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Abstract
Eutrophication is a major global concern in lakes, caused by excessive nutrient loadings (nitrogen
and phosphorus) from human activities and likely exacerbated by climate change. Present use of
indicators to monitor and assess lake eutrophication is restricted to water quality constituents (e.g.
total phosphorus, total nitrogen) and does not necessarily represent global environmental changes
and the anthropogenic influences within the lake’s drainage basin. Nutrients interact in multiple
ways with climate, basin conditions (e.g. socio-economic development, point-source, diffuse
source pollutants), and lake systems. It is therefore essential to account for complex feedback
mechanisms and non-linear interactions that exist between nutrients and lake ecosystems in
eutrophication assessments. However, the lack of a set of water quality indicators that represent a
holistic understanding of lake eutrophication challenges such assessments, in addition to the
limited water quality monitoring data available. In this review, we synthesize the main indicators of
eutrophication for global freshwater lake basins that not only include the water quality constituents
but also the sources, biogeochemical pathways and responses of nutrient emissions. We develop a
new causal network (i.e. multiple links of indicators) using the DPSIR (drivers-pressure-state-
impact-response) framework that highlights complex interrelationships among the indicators and
provides a holistic perspective of eutrophication dynamics in freshwater lake basins. We further
review the 30 key indicators of drivers and pressures using seven cross-cutting themes: (i) hydro-
climatology, (ii) socio-economy, (iii) land use, (iv) lake characteristics, (v) crop farming and
livestock, (vi) hydrology and water management, and (vii) fishing and aquaculture. This study
indicates a need for more comprehensive indicators that represent the complex mechanisms of
eutrophication in lake systems, to guide the global expansion of water quality monitoring
networks, and support integrated assessments to manage eutrophication. Finally, the indicators
proposed in this study can be used by managers and decision-makers to monitor water quality and
set realistic targets for sustainable water quality management to achieve clean water for all, in line
with Sustainable Development Goal 6.

1. Introduction

Freshwater lakes are increasingly vulnerable to global
changes such as climate change and pressures of

rising nutrient loads from human activities threat-
ening future water and food security (Chidammodzi
and Muhandiki 2015, Ma et al 2020, Yao et al
2021). By 2050, one-sixth and one-fourth of the
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fishes (Gophen 2015, Njiru et al 2018, Abell et al
2022). The phytoplankton biomass and chlorophyll
concentrations can decrease due to increased fish bio-
mass and cascading trophic interactions (Carpenter
et al 1985). Altering fish biomass to increase graz-
ing of phytoplankton is a food web manipulation
tool to regulate the algal dynamics and manage water
quality, particularly in shallow lakes (Benndorf 1987,
Jeppesen et al 1997, Mehner et al 2002, Goto et al
2020). On the other hand, external nutrient inputs
promote algal growth and change vegetation dens-
ity. This potentially increases anoxia leading to the
decline of species or fish kills in most cases. The
blooms also impact the abundance and diversity
of the fish, threatening food security, as well as
threathening human health due to the bioaccumula-
tion of cyanotoxins (Onyango et al 2020). Moreover,
effects due tomultiple drivers and pressures (e.g. tem-
perature change, water abstraction, waste discharge)
have been individually studied, but the combined
impact on fish assemblages is unknown (Nguyen et al
2016, Bouraï et al 2020). Indicators such as fish com-
position, abundance and age structure are already
used in the ecological assessment of lakes (Argillier
et al 2013, Lyche-Solheim et al 2013, Jiang et al 2020).
It is thus beneficial to consider the role of fish popu-
lations in assessments of eutrophication.

