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Abstract

The water-food-energy (WFE) nexus is about balancing competing interests to secure the
sustainability of services provided by interconnected sectors. Ignoring the interconnections
could cause serious consequences. For example, eutrophication caused by overemphasizing
on food production maximization could threaten water security. Worldwide eutrophication
intensification is one of the most important causes of the lake water quality deteriorations.
Water quality models are usually important decision making tools for policy makers. This

study attempts to explore the possibilities of applying the WFE nexus concept into water
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quality models. We propose the most significant challenge is lack of a common modelling
framework to streamline connections between up- and downstream models. As the most
important water quality issue, eutrophication modeling should increase its visibility in the
United Nations Sustainable Develop Goals.
Keywords
Lake eutrophication; water quality modeling and management; water-energy-food nexus;
sustainable development; challenges in integrations
1. Introduction

A disturbed water-food-energy (WFE) dynamics could intensify the nutrient discharges
from human activities to water, resulting in nutrient enrichment, subsequent eutrophication
and harmful algal blooms in the waterbodies [1-4]. About 150 Tg N is fixed from N2 each
year by consuming large amounts of electricity (~3% of total electricity supply) [5], which
is far beyond the planetary boundary (~62 Tg/year) [6]. The majority of synthetic fertilizer
is applied in croplands [5, 7], but the low usage efficiency is resulting in a vast amounts of
excessive nutrient discharges into aquatic ecosystems [5]. On the other hand, urbanization
has aggravated imbalances between food productions and consumptions [8, 9]. Nutrients in
human excreta are regarded as contaminants and treated by wastewater treatment facilities
while simultaneously releasing GHGs such as CH4 and N2O [10, 11]. Water quality issues
(e.g., eutrophication, toxic algal blooms, coastal hypoxia and dead zones) [12] occurred in
waterbodies, but they are closely related with human activities in the catchment. Therefore,
it is acknowledged that water quality and resource management needs the efforts across

systems, across sectors and across disciplines [13—15].
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Eutrophication is not a new topic, but it is one of the most troubling water quality issues
confronting human-being in recent decades [16]. Eutrophication can seriously damage the
functions of ecosystem services of waterbody on provisioning, regulating and maintenance
and cultural functions [17]. It was estimated that the combined costs were ~$2.2 billion per
year as a result of eutrophication in the US freshwaters [18]. Natural eutrophication occurs
slowly in aquatic ecosystems, but this process could be accelerated by human activities by
several routes, such as intensified nutrient discharges and global warming [3, 19]. Since the
1990s, water quality has deteriorated in many rivers and lakes in Africa, Asia and Latin
America. Over 75% of closed waterbodies worldwide have experienced a certain degree of
eutrophication [20]. So far, most of human mitigation measures are devoted to reduction of
nutrient discharge into aquatic ecosystem (e.g., building WWTPs, reducing fertilizer usages,
afforestation). Regardless of economic costs, the mitigation measures seem to be successful
in some lakes, while fails in many other lakes [21]. Some other factors might also impact
the occurrences of algal blooms (e.g., climate changes). A recent study indicated that lake
warming might have counteracted the management effort to ameliorate lake eutrophication
since the 1980s [2].

Eutrophication modeling has provided an important tool to assess the ecological status of
lakes and pave the way to establish the sound management strategies in the eutrophication
mitigation and water quality improvement. These models were firstly developed in the
1970s (well-known as the Vollenweider models) and have been widely applied in the water
management. One primary goal of these models was to provide quantitative tools to predict
the responses of lakes and reservoirs to nutrient discharge and provide quantitative nutrient

reduction strategies [22]. For many cases, the nutrient loading was estimated by measured
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nutrient concentrations and runoffs in the in-flow rivers [23-25]. Thus, nexus between lake
and watershed systems was weak and less quantified in most cases. Initially, water quality
model was simple and designed to characterize variations of in-lake nutrients with changes
of nutrient loadings [26]. With continuous developments of numeric calculation capacities,
more spatial (1D-3D) and temporal dynamics of hydrologic and ecological processes were
incorporated into the eutrophication modeling [25, 27-29]. These progresses have helped to
improve water quality management and set more appropriate control targets for the nutrient
loadings.

By addressing challenge from water, food and energy securities, nexus approach towards
resources management has been developed in the new frameworks of the UN Sustainable
Develop Goals (SDGs), and initiated in the implementations. Main objectives of the nexus
are to synthesize the individual systems of WFE and identify a coherent and harmonized
way for the sustainable development of cross-sectoral policies [30]. In this brief review, we
firstly sketched out the current conditions and the drivers for lake eutrophication. Then, we
summarized applications, advantages or limitations of eutrophication models which have
been widely applied. Finally, we analyzed the potential integrations between eutrophication
modeling and the WFE nexus and proposed potential challenges and opportunities ahead.

2. Eutrophication and current conditions

“Eutrophication” is originated from the Latin translation. “Eu” refers to “well”, and
“trophe” refers to the “nourishment”. Scientifically, “eutrophication” is used to denote a
process of nutrient enrichments from natural or anthropogenic sources and the subsequent
changes in trophic states of waterbodies. Usually, eutrophication could lead to the dramatic

growths of phytoplankton and depleting oxygen due to algal decay. From 1900s to 2000s,



92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

the world population has increased from about 1700 to 7000 million. Synthetic fertilizer
has played an irreplaceable role to support the growing populations [5, 31]. For instance,
before 1900s, animal manure provided majority of phosphorus fertilizers. After 2000s,
~80% of P fertilizer was contributed by phosphate rocks (~17 million tons of P), while only
3 million tons P are delivered to human diets [31]. Nitrogen (N), another essential element
for human, has similar patterns. Large volume of synthesized N fertilizer got lost during
food production [5]. Artificially fixed N originated from Haber-Bosch industrial production,
and agricultural fertilization is equivalent to N fixed from natural processes [32]. One third
of excessive N is transported from the lands to seas, leading to severe eutrophication issues
[33, 34].

