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Abstract An analysis of the contents and conclu-

sions of the papers contained in this issue (Hydrobi-

ologia Volume xxx) suggests that a new vision is

taking shape that may correspond to an emerging new

paradigm in the way we understand and manage

coastal eutrophication. This new paradigm emphasizes

its global dimension and the connections with other

global environmental pressures, and re-evaluates the

targets of remedial actions and policies. Eutrophication

research must evolve toward a more integrative,

ecosystem perspective which requires that it be

extended to include impacts beyond primary producers

and to examine possible cascading effects and feed-

backs involving other components of the ecosystem. A

quantitative framework that incorporates the interact-

ing top-down and bottom-up effects in eutrophication

models must be urgently developed to guide

diagnostics and establish targets to mitigate coastal

eutrophication. The required macroscopic view must

also be extended to the managerial and policy frame-

works addressing eutrophication, through the devel-

opment of policies that examine activities in the

environment in an integrative, rather than sectorial,

manner. Recent evidence of complex responses of

coastal ecosystems to nutrient reduction requires that

management targets, and the policies that support

them, be reconsidered to recognize the complexities of

the responses of coastal ecosystems to reduced nutrient

inputs, including non-linear responses and associated

thresholds. While a predictive framework for the

complex trajectories of coastal ecosystems subject to

changes in nutrient inputs is being developed, the

assessment of managerial actions should be reconsid-

ered to focus on the consideration of the status achieved

as the outcome of nutrient reduction plans against that

possibly derived from a ‘do nothing’ scenario. A

proper assessment of eutrophication and the efforts to

mitigate it also requires that eutrophication be consid-

ered as a component of global change, in addressing

both its causes and its consequences, and that the

feedbacks between other components of global change

(e.g., climate change, overfishing, altered biogeochem-

ical cycles, etc.) be explicitly considered in designing

eutrophication research and in managing the problem.
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Introduction

About 15 years have elapsed between the first confer-

ence on coastal eutrophication convened in Denmark,

in 1993, and the Second International Symposium on

Research and Management of Eutrophication in

Coastal Ecosystems (Nyborg, Denmark, 20–23 June,

2006), the results of which are collected in this special

issue. The symposium addressed a range of topics

(Andersen & Conley, 2009) and promoted active

discussion among the 200 participants. Whereas the

first conference included the definition of ‘eutrophica-

tion’ as a noun (Nixon, 1995), the definition now

coined by Scott Nixon is that for ‘oligotrophication,’

the antonym of eutrophication (Nixon, 2009). This is

symptomatic of the evolution of eutrophication science

and the management of eutrophied coastal ecosystems.

In 1993, we were creating an awareness of the

spread of eutrophication as a threat to coastal ecosys-

tems, lagging about two decades behind the recognized

impacts of eutrophication in lakes. We now have a

better appreciation of the scale of problem (e.g., Nixon,

2009), a better understanding of its processes and

dynamics (e.g., Cloern, 2001; Boesch, 2002; Howarth

& Marino, 2006; Conley et al., 2009; Duarte et al.,

2009; Soetaert & Middelburg, 2009), improved diag-

nostic tools and indicators (e.g., Eyre & Ferguson,

2009; Jaanus et al., 2009), and have taken action to

mitigate it (e.g., Nørring & Jørgensen, 2009, Petersen

et al., 2009; Savchuk & Wulff, 2009), as clearly

exemplified by the papers compiled in this issue.

Collectively, these papers portray a major develop-

ment of the field over the past decade. Although less

explicitly, a critical analysis of the contents and

conclusions of these papers, along with recent papers

published elsewhere, suggests that a new vision is

taking shape that may correspond to an emerging new

paradigm in the way we understand and manage

coastal eutrophication.

In this summary, I will not attempt to list the insights

derived from each individual contribution to this

special issue, which can best be obtained through an

examination of the papers themselves. I will, instead,

focus on what these papers collectively inform as the

challenge for coastal eutrophication research in the

future. I argue that these challenges accrete to conform

a new vision of coastal eutrophication that emphasizes

its global dimension and connection with other global

environmental pressures, and reconsiders the targets

for remedial actions and policies.

