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Abstract: Deprivation of protection for aquatic hyphomycetes is disturbing because they are key
players in freshwater ecosystems across the globe. To attain a more holistic conservation paradigm for
biodiversity in freshwaters, it is necessary to broaden our ecological perception of microfungi, mainly
in aquatic hyphomycetes. A considerable groundwork still needs to be accomplished in progressing
towards conserving aquatic hyphomycetes. Overcoming the paucity of information regarding the
rare and endangered species, biogeography and above all, a global biodiversity database, would
be a significant contribution in the initiation of an overarching conservation strategy for aquatic
hyphomycetes. Being aware that the biodiversity decline in freshwaters is alarming, here we seek
to explore why biodiversity data of aquatic hyphomycetes are missing. This article closely exam-
ines the threats to the biodiversity of aquatic hyphomycetes and freshwater ecosystems. Moving
forward, we advocate a structured approach to gaining a thorough understanding to embrace aquatic
hyphomycetes biodiversity into the conservation strategies. Including aquatic hyphomycetes in
the conservation objectives may attract more funding opportunities for global surveys to initiate a
fungal inclusive conservation era. Fungal conservation ventures can profit from interdisciplinary
collaborations and cutting-edge science and technology, leading to informed decision making for
biodiversity assessment and management.
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1. Introduction

Freshwaters comprise less than 3% of the total water on earth [1,2] and are home to
more than 100,000 described species. Barely 0.006% of the freshwaters are rivers [3] and
streams constitute 80% of their networks [1,3]. Freshwater is vital for sustaining life on
earth and providing crucial benefits for our survival and well-being (e.g., drinkable water,
agriculture, power generation, sanitation and recreation) [4]. The ever-increasing demand
for freshwaters makes them particularly vulnerable and consequently the most endangered
ecosystems on the planet. Therefore, there is a growing need to strike a balance between
fulfilling our basic needs and the conservation of aquatic ecosystems [5]. To date, billions
of people around the globe have been and are still deprived of safe drinking water [6].
In addition, the recent coronavirus pandemic since 2019 emphasised an urgent need for
adequate solutions to meet modern society’s water needs while maintaining and protecting
freshwater ecosystems’ structure, functioning and biodiversity.

Biodiversity is fundamental to human well-being and health [7]; nevertheless, bio-
diversity loss is occurring at unprecedented levels. Alarmingly, 83% of the described
world freshwater species and 30% of freshwater ecosystems have vanished since 1970 [8].
However, we have just begun to address the freshwater biodiversity concerns and recog-
nise it as a priority for conservation strategies since the early 2000s [5,9–11]. Currently,
around one-third of the freshwater biodiversity is at risk of extinction, owing to anthro-
pogenic disturbances, such as over-exploitation [2], habitat loss [12], pollution discharge [5],
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and introduction of exotic species [13]. Moreover, the extinction of species is expected to
exacerbate with the ever-increasing population and the ongoing climate change [6].

Fungi form a major share of global biodiversity; both macrofungi and microfungi
constitute around 10 to 20% of the total species [14]. Generally, freshwater fungi are
microscopic and do not bear any visible fruiting bodies [15]. Aquatic hyphomycetes
(Ingoldian fungi, freshwater hyphomycetes or amphibious fungi) are a phylogenetically
heterogeneous group of anamorphic microfungi abound in well-oxygenated freshwaters.
They commonly occur on the decaying organic matter and release copious quantities of
asexual spores (conidia) into the lotic habitats [16]. These spores are mainly tetraradiate or
sigmoid in shape (Figure 1).
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Figure 1. Spores (reproductive structures) of aquatic hyphomycetes, (a) Heliscella stellata, (b) Tetra-
chaetum elegans, (c) Neonectria lugdunensis, (d) Dendrospora erecta, (e) Clavariopsis aquatica and (f) Artic-
ulospora tetracladia.