Lake eutrophication has become common nowadays, as summarized in Table 1. In USA,
median TP in lakes was about 37 pg/L in 2012. But, an unexpected increasing trend was
observed from 2007 to 2012 with causes unclarified [35]. In the European lakes, median
TP concentration was ~ 23 pg/L in 2018 [36]. Now, many European lakes are recovering
from eutrophication following the controls of P inputs, providing a paradigm of successful
water managements [37]. Compared with developed countries, lake nutrient monitoring in
developing countries was usually performed in limited numbers of lakes and fragmented
time periods [38]. This might increase the uncertainties for scientific community to know
the overall nutrient conditions. In China, a nation-wide water nutrient monitoring network
has been set up since 2005, which provides us a window to explore the temporal nutrient
dynamics in the developing countries. Since the reform and opening in 1978, China has
experienced a period of rapid economic development. Since the early 2000s, many lakes

and reservoirs have become eutrophic. For instance, in the Lake Taihu, TP, TN and Chl a
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concentrations in 2006 were over 100, 2000 and 50 pg/L, respectively [39—41]. In the Lake
Dianchi, TP, TN and Chl a concentrations in 2006 were about 200, 4000 and 40 pg/L,
respectively [40]. After the 2005, mitigation measures have been implemented to improve
water quality in China. The construction of wastewater treatment plants has grown rapidly.
In 2005, the percentage of municipal wastewater being treated on a national scale was only
~40%, while it had reached over 90% in 2017 [42, 43]. Nowadays, over 5,000 WWTPs in
operation could treat over 60 x 10° m* domestic wastewater, which can largely reduce the
nutrient discharges into waters. An action aiming at reducing the fertilizer applications was
also initiated in 2015 [44]. Based on data set during 2006-2014, median TP concentrations
declined from 80 (3—247) pg/L in 2006 to 51 (3—128) pg/L in 2014 on the national scale [4].
Similar trends had also occurred for other contaminants such as COD and NH4"-N [45].

3. How to model eutrophication in lakes?

In the past decades, aquatic modeling has been developed by environmental scientists as
important tools for water quality management. A recent review of the development in
eutrophication models for aquatic ecosystems pointed out the appealing diversity in this
field and advocated for maintaining the diversity; while called for the further efforts in
standardization, comparison and ensemble runs towards an interdisciplinary approach [46].
Some eutrophication models are simple and focused on changes of water qualities, while
other models could be far more complicated by coupling the hydro-ecological dynamics.
Eutrophication modeling for freshwater lakes and reservoirs started with the seminal work
from Vollenweider, Ran and Lee [47]. Based on the regressions between lake TP and Chl a
concentration, plankton biomass in lakes could be properly estimated [48]. Even nowadays,

these models (or derived equations) are also still very popular due to the simplicity in the
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simulations [49]. After 1980s, 2D/3D ecological models for lake eutrophication started to
emerge in many countries. These models were capable of simulating the physicochemical
and biological processes in ecosystems through a series of equations [22, 50].

Since the 1990s, many process-based models such as the AQUATOX, CAEDYM, CE-
QUAL-ICM, EFDC and PCLake have been developed and applied in various waterbodies
(Table 2). Compared to statistical models concerning the causal relationships as a ‘black
box’, the process-based models need a theoretical and mechanistic understanding about in-
lake ecological processes. The ordinary or partial differential equations are fundamental for
simulations of the dynamic processes. Each model has its advantages and limitations, as
summarized by Eleni et al., 2017 [22]. For example, CAEDYM could simulate the grazing
pressures from zooplankton to phytoplankton, but it doesn’t consider sediment diagenesis;
EFDC may simulate high-resolution variation of internal nutrient process, but zooplankton
and detritus are excluded and there is a high demand for input data; PCLake could simulate
dynamics in the aquatic food chains, but needs a detailed information for trophic structures
for the model validations [38]. A recent advance in this field is the general framework for
aquatic biogeochemical models (FABM) [51] linking the multiple hydrodynamic (from 1D
to 3D) and biogeochemical models (e.g. FABM-PCLake) [52].

On the other hand, our understanding about the detailed ecological processes in aquatic
ecosystems is still advancing and the progresses will require further updates in the process-
based models. A typical example is about the pattern of nutrient limitations in the lakes.
Traditionally, ‘P-limitation’ for phytoplankton is usually assumed in the lakes; while recent
studies reported that N might be more important for many other cases [21]. The complex

interactions between N and P limitation in aquatic environments are still on debate. This
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suggests that differential dynamic equations would be necessary for different lake types
[53]. Further, process-based models are usually more complicated than statistical methods.
Modeling results need calibrations and validations against ideally high temporal-resolution
monitoring data. These models had been developed and successfully applied in many lakes
[22, 38] and performed well in explaining limnology phenomenon [38, 54]. However, these
studies could only represent a small percentage of the lakes globally, resulting in potential
uncertainties between modeling performances and real conditions [38].

Nutrient loading and climate change are two key boundary conditions for the successful
simulations of the process-based models, since they are primary drivers for algae blooms in
the lakes [3, 4, 55, 56]. A better performance of process-based models also asks for a high-
quality input data, such as monthly or even daily—resolution data and specific types of
nutrients (such as PO4*-P, NOs™-N, NH4"-N). For the lake ecosystems, high-quality nutrient
loading data to model lake water quality is thus far still scare, particularly in the developing
countries [38]. With development of automatic observation technology, high temporal and
spatial resolution nutrient or weather monitoring data could be increasingly accessible. For
instance, China has set up a nation-wide nutrient monitoring network in major rivers and
lakes (http://mee.gov.cn). Information such as pH, DO, TN, TP and Chl a can be updated
every four hours. Similarly, the daily weather information such as rainfall, air temperature
and radiation, which is highly related to algae growth, is also available (http://data.cma.cn/).
This could provide lake the modelers an excellent opportunity to evaluate their results and
improve the reliability of the modeling results. However, this practice may be difficult for
the other developing countries to follow in the near future due to the costs and complexity

of setting up a monitoring network.
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4. How to integrate eutrophication modeling in the WFE nexus?

