reptiles,
and fish [49,50,52], and is believed to have been spread worldwide due to the international
pet trade [49,52]. The spread of Ranavirus can be deterred by disinfecting equipment and
attire [53]. The spread of pathogenic bacteria and fungi is an ongoing problem within
wetlands, as outbreaks of infectious diseases are occurring more frequently [51].
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3. Identify Successful Intervention Strategies

Because the severity of researcher-induced impacts is dependent on timing, frequency,
magnitude, and intensity, managers can suggest regulations for study design. Traversing
on more durable surfaces such as rock or stone can decrease damage to vegetation [21].
In situations where this is not practical, assessing the vulnerability of vegetation to tram-
pling based on morphological characteristics is possible [21,26] and follows a general trend
of resistance with graminoids being the most resistant, and shrubs being the least resis-
tant [20,24]. The rate of recovery for trampled vegetation increased when trampling was
limited to single trails as opposed to large, trampled areas [24].

Decontamination procedures exist to limit the introduction and spread of invasive
and non-native species (Table 1, Supplementary Materials Table S1). While some treatment
methods may be most effective at targeting a specific invasive, bleach (Sodium hypochlorite)
is often used as a universal decontaminant. Bleach has shown to be effective at eliminating
aquatic invasives such as the spiny water flea (Bythotrephes longimanus [Leydig]) and the
bloody red mysid shrimp (Hemimysis anomala [Sars]) [54], as well as didymo [55]. In
addition, bleach is an effective treatment for both species of Chytrid fungus [56,57] and
Ranavirus [53]. One notable exception is bleach does not kill New Zealand mudsnails [54].

Table 1. Methods used to control the spread of invasive plants, invertebrates, and diseases in
wetlands. Concentrations, durations, target organisms, and references are found in Supplementary
Materials Table S1.

Disease

Aquatic Invertebrates

Invasive Vegetation

(Chytrid Fungus (C), Ranavirus (R),
Snake Fungal Disease (S))

(Aquatic (A), Seeds (S))

Air dry C,R Air dry Air dry A
Alcohol C Alcohol Alcohol A
Biocidal C Bleach and water Bleach and water A, S
Bleach and water C,R, S Chlorine bleach Chlorine bleach A
Chloramine-T C Freezing Freezing A, S
Chlorine bleach C, R Hot water bath Hot water bath A, S
Dettol medical C Rinse/power wash Rinse/power wash A
Disolol C Steam Steam A, S
F10 C Virasure
Hibiscrub C Virkon Aquatic
Hot water bath C, R Virkon S®

Kickstart C
Nolvasan® C, R
Potassium permanganate solution C
QUAT-128 C
Safe4 C
Sodium Chloride C
UV light R

While bleach is effective for targeting invasives and diseases, some biota may require
targeting in different ways specific to the species of invasive or disease. Other success-
ful intervention strategies include treatments with hot water [58], air drying [29], steam
treatments [59,60], and other chemicals such as Virkon Aquatic and Virasure [28,59,60]. To
increase the efficacy of treatment, decontamination of clothing, boots, transportation, and
all field gear is recommended [28,60].
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4. Classify and Prioritize Ecosystem Sensitivity

To develop pragmatic and sensible protection measures for wetland condition monitor-
ing or research, managers should take into consideration ecosystem sensitivity on the rate
of recovery from disturbances. Our framework recognizes three categories representing a
hierarchy of sensitivity characteristics that is indicative of wetland quality and significance.
Our practical recommendations recognize that the most sensitive and important wetlands
should have stringent safeguards to protect and maintain the exemplary functional and eco-
logical integrity and valuable ecosystem services provided on the landscape. Whereas other
wetlands fall on the spectrum of productivity and are subject to one of two lower protective
tiers for minimizing the opportunity for researcher impacts. Conditions and characteris-
tics of wetlands must be taken into consideration when identifying ecosystem sensitivity
(Table 2) [61]. We note that not all conditions need to be unanimous in determining the
appropriate level of protection, rather this is intended to be a guide to consider important
factors in the decision. It ultimately relies on the professional judgment of the resource
manager to make an informed decision that is best for protecting their wetland ecosystem.

Table 2. Classification criteria and ranking criteria for wetlands.

Ranking Criteria and Definition A Tier B Tier C Tier

Rank of T&E Species: The presence
and rank of threatened and
endangered species, considering both
global and state ranks.

Globally
significant Regional Not present (to

our knowledge)

Biodiversity: Natural assemblages of
species that exist in a stable state and
support ecosystem functions.

High Moderate Low

Ecosystem Services: Assess the
functions of the wetland at their small-
and large-scale roles.

Significant and
unique

Moderate and
multiple

Minimal or
singular

Availability of Management Actions:
Ownership factors influencing current
and long-term management strategies
such as grazing, as well as the
availability of conservation resources
and investments.