Aquatic hyphomycetes were accidentally discovered in 1942 by Ingold while looking
for chytrids [16]. They were greatly ignored until the limnologists realised the signifi-
cant contribution of allochthonous organic materials to stream food webs [17]. Aquatic
hyphomycetes play a paramount role in the decomposition of detritus through their enzy-
matic activities, consequently enhancing the palatability and nutritional quality of the litter
for the invertebrates [18]. This activity facilitates the transfer of energy and nutrients to
higher trophic levels [18,19]. With the advancement in taxonomic research, 335 morphos-
pecies of aquatic hyphomycetes have been identified (for review, see Duarte et al. [20]),
belonging mainly to Ascomycota with a small percentage attributed to Basidiomycota [21].
By the 2000s, growing evidence suggested that the aquatic hyphomycetes species richness
or identity might influence the freshwater ecosystem processes [22,23]. This fundamental
aspect restored the interest in the potential connection between aquatic hyphomycetes’
biodiversity and freshwater ecosystem processes, health and integrity [23–27]. The ongoing
global changes and anthropogenic impacts on the freshwaters have encouraged more
insights into their biodiversity changes and occurrence in the little-explored regions across
the globe [20].

Even though aquatic hyphomycetes are the cornerstone of the freshwater ecosystems’
functional integrity and health [28], their conservation status is obscure. It is of utmost
importance to systematically analyse their current status and future if conservation mea-
sures are to be administered. This approach will help to understand the knowledge gap
and implement research into adequate management practices. Moreover, applying cutting-
edge molecular techniques to identify aquatic hyphomycetes species and the ability to
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evaluate the entire fungal communities will enable researchers to determine and establish
the trends in biodiversity and genetic patterns. These modern techniques, which favour
species detection in the absence of reproductive structures, may open new avenues to
fungal conservation.

The Convention on Biological Diversity (CBD) is the first global agreement to em-
brace all facets of biological diversity. The CBD targets incorporating all groups of or-
ganisms and conserving their biodiversity. They designated 2010 as the International
Year of Biodiversity, but their logo demonstrated just plants and animals and in their
official promotional video, fungi were not even mentioned. However, the conservation
of macrofungi became global in 2019 and the macrofungal red list escalated from 66 to
280 (http://iucn.ekoo.se/iucn/plans/; accessed on 28 December 2021). The International
Union for Conservation of Nature’s (IUCN) efforts to assess fungi is anticipated to focus
on macrofungi (Ascomycetes and Basidiomycetes) in the future. Microfungi, including
aquatic hyphomycetes, are orphaned in the Rio conventions, although many species may
be endemic or even endangered. The global Red List initiative’s gross marginalisation of
these fungi impedes their inclusion in conservation discussions and meetings, funding
initiatives, policy decision making and most importantly, conservation actions. Particularly
with increasing knowledge on the role of aquatic hyphomycetes in freshwaters, raising
awareness regarding their ecological importance and the necessity to conserve them is
becoming increasingly more pivotal. Advancing the conservation vision of aquatic hy-
phomycetes can only be achieved by enhancing the coordination among the limnologists,
mycologists and the broader conservation communities to foster strategies. Here, we first
identify the threats to freshwater ecosystems and biodiversity of aquatic hyphomycetes.
The impact of threats, such as hydrological alterations, agricultural activities, invasive
species, climate changes and other major pollutants on aquatic hyphomycetes, is discussed.
Second, we call attention to the fact that adequate knowledge on the biodiversity of aquatic
hyphomycetes is missing, although the biodiversity decline in freshwaters is alarming.
Third, we recommend a responsible approach towards understanding the biodiversity of all
fungi, including aquatic hyphomycetes and embracing them in biodiversity conservation
strategies. This approach will benefit scientists, mainly limnologists, mycologists, conserva-
tionists and a broader public, namely, policymakers, governmental and non-governmental
organisations, other stakeholders and society.

