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Abstract The implicit assumption of many scientific and
regulatory frameworks that ecosystems impacted by human
pressures may be reverted to their original condition by
suppressing the pressure was tested using coastal eutrophica-
tion. The response to nutrient abatement of four thoroughly
studied coastal ecosystems that received increased nutrient
inputs between the 1970s and the 1980s showed that the
trajectories of these ecosystems were not directly reversible.
All four ecosystems displayed convoluted trajectories that
failed to return to the reference status upon nutrient reduction.
This failure is proposed to result from the broad changes in
environmental conditions, all affecting ecosystem dynamics,
that occurred over the 30 years spanning from the onset of
eutrophication to the reduction of nutrient levels. Understand-
ing ecosystem response to multiple shifting baselines is
essential to set reliable targets for restoration efforts.
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Introduction

Widespread ecosystems degradation due to mounting
human pressures has prompted efforts to reverse this
process. These efforts are guided by the identification of
the pressures responsible for the deterioration of the eco-
systems and a target or reference status to which the
ecosystem is supposed to return upon reduction of the
pressures. Whereas scientific research has made tremendous
progress in the first domain, the definition of a reference
status to be achieved upon release of direct anthropogenic
pressures remains a major stumbling block. In the absence
of sound scientific principles, many legal and managerial
frameworks refer to tentative assessments of the status of the
ecosystems prior to the onset of significant pressures to set
these targets, e.g., EC Water Framework Directive (EC
2000), US Clean Water Act (USEPA 2002)

J.M. Barrie, author of the celebrated children’s play Peter
Pan and Wendy (1911), created an island, Neverland, where
everything remained perpetually unchanged. We submit
that the expectation that ecosystems can be returned to an
idealized past reference status by virtue of reducing direct
human pressures is as likely as the existence of Neverland.
We argue that concurrent changes, human-induced and
otherwise, lead to shifting baselines imposing dynamic
trajectories for reference ecosystem status.

We illustrate this problem using the outcome of efforts to
reduce coastal eutrophication. Coastal eutrophication, de-
rived from increased nutrient inputs, is a mounting threat to
coastal waters worldwide (Nixon 1995; Vidal et al. 1999).
Boesch (2002) reported that 67% of the combined surface
area of US estuaries exhibited moderate to high degrees of
eutrophication and a similar picture has emerged in Europe
(Conley et al. 2002; Escaravage et al. 2006; Vidal et al.
1999) and other continents (e.g., Asia, Oceania; Boesch
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2002). The effects of eutrophication include the develop-
ment of noxious blooms of opportunistic algae and toxic
algae, the development of hypoxia, loss of valuable
seagrasses, and in general a deterioration of the ecosystem
quality and the services they provide (Boesch 2002; Cloern
2001; Duarte 1995; Nixon 1995).

The causes of coastal eutrophication are often bound
within the coastal ecosystems and their watersheds and are,
therefore, amenable to intervention at the individual
ecosystem scale. Indeed, efforts to reduce nutrient inputs
have resulted in a shift in trajectories, with many coastal
systems entering, beginning in the 1990s, an oligotrophi-
cation phase (e.g., Boesch 2002; Carstensen et al. 2006;
Cloern 2001). Reduced nutrient inputs have lead to
improved water quality in some ecosystems, as reflected,
for instance, in reduced chlorophyll a (chla) concentration
following reduced nutrient inputs to Tampa Bay (Greening
and Janicki 2006) and the Patuxent and Potomac Rivers
(Kemp et al. 2005). Yet, reducing nutrient inputs does not
always yield the expected ecosystem benefits (Colijn and
Cadée 2003; Paerl et al. 2004; Philippart and Cadée 2000).
For instance, changes in oceanographic forcing in San
Francisco Bay were reported to lead to food web changes
resulting in increased phytoplankton biomass despite a
parallel decline in nutrient inputs (Cloern et al. 2007).
Hence, responses of coastal ecosystems to oligotrophication
may be more complex than expected as other control
factors maybe changing at the same time.

