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Abstract. Cyanobacterial harmful algal blooms (CyanoHABS) are increasingly being reported worldwide owing to
several reasons, including widespread eutrophication and enhanced scientific monitoring. Catchment and water
management, organisations, industry, farmers and local governments are all confronting the effects of climate change,
which stimulate the growth of cyanobacteria and affect the efficacy of adaptation measures in water systems. To tackle
climate change and CyanoHABs growth, actors at different levels require both ‘top-down’ and ‘bottom-up’ assessments to
help them in formulating and implementing adaptation measures. Potential solutions must also be assessed locally to limit
associated adverse effects, in particular, negative effects on water quality. Thus, having a better understanding of the
synergies, conflicts and trade-offs between adaptation practices and climate-change effects on CyanoHABs makes a
valuable contribution to a more integrated climate policy and the effective climate-proofing of our water bodies. This
article examines adaptation practices focused on tackling CyanoHABs occurrence in a changing climate. It fills an
important gap between a major environmental problem and potential solutions. The practices and measures advanced as a
result of the analysis can be used by persons with different expertise and skill levels for improving the relevant institutional
frameworks and policies to protect their local water bodies.
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Introduction

The vulnerability of water resources to the impacts of climate
change, especially impacts on water quality for human con-
sumption, is influenced by several factors. One of the most
important is human behaviour, both in terms of water managers
(governance bodies, water supply and distribution agencies) and
consumers (for drinking, irrigation and industrial uses). Devel-
oping economies are especially vulnerable because of the lack of
science-informed policy (Lahsen ef al. 2010), low income and
limited institutional capacity, poor access to information as well
as their greater reliance on climate-sensitive sectors such as
agriculture and forestry (Nath and Behera 2011). These factors
place developing economies at a disadvantage and challenge
their capabilities to absorb additional stresses caused by climate
change and extreme weather events. Such complex vulner-
abilities require specific adaptation practices to enhance the
adaptive capacity of the developing countries and move them
towards achieving sustainable development in this century.
Properly assessed, the experience gained from efforts to develop
adaptation practices in developed economies can provide useful
pointers for adaptation in developing countries.
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Observational records and climate projections provide a
substantial amount of evidence that water resources are vulner-
able to, and have the potential to be strongly affected by, climate
change (Delpla et al. 2009; Kundzewicz et al. 2018; Natalia
et al. 2020; Rivadeneira Vera et al. 2020; Tesfahunegn and
Gebru 2020). Higher water temperatures and changing weather
patterns can affect water quality and exacerbate many forms of
water pollution. For instance, drought can decrease water
quality by concentrating pollutants (such as nutrients) and
intense rain can wash fertilisers from crops, which are then
discharged in water systems (Allen et al. 2021). Such climatic
events, and the associated accumulation of nutrients in water
bodies, are contributing to global eutrophication and the expan-
sion of cyanobacterial harmful algal blooms (CyanoHABs)
across geographically diverse regions (Xia et al. 2016; Glibert
2020; Paerl ef al. 2020).

Under such circumstances, one option available for develop-
ing countries to counter the negative effects of climate change is
to develop specific actions, especially at local levels. Because of
the usual lack of adequate financial and technological resources
and scientific infrastructure, only a few developing countries
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can afford to conduct the required studies and design appropriate
actions. Therefore, there is a need to understand the particula-
rities and constraints of developing economies for informing
and formulating specific adaptation practices to effectively and
efficiently tackle water-quality issues (Nath and Behera 2011).

Water managers around the world have begun to directly
address the implications of climate change as part of their water
supply management practices, by using conventional water
infrastructure solutions (as building more reservoirs) or devel-
oping unconventional solution such as atmospheric moisture
harvesting (cloud seeding or fog water collection; Chadwick
et al. 2020; Loudiere and Gourbesville 2020; United Nations
Educational, Scientific and Cultural Organization 2020). How-
ever, examples of concrete actions in the water sector to
specifically (and solely) adapt to a changing climate are rare
(Dokulil and Teubner 2010; Moss et al. 2011; United Nations
Educational, Scientific and Cultural Organization 2020). This is
partly due to climate change often being one of many drivers
considered in adaptation strategies and investment plans, and
partly attributable to uncertainty in projections of future hydro-
logical changes.

The present paper reviews and uses valuable information
from the specialised scientific literature on climate change and
its impacts on CyanoHABs and specific adaptation practices to
tackle the impacts, thereby making the available evidence more
accessible to decision makers. It seeks to focus on several
aspects not sufficiently emphasised in previous studies, or
mentioned separately, allowing a better understanding of the
synergies, conflicts and trade-offs. It begins with an exploration
of the effect of climate change on CyanoHABs, which gives a
snapshot of the complex confluence of factors at the nexus of
CyanoHABs and climate change. It is providing an overview on
the complexities of the vulnerability of developing economies in
the context of climate change and CyanoHABs, and helping
target and advance adaptation practices to tackle climate-change
impacts on CyanoHABs that can be potentially applied in such
developing contexts.

The information is presented in a form that can guide the
multiple stakeholders concerned, including catchment and
water managers, organisations supplying drinking water, farm-
ers, and local governments. It, hence, fills an important gap
between research about the problems and effective and efficient
implementable solutions.

Approach to defined potential adaptation practices in
developing countries

In the context of the quality of water resources, adaptation
specifically means anticipating the effects of climate change and
taking appropriate action to prevent or minimise the damage
CyanoHABs can cause, or exploit opportunities they may
present (adapted from United Nations Framework Convention
on Climate Change 2007).