2. Threats to Freshwater Ecosystems and Biodiversity of Aquatic Hyphomycetes

Globally over the past 100 years, freshwater demand has increased six-fold [29]. It is
predicted that by 2030, water requirements may exceed 50% of its provisioning capacity [30].
Efforts have been mainly directed to ‘ensure water availability for all’ (Sustainable Develop-
ment Goal 6), often neglecting biodiversity and ecosystem functioning of freshwaters. Most
of the engineered solutions culminate in additional pressures on the ecosystem and signifi-
cant changes in the global water cycle [31]. This exacerbated water necessity by modern
human society may be primarily attributed to the combination of economic development,
population growth and alterations in consumption patterns. The environmental changes
due to these threats, such as modifications in pH, carbon and nitrogen cycles, temperature,
flow and runoff patterns [5], modulates the biodiversity of the impacted area, promoting
shifts in species dominance and, most importantly, a decline in biodiversity.

It is a significant challenge among limnologists to determine how the environmental
factors, including their overlaps, affect the relationship between biodiversity and ecosystem
functioning [32]. Globally, aquatic hyphomycetes are common to fast-flowing unpolluted
freshwaters [33]; they are sensitive to various environmental stresses altering their diversity,
activity and community composition, compromising detrital food webs [34]. However,
aquatic hyphomycetes are also evidenced to cope with a wide range of environmental
stress, such as pollution or drought [33]. Thus, they are proposed as sensitive indicators
for environmental changes and for risk assessment studies [35]. However, it is not evident
whether the environmental stressors lead to the extinction of aquatic hyphomycetes species.

http://iucn.ekoo.se/iucn/plans/
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Apart from the undeniable over-exploitation [2] of freshwaters, other anthropogenic
factors responsible for the degradation of freshwater ecosystems and biodiversity of aquatic
hyphomycetes are hydrological alterations, agricultural practices, invasive species, climate
change and other pollutants [2].

2.1. Hydrological Alterations

Over the last century, rivers and streams have been heavily modified for human devel-
opmental purposes [36], resulting in an altered global water cycle. Hydrological alterations
are the main abiotic factor governing freshwater ecosystems’ structure, functioning and
integrity [37]. It also determines the extent, depth and flow velocity of freshwaters, and
consequently, the transport of nutrients and sediments. To date, barely 37% of rivers longer
than 1000 km remain free-flowing throughout their entire length [10]. Dams have been con-
structed on most of the major rivers in the world [38], playing a pivotal role in modifying
their flow and inundation patterns; for instance, Colorado, Ganges and Yellow Rivers have
their flows heavily compromised by the construction of a large number of dams [5]. Dams
also promote drought due to the diversion of water in the rivers [39]. Such modifications
lead to alterations in habitat conditions and migration of species and matter cycling, such
as carbon and nutrients [40]. Notably, damming of rivers regulates the biodiversity of
aquatic hyphomycetes and their ecological processes [41]. A study conducted in 17 streams
impacted by the presence of dams demonstrated that decomposition of organic matter
decreased downstream due to alterations in the natural flow regime of streams. This could
be attributed to the alterations in nutrient and carbon flow along the watercourse [42].

2.2. Agricultural Practices

Rivers and streams are profoundly linked to their surrounding terrestrial ecosys-
tems [19,43,44], owing to surface runoff and elemental cycling; hence, any activity that
modifies terrestrial structure and composition will consequently impact freshwater ecosys-
tems. Annually, around 70% of the available surface water is used only to sustain agri-
cultural practices [45]. Agriculture also promotes the replacement of natural vegetation,
thereby changing the riverine canopy, inputs of allochthonous organic matter, shading
and water temperature, modifying the ecosystem structure and functioning. In addition,
surface runoff from agricultural land may carry chemicals and fertilisers containing high
levels of nutrients [5]. High nutrient loads alone or when accompanied by other envi-
ronmental factors, such as temperature [46], are able to stimulate the growth of aquatic
hyphomycetes [34,47,48]. The few available studies on the impacts of high nutrient loads
on the aquatic hyphomycetes demonstrate that their response differs between species [49].
Besides nutrients, agriculture runoff carries large quantities of agrochemicals, such as
pesticides [50], fungicides [50] and salts [51], with potential impacts on the biodiversity of
aquatic hyphomycetes [52]. In general, the response of aquatic hyphomycetes to agrochem-
icals is species-specific and greatly depends on their chemical properties. A clear difference
between the response of species to concentrations and types (herbicides and fungicides)
has been observed when aquatic hyphomycete species were exposed to herbicides and
fungicides in a previous study [50].