Now, global community is facing unprecedented challenges that are directly linked to the
way we currently understand and manage our resources. WFE nexus framework and tool
offers a framework for systematic integrations of interconnected sectors in the planning and
decision making processes [57]. WFE approach is central to sustainable development, it is
thus important to update current eutrophication modeling under WFE framework. Water
quality issues occur in rivers or lakes, but they are caused by human activity in watersheds.
Mitigation measures aiming at improving the water quality are also closely connected to
social development and human activity. A good example to demonstrate the complicated
linkages is as follows: in order to reduce the nutrient inputs into the lakes, reductions of
fertilizer applications in the croplands are encouraged. However, reducing the fertilizer
usages could save electricity largely, since fertilizer production is a high energy-consuming
industry [5]. GHGs such as CO2 might favor the algae growths in the lakes [55]. On the
other hand, reducing fertilizer application may also bring uncertainties in agricultural food
productions. It should be noted there is a clear division between the scientific communities
focusing on nexus approaches (e.g., data or social scientists) and those whose major focus
is on aquatic ecosystems (e.g., limnologists).

For the current 3D dynamic water quality models, there are three general categories of
variables: hydrologic variables (e.g., water flow, volume, lake stratification), environmental
variables (e.g., radiations, temperatures, nutrient loadings) and biological variables (e.g.,
planktons, benthos) [48]. A variety of internal reactions are simulated in the lakes, such as
denitrification, nitrification and mineralization. Reaction rate for internal processes was

determined by the water chemistry variables related with reactions and water temperatures
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[24, 25, 58]. Janssen et al., 2019, has proposed that an ideal algal projection model should
include systems beyond the lakes, as follows: (I) environmental components (e.g., land
activity; human discharge; economic scenario); (II) network components (e.g., hydrological
process; damming or river connectivity; flow rate) and (III) aquatic ecosystem components
(e.g., internal process; aquatic system structures) [38]. Environmental component quantifies
various natural and anthropogenic nutrient sources into river networks. River network
describes transports of water and nutrient into lakes. Lake ecosystem component simulates
responses of water nutrients and algae growths to the climate changes and nutrient loadings
[38]. Actually, this ideal model has many potential interactions with the nexus framework
(Figure 1). For example, energy consumptions could produce GHGs and change climates,
affecting land nutrient transports in environment component, hydrology processes in
network component and aquatic structures in ecosystem component.

Environmental scientists have already attempted to link eutrophication with the drivers
in watersheds. Watershed models (such as SWAT, INCA, HSPF and SPAAROW) have
been developed to simulate impacts of human activities, economic scenarios and climate
changes on watershed nutrient retentions or outputs [59—63]. Derived information could be
applied as boundary conditions for eutrophication modeling. Several studies have been
performed to connect the watershed model with eutrophication model. For instance, Huang
et al., 2017, had coupled a Xinanjiang model with EFDC, and estimated the effectiveness
of watershed nutrient reductions in reducing algal blooms in the Lake Chao, China [25].
Debele et al., 2018, have integrated two powerful hydrological and water quality models
(SWAT and CE-QUAL-W?2) to simulate combined processes of water quantity and quality

both in the upland watershed and downstream waterbody. Their results indicate two models
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are compatible and could be applied to assess and manage water resources in complex
watersheds comprised of upland watershed and downstream waterbodies [15]. Zhang et al.,
2012, presents a MWRMS model to simulate hydrological and biogeochemical processes
in small prairie watersheds. Another route to connect eutrophication modeling with the
WFE nexus is climate changes. Climate change, largely linked with energy consumption,
could influence lake eutrophication by changing non-point nutrient inputs [64], changing
hydrologic processes [65] and impacting algae growths [66]. For example, by introducing
the MIROCS5 model of CMIP5, Tong et al., 2020, has simulated impacts of lake warming
scenarios on intensifying internal nutrient cycling in lakes and increased dominances of
typical algae [67]. By interpreting high-resolution Landsat 5 satellite imagery, Ho et al.,
2019 investigated long-term trends in summer phytoplankton blooms for 71 large lakes and
indicated lake warming might already be counteracting management efforts to ameliorate
eutrophication [2]. All these examples provide the evidences that eutrophication modeling
could have different kinds of integrations with WFE approach, although such attempts on
integrations are only rudimentarily implemented and still rooted in eutrophication-centered
perspective.

It has been proposed that inclusion of the social-ecological dynamics is one of the major
improvements for the next generation aquatic ecosystem models in the Anthropocene.
Therefore, integrated WFE nexus and eutrophication models serve as unique tools to grasp
the interactions between human activities and environmental consequences. A prospective
strategy for such approach is to integrate the models addressing social-ecological dynamics
(e.g. IMAGE-GNM) [68] and models tackling lake eutrophication (e.g. PCLake) [54]. The

IMAGE-GNM models simulates social-ecological dynamics and synthesize the processes
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in human society (e.g. agriculture, industrial, urbanization) that could potentially generate
excessive nutrient discharges and provides such external inputs as the major stressors to the
lakes. Eutrophication models in turn quantify the response of the water quality, evaluate the
status of the lake ecosystems towards critical transitions and inform the stakeholders the
reduction targets of nutrient loadings. The stakeholders could assess the tradeoffs between
social/economic development and ecological health/service and propose most effective lake
management and restoration policies (as indicated in Figure 1).

