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     The Challenge:  Sustainable Management of an Ever-Changing Planet






Systems	
  can	
  change	
  abruptly	
  

multiple scales [28]. In its narrowest sense, ecosystem-
based management extends the focus of resource manage-
ment beyond target species to include the impacts of
fishing on non-target species (caught as bycatch) or the
effects of fishing gear on benthic habitats [29,30]. More
broadly, ecosystem-based management reverses earlier
single-species approaches by striving to support ecological
processes that sustain the delivery of harvestable
resources, recognizing the important and diverse ecologi-
cal roles offishes and other target species in the dynamics of
complex ecosystems at multiple scales [31–33].

In tandem with these trends, marine ecology is
developing novel paradigms and new conceptual models
that encompass larger spatial and temporal scales, and
incorporate the role of history and nonequilibrial
dynamics in the tempo and mode of ecosystem change
[1,8,10,12,20,34–40]. As a consequence, ecology has
become more relevant for resource management. In effect,
fisheries and ecological science are converging, from
opposite directions, toward a multi-scale process-oriented
perspective on the dynamics of marine ecosystems. The
explosion of recent studies of marine no-take areas (NTAs;
no-fishing refuges or sanctuaries) has also brought ecology
and fisheries science closer and encouraged a more
experimental, proactive and socio-economic approach to
ecosystem management [41,42]. Fundamentally, NTAs
are large-scale ecological experiments that exclude a top
predator (recreational, subsistence and/or commercial
fishers), with profound social and economic implications.
The traditional view of NTAs as primarily a fisheries
management tool [43] is waning, with an increasing
emphasis on their broader utility for managing biodiver-
sity, trophic structure and function, and ecosystem
resilience [15,20,44,45]. For example, increasing concern
about the combined impacts of fishing, pollution and
climate change on the resilience of Australian coral reefs

was a major factor in establishing over 100 000 km2 of
new NTAs during 2004 [15].

Here, we highlight two important aspects of SESs that
should be addressed to ensure the sustainable use and
conservation of living marine resources; (i) the temporal
and spatial scale of ecosystem dynamics andmanagement;
and (ii) the importance of biodiversity in the functioning
and resilience of marine systems. We conclude with a
blueprint for developing novel institutional frameworks
for the future governance of marine systems.

The importance of scale
Developing marine policy and managing natural
resources requires multi-scale ecological and social infor-
mation. Traditionally, most ecological studies are brief and
localized. However, the need for advice on how to cope with
the impacts of environmental degradation, climate change
and widespread overfishing is a major driver of an
accelerating trend for the scaling-up of marine ecological
studies. For example, the history of ecosystems (i.e. how
they got to be in their current condition) is an important
aspect of temporal scale that has far-reaching conse-
quences for research and resourcemanagement [1,8,46–49].
If we ignore history and are unaware of trajectories of
change, then a system is more likely to be falsely perceived
as being stable and pristine [40]. In recent years,
ecologists have focused increasingly on the cumulative
and interactive effects of sequences of events, rather
than concentrating solely on the most recent insult that
leads to ecosystem collapse [1,15,16,20]. Nonetheless,
most researchers still view resilience in terms of recovery
from the most recent single disturbances, such as a storm
or hurricane, to a single equilibrium. By contrast, social–
ecological resilience focuses on absorbing recurrent per-
turbations, and on coping with uncertainty and risk,
recognizing that disturbance and change are an integral
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Figure 1. Three examples of alternate states in marine ecosystems. (a) Tropical coral reefs, (i) assemblages dominated by corals Acropora palmata and A. cervicornis in the
Caribbean in 1979, and (ii) the same reef, degraded and smothered by fleshy seaweedDictyota spp two decades later; (b) temperate and boreal rocky reefs, (i) kelp-dominated
systems (Alaria fistulosa) in the Aleutian Islands, and (ii) over-grazed sea urchin Strongylocentrotus polycanthus barrens; (c) temperate coastal pelagic systems, (i) predatory
fishes Scombrus scombrus, and (ii) overfished, depleted food chains, dominated by planktonic jellyfishes Aurelia aurita. By definition, phase shifts among alternate states
constitute profound and often sudden changes in species composition, withmajor economic and social consequences. [Photography by T.P. Hughes (a) and R.S. Steneck (b).
(ci) reproduced with permission from E. Svensen. (cii) reproduced with permission from R. Lumiaro].
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  theory	
  

•  “Sudden,	
  large,	
  long-­‐las=ng	
  shi)s	
  in	
  ecosystem	
  
structure	
  and	
  func=on”	
  	
  

•  In	
  ecology,	
  is	
  closely	
  related	
  to	
  resilience.	
  	
  
•  1973,	
  Holling	
  defined	
  resilience	
  as	
  the	
  ability	
  of	
  a	
  
system	
  to	
  persist	
  in	
  a	
  par=cular	
  domain	
  of	
  aSrac=on	
  
rather	
  than	
  being	
  pushed	
  into	
  a	
  different	
  domain	
  –	
  i.e.,	
  
the	
  ability	
  to	
  withstand	
  a	
  regime	
  shi).	
  	
  

•  alterna've	
  stable	
  states	
  or	
  mul'ple	
  equilibria	
  	
  
•  "the	
  ability	
  of	
  a	
  system	
  to	
  internally	
  switch	
  between	
  
different	
  self	
  reinforcing	
  processes	
  that	
  dominate	
  how	
  
the	
  system	
  func=ons”	
  (Cumming	
  &	
  Norberg	
  2008)	
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relevant but do not apply to all systems uniformly, that
human impacts might widen the range of habitats where
threshold dynamics occur and that there are both benefits
and risks to conservation and restoration decisions that
presuppose threshold dynamics [10–14]. Finally, we
emphasize several future research directions to guide
the application of threshold models in conservation and
restoration, including methods to correctly diagnose eco-
system dynamics, identify thresholds related to collapse
and recovery, and anticipate—or in the case of degraded
systems, overcome—such thresholds.