International,
national, or

regional

Regional or
private Private

Current Quality: Describes the
wetland on a spectrum of
natural/pristine to
degraded/destroyed.

Large and/or
intact

Intact or
threatened

Low and/or
degraded

Immediacy/Extent of Threats: Assess
the scale and intensity of
anthropogenic impact. Scale describes
the distribution and extent of threats,
and intensity describes their severity.

Minimal Minimal and
threatened

Present and
extensive

Public Interest: Refers to how much
the public is involved, interested, and
aware of the wetland.

High High or
moderate Low

Recovery Potential: Recognizes the
disturbed and degraded state and
approximates the investment of
resources needed for the wetland
to recover.

Low (not much
to recover)

Medium (could
benefit from

some recovery)
High

Monitoring Difficulty:
Characteristics that describe the
accessibility and feasibility of access,
as well as potential temporal and
spatial variability difficulties.

Difficult Difficult or
moderate

Moderate or
low
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A Tier: Global and Regional Significance

A-Tier wetlands are globally or regionally significant and represent examples of func-
tioning natural wetlands in an undisturbed state. These wetlands are large and/or intact
wetlands with existing conservation investments under federal management, including
Ramsar sites, or wetlands within a country’s national park system or other protected and
managed lands. A-Tier wetlands support globally endangered and threatened species, are
hotspots for biodiversity, and are producers of ecosystem services based on their predomi-
nantly undisturbed state. They often provide important habitat for an imperiled species,
at least temporarily (e.g., migration, stopover, breeding habitat, etc.), for some duration
of the year.

B Tier: High Quality Wetlands

B-Tier wetlands comprise high quality wetlands that exist in a stable, natural state with
limited signs of human impairment or are managed to support specific target organisms
such as waterfowl. This tier could likely support regional and national endangered and
threatened species. These may be wetlands owned by a government agency or exemplary
wetlands either on private property or owned and managed by other non-government
organizations and nonprofits. While these wetlands may not be among the most exemplary
on the landscape, they do house locally important species, provide many ecosystem ser-
vices, and are important to the overall biodiversity on the landscape. However, a notable
difference from A-Tier is that they are threatened on the landscape in terms of nearby
encroachment or loss.

C Tier: Low Quality Wetlands

C-Tier wetlands include low quality wetlands that are typically privately owned and
have been substantially impacted by humans, which has limited or altered their functional
capacity. To our knowledge, they do not currently support national or regional endan-
gered or threatened species. Biodiversity at these wetlands is usually low and ecosystem
services may be minimal or driven towards a particular function to serve human needs
or infrastructure (e.g., stormwater interception and sewage overflow wetlands). These
wetlands would certainly benefit from restorative actions such as wetland enhancement or
restoration to provide a more diverse suite of landscape services. At the lowest end of the
C-Tier spectrum, wetlands are entirely constructed or engineered and exist only to support
human infrastructure (sediment ponds).

5. Recommended Preventative Measures

We propose managers instill the levels of preventative measures in research protocols
reflected based on the Tiered classification. These levels of protection ascend as the recom-
mendations provide a compelling rationale for increasing the protection to preserve the
natural state (Figure 2). This phased approach to intervention requires preventative actions
before, during, and after the wetland visit to mitigate impacts at various temporal scales.
Pre-planning the site visit is vital to sustaining the integrity of research by proactively
mitigating anticipated impacts based on the known quality of the wetland ecosystem. In
addition, decontamination of clothing and field gear after the site visit is essential to limit
the spread of non-native vegetation and invertebrates (Figure 3). The motivation for a
tiered and ranked approach is to recognize the limitation on time and resources. This
paper provides a rationale for managers to encourage the formation of specific protocols
incorporating these universal, minimally intensive measures to protect the integrity of
wetlands. It provides context to field staff to minimize the chance of perceived resentment
as changes are implemented.
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Figure 2. Recommended preventative measures for each level based on the wetland tier, where Tier A
is the highest quality wetlands, Tier C is the lowest quality wetlands, and Level 1 affords the highest
level of protection and includes all preventive measures included under Levels 1, 2, and 3.

Figure 3. Decontamination steps for boots and equipment before and after entering a wetland.
Treatment time varies depending on target organisms but for bleach, which is useful in most situ-
ations, a minimum of 5 min is suggested at 10% concentration (Table 1, Supplementary Materials
Table S1). Decontamination procedures should occur about 200 m away from the wetland to avoid
inadvertent contamination.