2.3. Invasive Species

Human activities have been destroying geographical barriers worldwide [53]; conse-
quently, the boundaries between native and non-native species are likely to become blurred.
The invasive riparian species may modify the habitat conditions, resulting in competition
for resources and space. The replacement of riparian native vegetation by invasive species
may impact the diversity of aquatic hyphomycetes and freshwater ecosystem function-
ing [54,55]. For instance, the richness of the aquatic hyphomycetes species was higher
in the reference stream than in the stream surrounded by the invasive (Acacia) species
affecting the leaf litter decomposition [56]. Exotic species may also contribute to ecosys-
tem biodiversity by interacting or acting as functional homologs, sustaining important
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ecosystem services [57]. However, in most cases, when invasive species thrive, it causes
vast disparities owing to the lack of predators, exploding their population at the expense of
native species [58]. In addition, redistribution of native freshwater species is influenced by
global climate change inducing the migration of species looking for more suitable habitats.

2.4. Climate Changes

Effects of climate change are numerous; for instance, an increase in temperature may
accelerate the water evaporation rates, facilitating the forest fire or melting of ice, modifying
streamflow and inundation patterns [59]. Studies demonstrate that freshwater ecosystems
are becoming warmer, more acidic and less oxygenated [60]. If the water becomes too
warm for the riverine species, they may probably disperse to cooler habitats, impeded
by factors such as habitat availability and competition [5]. Regarding the streams, the
climate change crisis is particularly more alarming, as the volume of water is lower than
in large rivers; therefore, heating is much faster, compromising several vital ecological
functions, such as groundwater recharge, nutrient cycling and biodiversity [61]. Further-
more, the measures taken to overcome climate change and water availability are likely
to exacerbate biodiversity loss because it focuses mainly on fulfilling human needs by
side-lining biodiversity [62]. Concerning aquatic hyphomycetes, the temperature is re-
garded as a vital environmental factor affecting their metabolic functions and ultimately,
growth and survival [63]. Temperature fluctuations influence the abundance of aquatic
hyphomycetes species and fungal community composition [63–65], affecting organic matter
decomposition [66]. An efficient and sustainable water management framework should
consider ecosystem-based approaches, ensuring the resilience and long-term stability of
freshwaters [67].

2.5. Other Major Pollutants

Freshwaters are vulnerable to a wide range of pollutants [61], such as fossil fuels,
metals, xenobiotics and synthetic hormones, negatively impacting the freshwater biota.
The atmosphere is a sink of unwanted gaseous by-products originating mainly by the
combustion of fossil fuels, released into the air as nitrogen dioxide, sulphur dioxide, carbon
monoxide or hydrocarbons [68]. These contaminants are generally washed away by rain,
making the freshwaters more acidic. It is demonstrated that co-exposures of acid rain and
zinc oxide (ZnO) nanoparticles could accelerate stream fungal community diversity and
decomposition of organic matter [69].

Mining activities mobilise sediments, increase metal concentrations and modify wa-
ter pH [2]. Metals may result in fungal biodiversity loss in freshwaters by reducing the
occurrence of sensitive species [70,71]. Nonetheless, aquatic hyphomycetes have been
reported from various metal-contaminated streams, probably due to their cellular toler-
ance and resistance mechanisms to cope with metals [72–76]. However, metal tolerance
mechanisms demand substantial energy, which may affect their efficiency in reproduction,
growth [73,77–79] and their functions (litter decomposition) [76].

Synthetic hormones found in birth control pills disrupt the endocrine systems of
freshwater organisms such as invertebrates and fish [80]. Xenobiotic compounds, such
as nonylphenols, which are widely used as a surfactant [81], may also act as endocrine
disruptors by imitating natural hormones, blocking or inhibiting their production by the
organisms [80]. In aquatic hyphomycetes, a low concentration of nonylphenols (50 µg L−1)
enhanced their reproductive capacity [82]. In addition, antibiotics in the wastewaters may
increase the resistance of the targeted organisms and may impact ecologically relevant
nontargeted organisms [83]. However, aquatic hyphomycetes were not evidenced to be
tolerant to antibiotics [84].