The gap between threshold models in theory and
application
Theory
Although ecosystem dynamics can be multifaceted, one
common distinction is between linear continuum responses
and discontinuous threshold responses (Figure 1). Con-
tinuous change models predict that a change in the
environment leads to a proportional change in species
composition. Increasing or decreasing the environmental
conditions over time will lead to responses down or up the
same trajectory. Discontinuous threshold models describe
the situation where changes in environmental conditions
lead to very little change in species composition or function
until a threshold is reached, when a sudden change in
composition or function occurs. Ecological theory predicts
that thresholds (see Glossary) occur when a trigger
switches the pull of negative feedbacks from one attractor
to another attractor (Figure 1b,c). These triggers are often
either long-term abiotic perturbations that modify site

characteristics or shorter-term modifications to biotic
structure within communities [8,15]. Complex inter-
actions, often in the form of positive feedbacks, canmagnify
these small changes, causing the system to rapidly change
and cross a threshold to an alternative state characterized
by different structure and function. Just before crossing a
threshold, key ecosystem variables are predicted to show
increased variability (i.e. rising standard deviations) and
slower return rates after perturbation [16–18].

There are several types of theoretical models that pre-
dict threshold dynamics. Particularly applicable are dis-
continuous threshold models without hysteresis
(Figure 1b), where the same response pathway occurs
regardless of the direction of the environment change
(i.e. no hysteresis). In this case, a sudden change in one
direction, although discontinuous, could be reversible and
result in a sudden recovery in the opposite direction.
Hysteresis threshold models (Figure 1c), by contrast,
describe a situation in which there are two or more stable
point attractors (basins of attraction) for one given external
environmental condition. In this case, because multiple
states occur at one given environmental condition, the
pathway to a restored system can be very different from
the one that led to the degraded state [5].

Ecological theory yields a rigorous and detailed set of
constructs needed to determine whether a system exhibits
threshold behavior [19,20]. However, many tests of these
constructs are hard if not impossible to apply in a practical
setting. For instance, theory indicates that it is important
to demonstrate long-term stability for a period that
exceeds the lifespan of any one individual, which would

Figure 1. Alternative models of ecosystem dynamics. Gradual change (a), and two threshold models, non-hysteresis (b) and hysteresis (c). Each square defines possible
relative abundances of two state characters (different species, functional groups or ecosystem processes), which we have labeled assemblage 1 and assemblage 2. Ovals
represent isoclines of standard units of perturbation strength (resilience) and the stars represent attractors. The dotted line in (c) indicates boundaries of basins of attraction.
Each of these isocline graphs is arrayed along an environmental axis. Changes in the isoclines across the environmental gradient represent changes in composition and
stability landscape. Below the isoclines, two-dimensional relationships between the biotic community composition (vertical axis) and environment (horizontal axis) are
shown. Gradual change (a) occurs when there is a linear succession of species or groups along an environmental gradient. Non-hysteresis threshold change (b) occurs
where species composition rapidly changes at a given point on the environmental gradient. Changes in the environmental gradient (or other external drivers) can push a
system from one state to the other. Hysteresis thresholds (c) can occur if there are multiple basins of attraction (states) within the same habitat so that the threshold where
assemblage 1 will decline (collapse) differs from where assemblage 1 will increase (recovery). Human activities can change the frequency and nature of threshold events by
influencing resilience, which can affect the arrangement of isoclines as well as shift the system from one to another type of dynamics (i.e. from [a] to [b] to [c], as indicated
by the colored rectangles).
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Lake	
  Eutrophica=on	
  I	
  

Scheffer et al 2001



Feedbacks	
  

(Bennett et al 2005; Biggs et al 2012)

Dominant	
  feedback	
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  water	
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  that	
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-­‐ Black	
  Sea	
  (Daskalos	
  et	
  al	
  2002,	
  2007)	
  
-­‐ North	
  Sea	
  (Weijerman	
  et	
  al.	
  2005,	
  Alheit	
  et	
  al.	
  2005,	
  Reid	
  et	
  al	
  2001,	
  
Beaugrand	
  et	
  al.	
  2003,	
  2008,	
  Beaugrand	
  2004,	
  Llope	
  et	
  al	
  2009)	
  

-­‐ North	
  West	
  Atlan=c	
  /	
  Sco=an	
  Shelf	
  (Frank	
  et	
  al	
  2005,	
  2006,2007)	
  
-­‐ North	
  Pacific	
  (Hare	
  &	
  Mantua	
  2000,	
  Wooster	
  &	
  Zhang	
  2004)	
  
-­‐ Bal=c	
  Sea	
  (Möllmann	
  et	
  al	
  2000,	
  2005,	
  2008a,	
  2009,	
  Casini	
  et	
  al	
  
2008,2009;	
  Österblom	
  et	
  al	
  2007,	
  Alheit	
  et	
  al	
  2007)	
  

-­‐ ……….	
  
-­‐ =>	
  disrup=ve	
  changes	
  in	
  ecosystem	
  services,	
  i.e.,	
  fisheries	
  produc=vity	
  	
  
-­‐ =>	
  extensive	
  fluctua=ons	
  of	
  harvested	
  fish	
  stocks	
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Why fishing magnifies fluctuations in fish 
abundance

Stenseth & Rouyer 2008, based on Anderson et al 2008



Flow	
  of	
  energy	
  in	
  marine	
  systems	
  

BoSom-­‐Up	
   Top-­‐	
  Down	
   Wasp-­‐Waist	
  Cury 2007



Changes	
  boSom	
  up	
  –	
  top	
  down	
  
dynamics	
  

within the small-mesh survey time series (Litzow 2006). The
NMDS value from the model producing the lowest GCV
score was retained as the threshold value. Similar iterations
were used to select appropriate time lags for analysis of
temperature and density-dependent effects (from candidate
lags of 0–3 and 1–3 years, respectively). Commercial fishery
effects were only examined at lag 1 (i.e. for the 12 months
prior to a given survey), and, following an earlier study
(Worm & Myers 2003), trophic control was only examined
at lag 0.

Generalized Cross Validation scores could not be used to
directly compare candidate TGAM and GAM models
because the GCV score does not properly account for the
presence of an additional parameter (i.e. the threshold) in
the TGAM, so a genuine cross-validation (gCV) score was
used instead. We calculated gCV scores by excluding a single
datum from the time series and using the remaining data to
fit a new candidate model (including a re-estimation of the
threshold in the TGAM case). The new model was then
used to estimate the out-of-sample data case, and the mean-
squared predictive error was recorded. The same routine
was repeated for the remaining data points, with the final
gCV being the average mean-squared predictive error of all
runs for each candidate model (Ciannelli et al. 2004).