Challenges for coastal eutrophication research

Eutrophication research has focused mainly on phyto-

plankton, but clearly eutrophication impacts on all

components of coastal ecosystems. The diagnostics of

these impacts require that robust indicators be devel-

oped that help assess the responses of coastal ecosys-

tems to eutrophication (e.g., Jaanus et al., 2009). The

search for reliable ecosystem-level indicators of

eutrophication impacts is not driven by an academic

interest in better understanding eutrophication, but by

the requirements of legislation and policy to identify

and abate coastal eutrophication, as exemplified by the

EU Water Framework Directive and the OSPAR

Convention (e.g., Claussen et al., 2009; Duarte et al.,

2009; Henriksen, 2009). Long-lived components of

coastal ecosystems sensitive to degraded water quality,

such as seagrass, can be particularly useful because

their response integrates variability in nutrient con-

centrations and water quality, offering a robust diag-

nostic of change (Duarte, 1995, 2002; Olivé et al.,

2009). Such an ecosystem approach to understanding

and managing eutrophication requires that research be

extended to include impacts beyond primary producers

and to examine possible cascading effects and feed-

backs involving other components of the ecosystem.

The role of changes in the upper levels of the food

web in facilitating eutrophication has received limited

attention, but research on eutrophied coral reef

ecosystems has clearly shown that the integrity of the

fish community can greatly affect the resilience and

resistance of coral reefs to eutrophication (Dulvy et al.,

2004; Mumby et al., 2006). Indeed, a recent meta-

analysis of the role of fish removal in the loss of

ecosystem resistance to eutrophication has provided

compelling evidence that the depletion of top predators

from coastal waters may have increased the vulnera-

bility of coastal ecosystems to eutrophication (Heck &

Valentine, 2007). Heck & Valentine (2007) showed

that the widespread overharvesting of large consumers,

which once played pivotal roles in regulating ecosys-

tem structure and function (Jackson et al., 2001), may

trigger indirect effects that may enhance those of

eutrophication. Indeed, overfishing and eutrophication

264 Hydrobiologia (2009) 629:263–269

123



have strong interactive effects. Breitburg et al. (2009)

argue that nutrient enrichment and habitat degradation

causes reduced yields of fisheries, whereas fisheries

exploitation can affect the ability of estuarine systems

to process nutrients, enhancing eutrophication symp-

toms. Whereas general relationships between nutrient

inputs and concentrations, and chlorophyll a concen-

trations are available (e.g., Smith, 2006), there is no

predictive framework that integrates the interactive

top-down and bottom-up forces in the development of

eutrophication symptoms. A quantitative framework

that incorporates the interacting top-down and bottom-

up effects in eutrophication models must be urgently

developed to guide diagnostics and establish targets to

mitigate coastal eutrophication.

The development of a broader ecosystem approach

to coastal eutrophication often stumbles on the

difficulties of defining the extent of coastal ecosys-

tems. Coastal ecosystems have clearly defined,

objective boundaries inland but their offshore extent

is generally unclear, and its delineation remains

critical to properly manage eutrophication problems

(Kratzer & Tett, 2009; Lessin et al., 2009). Moreover,

whereas most approaches focus on land-derived

influences (i.e., nutrient inputs) on eutrophication

dynamics, forcing derived from interactions with the

adjacent offshore waters may determine significant

departures from the expected dynamics (e.g., Cloern

et al., 2007; Savchuk et al., 2009). This requires that

forcing by both inland (human-dominated) and

offshore (climate-dominated) processes be consid-

ered in predicting and understanding eutrophication

dynamics in the coastal zone. For example, long-term

analysis of Narragansett Bay provided evidence of

climate-induced oligotrophication in the absence of

any significant reduction in nutrient concentrations or

inputs (Fulweiler & Nixon, 2009).

The above plea for a more integrative ecosystem

approach to eutrophication research may be inter-

preted to reinforce the tradition to study and manage

eutrophication at the individual ecosystem level.