Dissolved solids in untreated aquaculture effluent is
identified as the key indicator of pressures for fishing
and aquaculture theme. In recent decades, overfish-
ing and a decline in the total fish catch has led to a
wide uptake of aquaculture (Ahmed and Thompson
2019). The contribution of aquaculture to the global
fish production increased from 19.7% in 1990s to
49% in 2020 (FAO 2022a). Some of the popular
inland aquaculture farming systems are open cage
technology (Guo and Li 2003, Nijiru et al 2019) and
recirculating aquaculture systems (RAS) (Ahmed and
Turchini 2021, Ghamkhar et al 2021). In aquacul-
ture production, the discharged effluent from excess
fertilizers and solid waste i.e. fecal and fish feed,
release nitrogen and phosphorus into the farming
ponds (Ahmad et al 2021). Aquaculture production
is often linked to rivers and lakes, and the discharge
of these untreated effluents leads to nutrient enrich-
ment that leads to the increase of phytoplankton bio-
mass and impact the aquatic system (Findlay et al
2009, Lukman et al 2019). For example, in a spatial
distribution study of nutrient pollution in Lake Toba,
Indonesia, aquaculture waste accounted for 71% of
total N and 75% of total P loads and was identi-
fied as a key pressure requiringmanagement attention
(Suffian et al 2018).

Research on the reduction of nutrient emissions
by improving feed efficiency (e.g. precision nutrition,
integrated multitrophic aquaculture to reuse nutri-
ents for taxa like molloscus, algae or with livestock

production) is vital for limiting eutrophication as
well as for sustainable aquaculture (Zhang et al 2011,
Bohnes et al 2019, Glencross 2020). Aquaculture is
rarely found to be integrated in eutrophication assess-
ments and with other dimensions of global changes.
Newly growing aquaculture production is an oppor-
tunity to reduce the release of nutrients waste into
the lakes. For example, some treatment techniques
such as biological nitrification to remove ammonium,
coagulation-flocculation for phosphate removal from
sludge (Jegatheesan et al 2011, van Rijn 2013, Preena
et al 2021) reduce nutrient loads from aquaculture
effluents. Studies concerning aquaculture produc-
tion processes that effect phytoplankton dynamics, is
found to be particularly limited for lakes. However,
it is gaining interest to promote sustainable aquacul-
ture in the blue transformation programme (Edwards
2015, White 2017, FAO 2022b).

4. Conclusions and outlook

In this review we synthesized the main indicators of
eutrophication for freshwater lake basins andmapped
these indicators by developing a new causal network
of the DPSIR framework. It highlights complex inter-
relationships among indicators that include the miss-
ing linkages of DPSIR elements, especially of the
drivers and pressures. For instance, the direct links
of drivers and pressures to the impact indicators is
missing in the exisiting DPSIR framework. The causal
network is a generic framework for integrated assess-
ments, and the significance of individual links dif-
fer widely (e.g. climate, pollution sources). Tools such
as comprehensive monitoring and modelling studies
can be used to quantify these interactions in specific
cases. The knowledge of multiple feedback mechan-
isms and interactions with lake basin conditions as
viewed from different disciplines is urgently needed,
particularly for developing countries with rapidly
growing population, freshwater and food demand,
to adopt sustainable water quality management. The
estimation of safe operating space and planetary
boundaries assessments for nutrients also mandates
the integration of expertise across various disciplines
(Gerten et al 2020, Kim et al 2020).

Our review on nutrient specific-mechanisms of
the 30 key indicators (out of 58 indicators) of drivers
and pressures using seven cross-cutting themes: (i)
hydro-climatology, (ii) socio-economy, (iii) land use,
(iv) lake characteristics, (v) crop farming and live-
stock, (vi) hydrology and water management, (vii)
fishing and aquaculture; provides an interdiscip-
linary and systems analysis perspective necessary
to understand the nutrient dynamics and address
eutrophication in lake basins. Based on the lit-
erature analysis, we highlight the following main
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recommendations to improve the understanding of
eutrophication dynamics in freshwater lake basins:

� The study of nutrient dynamics during floods and
droughts has become an important area of research
in water quality in the face of climate change.
However, the complex cause-effect mechanisms in
synergistic flood-drought events are poorly under-
stood. One of the main challenges is the high tem-
poral dynamics of nutrient processes during such
events (e.g. daily or weekly). The increasing spati-
otemporal information from satellites and drones
can be combined with in-situ measurements to
better understand the variability of nutrient pro-
cesses and trends in flood-drought events. Further,
developing hydrological or hydrodynamic models
that couple the nutrient processes is beneficial. It
is important to analyse nutrient loadings in con-
junction with flow variables and landuse dynamics
to develop robust nutrient relationships and assess
the future impact of extreme events on nutrient
dynamics.