Of the five prey species in our study, four (capelin,
humpy shrimp, coonstripe shrimp and sidestripe shrimp)
became so scarce after the community phase transition that
CPUE fell below 0.01 kg km)1 in some years. Thus, while
cumulative abundance of the five prey species could be
precisely measured throughout the time series, it was judged
that measurement error for the four least dominant species
was too large relative to their abundance late in the time
series for individual models of abundance to be constructed.

Therefore, pink shrimp, which remained relatively common
in every year (CPUE > 0.5 kg km)1) and were the domi-
nant prey of cod around the phase transition (Albers &
Anderson 1985), were the only prey species for which
detailed models of abundance were constructed.

RESUL T S

The PDO regime shift appeared as a rapid warming in our
regional-scale climate index (PC1 score; Fig. 1c). This
increase in temperature was followed by an increase of
more than three orders of magnitude in survey CPUE of
Pacific cod between 1976 and 1979 (Fig. 1d). As cod
abundance in Pavlof Bay increased, the five prey species
showed a three order of magnitude decrease in cumulative
survey CPUE (Fig. 1d), and the collapse of shrimp
populations and increase in cod abundance resulted in a
rapid transition from a shrimp fishery to a cod fishery
(Fig. 1e).

Across the entire Pavlof Bay time series, we found a
negative correlation between log-transformed abundance of
cod and the five prey species as a group (r = )0.70,
n¢ = 11.2, P ¢ = 0.01), indicating top–down control of prey
populations by cod predation. However, temporal decom-
position of the time series revealed variability in trophic
control that was related to temperature: the time series
begins in a cold, bottom–up state (cod and other
groundfish predators largely absent), followed by warming
and strong top–down control, then a reversion to bottom–
up or weak control with further warming (GAM,
R2 = 0.49, n = 30, EDF = 3.58, P = 0.003; Fig. 2a). These
changes in trophic control were coincident to the phase
transition between alternate community states in Pavlof

Figure 2 (a) Oscillating trophic control in Pavlof Bay, Alaska in response to climate change: correlations between cod and prey abundance on
a 5-year sliding window plotted against 5-year running mean climate index (first principal component of summer and winter temperatures
from two regional time series) lagged 1 year. (b) Shift to top–down control during phase transition between alternate states in Pavlof Bay:
cod–prey correlations on 5-year window plotted against 5-year running mean non-metric multidimensional scaling (NMDS) axis 1 score of
survey catch composition. NMDS expresses the community differences before (negative values) and after (positive values) phase transition.
Labels indicate midpoints of 5-year windows, solid lines depict smoothed nonparametric regressions, and dotted lines indicate 95%
confidence intervals around regression lines.
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Regime shifts in marine systems 

	
  13	
  +	
  marine	
  ecosystems	
  
	
  approx.	
  40	
  studies	
  



Some	
  more	
  detailed	
  examples:	
  

•  Coral	
  reefs	
  (“recovery”	
  poten=al)	
  	
  
•  Black	
  Sea	
  (eutrophica=on	
  +	
  fishing)	
  
•  Bal=c	
  Sea	
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  reefs	
  



a)	
  Recovery	
  

b)	
  Regime	
  shi)	
  following	
  disturbance	
  

c)	
  ”Cryp=c”	
  regime	
  shi)	
  before	
  	
  
disturbance	
  (e.g.	
  the	
  Caribbean	
  story)	
  

Nyström	
  et	
  al.	
  2009	
  (Coral	
  Reefs)	
  

*:	
  pulse	
  perturba=on	
  
solid	
  line:	
  community	
  structure	
  
blue-­‐do6ed:	
  key-­‐process	
  (state	
  variable)	
  



Jamaica	
  –	
  
the	
  archetypical	
  example	
  of	
  a	
  	
  

coral	
  reef	
  regime	
  shi)	
  

Hughes	
  1994	
  (Science)	
  

ades by up to 80% on the extensive (but
narrow) fringing reefs of the north coast,
mainly a result of intensive artisanal fish-
trapping (Fig. 2). By 1973, the number of
fishing canoes deploying traps on the north
coast was approximately 1800 (or 3.5 canoes
per square kilometer of coastal shelf), which
was two to three times above sustainable lev-
els (7). The taxonomic composition of fish
has changed markedly over the past 30 to 40
years. Large predatory species, such as sharks,
lutjanids (snappers), carangids (jacks), ballis-
tids (triggerfish), and serranids (groupers)
have virtually disappeared, while turtles and
manatees are also extremely rare. The remain-
ing fish, including herbivores such as scarids
(parrotfish) and acanthurids (surgeonfish),
are small, so that fully half of the species
caught in traps recruit to the fishery below the

minimum reproductive size. Indeed, because
adult stocks on the northern coast of Jamaica
have been sharply reduced for several decades,
populations today may rely heavily on larval
recruitment from elsewhere in the Caribbean
(7). This sequence of changes was repeated
more recently along the southern coast of
Jamaica. There, the broader coastal shelf has
become increasingly accessible to a modern-
izing fishing fleet, with the number of motor-
ized canoes almost doubling from the 1970s to
the mid-1980s (8). Despite this increased fish-
ing effort, the catch from the south coast
remained the same over this 15-year period
(that is, the catch per unit effort declined by
half). The species composition of the fishery
has also changed markedly, indicative of se-
vere overfishing nationwide (6-8).

The ecological effects of the drastic re-

duction in fish stocks on Jamaica's coral
reefs as a whole were not immediately ob-
vious. Throughout the 1950s to the 1970s
the reefs appeared to be healthy; coral cover
and benthic diversity were high (3) (Figs. 2
and 3). There were relatively few macroal-
gae throughout this period despite the pau-
city of large herbivorous fish as a result
mainly of grazing by huge numbers of the
echinoid Diadema antillarum (9, 10). The
major predators of adult Diadema are fish
[for example, ballistids, sparids (porgies),
and batrachoidids (toadfish) (11)1 that are
now rare in Jamaica. Other fish (such as
scarids and acanthurids) compete strongly
with Diadema for algal resources, as evi-
denced by competitor removal experiments
(12). Therefore, the unusually high abun-
dance of D. antillarum on overfished reefs
such as Jamaica's was almost certainly a
result of the over-exploitation of reef fish-
eries. Hay (13) investigated this hypothesis
on a geographic scale and found that den-
sities of echinoids were much greater on
overfished than on pristine reefs throughout
the Caribbean. A mass mortality of Diadema
in 1983 had far-reaching consequences, in
part because of the prior reduction (for
several decades) of stocks of herbivorous
and predatory fish.