The extent to which climate change is intensifying Cyano-
HABs is not fully clear yet (Burford e al. 2020). The United
Nations’ Intergovernmental Panel on Climate Change’s (IPCC)
Special Report on the Ocean and Cryosphere in a Changing
Climate (SROCC), approved in September 2019, was the first
IPCC report to directly link CyanoHABs to climate change with
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Fig. 1. Methodology applied to identify potential adaptation practices.
Source: developed by the authors.

a ‘high degree of confidence’. Therefore, adaptation practices to
improve and maintain water quality must clearly be based on
understanding the interaction between climate change and
CyanoHABs.

Several barriers and constraints must be considered when
adaptation practices are designed in a developing country
context. Adaptation actions can range from short-term coping
measures to longer-term and deeper transformations aimed at
achieving more than climate-change goals alone. Although
attention to flexibility and safety margins is common in select-
ing adaptation options, developing countries may see the need
for more transformative changes such as making ecological
sustainability its first priority (Laininen 2018). In terms of
CyanoHABs, measures should be designed on the basis of
avoiding or minimising the risk, the negative effects, and taking
advantage of opportunities. Thus, adaptation requires participa-
tion by most economic sectors and involves many levels of
decision-making.

So as to define and prioritise climate-change adaptation
practices focusing on CyanoHABs, the methodology used in
this paper consists of four stages (Fig. 1), which are discussed
in turn.

Stage 1. Impacts of climate change on CyanoHABs

Recent studies have shown that global and regional climatic
changes benefit various species of harmful cyanobacteria by
increasing their growth rates, dominance, persistence, geo-
graphic distributions and activity (Paerl and Huisman 2009;
Jeppesen et al. 2010; Moss et al. 2011).

This section specifically focuses on pelagic HABs species,
which affect drinking water supplies (such as Microcystis). It
should be noted that toxic benthic CyanoHABs appear to be
increasing as a result of climate change. However, they have
received less attention in the specialised literature (Burford et al.
2020) probably because researchers have been focusing on
species that affect drinking water production. Further research
of climate change effects on individual species is hence required
to develop specific adaptation practices; this issue is not covered
in this paper.

According to the report by Berg and Sutula (2015), harmful
algae can reproduce quickly in favourable conditions where
there are (i) high concentrations of nutrients (especially nitrogen
and phosphorus), (ii) high irradiance, (iii) low salinity,
(iv) warm temperature and (v) high residence time (stratified
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conditions). It is also widely accepted that climate change will
affect surface water temperatures, and modify rainfall patterns
and wind characteristics (Moss et al. 2011; Paerl 2014; Chen
et al. 2016; Giupponi and Gain 2017; Haakonsson et al. 2017).
All these factors are analysed below to understand the climate-
change effects on CyanoHABs.

Temperature effects

The effect of the factors that influence the growth of cyano-
bacteria is likely to worsen with increased water temperatures
caused by climate change. The general consensus is that the
optimum growth temperature for cyanobacteria is higher than
that for most algae (Butterwick et al. 2005).

Many species of cyanobacteria possess gas vesicles that enable
buoyancy regulation. Their function is to give cyanobacteria an
ecologically important mechanism, enabling them to adjust their
vertical position in the water column, such as, for instance,
looking for zones with higher nutrient concentrations (Reynolds
et al. 1987). Rising temperatures decrease the resistance of water
to vertical migration of phytoplankton. When the water is turbu-
lent, cyanobacteria are evenly distributed over the water column.
However, when temperatures increase and there is little wind
mixing, the water column becomes stagnant, allowing buoyant
cyanobacteria to float upward, forming dense scums at the water
surface. Some harmful cyanobacteria contain pigments that help
them to survive in high-irradiance conditions of the surface water
(Paerl et al. 1983). In addition, surface blooms reduce the
penetration of sunlight to deeper sections of the water column,
thereby suppressing their non-buoyant eukaryotic phytoplankton
competitors (Johnk ez al. 2008; Huisman et al. 2018). Moreover,
many cyanobacterial species can uniquely exploit stratified con-
ditions and this indirectly enhances HABs. Lakes in temperate
zones tend to stratify in spring but rising temperature would
cause an earlier appearance of this phenomenon and probably
extend it to later into the autumn (Paerl and Huisman 2009;
Monchamp et al. 2018).

Another indirect effect of the water resistance to vertical
migration of phytoplankton is the availability of carbon dioxide
(CO,). The research conducted by Xing Ji showed that some
bloom-forming cyanobacteria, such as Microcystis aeruginosa,
will benefit from elevated CO, concentrations (Ji ez al. 2017). A
high incidence of photosynthetic organisms restricts the CO,
availability (Enriquez et al. 1996). Considering that the cyano-
bacteria can adapt better to live in the surface stratus, they can
directly intercept CO, from the atmosphere, taking advantage of
the conditions (Paerl and Ustach 1982).

As aresult of the photosynthetic activity of blooms, the CO,
concentration in eutrophic lakes can vary from supersaturation
in winter to undersaturation in summer. Bloom-forming cyano-
bacteria display an unexpected diversity in CO, responses,
because different strains combine their uptake systems for
CO, and bicarbonate in different ways to adapt (Visser et al.
2016). However, increases in atmospheric concentrations of
CO; could have a more beneficial effect on cyanobacteria’s
competitors, such as eukaryotic algae (Fu et al. 2007). Although
this might suggest that globally rising CO, could diminish the
intensity of CyanoHABs, little is known regarding how
increases in the concentration of this gas will affect other aspects
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such as cell physiology and growth rates of individual cyano-
bacteria genera (O’Neil et al. 2012). It is important to highlight
that some research has demonstrated, both in theory and in
experiments, that rising CO, concentrations can alter the com-
munity composition and toxicity of Microcystis aeruginosa
blooms (Van de Waal et al. 2011). However, it is not clear
whether the results are the same for other cyanobacterial taxa in
general.