Indeed, the published literature contains a diversity of
responses to eutrophication and oligotrophication, indicat-
ing that changes in nutrient inputs are not the sole driver of
changes in algal biomass in coastal waters. This diversity of
responses include ecosystems that do not respond, or
respond only minimally, to increasing nutrients because
other factors are controlling chlorophyll, such as rapidly
flushing, nonstratifying, light-limited estuaries like Dela-
ware Bay (e.g., Sharp 1994) and northern San Francisco
Bay (e.g., Dugdale et al. 2007). In addition to the spread of
eutrophication, global change has also altered key baselines
affecting the functioning of costal ecosystems and their
food webs, such as increased CO,, warming, sea level rise,
depletion of fisheries resources, habitat loss, among others
(Table 1). The ongoing shift in these important baselines
implies that the response of coastal ecosystems to oligo-
trophication may deviate from a simple reversion of the
changes experienced during the earlier eutrophication
phase. Indeed, the trajectory of ecosystems in a nutrient
input versus algal biomass space is expected to be far more
complex than the simpler proportional response implicit in
many managerial schemes.

We consider here four scenarios, in increasing complex-
ity, of ecosystem trajectories during eutrophication and
subsequent oligotrophication. A first scenario that we
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depict as “Return to Neverland,” embedded in most
restoration and legislation frameworks, depicts the trajecto-
ries as being simple and reversible, resulting from direct
deterministic control of ecosystem status by nutrient inputs
(Fig. la). Consideration of shifting baselines (Table 1)
implies that oligotrophication will deliver the coastal
ecosystem to a different status, for the same nutrient input,
than it had before eutrophication began, the “Shifting
Baselines” scenario (Fig. 1c). More sophisticated analyses
of ecosystem response to pressures include the presence of
thresholds in nutrient inputs beyond which coastal ecosys-
tems abruptly shift regimes (e.g., from seagrass-dominated
to ecosystems devoid of benthic vegetation; Webster and
Harris 2004), as demonstrated for a broad range of
ecosystems (Scheffer et al. 2001). This “Regime Shift”
scenario involves a resistance of the ecosystems to return to
the original status during oligotrophication (Fig. 1b) due to
hysteresis resulting from nonlinearities in the ecosystems
(Kemp et al. 2005; Scheffer et al. 2001). The “Regime
Shift” scenario considers coastal ecosystems to flip between
alternative stable states, whereas no states are necessarily
stable under a shifting baselines scenario. Thus, a final and
more complex scenario considers the combined effects of
shifting baselines and ecological thresholds acting to
deliver the ecosystem, after extended time lags and through
convoluted trajectories, to a substantially different status
following oligotrophication, the “Regime Shift and Shifting
Baselines” scenario (Fig. 1d).

We examined the adequacy of these scenarios to describe
the trajectories followed by the mean chlorophyll a
concentration, a powerful indicator of ecosystem response
to nutrient inputs (Cloern 2001; Duarte 1995; Nixon 1995),
using four thoroughly studied coastal ecosystems where
significantly increased nutrient inputs, eutrophication
phase, were followed by nutrient abatement significantly
reducing nutrient inputs, oligotrophication phase.

Materials and Methods

We searched the literature for thorough time-series studies
documenting statistically significant (linear regression
analysis, p<0.05) trends towards increasing nutrient inputs
to coastal ecosystems, eutrophication, followed by a
statistically significant decline in nutrient inputs, oligotro-
phication, in response to deliberate managerial actions to
reduce nutrient inputs. Whereas eutrophication or oligotro-
phication phases have been reported for many coastal
ecosystems, both these phases are seldom reported for the
same ecosystem; the length and intensity of the studies are
insufficient to deliver statistically significant eutrophication
and/or oligotrophication phases, or changes in nutrient
concentrations were unrelated to changes in anthropogenic
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Table 1 Global changes in human activity and key environmental traits between 1970, the onset of coastal eutrophication research, and 2005