g

A

2.3

Fig. 2. (A) Healthy reefs are characterized by a high degree of habitat heterogeneity, which provides
habitat for fish and invertebrates. (B) A Z-shaped fish trap commonly used throughout the Caribbean (7).
(C) Removal of fish is likely to have promoted population growth of the echinoid Diadema antillarum,
which became the dominant macroherbivore on overfished reefs throughout the Caribbean (13). (D) After
the mass mortality of Diadema from disease in 1983, spectacular algal blooms ensued on overfished
reefs. In Jamaica, abundance of macroalgae has increased steadily for the past decade (see Fig. 3B). (E
and F) Macroalgal overgrowth and preemption of space for larval recruitment has caused a dramatic
decline in abundance of corals. Here, a massive coral has been partially smothered by Lobophora (E),
killing tissue overlying the white coral skeleton as revealed by peeling away the algae (F).

1975 1980 1985 1990 1995

Ye
Fig. 3. Degradation of Jamaican coral reefs over
the past two decades. Small-scale changes in (A)
coral cover and in (B) macroalgal cover over time
at four depths near Discovery Bay (32).
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ades by up to 80% on the extensive (but
narrow) fringing reefs of the north coast,
mainly a result of intensive artisanal fish-
trapping (Fig. 2). By 1973, the number of
fishing canoes deploying traps on the north
coast was approximately 1800 (or 3.5 canoes
per square kilometer of coastal shelf), which
was two to three times above sustainable lev-
els (7). The taxonomic composition of fish
has changed markedly over the past 30 to 40
years. Large predatory species, such as sharks,
lutjanids (snappers), carangids (jacks), ballis-
tids (triggerfish), and serranids (groupers)
have virtually disappeared, while turtles and
manatees are also extremely rare. The remain-
ing fish, including herbivores such as scarids
(parrotfish) and acanthurids (surgeonfish),
are small, so that fully half of the species
caught in traps recruit to the fishery below the

minimum reproductive size. Indeed, because
adult stocks on the northern coast of Jamaica
have been sharply reduced for several decades,
populations today may rely heavily on larval
recruitment from elsewhere in the Caribbean
(7). This sequence of changes was repeated
more recently along the southern coast of
Jamaica. There, the broader coastal shelf has
become increasingly accessible to a modern-
izing fishing fleet, with the number of motor-
ized canoes almost doubling from the 1970s to
the mid-1980s (8). Despite this increased fish-
ing effort, the catch from the south coast
remained the same over this 15-year period
(that is, the catch per unit effort declined by
half). The species composition of the fishery
has also changed markedly, indicative of se-
vere overfishing nationwide (6-8).

The ecological effects of the drastic re-

duction in fish stocks on Jamaica's coral
reefs as a whole were not immediately ob-
vious. Throughout the 1950s to the 1970s
the reefs appeared to be healthy; coral cover
and benthic diversity were high (3) (Figs. 2
and 3). There were relatively few macroal-
gae throughout this period despite the pau-
city of large herbivorous fish as a result
mainly of grazing by huge numbers of the
echinoid Diadema antillarum (9, 10). The
major predators of adult Diadema are fish
[for example, ballistids, sparids (porgies),
and batrachoidids (toadfish) (11)1 that are
now rare in Jamaica. Other fish (such as
scarids and acanthurids) compete strongly
with Diadema for algal resources, as evi-
denced by competitor removal experiments
(12). Therefore, the unusually high abun-
dance of D. antillarum on overfished reefs
such as Jamaica's was almost certainly a
result of the over-exploitation of reef fish-
eries. Hay (13) investigated this hypothesis
on a geographic scale and found that den-
sities of echinoids were much greater on
overfished than on pristine reefs throughout
the Caribbean. A mass mortality of Diadema
in 1983 had far-reaching consequences, in
part because of the prior reduction (for
several decades) of stocks of herbivorous
and predatory fish.

g

A

2.3

Fig. 2. (A) Healthy reefs are characterized by a high degree of habitat heterogeneity, which provides
habitat for fish and invertebrates. (B) A Z-shaped fish trap commonly used throughout the Caribbean (7).
(C) Removal of fish is likely to have promoted population growth of the echinoid Diadema antillarum,
which became the dominant macroherbivore on overfished reefs throughout the Caribbean (13). (D) After
the mass mortality of Diadema from disease in 1983, spectacular algal blooms ensued on overfished
reefs. In Jamaica, abundance of macroalgae has increased steadily for the past decade (see Fig. 3B). (E
and F) Macroalgal overgrowth and preemption of space for larval recruitment has caused a dramatic
decline in abundance of corals. Here, a massive coral has been partially smothered by Lobophora (E),
killing tissue overlying the white coral skeleton as revealed by peeling away the algae (F).

1975 1980 1985 1990 1995

Ye
Fig. 3. Degradation of Jamaican coral reefs over
the past two decades. Small-scale changes in (A)
coral cover and in (B) macroalgal cover over time
at four depths near Discovery Bay (32).
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Oguz & Velikova: Regime shift in the Black Sea

The pristine state was further characterized by high
zooplankton biomass and fish catch, and low Noctiluca
and jelly biomass (Fig. 6a–c). In contrast, the post-
eutrophication phase was associated with low zoo-
plankton biomass and fish catch, and moderate Noc-
tiluca and jelly biomass. The total fish catch versus
jelly biomass plot (Fig. 6d) identified the pristine state
as a fish-dominated system and the intermediate state
as a jelly-dominated system.

DISCUSSION

A long-term data set was used to elucidate abrupt
ecological changes from high to low production along
the northwestern Black Sea in the early 1990s. We
assessed whether the prevailing low production state
could be classified as recovery, or whether it merely
reflects a different reorganization of the degraded food
web structure at relatively low resource conditions.