Fish communities in warm waters have lower numbers of
strictly piscivorous fish but higher numbers of omnivorous fish
(Moss et al. 2011). Omnivores, the fish species that eat zoo-
plankton, which are microscopic animals that can feed on and
control cyanobacteria (Ger et al. 2014), may increase in density
in warmer water. In particular, the zooplankton called Daphnia
is very effective in controlling algae; however, its density is
governed partly by the seasonal temperature cycle (George et al.
1990; Havens and Paerl 2015). How climate change will affect
Daphnia populations is not totally clear yet (George et al. 1990;
Hiltunen et al. 2021). Furthermore, cyanobacteria are harder to
digest by zooplankton. So, if this species dominates water
systems (coastal and inland waters, including rivers, lakes and
reservoirs), the natural capacity to control the blooms decreases
(Jeppesen et al. 2010).

Unfolding climatic changes can potentially weaken marine
food webs, leading to food-web simplification. This phenome-
non alters the producer—consumer dynamics, both of which have
important implications for the structuring of cyanobacteria
(Ullah er al. 2018). Climate change can potentially reduce
energy flow to higher trophic levels and cause a shift towards
a more detritus-based system, leading to food-web simplifica-
tion and altered producer—consumer dynamics. Furthermore, the
research conducted by du Pontavice et al. (2020) detected and
projected alterations as a result of climate change in mean
trophic transfer efficiency and the biomass residence time
in the food web that may undermine food-web functioning
(du Pontavice et al. 2020).

Another important factor is the behaviour of submerged
vegetation. Submerged aquatic plants provide buffers in tem-
perate zones against increasing external nutrient load. They,
therefore, play an important role in water ecosystems. Nutrient
availability increases competition between macrophytes and
phytoplankton (Lacoul and Freedman 2006). This results in
phytoplankton dominance and the disappearance of macro-
phytes (Declerck et al. 2005). The main reason for that is that
eutrophication promotes algal (benthic and planktonic) growth,
which decreases the light reaching other plants (macrophytes),
thus decreasing their growth, productivity and distribution. In
addition, climate change can also influence macrophyte growth.
Thus, macrophyte growth and distribution can be taken as a
reliable bio-indicator to study the relationships between envi-
ronmental disturbance and vegetation growth (Hossain et al.
2017).

Change in weather-pattern effects

Alterations in seasonal and internal weather patterns (including
droughts, storms and floods) may influence the growth rates of
cyanobacteria. In many inland waters of the world, salinity is
rising because of droughts, rising sea levels and increasing use
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of freshwater for agricultural irrigation. This represents another
advantage for some cyanobacteria because of their high salt
tolerance (for example, species such as Nodularia spp. and
M. aeruginosa; Tonk et al. 2007; Pade and Hagemann 2014).
Moreover, salinity increases vertical density stratification,
which favours buoyant cyanobacteria. Drought and reduced
discharge into inland waters could, thus, have effects on eutro-
phication and water quality. These episodes will result in greater
salinisation, exacerbated by increased evaporation and greater
use of water for irrigation (Jeppesen et al. 2010).

Finally, an intensifying water (hydrological) cycle, alternat-
ing with warm dry periods, can lead to the proliferation of
CyanoHABs in water bodies. A short period of intensive rain
may substantially overload rivers, lakes and reservoirs, with
excess nutrients via runoff, and increase the likelihood of
CyanoHABs events that severely impair water quality (Paerl
et al. 2016). Rainfall washes nitrogen and phosphorus from
human activities, such as agriculture and fossil fuel combustion,
into rivers, lakes and reservoirs (Pade and Hagemann 2014).
In addition, the warm, dry periods allow stratification in lakes
and reservoirs and the growth of planktonic cyanobacteria
(Reichwaldt and Ghadouani 2012).

Wind effect

Although temperature and precipitation variables are getting
most of the attention in discussions about climate change, wind
is another climate-change impact on water systems directly
related to CyanoHABs. Climate warming has produced stronger
winds along some coasts, a result of growing differences in
temperature and pressure between land and sea (Sydeman et al.
2014). When nutrient concentrations in water increase, wind
may become a new CyanoHABs-limiting factor (Yang et al.
2008). The most significant effect of wind is the transportation
and dynamics of CyanoHABs blooms (Wang et al. 2016; Zhang
et al. 2016). Wind causes a drift of cyanobacteria, which often
accumulate in one part of a lake such as a bay. Evenly distributed
cyanobacteria can therefore accumulate to a bloom in a part of a
stagnant water body when wind drifts them to one location.
Table 1 brings together the key concepts about climate
change and HABs. The stressors and climate-change effects
on CyanoHABs specified in this table confirm that an effective
adaptation approach must take into account climate change as
one of the fundamental pressures on water resources (United
Nations 2010). Moreover, proper consideration of the likely

Table 1.
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climate-change impacts on water quality will ensure compre-
hensive coverage of the link between stressors and effects in
climate-change adaptation strategies.

Stage 2. Vulnerabilities in developing countries to
climate-change adaptation

Adaptation researchers have generally assumed lower vulnera-
bility and greater adaptive capacity in developed countries than
in developing countries, but have, however, tended to focus their
research on the former (Adger et al. 2003; Mertz et al. 2009).
Yet, climatic events such as snow storms, flooding and bushfire
in Europe, the United States and Australia in recent years have
also led to critical questioning of the richer nations’ ability to
adapt to climate change and, in turn, a greater focus on inno-
vative approaches (Moser and Ekstrom 2010). In developing
countries, there is, hence, an opportunity to develop science-
informed actions (strategies, policies and measures), both good
and bad, on the basis of developed nations’ experiences.