� Legacy effects of the nutrients in the agricultural
landscape have gained significant importance in
water quality management. The study of these
effects, however, is limited by the lack of long-
term monitoring data, severely challenging assess-
ments of pollution threats for groundwater and
surface water quality. Its quantification has proven
difficult and the legacy effect significantly contrib-
utes to additional uncertainty in the projections
and the long-term management of lake nutrient
concentrations. Besides estimating legacy effects,
their assessment of their potential use as a resource
in intensive crop production areas to reduce the
application of fertilizers is an important area of
research to advance sustainable management.

� The long-term nutrient dynamics impacting
eutrophication potential in the lakes aremodulated
by upstream natural green areas, such as wetlands.
They are at the risk of loss due to rapid urbaniza-
tion. Studies to quantify long-term nutrients accu-
mulation and their dynamics in these ecosystems
can promote their protection and restoration. It is
to retain their storage and buffer capacity and avoid
the release of the stored nutrients into freshwater
systems.

� There is a limited understanding on the adapt-
ive capacities of harmful cyanobacterial blooms to
the changing climate, nutrients and basin hydro-
logy, while evidence suggests their adaptation to
the changing environmental conditions (e.g. tem-
perature increase). The cyanobacterial dynamics
and its effects can be better understood by develop-
ing tools and methods to assess interactions of the
individual species and its life cycle, with the sur-
rounding biochemical mechanisms, changing cli-
mate and socio-economic factors.

� The lack of lake models integrating other water
systems of the basin or limited representation of
lakes in current large-scale modeling frameworks
can be overcome by integrating thewell-established
knowledge from different disciplines. It can allow
for considerable progress in integrated assessments
to analyse specific physical, socio-economic and
ecological impacts of nutrients. In addition to pri-
oritizing coupling the models, combining in-situ
data and emerging earth observation techniques
(satellite products of lake water quality) can fur-
ther fill the gap in water quality monitoring data.
There is a need to overcome this data limitation for
a better spatial and temporal (e.g. seasonal) under-
standing of water quality and avoid the unambigu-
ous results for nutrient dynamics.

� The nutrient mechanisms in freshwater lakes are
very complex, but it is highly important to assess
the impact of eutrophication considering cumulat-
ive and interactive effects of multiple drivers and
pressures. The drivers and pressures, such as from
this study, can be used as proxies to develop his-
torical trends of nutrients to better the nutrient
dynamics under global changes.

The final conclusion is that the key indicators of lake
eutrophication is of utmost importance to policy-
makers, practitioners and decision-makers to set real-
istic water quality targets and manage the freshwa-
ter quality in lakes. For instance, the current point
source pollution in developing regions due to rapid
population growth is very similar to historical trends
witnessed in developed regions such as Europe and
North America. The latter now suffer severe diffuse
source pollution due to high intensity crop and live-
stock production systems. Extensive studies in these
regions since the 20th century provided most of the
fundamental knowledge on lake nutrient dynamics.
While quantitative studies in developing regions are
limited, it is essential to understand what and how
lake responses differ in different climatic and devel-
opment patterns. Nevertheless, there is a need to
increase the number of integrated impact assessment
studies globally for: (i) comprehensive assessments
of causal relationships between indicators to assess
short-term and long-term implications to water qual-
ity and its management across regions, and (ii) the
application of lessons learnt from developed regions
to benefit eutrophication management elsewhere,
after they are carefully examined. We can further
reflect from the review that the current impact could
be worse due to changing climatic and environmental
conditions. Arguably the most progressive policies
of water management in the world, like the EU
Water Framework Directive (European Commission
2000), do not consider different nutrient flows
and pathways but rather focus only on cumulat-
ive concentrations (Wassen et al 2022). Indicators
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