Patterns in the long-term data were indicative of 3
alternative states in the NWS ecosystem, comprising a
low production system before 1970, a highly produc-
tive eutrophic system during the 1980s, and a rela-
tively low production intermediate system after the
early 1990s (Fig. 7). The low production system before
1970 was N-limited, and diatom-based phytoplankton
production was mainly channeled through mesozoo-

plankton (copepods and cladocerans) to planktivorous
fish (small pelagics) and finally to piscivores. This sys-
tem is hereinafter referred to as a ‘muscle food web
(MFW)’ (cf. Sommer et al. 2002) characterized by high
ecotrophic efficiency. This state is characterized by
high piscivore and zooplankton biomass, and low bio-
mass of small pelagics and phytoplankton biomass,
possibly due to a trophic cascade. The heterotrophic
dinoflagellate Noctiluca scintillans and the jellyfish
Aurelia aurita were not dominant components of the
food web, possibly due to a competitive disadvantage
against mesozooplankton and small pelagic fish under
low resource availability and to grazing of Aurelia by
mackerel (Zaitsev & Mamaev 1997).

Following overfishing of the dolphin population
between 1950 and 1966, and gradual depletion of
bonito, bluefish, mackerel and other piscivores in the
mid-1960s and early 1970s (Daskalov et al. 2007), the
MFW was simplified into 3 trophic levels. Phosphate
and nitrate concentrations increased 10- and 5-fold,
respectively, in the first half of the 1970s due to anthro-
pogenic loading. This increase supported an order of
magnitude higher phytoplankton biomass, which in
turn stimulated greater total capture production,
including small pelagics. The growing importance of
the microbial loop is inferred by the doubling of the
annual mean bacterioplankton abundance. The pro-
portion of autotrophic dinoflagellate blooms increased
from 15% prior to 1970 to 60% in the 1980s (Nesterova
et al. 2008), and they were accompanied by massive
blooms of the heterotrophic dinoflagellate Noctiluca
scintillans and high biomass of the jellyfish Aurelia
aurita. This ecotrophically inefficient ‘jelly food web’
(JFW) structure was presumably facilitated by a strong
nanophytoplankton-protozoa link (microbial food web)
together with additional food from meroplankton
and mesozooplankton nauplii. We hypothesize that the
nutrient enrichment and a trophic cascade favored
high phytoplankton production, due to grazing pres-
sure upon zooplankton by small pelagic fishes and jel-
lies. In addition, Noctiluca would benefit from the high
phytoplankton production. This situation constituted
the eutrophic state of the ecosystem.

The second transition occurred in the early 1990s
due to several concurrent events, including the prolif-
eration of Mnemiopsis due to favorable climatic condi-
tions and the collapse of many marine living resources,
such as planktivorous fish, due to overfishing (Purcell
2005, Oguz et al. 2008a). Mnemiopsis flourished in the
food web along the western coastal waters during
1989–1992 (Kamburska et al. 2006), because of its
wide prey base (e.g. ciliates, copepods of various sizes,
nauplii, larvae of cirripeds, bivalves, eggs and larvae of
fish), and its higher growth and reproductive rates rel-
ative to Aurelia and anchovy larvae during the warmer

239

Fig. 7. Schematic representation of the 3 distinct ecosystem
states for different properties of the ecosystem with respect to
changing nutrient enrichment of the system. MFW and JFW
denote the muscular and jelly food webs, respectively. The
upper panel applies to Noctiluca and Aurelia, and the lower

panel to trophic zooplankton and total fish catch

Oguz	
  &	
  Velikova	
  2010	
  



Do	
  we	
  see	
  shi)s	
  in	
  the	
  Bal=c	
  Sea	
  ?	
  



The	
  Bal%c	
  Sea	
  

Characteris%cs	
  	
  
• 	
  large	
  semi-­‐enclosed	
  brackish	
  
water	
  body	
  
• 	
  low	
  diversity	
  
• 	
  high	
  produc=vity	
  
• 	
  eutrophica=on	
  
• 	
  high	
  fishing	
  pressure	
  
• 	
  climate	
  influences	
  through	
  
temperature	
  and	
  salinity	
  
	
  
	
  



Sub-­‐
system	
   Hydrography	
   Diversity	
   T	
   S	
  

The	
  Sound	
   Strong	
  halocline	
  

Central	
  
Bal=c	
  Sea	
   Strong	
  halocline	
  

Gulf	
  of	
  Riga	
   Mixed	
  but	
  partly	
  
stra=fied	
  

Gulf	
  of	
  
Finland	
  

Mixed	
  but	
  partly	
  
stra=fied	
  

Bothnian	
  
Sea	
   mixed	
  

Bothnian	
  
Bay	
   mixed	
  

Sound	
  

Central	
  
Bal=c	
  Sea	
  

G.	
  of	
  Riga	
  

G.	
  of	
  Finland	
  
Bothnian	
  Sea	
  

Bothnian	
  Bay	
  



Aim	
  

•  Compara=ve	
  approach	
  to	
  study	
  the	
  importance	
  of	
  
global	
  to	
  regional	
  drivers	
  on	
  6	
  connected	
  sub-­‐
ecosystems	
  

•  Do	
  the	
  6	
  sub-­‐systems	
  with	
  different	
  environmental	
  
and	
  structural	
  sexngs	
  respond	
  in	
  common	
  or	
  
idiosyncra=c	
  ways	
  to	
  external	
  forcing	
  	
  	
  	
  



Methods:	
  Ecosystem	
  State	
  &	
  Abrupt	
  Shi-	
  

•  Principal	
  Component	
  Analysis	
  (PCA)	
  on	
  all	
  bio=c	
  
variables	
  –	
  PC1	
  as	
  index	
  of	
  ecosystem	
  state	
  

•  Regime	
  shi)	
  test:	
  
– Sequen=al	
  regime	
  shi)	
  detec=on	
  method	
  
(STARS,	
  Rodionov,	
  2004)	
  

– Chronological	
  clustering	
  (Legendre	
  et	
  al	
  1985)	
  	
  
	
  



Methods	
  –	
  Test	
  for	
  Drivers	
  

•  Regression	
  analysis	
  of	
  abio=c	
  =me-­‐series	
  vs	
  bio=c	
  PC1	
  
– Overall	
  6	
  sub-­‐systems	
  analysis:	
  Generalized	
  Addi=ve	
  
Mixed	
  Model	
  (GAMM)	
  accoun=ng	
  	
  for	
  spa=al	
  and	
  
temporal	
  correla=on	
  

– Single	
  sub-­‐system	
  analysis:	
  Generalized	
  Addi=ve	
  
Model	
  (GAM)	
  )	
  accoun=ng	
  	
  for	
  non-­‐linearity	
  

–  the	
  most	
  parsimonious	
  model	
  was	
  iden=fied	
  using	
  the	
  
Akaike	
  Informa=on	
  Criterion	
  (AIC)	
  