We believe managers understand the importance of their respective resources, and
the following are intended for guidance in the development of specific protocols pertain-
ing to research and field-monitoring staff. Generically speaking, we have divided these
measures based on time of implementation including before, during, and after the site
visit (Table 3).
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Table 3. Managers and researchers should coordinate procedures for all activities before, during, and
after site visits. These activities should reflect all preventative measures for the appropriate Tier and
those below it.

Tier
Preventative Measures

Before Visit During Visit After Visit

A: Global and
Regional

Significance

• Plan and define steps to
reduce intensity,
frequency, and
magnitude of
study design.

• Set limitations on date,
duration, and purpose
of visit.

• Tier B preventative
measures.

• Use planks or tarps in areas
of high activity to minimize
trampling.

• Tier B preventative
measures.

• List decontamination procedures
at each site in a special
permission permit.

• Tier B preventative measures.

B: High
Quality

Wetlands

• Coordinate access points
and travel routes to limit
trampling.

• Establish plan for specific
threats and
decontamination
procedures.

• Obtain scientific
collection permits.

• Tier C preventative
measures.

• Restrict foot traffic to single
trails when possible and
limit use of multiple trails
to decrease intensity and
spatial distribution
of impacts.

• Avoid cutting vegetation to
create trails.

• Increase efforts to minimize
disturbance in areas that
are publicly visible.

• Place soil plugs on a tarp
upon excavation and return
to its original layers.

• Limit collecting multiple
plant specimens for
identification.

• Tier C preventative
measures.

• Organize and document plant
vouchers and specimens
collected.

• Tier C preventative measures.

C: Low
Quality

Wetlands

• Identify goals and
objectives.

• Identify invasive and
T&E species presence.

• Practice ‘Leave No Trace’
and conduct activities
discreetly.

• Minimize use of
mechanized/motorized
equipment unless used for
specific restoration or
management action.
Transportation vehicle use
should be prohibited in the
wetland.

• Back fill soil pits and do not
leave open holes.

• Use biodegradable
materials to mark points
of interest.

• Follow ethical plant
collection guidelines and
limit intensity of harvest.

• Physically check for attached
seeds or macroinvertebrates on
boots, clothing, and equipment.

• Scrub equipment and boots
(including tread) with
bristle brush.

• Spray bleach solution at 5% and
set for 10 minutes to eliminate
wildlife diseases and invasives.

• Follow decontamination
guidelines for all invasives
present. Bleach is not effective
for certain invasive species (i.e.
New Zealand mudsnail, faucet
snail, Asian clam, spiny water
flea eggs).

• Clean and dispose of
decontamination equipment and
solvents away from wetland and
surface waters.

• Retrieve long-term monitoring
equipment and markers.

• Ensure efficiency and accuracy
of data storage.
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6. Conclusions: What’s at Stake?

If managers and researchers fail to take precautions, a cascading scale of implications
can occur ranging from site-specific to broader-scale inclusions. Researcher-induced stres-
sors lead to a linear pathway of degradation, progressing from stressors to impacts to
consequences and losses at the site scale. Impacts can potentially skew data collection and
lead to biased results and misrepresentation of ecosystem attributes. In addition, research
is often conducted in remote areas where the researcher is not part of the local community.
Managers and researchers have a duty to collect accurate and representative ecological
attributes, but also to act as ambassadors to the local populations, peers, and the next
generation of researchers and field staff in demonstrating the importance and value of the
site, and by extension, research through their actions. A failure to convey this reverence
and importance to the resource does the field of science a disservice and may contribute to
a cultural loss of trust in the scientific process and those that conduct research (Figure 4).

Figure 4. Consequences from research-induced impacts result in a cascading scale, ranging from local
disturbances to broader societal consequences. When no preventative measures are taken, researchers’
fail to fulfill their duty at the site level, and this can lead to a loss of trust in science at the societal
scale. Embracing preventative measures allows ecosystem attributes to persist and leads to greater
appreciation of wetlands and enhanced communication between stakeholders.

Science is grounded in observations and gains strength through collaboration and
sharing of ideas. At the foundational level, researchers must accept the inherent rights
of wetland ecosystems to exist unaltered from human presence [6], especially researcher-
induced impacts. Wetlands exist singularly within the natural world, and the researcher is a
visitor who does not remain. Our role should be to design unbiased studies that capture the
best representation of ecosystem processes. It is incredibly important to control what we
can and limit direct stresses to the wetland ecosystem. Researchers should feel empowered
to reduce impacts and limit disturbance to preserve ecosystem integrity, increase credence
in the scientific community, and foster a greater appreciation for the intrinsic value of
wetlands. When preventative measures are implemented, ecosystem attributes are retained,
creating a better perspective and representation of wetlands, while also protecting their
integrity and the integrity of the researcher.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/land11040481/s1, References [62–64] are cited in the supplementary
materials, Table S1: Table of cleaning and decontamination protocols.
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