Furthermore, heat from industrial and power sector effluents [12] poses a signifi-
cant threat to freshwater ecosystems [85]. The water retrieved from the watercourses
to cool down a thermal plant is reverted to the river at much higher temperatures [86].
Temperature is one of the most important factors modulating the structure of aquatic
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hyphomycete communities [66], which may lead to severe consequences to freshwater
ecological processes.

Recently, nanomaterials (nanoparticles and nanoplastics), plastisphere (microbial com-
munity established on microplastics) and microplastics have been considered as a predomi-
nant threat to freshwaters [75,87–90]. Increased release of nanomaterials into the freshwaters
may induce shifts in aquatic hyphomycete communities with impacts on biodiversity and
ecological processes [87]. In general, with an increasing concentration of nanomaterials in
the freshwaters, the reproductive rate of aquatic hyphomycetes diminishes.

3. Biodiversity Decline in Freshwaters Is Alarming but Adequate Knowledge on the
Biodiversity of Aquatic Hyphomycetes Is Missing

Besides critical benefits provided by freshwaters, such as the contribution to the econ-
omy (e.g., electricity or fishery) and provisioning of ecosystems services (e.g., drinkable
water), freshwater biodiversity offers an irreplaceable global biodiversity databank [2,32]. It
supports approximately 9.5% of the total species described [2,12,62]. In addition, 30% of the
total freshwater species is comprised of vertebrates, including approximately 17,800 fish,
700 birds [85] and 250 turtle species [91]. It is well established that biologically diverse
freshwater organisms confer adequate ecological resilience in the face of a changing envi-
ronment [92]. However, we are yet to fully appreciate the biodiversity of fungi, including
aquatic hyphomycetes in the freshwaters. The Freshwater Animal Biodiversity Assessment
(FADA) [91] provides a large database on fish, reptiles, amphibians and some inverte-
brates [93]. It is evident that biodiversity assessment and conservation strategies focus
on macro-organisms [94]. The studies on microbes relate mostly to their threats to larger
organisms, rather than their biodiversity and conservation.

The IUCN Red List of Threatened Species provides only a partial cover of around 20%
of the known freshwater species [4]. Even so, this limited biodiversity coverage reveals that
approximately 30% of the species assessed are categorised as threatened [4,85]. Amongst
the threatened species, turtles (62%), gastropods (47%), mammals (42%), amphibians (33%),
decapods (30%), fish (28%) and birds (20%) are at risk of extinction [85]. The most recent
Living Planet Report 2020, derived from 3741 monitored populations of freshwater species
(944 vertebrates), indicated a decline in their abundance by 84% in the last 50 years [8].
It suggests that the biodiversity loss in freshwater might be far more critical than what
is documented.

In the 2000s, knowledge of freshwater biodiversity has increased [95]. It is estimated
that around 2000 species of aquatic fungi are restricted to freshwaters [21,91]. To the best of
our knowledge, the first and only initiative for biodiversity conservation of microfungi was
undertaken via a project (2007–2010) funded by the UK Darwin Initiative attempting to
conserve these vulnerable fungi in the terrestrial, freshwater and marine ecosystems. This
project prioritised three specialist groups, namely: (1) non-lichen-forming Ascomycetes
and conidial fungi, (2) rusts and smuts and (3) chromistans, chytrids, Myxomycetes and
Zygomycetes. It is surprising that almost after 80 years of the discovery of aquatic hy-
phomycetes, there are no projects dedicated to assessing their global biodiversity. However,
the occurrence of aquatic hyphomycetes, including the impact of environmental stressors,
are well documented in some temperate regions [20]. Shortage of well-trained taxonomists,
constraints in scientific capacity, accessibility to geographic regions and insufficient funds
have restricted in-depth investigations. The lack of adequate knowledge regarding their
biodiversity and distribution patterns [20] curtails the development of an adequate conser-
vation plan. We are yet to appreciate the aquatic hyphomycetes species richness, patterns
of biodiversity (alpha and beta), cosmopolitanism and endemism. There is also a need
to distinguish rare species from endangered species; other aspects such as their distribu-
tion patterns and adaptations in the Anthropocene remain unexplored. Moreover, the
biodiversity of aquatic hyphomycetes is greatly influenced by seasons demanding rig-
orous efforts throughout the year. The only study regarding the population genetics of
aquatic hyphomycetes, spanning two years and two seasonal cycles, demonstrated that
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the genetic diversity of Tetracladium marchalianum varied significantly [96]. Additionally, a
unique study along broad latitudinal gradient reveals that the species richness of aquatic
hyphomycetes [97] and other aquatic fungi associated with leaf litter [65] peaked at mid-
latitudes and diminished further towards the extremes of the latitudinal gradient [97].
A compelling solution to improve our knowledge on a broader scale may be to create
awareness among ecologists to cooperate and conduct coordinated studies across the globe.

