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Ocean policies around the world increasingly emphasize the importance of maintaining resilient ocean

ecosystems, communities, and economies. To maintain and restore the resilience of healthy marine

ecosystems in practice, specific management objectives with metrics and a policy framework for how

to apply them will be needed. Here we present a concept for doing this, based on evidence that marine

ecosystems transition from desirable to less desirable states in response to a number of physical,

chemical, and biological drivers. More empirical and synthesis research will be necessary to develop

quantitative metrics of resilience and thresholds between ecosystem states for specific ecosystems;

however, suggestions are provided here for how to manage for resilience when insufficient data and

knowledge are available for quantification. A summary of thresholds for biotic and abiotic drivers of

ecosystem state drawn from the literature is also provided as a guide to management.

& 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Increasingly, ocean policy in many countries emphasize eco-
system based management, coastal and marine spatial planning,
and the maintenance of resilient ecosystems, human commu-
nities, and economies. Implementation will require the applica-
tion of the best available science to the articulation of workable
goals, objectives, and management guidance.

Goals and priorities should be responsive to changes in
context. Climate change is now underway, new uses of the ocean
are being developed, and several biogeochemical cycles are now
dominated by human activities [1–6]. Ecosystem resilience –
defined here as the capacity of ecosystems to persist in a given
state by resisting change or recovering from impacts [7,8]–is an
explicitly stated goal of the new U.S. ocean policy (Executive
All rights reserved.

: þ1 415 293 6051.

, United States.

.

Order 13547—Stewardship of the Ocean, Our Coasts, and the
Great Lakes issued 19 July 2010). It is a goal that is embraced by
ocean resource managers in many other countries as well. Mana-
ging for resilient, desirable ecosystem states (i.e., states that
produce high levels of diverse ecosystem services) seems prudent
given the high degree of uncertainty surrounding the impacts of
climate change, new ocean uses, and how these will interact with
existing threats to marine ecosystems and the goods and services
they generate. However, it has been difficult to articulate specific
and practical management goals, objectives, and approaches that
result in resilience. In this paper, a framework for managing
marine ecosystems for resilience is developed based on the
evidence that ecosystems transition from desirable states to less
desirable states in response to biotic (biological) and abiotic
(physical and chemical) drivers, and that certain ecosystem
attributes contribute to the resilience of each of these states.
2. Resilience management principles

The first step toward managing for a resilient ocean is to
acknowledge that marine ecosystems can exist in many different
states, characterized by different species, community structures,
and ecosystem processes that can either be resilient or suscep-
tible to change. Some states deliver high levels of many ecosys-
tem services (defined here as desirable states), while other
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Table 1
Biotic and abiotic resilience attributes and driver thresholds for coral reefs (coral order: Scleratinia).

Drivers Zone/process
Qualitative resilience

attributes

Quantitative resilience attributes (i.e. thresholds)

Minimum Optimal/normal Maximum

Substrate

Hard substrate with

microhabitats, crustose

corraline algae [33].

Suboptimal: soft

sediment; sand, turf algae;

fleshy macroalgae [34,35]

Light (energy)

All coral reef

zones

High light conditions, clear

water

10% subsurface irradiance

[36]

30–40% of subsurface irradiance

(irradiance immediately below the

surface) [36]

0.45–45 E m�2 day�1 [37]

Shallow water
320–600 mmol m�2 s�1

[38]
400 mmol m�2 s�1 [39] 1600–1800 mmol m�2 s�1 [40]

Deep water/

crevices
8.6–43 mmol m�2 s�1 [38]

385 mmol m�2 s�1 [41];

456 mmol m�2 s�1 [42]

650 mmol m�2 s�1 [40];

41000 mmol m�2 s�1 (supra-

optimal irradiance) [40]

Temperature General Warm, relatively stable

18 1C may be the minimum

average temperature for

reefs to develop [36,43]

�25 1C [44–46]

� 1 1C above mean summer

maximum Sea Surface

Temperature (SST) for several

weeks or 3–4 1C above mean

summer maximum SST for 1–2

day exposures [18,47]

Nutrients

Overall

nutrient

concentrations

Low nutrient concentrations

and loadings

�1 mM DIN and �0.1–

0.2 mM dissolved inorganic

phosphorus [48–50]

Fore-reef

nitrogen and

phosphorous

concentrations

o0.04 mM of DIN (from

groundwater inputs in

Okinawa) [51]

0.025 mM of DIP (in

Bermuda) [52]