Property 1970 2005 Potential effects References
CO, emissions (Pg year ') 4.1 7.8 Climate warming, increased photosynthetic Forster et al. (2007)
rates, ocean acidification
Atmospheric CO, (ppm) 326 376 Climate warming, increased photosynthetic Forster et al. (2007)
rates, ocean acidification
Human population (million)® 3,698 6,514 Increased appropriation of natural resources UN population
database (UN 2006)
Freshwater withdrawal (km® year ') 2,584 5,917 (1)  Reduced runoff, salinization of coastal Shiklomanov (2003)
aquifers, deteriorated water quality
Food production on land (million tons)* 4,640 8,666 Increased cropland and pasture area, FAO (20006)
increased fertilizer use, increased pesticide use
Fertilizer use (million tons N year ') 32 88 Increased eutrophication of freshwater Smil (2002)
and coastal waters
Mean global temperature -0.12 +0.45 Increased respiration, reduced oxygen content Forster et al. (2007)
(°C, relative to 1961-1990 mean) of waters, increased stratification, species shift
Mean global sea level (mm, -10 68 Increased coastal erosion, increased salinization Bindoft et al. (2007)
relative to 1961-1990 mean) of coastal aquifers
Fish and invertebrate taxa lost from large 5-17% 20-80%  Disruption of food webs and ecosystem processes Worm et al. (2006)
marine ecosystems (% relative to 1950)
Fisheries landings (million tons) 63.7 96.4 Marine food web changes, increased eutrophication ~ FAO (2006)
Marine aquaculture production 2.2 33.6 Increased eutrophication of coastal waters FAO (20006)
(million tons)®
Arable land (10° km?)* 13.2 14.2 Increased eutrophication and siltation of FAO (20006)

coastal waters

# Changes that affect nutrient inputs to coastal waters

inputs. The four best-documented cases we found were
Marsdiep, The Netherlands; Helgoland, Germany; Odense
Fjord, Denmark; and Gulf of Riga, Latvia/Estonia. The
eutrophication period encompassed the period from the
1970s to the mid to late 1980s, and the oligotrophication
phase started in the 1990s. These were indeed the only
cases we could find that showed both statistically signifi-
cant eutrophication and subsequent oligotrophication
phases (inserts in Fig. 2).

For the Marsdiep example, annual means of chla from
De Jonge (1997) were updated with recent data from the
Dutch national monitoring program (www.waterbase.nl).
Total nitrogen inputs from Lake Ijssel discharging to the
Marsdiep were obtained by intercalibrating data (1972—
1992) from De Jonge (1997) with data (1977-2002) from
Paetsch and Lenhart (2004) using linear regression.

Phytoplankton carbon biomass for Helgoland was
provided by the Alfred Wegener Institute at Helgoland.
Biomass of the dominating functional group, diatoms, was
used only because flagellate data have been subject to
systematic errors (Paetsch and Lenhart 2004). Nutrient
inputs (1978-2006) and freshwater discharge (1874-20006)
from the Elbe River, the largest contributor of many rivers
to the southeastern North Sea, were provided by ARGE
ELBE. Nutrient inputs between 1962 and 1997 were
reconstructed by estimating a transfer function (similar to

Conley et al. 2007) of nitrogen surplus in the watershed
(Hussain et al. 2004) multiplied by freshwater discharge
after subtracting point sources (approximately 37%).

Nitrogen input (entire watershed) and chla data for
Odense Fjord were obtained from Fyns county in Denmark.

For the Gulf of Riga, chla data were provided by the
Latvian Institute of Aquatic Ecology, University of Latvia,
and nutrient input from the Daugava River (largest source
of nutrients) was from Laznik et al (1999), with updated
data from ICES (2007). Smoothed curves were obtained by
S-year central moving averages.

Results

The four ecosystems experienced broad changes in nutrient
(three to fivefold range) and algal biomass (three to tenfold)
along the eutrophication and subsequent oligotrophication
periods (Fig. 2). Neither one of the four ecosystems
examined reached chlorophyll a concentrations above
16 png/L, indicating that they did not reach hypereutrophic
conditions, and their corresponding trajectories may not be
representative of more heavily eutrophied coastal systems.

The Marsdiep ecosystem experienced a clear, significant
increase in nutrient inputs from 1970 to the mid 1980s,
followed by a significant reduction in nutrient inputs to
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(a) Return to Neverland (b) Regime shift

Concentration

(c) Shifting baselines

(d) Shifting baselines + Regime shift
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Increasing Chlorophyll a [ncreasing Chlorophyll a