5. Challenges in the integration and implications

WEF nexus consists of various disciplines which uses different research methodologies
and inconsistent dimensions. Enhanced interaction between scientific communities working
on nexus approach and ecosystem management should be encouraged firstly. The stronger
integrations with the watershed activities, interactions between water quality and quantity
dynamics and interactions with the global climate changes are making the integrations of
eutrophication modeling into future nexus assessments increasingly feasible (Table 3).
However, we propose that following questions should be considered in advance for future
integrations:

I. What does eutrophication modeling provide to the WFE nexus?

WFE framework should take the eutrophication modeling as one important element. The
interdisciplinary nature of the WFE nexus requires that the framework should define the
interfaces where eutrophication are affected or might have effects [69]. The first step to
integrate the eutrophication modeling into WFE nexus is to prove that the modeling result
is useful in WFE framework. So far, most of eutrophication modeling targets at predicting

temporal dynamics of water nutrients, predicting occurrences of algal blooms and toxins
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and provide control target for nutrient loading. These achievements could be important for
the water quality managers or limnologists, but are rarely admitted by the community from
other disciplines. It would be more valuable if the eutrophication modeling provides critical
information for the other systems either as inputs or feedbacks. A potential attempt could
be connected with the changes of ecosystem services due to the eutrophication. There is no
doubt that eutrophication damages the ‘ecological values’ of freshwaters. It was estimated
that the combined costs were about $2.2 billion annually as a result of eutrophication in the
US freshwaters [18]. This could be a useful output under the WFE nexus perspective.
However, similar attempts have been quite limited so far.

I1. How to select a suitable model and smooth the input-output data?

Due to differences in disciplines, multiple nexus modeling tools and methodologies have
been developed to solve target nexus problem. It can provide scientific communities the
opportunities to pick up the suitable model. However, it will also make researchers puzzled
when firstly stepping into the nexus approach [69]. We admit that every nexus problem
could be different, but a common framework would be helpful to use the nexus approach.
Based on general nexus framework, a list of candidate models should be evaluated for each
part of the nexus link; currently, there is no single model to simulate the entire WFE nexus
[69]. Study of the entire WFE nexus is achieved through linking the multiple models with
different functions. Thus, a common data transfer protocol should be developed to link the
different models. The candidate models all have different input and output format, different
spatial and temporal resolutions. It is important to make sure that the output from upstream
model could meet the input requirement of the downstream models.

II1. How to assess the uncertainties for sub- and entire systems?
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Uncertainties may propagate through the modeling chain, from the subsystem to whole
nexus [63]. The process-based eutrophication models could be assessed by the sensitivity
analysis or validated by input and output data. However, under the nexus framework,
different models derived from different disciplines could have different methods to validate
the results. A clear and unified uncertainty for the whole system is essential to obtain the
accurate and reliable results. For the eutrophication models, a validation with the historical
monitoring data is common. However, for economic models, uncertainties are evaluated by
other means. Thus, a unified method for the uncertainty analysis is highly necessary, so that
the outputs from different sub-models could be compared in the systematic framework.

6. Conclusions

Lake eutrophication is an important water quality issue worldwide, and it could seriously
damage the ecosystem services. Variety of eutrophication modeling has been developed but
it is rarely connected with the WFE nexus. Of course, it may be not necessary to consider
eutrophication modeling in all the nexus assessments. WFE nexus is central to sustainable
development, it is thus important to update the current eutrophication modeling under the
WFE nexus. The coupled watershed—lake modeling has provided us a good opportunity to
apply the eutrophication modeling in the nexus approach. However, challenges still exist,
and it needs efforts from respective scientific communities across disciplines and sectors.
We envision lake eutrophication models will continuously gain interests and its integrations
with WFE nexus could provide a valuable contribution to the watershed policymaking and
sustainability.

Acknowledgements

14



321

322

323

324

325

326

327

328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352

This study was funded by the National Natural Science Foundation, China (No. 41977324
and 41630748) and Natural Science Foundation of Tianjin (No. 20JCYBJC01080). Minhaz
Uddin is sponsored by the China Scholarship Council. We are also grateful to the helpful
discussions with the colleagues in early versions of the manuscript.
Conflict of interests

The authors declare no conflict of interests.

References

[1]C. Yu, X. Huang, H. Chen, H.C.J. Godfray, J.S. Wright, J.W. Hall, P. Gong, S. Ni, S. Qiao, G. Huang,
Y. Xiao, J. Zhang, Z. Feng, X. Ju, P. Ciais, N.C. Stenseth, D.O. Hessen, Z. Sun, L. Yu, W. Cai, H. Fu, X.
Huang, C. Zhang, H. Liu, J. Taylor, Managing nitrogen to restore water quality in China, Nature. 567
(2019) 516-520, https://doi.org/10.1038/s41586-019-1001-1.

[2]J.C. Ho, A.M. Michalak, N. Pahlevan, Widespread global increase in intense lake phytoplankton
blooms since the 1980s, Nature. 574 (2019) 667-+, https://doi.org/10.1038/s41586-019-1648-7.

[3]J. Huisman, G.A. Codd, H.W. Paerl, B.W. Ibelings, J.M.H. Verspagen, P.M. Visser, Cyanobacterial
blooms, Nat. Rev. Microbiol. 16 (2018) 471483, https://doi.org/10.1038/s41579-018-0040-1.

[4]Y. Tong, W. Zhang, X. Wang, R.-M. Couture, T. Larssen, Y. Zhao, J. Li, H. Liang, X. Liu, X. Bu, W.
He, Q. Zhang, Y. Lin, Decline in Chinese lake phosphorus concentration accompanied by shift in
sources since 2006, Nat. Geosci. 10 (2017) 507-+, https://doi.org/10.1038/nge02967.