In Jamaica: 0.59 mM of DIN

concentrations and 0.20 mM of

phosphorus (most from

groundwater inputs) [53,54]

In the U.S. Virgin

Islands:Z0.283 mM of nitrate

and nitrite and 0.025 mmol L -1

of phosphorus [55]

3.8 mM of DIN concentrations in

upwelling areas of the Phoenix

Islands [56]

0.56 mM of DIP in upwelling

areas of the Phoenix Islands

[56]

Back-reef

nitrogen and

phosphorous

concentrations

o0.45 mM of DIN in

Guam [57]

0.07 mM of DIP in the

Great Barrier Reef

during summer [52]

In Jamaica: 3.6 mM of DIN

concentrations (most from

groundwater inputs) and

0.20 mmol L�1 of phosphorus

[53,54]

In U.S4 Virgin Islands:

Z0.512 mM nitrate and nitrite

in the U.S. Virgin Islands [55]

3.6 mM of DIN concentrations

(in upwelling areas in Jamaica

[53,54]

o0.9 mM of DIP (from

groundwater inputs in

Okinawa) [58]

Salinity Moderate salinity

24% (lethal for corals if

maintained for longer than

24 h) [13,47]

35% (typical for tropical seawater)

[59]
40% [47]

Wave surge

40.05 m sec�1: DIN can be

supplied from water

column;o0.05 m/s: DIN supplied

by benthic sources and water

column; 40.01 m/s: phosphate

supplied from water

column;o0.01 m/s: phosphate

supplied from benthic sources

[60–62]

occasional severe hurricane

damage has a diversifying effect

on Australian reefs [63]

Sedimentation

Little sedimentation (that can

smother corals or cloud the

water column. thus inhibiting

photosynthesis and reducing

available substrate) [64]

150 g m�2 day�1 (coral cover and

diversity were reduced in an area

that received this amount of

alluvial sediment in comparison

to an area which received only

30 g m�2 day�1, in Puerto Rico)

pH (acidity)

pH (acidity) or

calcium

carbonate

saturation

state

520% saturated with

respect to the common

CaCO3 mineral calcite

[44–46]

8.2 (normal pH) [65]350 matm

(current pCO2) [44–46]

480 ppm (carbonate threshold for

calcifying organisms like corals)

[10] pH of 7.8 [66]

Biological Drivers

Herbivory

Diverse, abundant, with

complementary grazing

functions (i.e. scrapers,

excavators, etc.)

Incipient macroalgal

overgrowth at 850 kg/ha

total fishable biomass;

sharp decline in herbivory

at 650 kg/ha fishable

biomass[26]

Estimated multispecies maximum

sustainable yield¼300–600 kg/ha

fishable biomass [26]

R. Fujita et al. / Marine Policy 38 (2013) 538–544 539



Table 1 (continued )

Drivers Zone/process
Qualitative resilience

attributes

Quantitative resilience attributes (i.e. thresholds)

Minimum Optimal/normal Maximum

Predation

Diverse, abundant, large

bodied, with different life

histories and behavior (i.e.

resident, transient, etc.)

E¼1 Einstein¼1 mol of photon¼6.02�1023 photons.

mM¼mmol L�1.

mM¼millimoles (10�3 mol).

nM: nanometers for light wavelength units and nano moles (10�9 mol) for dissolved oxygen units.

DIN, dissolved inorganic nitrogen; DIP, dissolved inorganic phosphorous.

Light levels for kelp forest data were converted by Foster and Schiel [67] from foot-candles and assuming a 12-h day with constant light; Light levels for coral reef data

were converted by the authors from mmol m-2 s-1 to E m-2 day-1 assuming a 12-h day with constant light.
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ecosystem states are associated with lower levels of fewer
services (undesirable states). Ecosystem services include the
provision of goods such as seafood and minerals, as well as
regulatory services such as flood prevention, cultural services
including recreational opportunities, and supporting services such
as nutrient cycling and photosynthesis [9]. The point at which the
system transitions from more desirable to undesirable states,
known as the threshold or tipping point, often occurs relatively
rapidly and is often unidirectional [10].

Kelp forests are relatively well understood marine ecosystems
that illustrate how changes in biotic and abiotic drivers can result
in state changes. Kelp forests can support productive fisheries,
kelp harvesting, recreational opportunities, and shoreline protec-
tion through wave dampening among other services (desirable
state). However, if predators such as sea otters, urchin-eating fish,
or lobsters (predators that are known to structure kelp forest
communities and contribute to its resilience) are reduced to low
levels, the resilience of this desirable state can decrease and the
system can ‘‘tip’’ into a less desirable state characterized by a high
abundance of urchins and overgrazed kelp, which produces fewer
ecosystem services [11].