However, it is becoming increasingly evident that

eutrophication must be examined in a much broader

context. Nixon (2009) makes a strong case, drawing

on advice he received from his mentor, the late H. T.

Odum, to examine eutrophication issues at a scale

larger than the individual ecosystem, applying a

macroscope to better capture the dimensions and

controls of the forces that shape eutrophication

problems. This case can be forcefully made by

considering the problems of eutrophication-driven

hypoxia in the Gulf of Mexico, the causes and

dynamics of which have been traced back to

agricultural practices in the Corn Belt, thousands of

kilometers away from the coastal region where the

problem is manifested (Burkart & James, 1999).

Moreover, the application of such a macroscope does

not need to be restricted to understand the environ-

mental processes, excess nutrient use and export that

our concept of eutrophication identifies as the cause

of the problem, but it may also incorporate the

underlying social dynamics. For example, it has

recently been argued that the rapid growth of biofuel

crops in the Corn Belt affects the prospect for

decreasing the hypoxic area in the Gulf of Mexico, as

it is likely to lead to increased fertilizer application in

the Corn Belt (Hill et al., 2006).

Indeed, agricultural, fisheries, water quality and

even energy policies all affect coastal eutrophication,

even though these policies do not recognize such

connections and are often issued as if they bore no

relationship to the eutrophication problem. Recogniz-

ing that excess fertilizer and manure application to

agricultural soils is a main driver of coastal eutrophi-

cation, many nations have invested important

resources to reduce nitrogen effluents. These efforts

are currently championed by Denmark, which imple-

mented a number of different Action Plans against

water pollution focused on the agricultural sector that

have successfully led to a reduction in the total loss of

nitrogen from farmland by approximately 50% com-

pared to the mid-1980s (Nørring & Jørgensen, 2009).

While the analysis of nitrogen inputs to coastal waters

has focused on activities on land, the importance of the

fisheries sector in removing nutrients from coastal

ecosystems has only recently been identified. Indeed,

Maranger et al. (2008) recently reported that fisheries

mobilize almost as much nitrogen, bound in the N-rich

tissues of marine organisms, from the oceans back to

land as that delivered from land to the oceans. The large

amount of nitrogen removed with the harvesting of

marine animals has led Lindahl & Kollberg (2009) to

propose that mussel farming, which has been recog-

nized by Swedish environmental authorities as a

possible measure to improve coastal water quality, be

subsidized by sectors that emit nutrients, such as

agriculture, through the trading of emission quotas.

Specifically, Lindahl & Kollberg (2009) argue that
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because most of the nutrient supply to coastal waters in

many areas of Europe derives from agricultural

operations, funding from the EU agro-environmental

program should subsidize mussel farming enterprises

in the same way that agricultural farmers are supported

to reduce nutrient leakage from their farmlands. Again,

this requires the development of policies that examine

activities in the environment in an integrative, rather

than sectorial, manner.

Most importantly, recent evidence of complex

responses of coastal ecosystems to nutrient reduction

requires that management targets, and the policies that

support them, be reconsidered. An examination of the

responses of coastal ecosystems to reduced nutrient

inputs shows that these responses often deviate from the

simple decline in chlorophyll a concentrations that is

expected based on the underlying assumption of a direct

relationship between nutrient inputs and eutrophication

symptoms (Kemp et al., 2005; Duarte et al., 2009).

Failure to observe the expected improvements in

response to the reductions in nutrient inputs can be very

frustrating for the public and managers and can

undermine their willingness to undertake future reduc-

tions; this must be urgently addressed (Duarte et al.,

2009). For instance, in Denmark, arguably the country

that has led efforts to reduce nutrient inputs, the 43%

reduction in the nitrogen load to the marine environment

in the period 1989–2003 has resulted in only minor

improvements at the ecosystem level, generating the

perception of a disproportion between the cost of

nutrient reduction plans and the improvements achieved

(Nørring & Jørgensen, 2009). Indeed, whereas

increased nutrient inputs have clearly led to increased

coastal eutrophication, the reverse, oligotrophication

(i.e., a reduced production of organic matter; Nixon,

2009), does not appear to be a necessary, nor prevalent,

outcome of reduced nutrient inputs.