[SIN. Gruber, J.N. Galloway, An Earth-system perspective of the global nitrogen cycle, Nature. 451
(2008) 293-296, https://doi.org/10.1038/nature06592.

[6]W. Steffen, K. Richardson, J. Rockstrém, S.E. Cornell, 1. Fetzer, E.M. Bennett, R. Biggs, S.R.
Carpenter, W. de Vries, C.A. de Wit, C. Folke, D. Gerten, J. Heinke, G.M. Mace, L.M. Persson, V.
Ramanathan, B. Reyers, S. Sorlin, Planetary boundaries: Guiding human development on a changing
planet, Science (80-.). 347 (2015) 1259855, https://doi.org/10.1126/science.1259855.

[7]D.A. Vaccari, S.M. Powers, X. Liu, Demand-Driven Model for Global Phosphate Rock Suggests
Paths for Phosphorus Sustainability, Environ. Sci. Technol. 53 (2019) 10417-10425,
https://doi.org/10.1021/acs.est.9b02464.

[8]J.T. Trimmer, D.C. Miller, D.M. Byrne, H.A.C. Lohman, N. Banadda, K. Baylis, S.M. Cook, R.D.
Cusick, F. Jjuuko, A.J. Margenot, A. Zerai, J.S. Guest, Re-envisioning Sanitation As a Human-Derived
Resource System, Environ. Sci. Technol. 54 (2020) 10446—10459, doi.org/10.1021/acs.est.0c03318.
[9]J.T. Trimmer, J.S. Guest, Recirculation of human-derived nutrients from cities to agriculture across

six continents, Nat. Sustain. 1 (2018) 427-435, https://doi.org/10.1038/s41893-018-0118-9.

15



353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388

[10]W.W. Li, H.Q. Yu, B.E. Rittmann, Chemistry: Reuse water pollutants, Nature. 528 (2015) 29-31,
https://doi.org/10.1038/528029a.

[11]X. Wang, G. Daigger, D.-J. Lee, J. Liu, N.-Q. Ren, J. Qu, G. Liu, D. Butler, Evolving wastewater
infrastructure paradigm to enhance harmony with nature, Sci. Adv. 4 (2018) eaaq0210,
https://doi.org/10.1126/sciadv.aaq0210.

[12]D. Breitburg, L.A. Levin, A. Oschlies, M. Grégoire, F.P. Chavez, D.J. Conley, V. Garcon, D.
Gilbert, D. Gutiérrez, K. Isensee, G.S. Jacinto, K.E. Limburg, I. Montes, S.W.A. Naqvi, G.C. Pitcher,
N.N. Rabalais, M.R. Roman, K.A. Rose, B.A. Seibel, M. Telszewski, M. Yasuhara, J. Zhang, Declining
oxygen in the global ocean and coastal waters, Science (80-. ). 359 (2018) eaam7240,
https://doi.org/10.1126/science.aam7240.

[13]Y. Liu, Q. Jiang, Z. Liang, Z. Wu, X. Liu, Q. Feng, R. Zou, H. Guo, Lake eutrophication responses
modeling and watershed management optimization algorithm: A review, Hupo Kexue/Journal Lake Sci.
33 (2021) 49-63. http://dx.doi.org/10.18307/2021.0103.

[14]H. Zhang, G.H. Huang, D. Wang, X. Zhang, G. Li, C. An, Z. Cui, R. Liao, X. Nie, An integrated
multi-level watershed-reservoir modeling system for examining hydrological and biogeochemical
processes in  small  prairie  watersheds, @ Water Res. 46 (2012) 1207-1224,
https://doi.org/10.1016/j.watres.2011.12.021.

[15]B. Debele, R. Srinivasan, J.Y. Parlange, Coupling upland watershed and downstream waterbody
hydrodynamic and water quality models (SWAT and CE-QUAL-W2) for better water resources
management in complex river basins, Environ. Model. Assess. 13 (2008) 135-153,
https://doi.org/10.1007/s10666-006-9075-1.

[16]S. Birk, D. Chapman, L. Carvalho, B.M. Spears, H.E. Andersen, C. Argillier, S. Auer, A. Baattrup-
Pedersen, L. Banin, M. Beklioglu, E. Bondar-Kunze, A. Borja, P. Branco, T. Bucak, A.D. Buijse, A.C.
Cardoso, R.-M. Couture, F. Cremona, D. de Zwart, C.K. Feld, M.T. Ferreira, H. Feuchtmayr, M.O.
Gessner, A. Gieswein, L. Globevnik, D. Graeber, W. Graf, C. Gutiérrez-Canovas, J. Hanganu, U. Iskin,
M. Jarvinen, E. Jeppesen, N. Kotaméki, M. Kuijper, J.U. Lemm, S. Lu, A.L. Solheim, U. Mischke, S.J.
Moe, P. Noges, T. Noges, S.J. Ormerod, Y. Panagopoulos, G. Phillips, L. Posthuma, S. Pouso, C.
Prudhomme, K. Rankinen, J.J. Rasmussen, J. Richardson, A. Sagouis, J.M. Santos, R.B. Schéfer, R.
Schinegger, S. Schmutz, S.C. Schneider, L. Schiilting, P. Segurado, K. Stefanidis, B. Sures, S.J.
Thackeray, J. Turunen, M.C. Uyarra, M. Venohr, P.C. von der Ohe, N. Willby, D. Hering, Impacts of
multiple stressors on freshwater biota across spatial scales and ecosystems, Nat. Ecol. Evol. 4 (2020)
1060-1068, https://doi.org/10.1038/s41559-020-1216-4.

[17]K. Rinke, P.S. Keller, X. Kong, D. Borchardt, M. Weitere, Ecosystem Services from Inland Waters
and Their Aquatic Ecosystems, in: M. Schroter, A. Bonn, S. Klotz, R. Seppelt, C. Baessler (Eds.), Atlas
Ecosyst. Serv. Drivers, Risks, Soc. Responses, Springer International Publishing, Cham, 2019: pp. 191-
195, https://doi.org/10.1007/978-3-319-96229-0 30.