4. A Responsible Approach towards Understanding the Biodiversity of All Fungi,
including Aquatic Hyphomycetes, Is Needed

To date, the conservation status of most of the fungal species is unknown. Conserva-
tion agendas targeting fungi are mainly represented by macrofungi. They are distinguish-
able from other fungi by their visible spore-bearing fleshy fruiting body. To date, 425 macro-
fungal species have been evaluated by the IUCN Red List of Threatened Species [98].
Clearly, there is a tendency to protect visually noticeable and familiar species, severely
reducing our focus on the global fungal extinction rate.

Invisible to the naked eye, microfungi make up the great majority of undescribed
fungal taxa [15]. They are greatly present in our lives and economy. Although some
microfungal species are pathogenic to plants and animals, compromising crops, livestock
production and human beings, most microfungi are highly beneficial to our society. For
example, the microfungi belonging to the genus Penicillium are the source of penicillin, a
group of antibacterial drugs, which revolutionised the health care industry [15]. In addition,
the food industry relies greatly on yeasts for the preparation of bread and beer [15,99].
Moreover, as eukaryotic organisms, yeasts are excellent model research organisms, ushering
considerable advancements in modern genetics [15,99]. Most predominantly, microfungi
are crucial to sustaining a wide range of ecosystem processes, maintaining life on the
planet [15,65]. The most acknowledged is the mycorrhizal fungi, accomplishing a symbiotic
partnership with approximately 90% of all plant roots [100]; these fungi facilitate the plants’
growth by improving the acquisition of nutrients from the soil; simultaneously the plant
roots provide a reliable substrate for mycorrhizal fungal growth and reproduction [101]. In
general, microfungi have impacted our environment for billions of years in a multitude
of ways and are continuously touching millions of human lives. However, they need
special attention because they are largely disregarded in the environment. Our lapse in
estimating the biodiversity of the microfungi, including aquatic hyphomycetes, impedes
their inclusion in the conservation goals. Taking steps towards filling this knowledge gap is
pivotal to assisting efficient conservation policies and robust environmental management
strategies to sustain freshwater ecosystems.

5. Embracing Aquatic Fungi in the Freshwater Biodiversity Conservation Strategies

The continuous degradation of freshwater ecosystems and the services they provide
have led to the implementation of various international organisations and agreements (see
Table 1), aiming to bend the curve of freshwater biodiversity loss [85]. Several biodiversity
conservation organisations (Table 1) are involved in the data gathering and biodiversity
analysis. The indicators produced by these projects are generally used to monitor biodiver-
sity trends [102], raise awareness among the public and policymakers [103] and influence
governments and other stakeholders by providing an unrestricted flow of information
and advice. However, in most cases, due to inefficient management, the data gathered
remain underutilised, confounding the development of data-driven policy decisions or the
establishment of biodiversity conservation targets [104]. Despite supporting an impressive
number of species and providing several irreplaceable ecosystem services, freshwater
biodiversity is disproportionately under prioritised. Future strategies and actions should
divert a greater focus on the distinctive ecology of freshwater organisms and their threats.
More specifically, it is high time to acknowledge that we are yet to redirect our attention to
an aquatic fungal inclusive conservation strategy.
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Table 1. International milestones in conservation strategies.