Similarly, coral reefs can support fisheries, recreational oppor-
tunities, shoreline protection and other services. If herbivorous
fish are reduced to low levels, resilience can decrease and the
system can tip into a less desirable state characterized by low
coral cover and a high abundance of fleshy algae [12–18].

Abiotic factors, such as light, temperature, and nutrient levels,
can also drive transitions to alternative ecosystem states in both
coral reefs and kelp forests. Potential thresholds for biotic and
abiotic factors for coral reefs and kelp forests (two particularly
well studied marine ecosystems) based on a review of the
literature are summarized in Tables 1 and 2, respectively. Typi-
cally, the effects and thresholds of these abiotic factors are better
characterized than biotic factors. In addition, many biotic and
abiotic factors no doubt interact in both systems. For example,
high nutrient loadings and lack of grazing by herbivorous fish
may interact synergistically to accelerate a transition from coral
to algal dominated communities on coral reefs [19,20]. Sewage
input or high temperature levels can result in some loss of kelp,
which could be accelerated by the overharvest of urchin predators
[21,22].

Transitions from desirable to less desirable states can, of
course, be hastened by storms, anomalous temperatures, or other
shocks (‘‘fast drivers’’ or ‘‘pulse events’’). Such transitions can be
inhibited by conserving and restoring the attributes of marine
ecosystems that are associated with resilience. These include [8]:
1.
 ecological redundancy may buffer ecosystems from perturba-
tions due to the overlap of multiple species that perform a
similar ecosystem function, which often helps ecosystems
resist disturbance, recover more quickly, rebound following
change;
2.
 species complementarity provides an adaptive capacity within
the ecosystem to buffer uncontrollable changes in the environ-
mental drivers due to the diverse response to drivers among
multiple species;
3.
 intra-species complementarity provides similar adaptive capa-
city and may also contribute to increased resistance and
accelerated recovery due to high genetic variation within
species; and
4.
 higher productivity and recruitment rates may help increase
recovery rates or resistance to major shifts in ecosystem state
(productivity may be related to biodiversity, but there are
cases in which nutrients, by upwelling for example, and other
physical factors may play more important roles).

Restoration to historical desirable states is rare, but recovery
to more desirable states can be facilitated by reducing stressors.
In some cases, active recovery efforts such as re-stocking depleted
species may be required [23]. Disproportionately large changes
(e.g., large reductions in herbivores or large increases in preda-
tors) may also be required for recovery [24,25].

For some marine ecosystems, the factors (drivers) that influ-
ence these states are well understood, and some key attributes of
marine ecosystems that seem to contribute to resilience have
been identified [8]. Moreover, the levels of certain drivers that
define thresholds between desirable and undesirable states have
been determined in some cases [26]. Taken together, information
on states, drivers, and thresholds can be used to articulate
practical management objectives and metrics related to main-
taining marine ecosystems in desirable, resilient states.

When sufficient data and knowledge exist to quantify the
relationships between drivers and ecosystem states, and to
identify thresholds between desirable and undesirable states
(data-rich systems), measurable management objectives aimed
at achieving resilience of desirable states can be set for the
maintenance of drivers and resilience attributes at appropriate
levels. This is illustrated in a highly simplified way in Fig. 1.

If quantitative relationships between drivers and ecosystem
state are unknown, but a qualitative understanding of these
relationships and thresholds is available (data-moderate systems),
ecological risk analysis can be used to identify and reduce risks to
the attributes that support the resilience of desirable ecosystem
states [27].

For poorly understood (data-poor) ecosystems, it may be useful
to conduct a qualitative assessment of marine ecosystem vulner-
ability to help identify priorities for management. Vulnerability can
be conceived of as the obverse of resilience (i.e., absence of
attributes that contribute to resilience) in concert with the effects



Table 2
Biotic and abiotic resilience attributes and driver thresholds for kelp forests (kelp order: Laminariales).