In addition, it is necessary to build up scientific infrastruc-
ture. This includes both education and training. Even routine
scientific tasks in developed countries, such as sampling and
monitoring of water bodies, may be beyond the technological
and financial resources of developing countries. In addition, a
‘disconnection’ between the knowledge generated by the scien-
tific community and the specific needs of developing economies
can be discerned.

Transferring knowledge and instrumentation must be tied to
national and local needs to create trust and services for society in
the long term (Harris 2004). More effective dialogue is certainly
required between scientists and communities of practitioners,
both to improve the dissemination and communication of
scientific information as well as to learn from the experiences,
knowledge and the needs of users’ communities (Macleod ef al.
2007). Large gaps in integration between policies and regulation
can lead to conflicting and competing measures and uncertain
outcomes.

Policies on knowledge and technology transfer are necessar-
ily complex and cross-linked with a range of issues in the
broader sustainable development agenda, especially in develop-
ing countries. Policy outcomes need to target increasing access
to technology and improving the abilities of users to identify,
acquire, adapt and use knowledge. Particularly in this point but
also in many others related to sustainable development, research
and innovation are essential. Developing countries need

Climate-change effects on CyanoHABs

Source: developed by the authors

Stressor

Effects that may increase CyanoHABs

Increased temperature

Increased water temperature

Biota alteration (particularly fish and plants)
decrease the water resistance to vertical migration of phytoplankton

Changed in rainfall patterns

Increased salinity

Enhanced stratified conditions
Increased nutrient load

Changed wind patterns

CyanoHABs transportation and dissemination

CyanoHABs spatial-temporal dynamics
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national policies that support improving domestic absorptive
capacities and stimulate local innovation. However, it is
important to bear in mind that in developing-country context,
innovation should create a triple impact, including social,
environmental and financial returns.

Another discussion possible to arise in developing econo-
mies is the way that the government measures practice effec-
tiveness. There are conflicting views concerning the choice of
metrics and objectives, because governments, institutions, com-
munities and individuals value needs and outcomes differently.
In addition, in some cases, the values cannot be captured in a
comparable way. Thus, the metrics that are most useful for
policy learnings are those that track not just process and
implementation, but also the extent to which expected outcomes
are achieved considering local and national stakeholder points
of view.

Metrics help support institutional and social learning, which
is commonly considered necessary to deal with complex and
uncertain problems (Moser and Ekstrom 2010). For effective
adaptive management, mechanisms must be put in place to
allow monitoring and periodic evaluation. A key aspect of
CyanoHABs mitigation and adaptation practices thus involves
the establishment of monitoring programmes and systems
integrating both science and knowledge held by the users
themselves, to facilitate the safe use of water sources (Ford
etal 2011).

There is usually uncertainty about how economic actors in
developing countries may react to environmental regulations
because of the economic, financial and social restrictions that
many are already facing. It can be expected that any major
structural change would affect most of the economic activities in
a country or region. Furthermore, there will always be a degree
of conflict among short-term economic and political goals, long-
term environmental goals, and the different water users’ inter-
ests. In this situation, collaborative governance through local
stakeholder engagement may foster new ideas and pathways to
support greater endorsement of future measures (Giupponi and
Gain 2017). For instance, in the USA, research suggests that the
level of collaborative activity between the local government and
stakeholders is positively associated with higher policy outputs
and outcomes (Kalesnikaite 2019).

In the context of CyanoHABs control, understanding and
anticipating the actors’ behaviour is key to manage nutrient-
laden runoff, and hence to maintain or restore healthy natural
ecosystems (Maye and Duncan 2017). A transition towards
more sustainable land and water management alternatives will
probably result from a transdisciplinary reflection on agricul-
tural, social, economic and cultural (diet) practices (Herrero and
Thornton 2013). On the basis of the experiences of developed
countries, any significant achievement in that direction would
include profound, structural changes in the human agro-food
system and land uses (Desmit et al. 2018). These prefund
structural changes can be difficult to achieve in developing
countries, mainly because the sheer scale at which modified
production methods would have to be adopted, the significant
governance and market-structure challenges and the consider-
able difficulties involved in measuring, reporting and verifying
the expected outcomes.
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The uncertainties and complexity of climate change may
lead to maladaptation. This means that a ‘solution’ can be worse
than the problem itself, resulting in increased vulnerability to
CyanoHABs or significantly undermining the capacities or
opportunities for present and future adaptation.

Developed countries are building dams to assist with
adaptation to climate change and help restore ecosystems
(Watts et al. 2011). In addition, the building of water infra-
structure is accompanied by strong monitoring and regulation
systems to avoid maladaptation. However, farm dams could
also be subjected to CyanoHABs and affect water storage
downstream (Silvarrey Barruffa et al. 2021). Thus, the lack of
complementary actions (such as setting strong water monitor-
ing systems or nutrient pollution controls) leads in a high risk
that the water storage in dams becomes useless for the
irrigation of certain crops and for livestock (Bouaicha and
Corbel 2016). Developing countries have to think more long
term about site-specific adaptation measures driven by
current and future institutional capacity as well as local
perspectives.