Increasing Nutrient Inputs Increasing Nutrient Inputs

Fig. 1 Idealized trajectories of chlorophyll a concentrations, as an
indicator of ecosystem status, and nutrient inputs to coastal ecosys-
tems under increasing (red line) and decreasing (green line) nutrient
inputs under different response scenarios: a “Return to Neverland”
scenario implying a direct reversible relationship between chlorophyll
a concentrations and nutrient inputs; b a trajectory resulting from a
“Regime Shift” in ecosystem status in response to nutrient inputs. This
trajectory results in an apparent time lag, or hysteresis effect, in the
response to reducing nutrient inputs; ¢ “Shifting Baselines” scenario,
where changes in forcing factors other than nutrients (e.g., climate,
food web structure) forces a trajectory for the ecosystem independent
of that forced by nutrients, depicted by the dotted line, preventing the
ecosystem to return to the “reference condition” after reducing nutrient
inputs; and d a trajectory displaying “Regime Shift and Shifting
Baselines” combined

reach values comparable to those in the early 1970s
(Fig. 2a). Chlorophyll a increased rapidly following
increased nutrient inputs and declined equally rapidly
during the initial phase of the oligotrophication period.
However, chlorophyll a concentration level off with
subsequent oligotrophication at levels almost twice as high
as those observed under similar nutrient inputs at the onset
of the eutrophication phase (Fig. 2a).

The Helgoland ecosystem experienced a doubling of
nitrogen inputs between 1960 and 1980, followed by an
oligotrophication phase involving an abrupt decline fol-
lowed by a more gradual decline in nutrient inputs over the
past decade (Fig. 2b). The biomass of diatoms showed, as
for the Marsdiep, a clear increase during the eutrophication
phase followed by an initial decline during the oligotrophi-
cation phase and a recent increase in diatom biomass
despite sustained oligotrophication (Fig. 2b).

The Odense fjord experienced a rapid eutrophication
during the late 1980s followed by a more gradual, still
ongoing oligotrophication to reach nutrient inputs below
those recorded at the onset of the monitoring program
(Fig. 2c). The sixfold change in chlorophyll a concentration
along this record did not follow any consistent pattern with
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the eutrophication and oligotrophication phase, resulting in
a very complex trajectory (Fig. 2c).

The pattern of eutrophication and oligotrophication in
the Gulf of Riga closely resembled that in the Marsdiep
ecosystem (Fig. 2d). However, the increase in chlorophyll a
concentration was far more modest and there was no clear
decline in chlorophyll a concentration along the oligotro-
phication phase (Fig. 2d).

The four ecosystems examined followed a diversity of
complex phytoplankton biomass trajectories during the
eutrophication and oligotrophic phases, which appeared to
be rather idiosyncratic among ecosystems (Fig. 2). Only
after considerable smoothing of the time trajectories did
some pattern emerge (Fig. 2). Whereas phytoplankton
biomass generally increased with increasing nutrient inputs,
the trajectory during the oligotrophication phase did not
follow an inverse path. Indeed, the pattern observed
deviates in all four ecosystems from that expected under
the “Return to Neverland” scenario (Fig. 1a), as none of the
trajectories show evidence of a return of mean chlorophyll a
concentrations to levels comparable to those observed at the
onset of the time series following reduction of nutrient
inputs to comparable, or lower, levels (Fig. 2, inserts). The
smoothed trajectories (Fig. 2) resemble, instead, those
expected under the combined “Regime Shift and Shifting
Baselines” scenario (Fig. 1d).

Discussion

The observation of complex trajectories of coastal ecosys-
tems in response to eutrophication and subsequent oligo-
trophication suggests that the expectation that eutrophication
can be reverted back to historical reference values by
reducing nutrient inputs alone may be unsupported, as
oligotrophication does not seem to be occurring to the
expected extent. Ad hoc explanations are typically offered to
account for failure of coastal ecosystems to return to
reference status upon reducing nutrient inputs (e.g., alterna-
tive nutrient sources, internal loading, shifts in limiting
nutrients, colimitation effects of nutrients and light, de-
creased filter-feeders activity, e.g., Colijn and Cadée 2003;
Paerl et al. 2004; Philippart and Cadée 2000). A decline in
chlorophyll a concentration in moderately eutrophic coastal
ecosystems may be triggered by factors other than
oligotrophication, particularly through changes in food
web structure (e.g., Heck and Valentine 2007; Cloern
2001). These observations are comparable to the much
longer experience in reverting lake eutrophication. Lake
ecosystems have been reported to follow convoluted
trajectories following nutrient reduction, with internal
loading, changes in food webs, the impacts of climate
change, and 10—15-year time lags from nutrient reduction
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Fig. 2 Sample trajectories of annual means of chlorophyll a
concentrations and diatom carbon biomass, as a proxy of ecosystem
status, versus total nitrogen loading, of four intensively studied
Northern European coastal ecosystems that experienced significant
eutrophication followed by significant oligotrophication after man-
agement actions (a—c) or breakdown of economies in Eastern Europe