We have long understood the complexity of

factors involved in the eutrophication process (Clo-

ern, 2001; Kemp et al., 2005) but, these complexities

have not been adequately conveyed to managers and

legislators, who have received a simplified view of a

direct control of chlorophyll a concentration, as a

metric of water quality, by nutrient inputs (Duarte

et al., 2009). A new paradigm is emerging that

recognizes the complexities of the factors and

dynamics involved in the response of coastal ecosys-

tems to reduced nutrient inputs (e.g., Conley et al.,

2009; Duarte et al., 2009).

Only now, three decades after eutrophication prob-

lems were realized as a major problem affecting coastal

ecosystems are data becoming available to show the

trajectories of ecosystems following increased and

subsequently reduced nutrient inputs (Duarte et al.,

2009). Examination of these trajectories reveals that

the response of coastal ecosystems to reduced nutrient

inputs appears to display complex, non-linear dynam-

ics. A first driver of such non-linearities is the

occurrence of thresholds of nutrient inputs beyond

which abrupt changes in the response of the ecosystem

occur (e.g., Duarte et al., 2009). Such threshold

responses have been identified and analyzed in the

case of the decline in oxygen in response to increased

nutrient concentrations (Conley et al., 2009), whereby

the occurrence of hypoxia creates a number of buffers

(loss of benthic organisms, build up of sulfides, and

others) that render ecosystems who have experienced

hypoxia more prone to experience subsequent hypoxia

even if nutrient concentrations are reduced (Conley

et al., 2009). A second factor is the occurrence of time

lags in the responses owing to the accumulation and

release of nutrients in the sediments (Soetaert and

Middelburg, 2009) or the long time spans involved in

the recovery of some inherently slow-growing organ-

isms, such as seagrass (Duarte, 1995). These time lags

result in apparent hysteresis in response to nutrient

reductions that appear as non-linearities in the trajec-

tories of ecosystem status during increased and

reduced nutrient concentrations (Duarte et al., 2009).

Finally, non-linearities may derive from shifting

baselines altering the relationship between chlorophyll

a and nutrient inputs over time (Duarte et al., 2009).

The trajectories of coastal ecosystems from the onset of

eutrophication to the achievement of nutrient reduc-

tions occur typically over two to three decades,

sufficiently long for other relevant forcing factors,

including top predators in the system, climate, hydrol-

ogy, land use in the catchment, atmospheric carbon

dioxide (CO2) concentrations, etc., to have changed

significantly (Duarte et al., 2009), possibly affecting

the yield of chlorophyll, or the extent of eutrophication,

per unit nutrient in the system. Shifting baselines along

the eutrophication-to-oligotrophication transition may

result in an apparent failure to achieve the extent of

reduction in chlorophyll a concentration sought by

nutrient reduction programs.

The awareness of the importance of abrupt

changes in coastal ecosystems as nutrient inputs
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increase beyond critical tipping points is largely a

consequence of the increasing availability of time

series data extending over three decades to encom-

pass the eutrophication and oligotrophication periods.

Indeed, the availability of these time series occurs at

a time when new statistical techniques have become

available to search for and detect abrupt changes and

thresholds (Andersen et al., 2008), providing an

opportunity to learn more about the non-linearities

affecting the relationship between chlorophyll a

concentration and changes in nutrient inputs in

coastal ecosystems.

While we struggle to understand and develop a

predictive framework for the complex trajectories of

coastal ecosystems from eutrophication to subsequent

oligotrophication, it is imperative that we reassess our

advice to managers and, particularly, the targets of

nutrient reduction plans. Focusing on the improve-

ments, although unavoidable, can be discouraging.