Barnett and O’Neill (2010) defined actions as maladaptive
if they (1) increase emissions of green-house gases (GHGs),
(2) disproportionately burden the most vulnerable, (3) have
high opportunity costs, (4) reduce incentives and capacity to
adapt, and (5) set paths that limit future choices. However,
these are not totally applicable in developing economies. The
first consideration implies that any action that increases GHG
emissions is maladaptive; however, a judgment on the relative
benefits or disadvantages must be made locally. The second
consideration includes the word ‘disproportionately’, which is
not easy to interpret (i.e. subjective) considering the general
diversity of stakeholder viewpoints. Additionally, these factors
do not consider that sustainable water resource management
has historically, and often, been in conflict with the impera-
tives of economic growth; so, not all countries, especially
developed ones, assess the opportunity costs and benefits in the
same way.

In developing countries, there is substantial underinvest-
ment in resilience-building efforts (International Monetary
Fund 2019). The important concept of resilience owes much
to the work of Holling (1973). According to Holling, ecologi-
cal resilience determines the continuity of relationships within
an ecosystem and is a measure of the ability of the system to
absorb changes of its state variables, driving variables and
parameters, and still persist (i.e. survive and growth). Eco-
logical resilience is thus the capacity of a system to absorb
disturbance and reorganise while undergoing change, so as
still to retain essentially the same function, identity and
feedbacks.

Adaptation assessments are often categorised into ‘top-
down’ and ‘bottom-up’ assessments. Top-down assessments to
determine the potential impacts of climate change generally
employ a modelling-driven scenario approach. Bottom-up
assessments begin at the local scale, address socio-economic
responses to climate and tend to be location specific (Dessai and
Hulme 2004; Noble et al. 2015). The necessary data inputs to
develop top-down assessments, even using a modelling
approach that requires few inputs, can be difficult to obtain
and process in developing economies (Silvarrey Barruffa et al.
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2021). By contrast, bottom-up approaches do not generally rely
on model-generated climate data, but involve collecting valu-
able information from the specific location of concern (Hinkel
2011). The great majority of bottom-up assessments are found in
developing countries, probably because vulnerability to present-
day climatic variability is commonly perceived to be more of a
threat than is long-term climate change. However, it is important
that developing countries also include top-down approaches, as
generally deployed in developed countries, to be resilient to
climatic changes and extreme weather events.

Following the experiences of developed countries, the use of
natural base solution (NbS) is arising as an opportunity to
enhance the adaptation capacity of developing economies.
NDS uses the multiple services provided by natural ecosystems
to improve resilience and adaptation capacity. It can help protect
us from climate-change impacts while slowing further warming,
supporting biodiversity and securing ecosystem services offer-
ing attractive economic benefits (Organisation for Economic
Co-operation and Development 2020). In some cases, these
solutions represent substantial advantages in terms of reliability
and cost-effectiveness compared with engineered alternatives,
and their resilience to climate change.

However, trade-offs can arise if climate mitigation policy
encourages NbS with a low biodiversity value, such as afforesta-
tion with non-native monocultures (Seddon et al. 2020). This can
result in maladaptation, especially in a changing climate scenario.
Thus, it is necessary for natural and social scientists to engage
with policy makers. They must ensure that adaptation practices
can achieve their potential to tackle both the climate and biodi-
versity crisis, while also contributing to sustainable development.

Many developing countries emphasise the importance of
international assistance, whereas developed countries focus
more on domestic financing and the private sector. Although
upfront investments may seem high in absolute terms, financial
feasibility is realistic when considering existing global financial
stocks and flows and the expected benefits. Nevertheless,
financial and intellectual support from outside is an important
basis to tackle future climate change-based problems. It is not to
be expected that most of the developing countries will be able to
implement the suggested methods on their own.

Stage 3. Targeting adaptation practices

Another discussion plausible to arise about whether developing
countries should prioritise some practices over others. First,
most practices are themselves means, or intermediate goals,
contributing to reduce CyanoHABs. The structure of the prac-
tices itself may blur the fact that different practices have dif-
ferent functions, such as providing resources or enabling
environments. Greater focus on the interlinkages and synergies
among practices could enhance the effectiveness of imple-
mentation and reduce costs.

The study conducted by Hallegatte (2009) examined the
following five methods for climate-change adaptation: (i) select-
ing ‘no-regret’ strategies that yield benefits even in the absence of
climate change; (ii) favouring reversible and flexible options;
(iii) buying ‘safety margins’ in new investments; (iv) promoting
soft adaptation strategies, including with a long-term perspective;
and (v) reducing decision-time horizons. Briefly, then, adaptation
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measures designed and implemented in developing countries
must be flexible and focused on improving their infrastructure
and socio-economic systems, even in the absence of climatic
changes, to achieve transformative changes. On account of
uncertainties, reducing the decision-making time horizons and
creating safety margins are essential in adaptation practices.

On the basis of former stages, CyanoHABs adaptation
measures in a changing climate should consider at least the
following decision criteria: (a) encourage and coordinate
research on impacts and adaptation to comprehend the local
context and synergies, (b) facilitate and strengthen the capacity
for coordinated action on adaptation among all the stakeholders
and support knowledge-sharing networks, and (¢) encourage
monitoring and evaluation programs capable of reflecting the
stakeholder points of view. In an adaptation setting, these are the
variables, or characteristics, that are important to the catchment
or water manager setting the framework. They should help
evaluate the practices from which decision-makers are choos-
ing, without losing the focus on the main purpose of intervention
for improving the situation.