Year Milestone Conservation Strategies

1948 International Union for the
Conservation of Nature (IUCN)

• Union composed by approximately 1400 members (countries,
governments and civil organisations).

• It is mainly involved in data gathering, analysis and education.
• To influence government, and stakeholders by providing information,

advice and partnerships.

1961 World Wildlife Fund for
Nature (WWF)

• Organisation working in wilderness preservation and reduction of
human impact on the environment.

• Responsible for publishing ‘The Living Planet Report’ every two years
since 1998.

1964 First edition of IUCN Red List
• The world’s most comprehensive catalogue of the global conservation

status of several biological species was published.

1971 Green Peace

• Independent global network aiming to safeguard environment
and biodiversity.

• Focus on issues such as: climate change, deforestation, overfishing,
commercial whaling, genetic engineering and anti-nuclear materials.

1971 * The Ramsar Convention on wetlands

• First international agreement for conservation and sustainable use of
wetlands; it came into force in 1975.

• Representatives of the contracting parties meet every three years to
discuss achievements and further steps.

1972
United Nations Conference on the
Human Environment (Stockholm

Declaration)

• Held in Stockholm, resulting in the beginning of an international
environmental law, alongside with the first agreement (26 principles and
109 recommendations) regarding environment, development, human
rights and protection of natural resources.

1972 The United Nations Environment
Programme (UNEP)

• Organisation aiming to develop international environmental agreements
on climate change, management of marine and terrestrial ecosystems
(including inland waters) and green economic development.

1973
Convention on International Trade in

Endangered Species of Wild Fauna
and Flora (CITES)

• One of the oldest conservation agreements still in action; it came into
force in 1975.

• Mainly to protect plants and animals at risk of extinction and ensure that
international trade in wild specimens does not threaten their survival in
the wild.

1982 The World Resources Institute (WRI)

• Comprised by local and national governments alongside with private
and public corporations.

• Offer information on global climate change issues, sustainable markets,
ecosystem protection and environmental governance services.

1988 Intergovernmental Panel on Climate
Change (IPCC)

• One of the United Nation’s intergovernmental bodies.
• Responsible for compiling knowledge on human-induced climate change,

providing scientific information of the impacts on the natural, political
and economic sectors.

1991 * World Water Week

• Non-profit annual event on global water issues, organised by Stockholm
International Water Institute.

• Responsible to find solutions to the water-related challenges through
partnerships with organisations from various countries and sectors.

1992 Earth Summit-Convention on
Biological Diversity (CBD)

• Event held in Rio de Janeiro; it came into force in 1993, establishing a
multilateral treaty (CBD).

• Target the conservation of biodiversity in all its aspects, sustainable use of
nature components and fair sharing of benefits arising from
genetic resources.
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Table 1. Cont.

Year Milestone Conservation Strategies

2000 The Cartagena Protocol

• A protocol that arises as a supplementary agreement to the CBD (1992).
• Aim to guarantee biosafety in the movements of living modified

organisms (LMOs) between countries; it entered into force in 2003.

2000 The Millennium Development
Goals (MDGs)

• Comprises eight international development goals.
• Focus mainly on human population needs, only goal 7, targeted to ensure

environmental sustainability by 2015.

2001–
2005

The Millennium Ecosystem
Assessment (MEA)

• Comprehensive assessment, targeting the consequences of ecosystems
changes due to anthropogenic activities as well as establishing scientific
basis for the development of conservation and sustainable development.

2002 The World Summit on Sustainable
Development

• Held in Johannesburg (“Rio + 10”), it united heads of state, delegates,
NGOs and businesses groups.

• Address the improvement of people’s lives while conserving nature in a
world with a growing population and ever-increasing resource demands.

2002 Strategic Plan for the Convention on
Biological Diversity

• A new strategic plan to effectively halt the loss of biodiversity and secure
the continuity of its beneficial uses through the conservation and
sustainable use of its components.

• Raise the concern of fair and equitable sharing of benefits arising from
novel genetic resources.

2010 The United Nations World Water
Development Report (WWDR)

• The UN-Water’s report tackling water demand and sanitation issues,
published by UNESCO.