to reduced algal biomass put forward as the causes for the
complex lake trajectories observed (Jeppesen et al. 2005).
We submit that the expectation that ecosystems will return
to the original conditions tracking reversed trajectories
following reduced nutrient inputs may be fundamentally
flawed, as it ignores the consequences of shifting baselines,
deriving from concurrent changes in multiple pressures, along
the time elapsed between pressures and restoration (about
30 years, Table 1). For instance, historical overfishing has
altered coastal food webs, removing ecological buffers
(Duarte 1995) and rendering coastal ecosystem more prone
to eutrophication (e.g., Heck and Valentine 2007; Jackson et
al. 2001). Environmental changes induced by human
activity, superimposed upon natural trends and fluctuations,
have led to major, extreme, and unprecedented changes in
the environment since coastal eutrophication emerged in the
1970s that could potentially affect the trophic status of
coastal waters (Table 1). These changes are of such
magnitude and simultaneously affect so many fundamental
factors affecting the functioning of coastal ecosystems that

Total nitrogen input from Daugava River (108 kg N yr-1)

(b and d). The fill black symbols show the annual average values and
the red line follows the trajectory of a 5-year moving average. Initial
and final years of the time series are indicated. /nserts show the time
series and 5-year running average of total nitrogen inputs to the
ecosystems. Note the difference in scaling

they would have forced, through the combination of their
separate and synergetic effects, coastal ecosystems to drift
away from their “reference” status even in the absence of
direct anthropogenic nutrient inputs.

Failure of coastal ecosystems to return to past ecological
conditions upon significant reduction in nutrient inputs is
disturbing both to scientists and managers, as current
models and management frameworks (e.g., EU Water
Framework Directive, EC 2000) assume a direct, continu-
ous response of coastal ecosystems to altered nutrient
inputs. These frameworks are derived from the widespread
observation of water quality and ecosystem deterioration
upon increasing nutrient inputs (e.g., Boesch 2002; Nixon
1995) and implicitly assume that opposite trajectories
would be followed upon nutrient reduction, returning the
ecosystems to acceptable deviation from preexisting refer-
ence conditions (e.g., EU Water Framework Directive, EC
2000). Lack of recovery of coastal ecosystems following
reduced nutrient inputs is likely to create frustration,
potentially leading to inaction when targets of ecosystem
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restoration efforts fail to be met. The scientific community
is to bear much of the burden for the frustration of
managers and society in general when confronted with
failure to restore eutrophied ecosystems, as the role of
nutrient inputs in controlling phytoplankton biomass has
been generally oversimplified in the dialog between
scientists and managers, possibly driven by the benign
intention to deliver a message clear enough as to prompt
restoration efforts. Thorough, sophisticated accounts of the
interplay between nutrient inputs and other factors, intrinsic
and extrinsic to the ecosystems, in controlling phytoplank-
ton biomass abound in the scientific literature (e.g., Cloern
2001; Jackson et al. 2001; Sharp 2001; Wilkerson et al.
2006; Howarth and Marino 2006) but have not been
effectively communicated to managers and policy makers.

Emphasis in returning ecosystems to a particular past
state, an unlikely outcome in a world of shifting baselines,
should be replaced by targets ensuring the maintenance of
key ecosystem functions and, thereby, the constant supply
of valuable ecosystem services to society. For instance, the
examination of the four cases presented may be interpreted
as evidence that nutrient reduction was ineffective. Yet,
reduced nutrient inputs have halted further eutrophication,
reducing associated damage and vulnerabilities, and im-
proved some indicators of ecosystem status in many eco-
systems (e.g., oxygen levels, macrophyte cover; Carstensen
etal. 2006; Kemp et al. 2005). Moreover, the literature also
contains examples of ecosystems that did improve follow-
ing reduced nutrient inputs, such as Tampa Bay (Greening
and Janicki 2006) or the Potomac River (Kemp et al.
2005). Hence, efforts to reduce nutrient inputs to eutrophied
coastal ecosystems have indeed delivered important benefits
by either leading to an improved status of coastal ecosystems
or preventing damages and risks associated to further
eutrophication.