In addition, the practices selected should holistically integrate
the following three key perspectives (or dimensions): governance,
socio-economic and CyanoHABs. Environmental changes in
climatic and abiotic factors, interacting species (biotic), and direct
human influences (anthropogenic) are all affecting CyanoHABs
and, thus, biodiversity and ecosystem services. Determining
whether the magnitudes of the impacts of abiotic, biotic and
anthropogenic drivers differ, and accounting for their direct
effects and effects mediated through other drivers, would allow
us to better design adaptation practices. As was mentioned before,
climate-change governance poses difficult challenges for political
and administrative systems; the interaction of governance with
other perspectives must hence be considered. In addition, there
will always be a degree of conflict between practices and water
user and stakeholder interests. These three dimensions play an
important role in adaptation practices.

Stage 4. Identification of potential adaptation practices

Successful implementation of adaptation practices to ensure the
safety and health of populations and security of assets in
response to climate impacts depends, in particular, on the
availability of information, and access to relevant technology
and funding (Yohe and Tol 2002; Adger 2006).

Identifying needs, stemming from climate risks and vulner-
abilities, provides a foundation for selecting adaptation options.
Several adaptation options have been identified over the years
(Noble et al. 2015). They include a wide range of practices that
can be organised into two general categories, namely, ‘green’
and ‘soft’. Nevertheless, the demarcation of these categories is
fuzzy and, in most cases, successful practices require both green
and soft approaches.

Green practices refer to NbS, technological and engineering
solutions to improve the adaptation of the territory (land-use
considerations), infrastructures and people.

Soft practices include policy, legal, social, management and
financial measures that can influence human behaviour and
transform styles of governance, thus contributing to increased
awareness on climate change water matters, enhancing
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adaptation capacity. Soft practices involve empowering local
communities as well as building institutional capacity and
community assets.

The practices discussed below focus on the impact of climate
change on CyanoHABs. It is a guide for catchment and water
managers to consider the relevant aspects mentioned in the
specialised literature. They can be adjusted in accordance with
the characteristics of the catchment and the local context, such
as budget availability, local regulations, and measures being
already applied, among others. Moreover, the list is not rigid;
rather, it should be enhanced by new knowledge and research.
Updating and enhancing measures should be considered in
particular periods, associated with monitoring of catchment
and water health and results of actions for improvement, defined
by the catchment and water managers in consultation with the
other organisations involved in water management.

Combined approach of green and soft practices
Tackling nutrient pollution

A scientific consensus exists that degraded water quality from
increased nutrient pollution promotes the development and
persistence of CyanoHABs (Heisler ef al. 2008). In conse-
quence, actions focused on reducing nutrient discharge on water
bodies help reduce CyanoHABs. Actions for improvement
include reducing fertiliser applications, improving the sewage
systems in the settlement(s) located in the catchment and
building wastewater treatment plants, and these are essential to
reduce nutrients loads (Hamilton ef al. 2016).

In terms of fertiliser management, rainfall-runoff nutrient
loading can be reduced by controlling the timing, amount and
type of fertiliser used in crops, as well as by considering the
distance of spreading from a waterbody and rainfall forecast
(Sharpley 2016). Precision agriculture is especially useful for
efficient and effective crop fertilisation. According to the Inter-
national Society for Precision Agriculture (ISPA), precision
agriculture is a management strategy that combines temporal,
spatial and individual data from different sources to support
management decisions. This strategy is focused on improving
resource-use efficiency, productivity, quality, profitability and
sustainability of agricultural production. To implement precision
agriculture, it is hence necessary to combine existing agriculture
production measures with innovative, usually high-tech, technol-
ogies (Chen et al. 2014). Relevant technologies undoubtedly
present an opportunity when they are able to leverage existing
capabilities, and thereby provide a more direct and reliable path to
adaptation. However, they often require complementary and
costly investments. In this situation, governments should promote
and encourage their acquisition because relevant innovative
technologies can help reduce overfertilisation and thus lower
the prices of agricultural commodities produced and, in turn,
increase the financial returns to the farmers.

Contrary to ‘uniform’ fertiliser application, for example,
variable-rate application permits an effective treatment by
varying of the quantities of fertiliser used inside the land zone
or parcel in production. Fertilisers should be applied only where
and when they are essential and within the needed quantities for
each zone or parcel. Precision agriculture can undoubtedly bring
obvious benefits in terms of controlling CyanoHABs, but to
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accurately perform these actions, special software, global posi-
tioning system (GPS), sensors and machinery are necessary.

In this example, both green and soft practices can be identi-
fied. The technical and engineering solutions, including
required infrastructure, to apply fertilisers at variable rates can
be categorised as green practices, whereas the actions by
governments to encourage and facilitate these practices in
catchment can be classified as soft practices.

Total maximum daily loads

To be effective in controlling nutrient discharge, it is critical to
establish a total maximum daily load (TMDL) for nutrients, a
threshold below which CyanoHABs may be controlled. The
objective of TMDL is to determine the loading capacity of the
waterbody of concern and to distribute the total load permissible
among different nutrient sources, so that the appropriate control
actions can be taken and water quality standards achieved or
maintained. The lack of TMDL may lead to the implementation
of ineffective measures (Romo et al. 2005; Alex Elliott and May
2008). The TMDL setting process is important for improving
water quality because it serves as a link in the chain between
water quality standards and implementation of control actions
designed to attain those standards. To calculate the TMDL in a
particular catchment, computational models and monitoring
stations are needed; this can be considered as a green practice. In
contrast, the formulation of the policy framework to control
nutrient discharge on the basis of TMDL, management and
financial measures to implement this approach can be classified
as a soft practice.

Asin the examples mentioned above, in most cases, successful
adaptation practices require a combination of green and soft
approaches to be successful. However, to be more precise,
examples of green and soft practices separately are explained
below.