Physical

drivers
Zone/process Qualitative resilience attributes

Quantitative resilience attributes (i.e. thresholds)

Minimum Optimal/normal Maximum

Substrate
Hard substrate (e.g. cobble,

boulder)

Light

(wavelength) Photosynthetically Active

Radiation (PAR)
400 nM [67]

700 nM [67]

Gametogenesis 350–500 nM [73]

Light (energy)

Gametogenesis

Moderate light intensity at the

surface (sufficient for plant

production)

0.2–0.4 Em�2 day�1

[68,69]

0.4–0.8 E m�2 day�1 (saturation

rate, i.e. highest growth rate)

[68,69]

Gametophytes
0.3 E m�2 day�1

(growth) [70]

2 E m�2 day�1 (saturation rate)

[70]

Young sporophyte

(�1 cm long)

0.1 E m�2 day�1

(growth) [70]

1.5 E m�2 day�1 (saturation rate)

[70]

Juvenile

sporophytes

(�0.2–1 m long)

0.6–0.7 E m�2 day�1

(growth) [71,72]

2–3 E m�2 day�1 (saturation rate)

[71]

Adults
0.1 E m�2 day�1

(growth) [73]

10 E m�2 day�1 (saturation rate)

[73]

Temperature

Gametogenesis Cold water o12–14 1C (optimal) [74,75] �16 1C [22,76]

Growth of

gametophytes

17 1C (optimal growth

temperature for most kelp species,

except for Nereocystis Luetkeana

for which growth occurred at

15 1C) [77]

Gametophyte

fertility

5 1C (gametophytes

unable to become

fertile below this

point) [67]

12 1C (optimal in southern

California kelp species) [67]

23 1C (growth and fertility

decline rapidly beyond this

temperature [67]

Sporophyte

production
16.3 1C [70,75]

Adult kelp

18–20 1C (the temperature

beyond which nutrients are

limiting) [68,70,72,77]

Nutrients

Overall nitrogen

concentrations

Nutrient rich (with mainly

nitrates) welled-up water.

Temporal patchy nutrient delivery

(e.g., periodic upwelling)—kelp

can store nitrogen while other

species cannot, perhaps providing

a competitive advantage

[70,78,79]

�1 mM of nitrate

[80–86]

1–2 mM of nitrate (is necessary

to support a typical giant kelp

growth rate of 4% increase in

wet weight per day) [87]

�2 mM of nitrates (kelp

growth is saturated at this

point) [88]

Surface nitrogen

concentrations

o0.5–1 mM of

nitrate (low for most

of the year, higher

during winter)

[80,89–91]

Bottom nitrogen

concentrations

41 mM of nitrate

(below 4.5 m depth,

(highest during

spring upwelling,

lowest during

summer) [80]

Other nutrients

Other known nutrient

requirements for M. pyrifera that

limit growth: phosphorus,

manganese, iron, copper, zinc [70]

30 ppb of copper reduces

Macrocystis growth and fertility

[92]; DDT has contributed to the

decline or lack of recovery of

kelp forests [70]; Zinc is toxic at

levels higher than those that are

bio-essential [93]

Salinity

Gametophyte Moderately saline water

25% (cultured

gametophytes do not

survive salinities

below this point)

[70,94]

28% (Laminaria saccharina,

Costaria costat and Constantinea

subulifera grow in the northeast

pacific up to and beyond these

surface salinities) [95]

Sporophyte

9% (irreversibly

inhibited

development of

Saccorhiza

polyschides) [96]

Adult kelp

10% (adult giant

kelp transplanted to

salinities below this

33% (typical salinity for

Macrocystis in eastern Pacific) [70]

The effects of high salinity are

compounded by high

temperatures [98]
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Table 2 (continued )

Physical

drivers
Zone/process Qualitative resilience attributes

Quantitative resilience attributes (i.e. thresholds)

Minimum Optimal/normal Maximum

level suffered

damage) [97]

Dissolved

oxygen

Surface

1.43 ml L�1 (or

2.4�10�18 nM,

below this threshold

is considered

hypoxic) [99]

0.25 mM [80]

Bottom (10–12 m) 0.14 mM [80]

Wave surge Current velocities
Moderate wave action to facilitate

plant nutrient uptake

0.02–0.04 m s�1 (optimal for

uptake of nutrients/ inorganic

nitrogen and highest growth rate)

[87,100]; �1 m wave height

(nutrient uptake is maximized for

surface, subsurface and base of

kelp) [87,101–103]

�1 m s�1 limits the extent of

canopy and the distribution of

Macrocystis [70]

Sedimentation
Little land-derived sedimentation

(that inhibits photosynthesis)

10 mg cm�3 (0.45 mm thick)

(reduce gametophyte survival by

90%) [104]

Biological drivers

Herbivory Diverse and abundant herbivores

32 urchins m�2 at

grazing front;

62 urchins m�2 at 9 m behind

grazing front; 46 urchins m�2

at 18 m behind grazing front

(grazing band of sea urchins,

Strongylocentrotus franciscanus,

S. purpuratus) [105]

Predation

Diverse, abundant, large predators

(large enough to prey on

functionally important herbivores

of most sizes)

Fig. 1. Alternate ecosystem states and thresholds. Ecosystems can transition from

a stable state (1) with multiple ecosystem services to an alternate state (3) with

fewer ecosystem services, in response to changes in physical, chemical and

biological drivers (drivers X, Y and i) that tip the system over a threshold (2).