16



389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423

[18]W.K. Dodds, W.W. Bouska, J.L. Eitzmann, T.J. Pilger, K.L. Pitts, A.J. Riley, J.T. Schloesser, D.J.
Thornbrugh, Eutrophication of US Freshwaters: Analysis of Potential Economic Damages, Environ. Sci.
Technol. 43 (2009) 1219, https://doi.org/10.1021/es801217q.

[19JH.W. Paerl, J. Huisman, Blooms Ilike it hot, Science (80-. ). 320 (2008) 57-58,
https://doi.org/10.1126/science.1155398.

[20]B. Freedman, Environmental ecology, Academic press: San Diego (California), 2002.

[21TH.W. Paerl, J.T. Scott, M.J. McCarthy, S.E. Newell, W.S. Gardner, K.E. Havens, D.K. Hoffman,
S.W. Wilhelm, W.A. Wurtsbaugh, It Takes Two to Tango: When and Where Dual Nutrient (N & P)
Reductions Are Needed to Protect Lakes and Downstream Ecosystems, Environ. Sci. Technol. 50 (2016)
10805—-10813, https://doi.org/10.1021/acs.est.6b02575.

[22]E. Anagnostou, A. Gianni, I. Zacharias, Ecological modeling and eutrophicationA review, Nat.
Resour. Model. 30 (2017), https://doi.org/10.1111/nrm.12130.

[23]Z. Wu, Y. Liu, Z. Liang, S. Wu, H. Guo, Internal cycling, not external loading, decides the nutrient
limitation in eutrophic lake: A dynamic model with temporal Bayesian hierarchical inference, Water Res.
116 (2017) 231-240, https://doi.org/10.1016/j.watres.2017.03.039.

[24]T. Yindong, X. Xiwen, Q. Miao, S. Jingjing, Z. Yiyan, Z. Wei, W. Mengzhu, W. Xuejun, Z. Yang,
Lake warming intensifies the seasonal pattern of internal nutrient cycling in the eutrophic lake and
potential impacts on algal blooms, Water Res. 188 (2021) 116570,
https://doi.org/10.1016/j.watres.2020.116570.

[25]). Huang, Y. Zhang, Q. Huang, J. Gao, When and where to reduce nutrient for controlling harmful
algal blooms in large eutrophic lake Chaohu, China?, Ecol. Indic. 89 (2018) 808-817,
https://doi.org/10.1016/j.ecolind.2018.01.056.

[26]R.A. Vollenweider, Scientific Fundamentals of the Eutrophication of Lakes and Flowing Waters,
with Particular Reference to Nitrogen and Phosphorous as Factors in Eutrophication, Organization for
Economic Co-Operation and Development. Directorate for Scientific Affairs, Paris, 1968.

[27]W. Hu, A review of the models for Lake Taihu and their application in lake environmental
management, Ecol. Modell. 319 (2016) 9-20, https://doi.org/10.1016/j.ecolmodel.2015.07.028.
[28]A.B.G. Janssen, V.C.L. de Jager, J.H. Janse, X. Kong, S. Liu, Q. Ye, W.M. Mooij, Spatial
identification of critical nutrient loads of large shallow lakes: Implications for Lake Taihu (China),
Water Res. 119 (2017) 276287, https://doi.org/10.1016/j.watres.2017.04.045.

[29]C. Yang, P. Yang, J. Geng, H. Yin, K. Chen, Sediment internal nutrient loading in the most polluted
area of a shallow eutrophic lake (Lake Chaohu, China) and its contribution to lake eutrophication,
Environ. Pollut. 262 (2020) 114292, https://doi.org/10.1016/j.envpol.2020.114292.

[30]T.R. Albrecht, A. Crootof, C.A. Scott, The Water-Energy-Food Nexus: A systematic review of
methods for nexus assessment, Environ. Res. Lett. 13 (2018), https://doi.org/10.1088/1748-9326/aaa9¢o6.

17



424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459

[31]D. Cordell, J.-O. Drangert, S. White, The story of phosphorus: Global food security and food for
thought, Glob. Environ. Chang. Policy Dimens. 19 (2009) 292-305,
https://doi.org/10.1016/j.gloenvcha.2008.10.009.

[32]D.E. Canfield, A.N. Glazer, P.G. Falkowski, The Evolution and Future of Earth’s Nitrogen Cycle,
Science (80-. ). 330 (2010) 192, https://doi.org/10.1126/science.1186120.

[33]Human alteration of the global nitrogen cycle: sources and consequences, Nat. Sci. Sociétés. 5 (1997)
85, https://doi.org/10.1016/S1240-1307(97)87738-2.

[34]J.A. Harrison, R.J. Maranger, R.B. Alexander, A.E. Giblin, P.-A. Jacinthe, E. Mayorga, S.P.
Seitzinger, D.J. Sobota, W.M. Wollheim, The regional and global significance of nitrogen removal in
lakes and reservoirs, Biogeochemistry. 93 (2009) 143—157, https://doi.org/10.1007/s10533-008-9272-x.
[35]J.L. Stoddard, J. Van Sickle, A.T. Herlihy, J. Brahney, S. Paulsen, D. V Peck, R. Mitchell, A.L
Pollard, Continental-Scale Increase in Lake and Stream Phosphorus: Are Oligotrophic Systems
Disappearing in the United States?, Environ. Sci. Technol. 50 (2016) 3409-3415,
https://doi.org/10.1021/acs.est.5b05950.

[36]E.E. Agency, Nutrients in freshwater in Europe, (2018). https://www.eea.europa.eu/data-and-
maps/indicators/nutrients-in-freshwater/nutrients-in-freshwater-assessment-published-10 (accessed
January 19, 2021).