The expectation that coastal ecosystems will return to

an original status prior to significant eutrophication,

following nutrient reduction efforts has recently been

criticized as naı̈ve, because it implies the return to a

past situation that may be precluded by major

concurrent changes in the global environment, the

shifting baselines (Duarte et al., 2009). Hence, a

better framework for action may involve consider-

ation of the status achieved as the outcome of nutrient

reduction plans against that possibly existing under a

‘do nothing’ scenario, which may include acceptable

deviations from the status prior to eutrophication.

Indeed, this is the approach adopted for other

environmental problems, such as climate change,

where the ambition is to stop further warming of the

planet, thereby avoiding the associated impacts,

rather than cooling the planet back to the pre-

industrial climate. The alternative approach proposed

here is, however, precluded by the lack of appropriate

frameworks to assess what would have been the

trajectories of ecosystems if nutrient inputs had not

been reduced, which is the correct, albeit elusive,

context in which the outcome of efforts to reduce

nutrient inputs should be assessed. The development

of such predictive frameworks should have a high

priority in the future of eutrophication research.

Moreover, the resistance of eutrophied and hypoxic

ecosystems to become more oligotrophic upon

reductions in nutrient inputs (Conley et al., 2009;

Duarte et al., 2009) should alert managers and policy-

makers to the importance of preventing eutrophica-

tion because the costs of mitigating eutrophication

may be far higher than those of avoidance measures.

Coastal eutrophication as a component

of global change

Once again, we find ourselves in need of the macro-

scopic view when evaluating the research challenges.

Effective management requires that we integrate

policies across sectors within and beyond the domains

of the coastal ecosystems and that we move away from

oversimplified views on the controls of eutrophication

to consider the operation of factors beyond nutrient

inputs, including overfishing, the occurrence of inva-

sive species and climate change, among others. Most

important, a look through the global macroscope

readily reveals that coastal eutrophication is not a

process affecting individual ecosystems, but is a global

phenomenon both in its global spread and in the

relative synchrony of this spread. The forces that shape

coastal eutrophication include human population

growth, changes in land use, massive production of N

in fertilizers through the Haber reaction, increased

anthropogenic emissions of reactive nitrogen species

to the atmosphere, increased atmospheric CO2, climate

change and overfishing (Duarte et al., 2009; Nixon,

2009), all recognized as forces affecting global change.

Moreover, it may be argued that coastal eutrophi-

cation may have the potential to impact the function

of the Earth System at the regional and, possibly,

global level through changes affecting the trophic

dynamics and biogeochemical cycling of the coastal

ocean. For example, the increase in hypoxia is clearly

a global phenomenon affected by global warming,

but also by widespread eutrophication of coastal

ecosystems (Dı́az & Rosenberg, 2008; Vaquer-

Sunyer & Duarte, 2008; Conley et al., 2009). Hence,

eutrophication should be considered as a component

of global change, in addressing both its causes and its

consequences (Duarte et al., 2009), and as such

incorporated into major international collaborative

programs to address global change. Seeing eutrophi-

cation in the macroscopic view of global change is

important to better understand and manage the

phenomenon (Duarte et al., 2009; Nixon, 2009).

In conclusion, whereas our understanding of coastal

eutrophication has progressed in parallel with efforts to
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reduce nutrient inputs to coastal ecosystems, major

challenges are still ahead of us in the development of a

refined understanding that allows prediction of the

dynamics of coastal ecosystems subject to simulta-

neous changes in nutrient inputs and other global

forcing factors that lead to a continuous shift in

baselines. Most importantly, we must urgently resume

a dialog with managers and legislators that more

humbly acknowledges the complexities of the problem

and the limitations of our capacity to predict the

trajectories of managed coastal ecosystems. We must

develop a new vision of the effectiveness of efforts to

mitigate eutrophication that focuses not only on the

changes relative to the initial conditions, but also on the

benefits relative to a ‘do nothing’ policy. Realization of

the difficulties of reversing eutrophication, owing to

the multiple mechanism that lead to a resistance of

coastal ecosystems to reverse the eutrophied state once

entered, must also reinforce policies and efforts to

avoid eutrophication, the costs of which are likely to be

far lower than those of remedial actions.
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