The apparent lack of a common trajectory of coastal
ecosystems represents a major challenge for scientists but
also for managers and policy makers, who must consider
the possible occurrence of shifting baselines and regime
shifts in the ecosystems to evaluate possible outcomes of
restoration efforts. Managers, and the public at large, must
be educated to accommodate the possibility that ecosystem
responses may display hysteresis, due to time lags in the
responses and nonlinearities in the system, in the expected
outcomes of managerial interventions (Kemp et al. 2005),
so that expectations include observed ecosystem responses.
It is, however, critical that scientific understanding of
ecosystem trajectories progresses to identify what ecosys-
tem traits determine the likelihood of individual coastal
ecosystem to show the different trajectories proposed here
(Fig. 1) in response to reduced nutrient inputs, to better
inform managerial decisions. More generally, the scientific
underpinnings of ecosystem restoration efforts must prog-
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ress to reach the capacity to forecast the trajectories of
ecosystems subject to multiple simultaneous pressures and
changes, thereby considering the dynamic nature of
reference conditions. This requires a dynamic approach to
ecosystem responses, considering not only direct responses
to pressures but also random drifts, shifting baselines, and
nonlinear effects. Ecological thresholds must be identified,
also providing boundaries for management strategies, and
methods to identify these without the need to cross them are
urgently needed (Strange 2007).

The impact of shifting baselines on the capacity to return
ecosystems to an idealized past reference status is not
exclusive of coastal ecosystems but affects all domains of
environmental restoration. An example is the failure to restore
the ozone layer to levels before chlorofluorocarbon (CFC)
release after the implementation of the Montreal Protocol in
1987, which has been argued to derive from the combined
effects of climate warming and the release of new chemicals
impacting on ozone levels (Weatherhead and Andersen 2006),
illustrating the need to consider shifting baselines. As for
nutrient reduction efforts, the decreased release of CFCs in
the Montreal Protocol was not ineffective, as it prevented
further deterioration of the ozone layer. The widespread aim
of preserving ecosystems unchanged in protected areas, such
as national parks, represents an effort to anchor them on the
shores of Neverland against the action of shifting baselines
and clearly irreversible events, such as species extinctions
and invasions, which will likely be met with failure.
Fisheries science has also faced a general failure to predict
stock recovery following reduced fishing pressure, which
has led to pleas for a more ecosystem-based approach to
fisheries science and management (Botsford et al. 1997),
which should consider community and food web interactions
and the dynamic nature of marine ecosystems, including
their responses to climate change. Similarly, coastal ecosys-
tems must be managed from an ecosystems perspective that
extends beyond the role of nutrient inputs to consider the
concurrent dynamics of the drivers of change and their
interactions.

Society, and its actors most directly involved in
ecosystem stewardship, scientists, managers and policy
makers, must reconsider the targets of their efforts to focus
on maintaining a healthy environment, abandoning scenar-
ios revolving around idealized Neverlands, to confront
shifting baselines. Whereas we can reasonably predict the
statistical trend that ecosystems will follow upon changes in
nutrient inputs, we must acknowledge that our capacity to
predict the trajectories of individual ecosystems is still
primitive as is challenged by elements of idiosyncrasy in
the individual responses that cannot be derived from the
statistical responses of multiple coastal ecosystems. Con-
fronted with the need to act to prevent further ecosystem
deterioration, we must accept the limits to governability of
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coastal ecosystems and the need to consider some degree of
what Jentoft, addressing similar failures to manage fisher-
ies, has referred to as “a technology of foolishness,” which
emphasizes institutional experimentation and learning by
doing (Jentoft 2007).

There is a major pending revolution in concepts,
paradigms, and approaches in the way we manage nature
that should no longer strive at delivering a planet to future
generations identical to that we experienced at one point of
our lives but one that maintains functional integrity and
services of ecosystems conducive to a sustainable future.
Ecology and restoration science must, as the character
Wendy in J.M. Barrie’s play, grow to face change.
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