The wider the basin, the greater the resilience of the system.

R. Fujita et al. / Marine Policy 38 (2013) 538–544542
of exposure and sensitivity [28,29]. Expert opinion can be system-
atically analyzed to assess ecosystem vulnerability [29,30].

In lieu of sufficient data to fully describe the relationships
between ecosystem state and drivers, a combination of quantita-
tive thresholds for abiotic drivers such as nutrient levels and
qualitative thresholds for biotic drivers such as predator and
herbivore abundance can be used to maintain marine ecosystems
in desirable states. Indicators to be used for tracking change
should be chosen carefully so that they are useful for manage-
ment; for example, highly variable or difficult to measure indica-
tors should be avoided. We summarize some of the available
information on biotic and abiotic thresholds in Tables 1 and 2 for
coral reefs and kelp forests, respectively, as interim guidance for
managers.
3. Framework for resilience management

3.1. Proactive resilience management

To proactively manage for resilience of desirable ecosystem
states, the known attributes that contribute to resilience –
including functional redundancy, intra- and inter-species com-
plementarity, and high productivity and recruitment rates–
should be monitored and maintained. In practical terms, this
translates into setting aside some relatively healthy areas of the
ocean for conservation (i.e., within Marine Protected Areas) and
maintaining currently healthy areas within a given ecosystem by
resisting pressure to maximize one ecosystem service over others
(which may be economically attractive, over the short term) and
preventing or reducing activities that have significant adverse
impacts on these attributes. ‘‘Significant adverse impact’’ can be
defined qualitatively (e.g., based on expert opinion), or quantita-
tively as changes that move the system into a state between the
bottom of the basin and the state change threshold (Fig. 1).

3.2. Identify early warning Indicators

The desirable and undesirable states described above for kelp
forests and coral reefs are the endpoints on a spectrum of change.
By the time coral or kelp cover – often used as indicators of
ecosystem state – are significantly diminished, many ecosystem
services are likely to have already been lost and recovery is likely
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to be difficult [8,31]. Identifying indicators and trends that occur
in advance of large shifts in ecosystem state is therefore critical
for successful management. For example, fishable biomass may
be an indicator of incipient ecosystem state change in coral reefs
and is relatively easy to measure [26]. There is empirical evidence
for coral reefs based on meta-analysis that variance in the ratio of
macroalgae to live coral increases significantly when fish biomass
drops below 850 kg/ha, suggesting that this level of fishable
biomass, associated with higher system variance, is an early
indicator of incipient state change [26]. Similar, rapid changes
in the variance of state variables may also be relatively early
indicators of incipient change in temperate marine ecosystems
[32]. Quantitative relationships between easily measured metrics
and non-linear changes in ecosystem state variables like these for
coral reefs have not yet been developed for kelp forests or many
other marine ecosystems.

3.3. Adaptive management

Monitoring indicators of resilience and early warning indica-
tors of ecosystem state change is of course essential, as is taking
corrective action based on continued learning. Determining when
action is warranted will depend on the risk tolerance of resource
managers, which should be made explicit and transparent.
4. Conclusions

New policy goals, objectives, and management thresholds
aimed at maintaining or increasing resilience could provide a
sound basis for improving the management of activities that
affect marine ecosystems. Specifically, the management frame-
work suggested here is aimed at reducing the risk of ecosystem
collapse and the loss of ecosystem services by maintaining
ecosystem attributes that contribute to resilience and by keeping
drivers of ecosystem change within ranges that prevent ecosys-
tems from transitioning to less desirable states. This approach
could also complement existing approaches such as Marine
Protected Areas, marine spatial planning, water quality control
programs, and fisheries management by improving their align-
ment with the goal of resilience. More research on the relation-
ships between ecosystem state variables and easily measured
metrics for other systems will be necessary for the development
of quantitative thresholds for resilience management. In the
meantime, proactive risk reduction, risk assessment using expert
opinion, and early warning indicators derived from meta-analyses
can be used to reduce the risk of ecosystem state change.
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