Data	
  Monitoring	
  (218	
  in	
  total)	
  
on	
  mul=ple	
  trophic	
  levels	
  1979-­‐2006	
  

System	
   The	
  
Sound	
  

Central	
  
Bal%c	
  

Gulf	
  of	
  
Riga	
  

Gulf	
  of	
  
Finland	
  

Bothnian	
  
Sea	
  

Bothnian	
  
Bay	
  

Bio=c	
   28 31 13 16 22 13 

Abio=c	
   14 29 12 14 13 13 

Sum	
   42 60 25 30 35 26 



Abrupt	
  changes	
  in	
  all	
  	
  
Sub-­‐Systems	
  

� All	
  abio=c	
  &	
  bio=c	
  
variables	
  (PC1A&B	
  
from	
  PCA)	
  

� Regimes	
  iden=fied	
  
using	
  STARS	
  on	
  PC1s	
  
(red	
  lines)	
  

� Almost	
  synchronous	
  
changes	
  in	
  all	
  sub-­‐
systems	
  

Blenckner	
  in	
  prep	
  



Drivers	
  	
  
	
  Overall	
  6	
  Sub-­‐Systems	
  Analysis	
  

•  using	
  basins	
  as	
  factors	
  and	
  basin-­‐specific	
  year	
  
smoothers	
  to	
  account	
  for	
  spa=al	
  and	
  temporal	
  
autocorrela=on	
  

•  Abio=c	
  variables	
  used:	
  winter	
  nutrients,	
  salinity,	
  
winter	
  climate	
  (Bal=c	
  Sea	
  Index),	
  fishing	
  

•  best	
  model:	
  
- only	
  winter	
  climate	
  (Bal%c	
  Sea	
  Index)	
  as	
  the	
  
overall	
  significant	
  driver	
  (17%,	
  p<0.01,	
  n=167)	
  

	
  



Abrupt	
  Shi-s	
  in	
  Bio%c	
  Variables

OS   (21/20)
CBS (45/11)
GoR (40/16)
GoF (27/22)
BS   (38/18)
BB   (29/25)

1980 1985 1990 1995 2000 2005

Bothnian	
  Bay	
  
Bothnian	
  Sea	
  
Gulf	
  of	
  Finland	
  
Gulf	
  of	
  Riga	
  
Central	
  Bal=c	
  Sea	
  
The	
  Sound	
  	
  

South	
  

North	
  



Drivers	
  in	
  Single	
  Sub-­‐System	
  Analysis	
  

PC1bio	
   Temp	
  spr	
   Temp	
  su	
   Salinity	
   Pwin	
   F	
   Explained	
  
variance	
  %	
  

Bothnian	
  
Bay	
   ***	
   *	
   78	
  

Bothnian	
  
Sea	
   ***	
   86	
  

Gulf	
  of	
  
Finland	
   **	
   ***	
   *	
   69	
  

Gulf	
  of	
  
Riga	
   *	
   ***	
   65	
  

Central	
  
Bal=c	
  Sea	
   *	
   ***	
   75	
  

The	
  
Sound	
   **	
   ***	
   76	
  

Significance	
  levels:	
  p<0.05*,	
  p<0.01**,	
  p<0.001***	
  



Conclusions	
  
•  Synchronous	
  large-­‐scale	
  climate	
  induced	
  changes	
  
in	
  the	
  connected	
  Bal=c	
  Sea	
  systems	
  

•  Sub-­‐system	
  changes	
  are	
  induced	
  by	
  stochas=c	
  
interplay	
  of	
  mul=ple	
  drivers,	
  i.e.,	
  nutrients,	
  temp,	
  
salinity	
  and	
  fishing	
  ac=ng	
  basin	
  specific	
  

•  Ecosystem	
  based	
  management	
  must	
  be	
  cross-­‐
sectoral,	
  adap=ve	
  and	
  based	
  on	
  data	
  assessments	
  
and	
  modelling	
  



But	
  what	
  is	
  really	
  happening?	
  



Eutrophica=on	
  
•  Causing	
  increase	
  in	
  prim.	
  prod,.	
  and	
  anoxic	
  
areas	
  (feedback	
  with	
  P)	
  

•  S=ll	
  posi=ve	
  trends/constant	
  in	
  P	
  and/or	
  N	
  
load	
  in	
  some	
  areas	
  (GoF,	
  GoR,	
  BoS)	
  

•  Decrease	
  in	
  both	
  N	
  and	
  P	
  in	
  the	
  Sound	
  	
  
•  Effects	
  phytoplankton	
  but	
  no	
  clear	
  overall	
  
species	
  change	
  

•  Effects	
  anoxic	
  area	
  	
  
Extension of hypoxic bottoms
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Long-­‐term	
  dynamic	
  of	
  the	
  Bal%c	
  Sea	
  ecosystem	
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Alheit et al. 2005

Phytoplankton	
  

Cold	
  winters	
  =>	
  Diatoms	
  	
  
Mild	
  Winters	
  =>	
  Dinoflagellates	
  
	
  
Increased	
  grazing	
  a)er	
  mild	
  winters	
  
control	
  diatom	
  spring	
  bloom	
  
(Wasmund	
  et	
  al	
  2013)	
  	
  	
  
	
  	
  
Changes	
  in	
  the	
  phytoplankton	
  
community	
  have	
  taken	
  place	
  both	
  
at	
  species	
  (Hajdu	
  et	
  al.	
  2000)	
  	
  
and	
  func=onal	
  group	
  level	
  
(Wasmund	
  et	
  al.	
  1998)	
  	
  
and	
  composi=on	
  is	
  not	
  associated	
  	
  
with	
  eutrophica=on	
  (Olli	
  2011).	
  