[37]C. Ibafiez, J. Pefiuelas, Changing nutrients, changing rivers, Science (80-. ). 365 (2019) 637—638,
https://doi.org/10.1126/science.aay2723.

[38]A.B.G. Janssen, J.H. Janse, A.H.W. Beusen, M. Chang, J.A. Harrison, I. Huttunen, X. Kong, J. Rost,
S. Teurlincx, T.A. Troost, D. van Wijk, W.M. Mooij, How to model algal blooms in any lake on earth,
Curr. Opin. Environ. Sustain. 36 (2019) 1-10, https://doi.org/10.1016/j.cosust.2018.09.001.

[39]H. Xu, H.W. Paerl, B. Qin, G. Zhu, G. Gao, Nitrogen and phosphorus inputs control phytoplankton
growth in eutrophic Lake Taihu, China, Limnol. Oceanogr. 55 (2010) 420432,
https://doi.org/10.4319/10.2010.55.1.0420.

[40]Y. Tong, X. Xu, S. Zhang, L. Shi, X. Zhang, M. Wang, M. Qi, C. Chen, Y. Wen, Y. Zhao, W.
Zhang, X. Lu, Establishment of season-specific nutrient thresholds and analyses of the effects of nutrient
management in eutrophic lakes through statistical machine learning, J. Hydrol. 578 (2019),
https://doi.org/10.1016/.jhydrol.2019.124079.

[41IM. Wang, X. Xu, Z. Wu, X. Zhang, P. Sun, Y. Wen, Z. Wang, X. Lu, W. Zhang, X. Wang, Y. Tong,
Seasonal Pattern of Nutrient Limitation in a Eutrophic Lake and Quantitative Analysis of the Impacts
from Internal Nutrient Cycling, Environ. Sci. Technol. 53 (2019) 13675-13686,
https://doi.org/10.1021/acs.est.9b04266.

[42]Y. Tong, M. Wang, J. Penuelas, X. Liu, H.W. Paerl, J.J. Elser, J. Sardans, R.-M. Couture, T.
Larssen, H. Hu, X. Dong, W. He, W. Zhang, X. Wang, Y. Zhang, Y. Liu, S. Zeng, X. Kong, A.B.G.

Janssen, Y. Lin, Improvement in municipal wastewater treatment alters lake nitrogen to phosphorus

18



460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493

ratios in populated regions, Proc. Natl. Acad. Sci. U. S. A. 117 (2020) 11566-11572,
https://doi.org/10.1073/pnas.1920759117.

[43]M. Qi1, Y. Yang, X. Zhang, X. Zhang, M. Wang, W. Zhang, X. Lu, Y. Tong, Pollution reduction and
operating cost analysis of municipal wastewater treatment in China and implication for future
wastewater management, J. Clean. Prod. 253 (2020), https://doi.org/10.1016/j.jclepro.2020.120003.
[44]2015 National Agricultural Meeting, Minist. Agric. Rural Aff. People’s Repub. China. (2015).
http://www.moa.gov.cn/ (accessed October 10, 2020).

[45]T. Ma, N. Zhao, Y. Ni, J. Yi, J.P. Wilson, L. He, Y. Du, T. Pei, C. Zhou, C. Song, W. Cheng,
China’s improving inland surface water quality since 2003, Sci. Adv. 6 (2020),
https://doi.org/10.1126/sciadv.aau3798.

[46]A.B.G. Janssen, G.B. Arhonditsis, A. Beusen, K. Bolding, L. Bruce, J. Bruggeman, R.-M. Couture,
A.S. Downing, J.A. Elliott, M.A. Frassl, G. Gal, D.J. Gerla, M.R. Hipsey, F. Hu, S.C. Ives, J.H. Janse, E.
Jeppesen, K.D. Joehnk, D. Kneis, X. Kong, J.J. Kuiper, M.K. Lehmann, C. Lemmen, D. Oezkundakci, T.
Petzoldt, K. Rinke, B.J. Robson, R. Sachse, S.A. Schep, M. Schmid, H. Scholten, S. Teurlincx, D. Trolle,
T.A. Troost, A.A. Van Dam, L.P.A. Van Gerven, M. Weijerman, S.A. Wells, W.M. Mooij, Exploring,
exploiting and evolving diversity of aquatic ecosystem models: a community perspective, Aquat. Ecol.
49 (2015) 513-548, https://doi.org/10.1007/s10452-015-9544-1.

[471W. Rast, R. Jones, G. Lee, Predictive Capability of U.S. OECD Phosphorus Loading-Eutrophication
Response Models, J. (Water Pollut. Control Fed. 55 (1983), https://doi.org/10.2307/25042007.

[48]J. Kalff, Limnology: Inland water ecosystems, Prentice Hall, Upper Saddle River, 2002.

[49]J.M. Abell, D. Ozkundakci, D.P. Hamilton, P. van Dam-Bates, R.W. McDowell, Quantifying the
Extent of Anthropogenic Eutrophication of Lakes at a National Scale in New Zealand, Environ. Sci.
Technol. 53 (2019) 9439-9452, https://doi.org/10.1021/acs.est.9b03120.

[50]F.J. Los, M.T. Villars, M.\W.M. Van der Tol, A 3-dimensional primary production model
(BLOOM/GEM) and its applications to the (southern) North Sea (coupled physical-chemical-ecological
model), J. Mar. Syst. 74 (2008) 259-294, https://doi.org/10.1016/j.jmarsys.2008.01.002.

[51]). Bruggeman, K. Bolding, A general framework for aquatic biogeochemical models, Environ.
Model. Softw. 61 (2014) 249-265, https://doi.org/10.1016/j.envsoft.2014.04.002.