Green practice examples
Local factors and actions

To design and implement measures successfully, catchment and
water managers must have a working understanding of the local
factors (abiotic, biotic and anthropogenic) that control water
quality, and the sensitivity of those factors to changes in climate
and resource use (Murdoch et al. 2000). As mentioned, local
biota plays an important role in water quality; so, they must be
considered to implement ecosystem approaches (green
practices). For example, preserving and restoring riparian hab-
itat can trap nutrients moving across the surface or subsurface
(Murdoch et al. 2000; Borin et al. 2005; Hefting et al. 2005;
Lovell and Sullivan 2006; Aguiar ef al. 2015). These permanent
vegetation areas are located within and between agricultural
fields and the watercourses that they drain. These buffers are
intended to intercept and slow runoff, thereby providing water
quality benefits, reducing the nutrients loads (Fischer and
Fischenich 2000). In addition, in many settings, they are inten-
ded to intercept shallow groundwater moving through the root
zone below the buffer. Wetlands also have a positive effect on
reduced nitrogen transport to aquatic environments (Paludan
et al. 2002). Therefore, the implementation of ecosystem
approaches such as buffer strips, recovery and constructed
wetlands, is highly recommended as an adaptation practice.



Climate-change adaptation practices

Physical, chemical and antibiotic approaches to CyanoHAB
control in surface water have also been proposed, implemented
and evaluated. For example, the combined use of adequate
aquatic plant harvests and hydraulic management increases
the efficiency of the system and, therefore, seems to be a useful
tool for restoring small, shallow lakes (Rodriguez-Gallego et al.
2004). The use of geo-engineering techniques for phosphorus
management also offers an alternative for ecological recovery.
This can be effective when used with other restoration measures,
but it should not be considered a panacea (Mackay et al. 2014),
and must be implemented together with external nutrient dis-
charge controls (Paerl et al. 2016; Jeppesen et al. 2017).
Nevertheless, these techniques need to be assessed locally for
inadvertent adverse effects, in particular, on water quality (Paerl
and Otten 2013). However, there are examples of measured
application during many years without negative effects (Gachter
and Wehrli 1998), although practical applications should be
closely monitored.

Catchment simulation models

The construction of relevant models should be a critical com-
ponent of any mitigation and target-setting strategy. Models can
help (i) simulate and analyse current and likely future situations,
(ii) consider the effects of, and integrate and prioritise, actions
that are cost-effective, including relevant timescales for crop-
ping in intensively farmed lands, management and forms of
nutrients. Otherwise, there is a likelihood of either under-
estimating or overestimating the real effect of the measures to be
applied in the catchment of concern (Drewry et al. 2006).

Monitoring programs

As with many environmental issues, monitoring programs and
systems that gather relevant information to track trends in water
quality, hydrology and associated changes in ecosystem func-
tions play an important role to analyse the impact of mitigation
measures. To determine climate influences on water quality, a
monitoring system for tracking trends in discharge, temperature
and chemistry must be designed, built and maintained (Murdoch
et al. 2000; Vaughan et al. 2001).

Among others, on the basis of the effect of climate change on
fish community, measuring the stock and health condition of
fish for water quality assessment can be an effective practice.
There is also one important research in developing economies
related to fish community and eutrophication (Chalar et al.
2013). Also, macrophytes can be taken as a reliable bio-
indicator to study climate-change effect on water bodies
(Hossain et al. 2017). Even citizen monitoring is a promising
approach that may complement the classical approach to sus-
tainable monitoring of cyanobacteria in developing countries
(Mitroi et al. 2020).

Soft practice examples
Territory — land use

There is an association between cyanobacteria and the char-
acteristics of the territory (characterised by land use). Land-use
types reflecting anthropogenic pressures could act as critical
drivers explaining phytoplankton structure. Most water bodies
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are sensitive to the land-use types within their catchments; thus,
landscape structure and configuration should be taken into
account towards effective conservation and management plans
(Katsiapi et al. 2012).

For example, trees have emerged as one of the most popular
measures to curve climate change (Wilcock et al. 2008). Many
governments and advocates have advanced plans to plant vast
numbers of trees to absorb carbon dioxide from the atmosphere
in an attempt to slow climate change. Nevertheless, recent
research has indicated that changes in land use, land manage-
ment and some type of forestry activities (and trees’ species) can
increase the nutrient-discharge water sources in catchments
(Sinha et al. 2019; Silvarrey Barruffa et al. 2021).

Closing gaps
Closing the gap between research and practice in developing
countries is essential to successfully tackle CyanoHABs. There
are currently several theoretically informed frameworks avail-
able to researchers that can guide their planning and imple-
mentation (Bero et al. 1998); however, not all the frameworks
consider the vulnerabilities of developing economies. In this
situation, and given the current needs to enhance the uptake of
knowledge about the effects of routine practice, funding orga-
nisations should encourage researchers to adopt a theoretically
informed approach that is capable of being understood and
implemented by individuals with different backgrounds.

Table 2 summarise the key aspects mentioned before through
a set of potential soft and green adaptation practices, which,
according to the literature review, are capable of reducing the
impact of CyanoHABs under unfolding climatic changes, par-
ticularly in developing economies.

Conclusions

Climate change is extensively transforming Planet Earth and its
aquatic ecosystems. There is now a scientific consensus that the
public health, recreational, tourism, fishery and ecosystem
impacts from CyanoHABs have increased over the past several
decades as a result of unfolding climatic changes. The extent to
which climate change is intensifying these impacts has not yet
been fully determined, but the research on this topic has
increased over the past years. However, there is certainty that
CyanoHABs will occur more in climatically altered water
bodies and that their future impacts will differ from what we
know today.