	
  



Zooplankton	
  &	
  climate	
  

•  Changes	
  in	
  plankton	
  abundances,	
  community	
  
structure,	
  phenology	
  and	
  geographic	
  ranges	
  are	
  
evident	
  over	
  large	
  scales	
  (Hays	
  et	
  al	
  2005,	
  
Richardson	
  2008)	
  

•  Responses	
  are	
  species-­‐specific	
  
•  In	
  the	
  Bal=c	
  Sea	
  two	
  drivers,	
  temp	
  &	
  salinity	
  

–  Spring	
  biomass	
  of	
  Acar'a	
  sp	
  and	
  Temora	
  longicornis	
  /
Eurytemora	
  increased	
  due	
  to	
  spring	
  SST	
  in	
  late	
  1980s	
  

–  Pseudocalanus	
  sp	
  decrease	
  due	
  to	
  salinity	
  decrease	
  
–  Bosmina	
  sp	
  increase	
  due	
  to	
  salinity	
  decrease	
  



Zooplankton,	
  
Central	
  Bal=c	
  Sea	
  

•  Climate:	
  salinity	
  and	
  	
  
temperature	
  

Ecosystem shifts in the Baltic Sea 
 

2.1.3. Plankton 
 
Zooplankton, which is the major prey for sprat and cod larvae and one of the main preys 
for herring, has shown changes in total biomass and species composition (Möllmann et al. 
2008; Casini et al., 2008, 2009). The general main shifts have been a decrease of the 
copepod Pseudocalanus acuspes and an increase of Temora longicornis and Acartia spp. 
(ICES, 2010, Figure 3). The cladoceran species also decreased in the open sea (Casini et 
al. 2009). The shift occurred in the late 1980s-early 1990s. 
 
At the community level (total biomass) the zooplankton has decreased since the early 
1990s (Casini et al., 2008). 
 
Figure 3:  Time-series of the main zooplankton species in spring (spawning 

period for cod, sprat and herring). Left panel: Acartia spp.; central 
panel: Temora longicornis; right panel: Pseudocalanus acuspes 

 
 

Source: ICES (2010) 
 
Phytoplankton, main food for zooplankton, often measured and reported as chlorophyll a 
concentration, has generally increased after the early 1990s (Casini et al., 2008).  
 

2.2. Abiotic ecosystem development 

2.2.1. General climate index 
 
The climate mode dominating the Northern hemisphere is the North Atlantic Oscillation 
(NAO). High NAO values correspond generally to increased strength of westerly winds, 
increased precipitation and milder temperatures over the Northeast Atlantic, including the 
Baltic Sea. NAO index was low in 1950-1980s, whereas it has been high afterwards (Figure 
4). 
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Fish	
  &	
  climate	
  
•  Direct	
  and	
  indirect	
  climate	
  effects	
  on	
  fish	
  
species	
  well	
  documented	
  (Stenseth	
  et	
  al	
  2003,	
  
OSersen	
  et	
  al	
  2004,	
  MacKenzie	
  2001	
  etc…)	
  

•  In	
  the	
  Bal=c	
  again	
  both	
  temp	
  and	
  salinity	
  
– Sprat	
  August	
  sea	
  surface	
  temp	
  
– Cod,	
  reproduc=ve	
  volume	
  
–  Indirect	
  zooplankton	
  biomass/quality,	
  
macrozoobenthos	
  	
  



Fisheries	
  

•  Largely	
  effect	
  fish	
  popula=ons	
  
•  Effects	
  sensi=vity	
  to	
  climate	
  through	
  smaller	
  
size	
  and	
  age	
  (OSerssen	
  2006)	
  

•  =>	
  trophic	
  cascade	
  





Commercial	
  fish	
  stocks	
  

Policy Department B: Structural and Cohesion Policies 
 

2.1. Biological ecosystem development 

2.1.1. Aquatic mammals 
 
In the past 40 years the cod (Gadus morhua) has been, together with men, the main top-
predator in the open Baltic Sea. In the early 20th century the dominant top-predator in the 
Baltic were marine mammals, such as seals (grey seal Halichoerus grypus, ringed seal 
Phoca hispida and common seal Phoca vitulina seals) and harbour porpoises (Phocoena 
phocoena), which drastically decreased afterwards due to human activities, like hunting 
and toxic pollutants (Österblom et al., 2007; MacKenzie et al., 2002). 

2.1.2. Fish 
 
Concerning commercial fish species, analytical stock assessment has started to provide 
stock development information from 1966 for cod and from 1974 for herring and sprat 
(ICES, 2011). A common way to present the state of the stock is by estimating the 
biomass of fish old enough to spawn, i.e. the spawning stock biomass (SSB). 
 
Figure 2: Time-series of cod, sprat and herring spawning stock biomass 
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Source: Data from ICES (2011) 

The Baltic cod stock was relatively low until mid 1970s, grew very high in the mid 1980s, 
and decreased afterwards eventually reaching lasting very low levels. In the last three 
years the cod population has shown signs of recovery (ICES, 2011; Figure 2). 
 
The sprat stock since the 1974 has shown an inverse pattern, first decreasing in the early 
1980s and then increasing considerably from the early 1990s. Since the mid 1990s the 
sprat stock has been fluctuating at high levels, both in terms of abundance and biomass 
(ICES, 2011; Figure 2).  
 
The herring stock has constantly decreased since the mid 1970s, even though the 
decrease was much more evident in terms of biomass than abundance (ICES, 2011; 
Figure 2). 
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Policy Department B: Structural and Cohesion Policies 
 

Corresponding to the collapse, the cod stock has also progressively reduced its range of 
distribution, concentrating after mid 1980s in the southern areas of the Central Baltic 
where it can still find suitable conditions for reproduction (Figure 12). 
 
The cod stock has started to show a sign of recover in recent years, corresponding to a 
strong decrease in fishing mortality (ICES, 2011; Cardinale and Svedäng, 2011). This 
further stresses the strong negative impact of fishing on the cod stock. 
 
Figure 12:  Illustration of the spawning areas of Baltic cod in the 1970s-early 

1980s (left panel) and 1990s-2000s (right panel) 
 

 

 
 

Source: Cardinale and Svedäng (2011) 

3.1.2. Sprat 
 
The sprat stock increase since the early 1990s is mainly related to the decrease of the cod 
stock and hydro-climate conditions.  
 
Sprat is the main fish prey for cod and, in general, a high cod stock keeps the sprat stock 
low by top-down control (ICES, 2011). On the other hand, during periods of low cod 
biomass, the sprat is released from cod predation and its stock size increases (Casini et 
al., 2008). During the last three decades, following the collapse of the cod stock, the sprat 
stock increased fourfold, shifting the Central Baltic from being cod-dominated to being 
sprat-dominated (Figure 13).  
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Ecosystem shifts in the Baltic Sea 
 

 
Figure 13: Relation between cod and sprat stocks 
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Source: Data from ICES (2011) 

 
The increase in sprat stock after the early 1990s has also been favoured by high frequency 
of mild spring temperature (MacKenzie and Köster, 2004) which supports sprat egg 
production and survival (Nissling, 2004), larval growth (Baumann et al. 2008) as well as 
the development of the main prey for larval sprat, the copepod Acartia spp. (Voss et al., 
2003; Alheit et al., 2005).  
 