• It provides insights and knowledge concerning the state, use and
management of freshwaters, as well as formulation and implementation
of sustainable water policies.

2010 Strategic Plan for Biodiversity
Revision 2011–2020

• Held in Nagoya, Japan, the meeting updated the Strategic Plan for
Biodiversity for the 2011–2020 period, providing a framework on
biodiversity for the UN and partners engaged in
biodiversity management.

• Resulted in the signature of the Nagoya Protocol and the development of
the Aichi Biodiversity Target.

2010 The Nagoya Protocol

• A supplementary agreement to the CBD (1992).
• To target the implementation of one from the three objectives of the CBD:

the fair and equitable sharing of benefits arising out of the utilisation of
genetic resources, setting out obligations for its contracting parties.

2010 The Aichi Biodiversity Targets
• A 10-year plan, created by the CDB parties, sub-divided into 20 targets,

aiming to protect and conserve natural systems.

2010
The Intergovernmental Science-Policy

Platform on Biodiversity and
Ecosystem Services (IPBES)

• Intergovernmental organisation established to improve the interface
between science and politics on issues of biodiversity and
ecosystem services.

• It entered into force in 2013.

2012 The world’s 100 most
threatened species

• IUCN report with the 100 most threatened species was published by the
Zoological Society of London as a book, named Priceless or Worthless?

• The list contain species threatened of extinction, stressing that ‘all species
have an inherent right to exist’.

2015 Sustainable Development
Goals (SDGs)

• Developed by the UN to replace the MDGs.
• The SDGs run from 2015 to 2030, setting a 15-year plan to achieve 17

goals, aiming to end poverty, protect the planet and improve the quality
of life on earth.



Water 2022, 14, 605 10 of 16

Table 1. Cont.

Year Milestone Conservation Strategies

2020 Post-2020 Global
Biodiversity Framework

• Reinforces the 2001–2020 strategic plan; it stipulates ambitious goals to
generate a renovation in society’s relationship with biodiversity, ensuring
people are ‘living in harmony with nature’ by 2050.

2020 The UN Decade on
Ecosystem Restoration

• A call to protect ecosystems around the world, aiming to halt their
degradation, and implement restoration practices.

• The UN Decade runs from 2021 to 2030, which is also the deadline for
the SDGs.

2021 Water and Climate Pavilion at COP 26

• Held in Glasgow, the COP 26 (Convention of the Parties) led efforts to
mobilise the water and global climate action communities to launch the
first Water and Climate Pavilion in the history of the convention.

2021 * Water at the IUCN Congress
• For the first time, freshwater was featured as its own thematic focus at

the IUCN Congress.

* Milestone focussing directly on freshwaters.

The IUCN, founded in 1948, was the first global authority dedicated to nature protec-
tion and conservation. Later, several other environmental organisations emerged, such as
Worldwide Fund for Nature (WWF; 1961) and Green Peace (1971) (Table 1). One interesting
milestone was the Ramsar Convention (1971), the first international agreement related to
freshwaters aiming to protect wetlands (Table 1). Especially in the freshwater conserva-
tion strategies, there is a tendency to embrace only the social benefits to humans, such
as ceasing poverty, hunger, or diseases and economically beneficial macrofauna. Given
the current mindset, aquatic fungi, particularly aquatic hyphomycetes, are likely to be
neglected, disregarding their key ecological role to sustain freshwater ecosystems.

6. Conclusions

It is time to embrace aquatic hyphomycetes in conservation strategies, as emphasised
in this review (Figure 2). The biggest challenge is to foster global partnerships via research
projects, which may unlock funds for global surveys and educational programs, thereby
attracting more audience and media attention [105,106]. Ideally, government, policymakers,
scientists, ecosystem managers, non-governmental organisations and citizens should com-
bine efforts to exploit the aquatic fungi to protect freshwater ecosystems and the services
they provide [107]. This calls for a robust biodiversity database across the globe, which
may promote their access to conservation strategies.
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Figure 2. A comprehensive strategy for the conservation of aquatic hyphomycetes across the globe.
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