[52]F. Hu, K. Bolding, J. Bruggeman, E. Jeppesen, M.R. Flindt, L. van Gerven, J.H. Janse, A.B.G.
Janssen, J.J. Kuiper, W.M. Mooij, D. Trolle, FABM-PCLake - linking aquatic ecology with
hydrodynamics, Geosci. Model Dev. 9 (2016) 22712278, https://doi.org/10.5194/gmd-9-2271-2016.
[53]L.P.A. van Gerven, J.J. Kuiper, W.M. Mooij, J.H. Janse, H.W. Paerl, J.J.M. de Klein, Nitrogen
fixation does not axiomatically lead to phosphorus limitation in aquatic ecosystems, Oikos. 128 (2019)

563-570, https://doi.org/10.1111/01k.05246.

19



494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529

[54]X. Kong, Q. Zhan, B. Boehrer, K. Rinke, High frequency data provide new insights into evaluating
and  modeling  nitrogen  retention in  reservoirs, = Water  Res. 166 (2019),
https://doi.org/10.1016/j.watres.2019.115017.

[55]P.M. Visser, J.M.H. Verspagen, G. Sandrini, L.J. Stal, H.C.P. Matthijs, T.W. Davis, H.W. Paerl, J.
Huisman, How rising CO2 and global warming may stimulate harmful cyanobacterial blooms, Harmful
Algae. 54 (2016) 145-159, https://doi.org/10.1016/j.hal.2015.12.006.

[56]H.W. Paerl, V.J. Paul, Climate change: Links to global expansion of harmful cyanobacteria, Water
Res. 46 (2012) 1349-1363, https://doi.org/10.1016/j.watres.2011.08.002.

[57]Bassel T. Daher & Rabi H.Mohtar, WEF nexus framework and tool background, (2013).
http://wefnexustool.org/background.php.

[58]J. Huang, Q. Chen, J. Peng, J. Gao, Quantifying the cost-effectiveness of nutrient-removal strategies
for a lowland rural watershed: Insights from process-based modeling, Ecol. Modell. 431 (2020),
https://doi.org/10.1016/j.ecolmodel.2020.109123.

[59IN.K. Shrestha, T. Akhtar, U. Ghimire, R.P. Rudra, P.K. Goel, R. Shukla, P. Daggupati, Can-GLWS:
Canadian Great Lakes Weather Service for the Soil and Water Assessment Tool (SWAT) modelling, J.
Great Lakes Res. (2020), https://doi.org/10.1016/j.jglr.2020.10.009.

[60]Y. Dai, Y. Lang, T. Wang, X. Han, L. Wang, J. Zhong, Modelling the sources and transport of
ammonium nitrogen with the SPARROW model: A case study in a karst basin, J. Hydrol. 592 (2021)
125763, https://doi.org/10.1016/j.jhydrol.2020.125763.

[61]M.N. Yazdi, M. Ketabchy, D.J. Sample, D. Scott, H. Liao, An evaluation of HSPF and SWMM for
simulating streamflow regimes in an urban watershed, Environ. Model. Softw. 118 (2019) 211-225,
https://doi.org/10.1016/j.envsoft.2019.05.008.

[62]A. Ervinia, J. Huang, Z. Zhang, Nitrogen sources, processes, and associated impacts of climate and
land-use changes in a coastal China watershed: Insights from the INCA-N model, Mar. Pollut. Bull. 159
(2020), https://doi.org/10.1016/j.marpolbul.2020.111502.

[63]D.N. Moriasi, J.G. Amold, M.W. Van Liew, R.L. Bingner, R.D. Harmel, T.L. Veith, Model
evaluation guidelines for systematic quantification of accuracy in watershed simulations, Trans. Asabe.
50 (2007) 885-900, https://doi.org/10.13031/2013.23153.

[64]M.M. Kalcic, R.L. Muenich, S. Basile, A.L. Steiner, C. Kirchhoff, D. Scavia, Climate Change and
Nutrient Loading in the Western Lake Erie Basin: Warming Can Counteract a Wetter Future, Environ.
Sci. Technol. 53 (2019) 75437550, https://doi.org/10.1021/acs.est.9b01274.

[65]P.M. Glibert, Harmful algae at the complex nexus of eutrophication and climate change, Harmful
Algae. 91 (2020), https://doi.org/10.1016/j.hal.2019.03.001.

[66]P. Urrutia-Cordero, H. Zhang, F. Chaguaceda, H. Geng, L.-A. Hansson, Climate warming and heat
waves alter harmful cyanobacterial blooms along the benthic-pelagic interface, Ecology. 101 (2020),
https://doi.org/10.1002/ecy.3025.

20



530
531
532
533
534
535
536
537
538
539

[67]Y. Tong, X. Xu, M. Qi, J. Sun, Y. Zhang, W. Zhang, M. Wang, X. Wang, Y. Zhang, Lake warming
intensifies the seasonal pattern of internal nutrient cycling in the eutrophic lake and potential impacts on
algal blooms, Water Res. 188 (2020) 116570, https://doi.org/10.1016/j.watres.2020.116570

[68]X. Liu, A.H.W. Beusen, L.P.H. Van Beek, J.M. Mogollon, X. Ran, A.F. Bouwman, Exploring
spatiotemporal changes of the Yangtze River (Changjiang) nitrogen and phosphorus sources, retention
and export to the East China Sea and Yellow Sea, Water Res. 142 (2018) 246-255,
https://doi.org/10.1016/j.watres.2018.06.006.

[69]S. Huelsmann, J. Susnik, K. Rinke, S. Langan, D. van Wijk, A.B.G. Janssen, W.M. Mooij,
Integrated modelling and management of water resources: the ecosystem perspective on the nexus

approach, Curr. Opin. Environ. Sustain. 40 (2019) 14-20, https://doi.org/10.1016/j.cosust.2019.07.003.

21



	Forside
	Manuscript_20210413_Clear (003)