Tackling widespread algal blooms in water bodies is based
on the implementation of effective and efficient nutrient reduc-
tion programs, setting metrics and reliable monitoring systems
on catchment and water health. In developing countries, several
barriers exist for successful mitigation and adaptation actions,
which tend to be exacerbated by difficulties related to the key
actors’ coordination. Experience has shown that to avoid inad-
vertent adverse effects, in particular on water quality, any
proposed measure must be assessed locally. Consequently, to
effectively respond to climate change and CyanoHABs, local
actors at different levels require guidance, especially on the set
of feasible adaptation measures, to assist them in the required
decision-making process.
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Table 2. Potential adaptation practices to cyanobacteria harmful algae blooms in unfolding climate change
Source: developed by the authors

Number Practices

Soft adaptation practices

n Targeting funding, through increased or redistribution of national, state or local, budgetary allocations for settlement wastewater
treatment in the locations where this action is deemed essential.*
2) Assisting primary producers to properly assess the commercial viability of best ‘practice’ fertiliser use.

This action requires mobilisation, and encouragement to working together by industry, relevant international organisations, governments,
scientists and researchers, academia and educators, farmers, non-governmental organisations (NGOs), and local communities (broadly
termed ‘civil society’). See also (5) below.

3) Informing producers about the economic and environmental benefits of less-nutrients usage.

The most commonly acknowledged barrier is a lack of knowledge about the connection between land-care practices and the local

watershed. See also (5) below.

4) Generating awareness among farmers about the risk of overfertilising and capacitate them about the implementation of alternative
practices. See also Point 5 below.
5) Accelerating the introduction of research and innovative technology for precision agriculture and precision fertilisation, and related

activities, to generate regional and community environmental social and economic benefits.

Introducing new approaches that profoundly change the basic routines, resource and authority flow is a complex process. This requires
industry to work in collaboration with research and academic institutions, public organisations, NGOs, and the community (‘civil
society”) to jointly develop, test and scale up innovative ideas and solutions to tackle common problems.”™ An innovation is considered
the introduction of a new idea, technology, practice, or procedure which is perceived as ‘new’ by the particular social system. Innovations
may be based on ideas or prototypes that are invented, borrowed, imitated or adapted. Therefore, what is already established in a place
(say a developed country or a developed region) may, by borrowing, imitation or adaptation, become an innovation in another place (say
a developing country or a developing region).

In the specialised literature on innovation, actions involving collaboration among multiple actors to accelerate the transfer of research and
innovation is known as the ‘Helices approach’ (Cavallini ez al. 2016).

(6) Targeting funding through increased or redistribution of national, state or local, budgetary allocations and create innovative funding
mechanisms for climate-change research and dissemination of relevant information.”
(7) Providing information, policy briefs and other communication materials for policymakers, managers, decision-makers that have an

influence on how water is used, as well as the public.A

The framework to create and disseminate of these materials should be analysed in each context. For example, if not in existence, the
creation a Catchment Management Commission (or Authority as termed in the State of Victoria, Australia) with the participation of
industries, governments, farmers, scientists, researchers and local communities.

8) Promoting and encouraging by local governments interaction among policymakers, farmers, scientists and researchers to ensure proper
consideration in relevant actions of unfolding climatic changes and their impact on water quality (see also Point 5 and 7).
9) Encouragement (by local governments) of the use of sewage trucks service for empty septic tanks in settlement without sewage system or

domestic wastewater treatment systems.
Green adaptation practices

(1) Implementing precision agriculture and precision fertilisation, through Global Positions Systems and sensors and complementary
technologies (e.g. crop water metering), which are appropriate to the conditions of the developing country and region(s) of concern.

2) Implementing ecosystem approaches, such as the recovery and construction of buffer strips and natural wetland and construction of
wetlands.

3) Determining the impacts of current land uses in the catchment and water system of concern, and analysing alternative land uses that are
likely to improve the health of the catchment and water (Silvarrey Barruffa ef al. 2021).

4) Defining high-risk areas in terms of nutrients discharges in catchments to be regularly monitored and controlled by the responsible

organisations, such as, for example, agricultural production areas without buffer strips or high fertiliser use.
This can be undertaken by using a combination of computational modelling and monitoring programs.

%) Establishing total maximum daily loads for nutrients below which CyanoHABs may be controlled.

(6) Building the knowledge base on water issues through efficient monitoring and reporting systems at different decision-making levels, and
facilitating easy access to this knowledge through regular ‘state of the system’ reports and wide diffusion via the Internet.

(7) Studying the effects of CyanoHABs in the waterbody of concern and the possible controls available to take actions for improvement by
local authorities supported by academia and research institutions.

8) Establishing appropriate catchment and water resources modelling by local authorities supported by academia and research institutions.

AGeneral note: adaptation measures can be difficult to finance but some ways include funds under the United Nations Framework Convention on Climate
Change (2007), non-compliance fund, disaster relief and risk reduction, public expenditures, including public—private partnerships, insurance, or foreign direct
investment (Ackerman 2009).

Therefore, in this context, some of the adaptation practices knowledge and adaptation capacity. On the basis of the most
explained in this paper focus on, and encourage the implemen- relevant information in the specialised literature and the authors’
tation of, top-down and bottom-up approaches in developing interpretation and synthesis, this paper has highlighted several
countries as well as the urgent need to strengthening their = practices for tackling climate change and CyanoHABs in
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developing contexts. It, thus, fills important gaps between
specialised scientific literature and specific adaptation practices,
and there are no technological or other operational obstacles to
implement them.
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