Fishing mortality was low at the moment of the sprat outburst, likely favouring the 
increase of the sprat stock (ICES, 2011). The increase of the sprat stock has produced a 
significant decrease in the sprat individual body weight and condition (Casini et al., 2006, 
2011; ICES, 2011), although without evident consequences on the stock dynamic. 
 
Corresponding to its outburst, the centre of distribution of the sprat stock has moved 
towards northern areas (Figure 14) were the cod predation mortality has become 
negligible after its collapse. 
 
Figure 14:  Distribution of sprat abundance in the 1980s (left panel) and in the 

period 1990s-2000s (right panel) 

 

 

Source: Casini et al. (2011) 
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of inflows, and of biogeochemical processes under anae-
robic conditions. Under anaerobic conditions during the
stagnation period, NH4 cannot be oxidized to NO3 and
further denitrified. Consequently, DIN accumulates in
the bottom water (Nausch et al., 2003). Biogeochemical
processes contributing to the increase in deepwater DIP
are the release of previously accumulated, most likely
iron oxide-bound PO4 (Conley et al., 2002; Nausch et al.,
2003) from anoxic bottom sediments and the low effi-
ciency of sediments in adsorbing newly mineralized PO4

under anaerobic conditions (Hille et al., 2005).
The described changes in the abiotic environment

occurred in a sequence of events, accumulating during
the transition period. First, the salinity and oxygen
levels in the deepwater of the Central Baltic Sea
decreased as a result of a lack of inflows of North Sea
water (Fonselius & Valderrama, 2003). In parallel, nu-
trient levels increased as a result of organic matter
degradation in the bottom sediments (Nausch et al.,
2003). The second development contributing to the
regime shift was the sudden shift in the atmospheric
forcing in 1988, displayed by the change in the BSI to
positive values, therefore causing an abrupt increase in
temperatures (Alheit et al., 2005).

The changes in the food web of the Central Baltic
ecosystem can be partly explained by the above-
described changes in the abiotic environment. Species
such as cod and P. acuspes, which dominated the first
regime, suffered from low salinity and oxygen condi-
tions that negatively affected the survival of their off-
spring (Köster et al., 2005; Renz & Hirche, 2006;

Schmidt, 2006). In contrast, species such as sprat and
the copepods Acartia spp. and T. longicornis benefited
from the sudden warming in the early 1990s (Köster
et al., 2003; Möllmann et al., 2003), as did dinoflagellates
(Wasmund et al., 1998).

The PCA on abiotic data further demonstrated that in
addition to the physical and chemical conditions, un-
sustainable fishing pressure might have contributed to
the ecosystem changes. During the 1980s, the cod fish-
ery boomed due to the extraordinary high stock sizes.
However, when reproductive success declined and the
stock size decreased, fishing effort has not been re-
duced. Hence, fishing mortality on cod was especially
in the transition period too high for the level of repro-
ductive success, which is still true today (Köster
et al., 2005; Möllmann et al., 2008). The present results
also suggest high fishing mortality on herring to have
contributed to the decline of the stock biomass, while
the sprat stock seemed to be resilient to the present
level of fishing due to its high reproductive potential
(Möllmann et al., 2008).

The transition period between the two regimes
ended in 1993, when a strong inflow of North Sea
water improved the deepwater conditions (Fonselius &
Valderrama, 2003). In addition, temperature decreased
due to changed atmospheric forcing. Cod fishing pres-
sure decreased as well due to management regulations,
however only for a short period of time, being on a high
level until present (Köster et al., 2005). The results of the
separate PCAs for biotic and abiotic variables indicate
the return of the abiotic state to similar conditions as

Fig. 6 Conceptual diagram displaying the changes in the Baltic Sea ecosystem; F, fishing pressure; C, cod; S, sprat; P, Pseudocalanus

acuspes and A, Acartia spp.; arrows represent direction and strength of a control.
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model by cod biomass in the MB (deviance explained = 84.3%;
Table 1, Fig. 2, and Fig. S3), providing quantitative evidence of
the link between the two ecosystems at the top of the food web.
Fishing mortality on the GoR cod has certainly accelerated its
local decline when the immigration from the source area of the
MB ceased.
The effects of the MB cod spillover and contraction propa-

gated down the GoR food web, as suggested by the sequential
modeling of each trophic level (Table 1, Fig. 2, and Fig. S3). The
invasion and successive disappearance of the top-predator cod in
the GoR was paralleled by a twofold decrease and then dramatic
increase in the population of its main pelagic prey (i.e., herring;
Fig. 1B). The variations in herring abundance were explained in
our models mainly by changes in the cod biomass index, although

fishing and spring temperature also have a significant effect
(Table 1, Fig. 2, and Fig. S3)—the latter likely through enhanced
recruitment (23). The relatively low herring population at the
beginning of the 1970s was likely due to high fishing pressure
(Fig. S2). The enduring high herring population from the early
1990s, which resulted despite an increase in fishing pressure,
can instead be attributable to predation release from cod inter-
twined with an increase in spring water temperature of nearly
2 °C (Fig. S1).
Herring is the major zooplanktivore in the GoR ecosystem (SI

Materials and Methods), and its population size was inversely
correlated to the summer biomass of both copepods and clado-
cerans (Table 1 and Figs. 1B and 2). In addition to quantitative
evidence of top-down regulation on zooplankton, temperature
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is high. In this case the GoR acts as nursery area for juveniles
(31) and feeding area for both juveniles and adults of cod (21).
During periods of high cod population size, its main pelagic food
resource in the MB (i.e., the fish sprat) is depressed (17), and
thus cod may search for alternative foraging habitats, as the
GoR. This response would conform to the density-dependent
ideal free-distribution theory (32), which suggests that as pop-
ulation size increases, individuals spread into less-favorable
habitats. Also under these circumstances, however, some back-
migration of cod individuals from the GoR to the MB also occurs,
especially related to spawning (21), potentially stabilizing the
source population and hence the source-sink dynamic (10).
According to our study, the potential for cod to reestablish in

the GoR is related to processes operating in the MB. If the cod
population in the MB recovers to high levels, its distribution
range may expand northward, and potentially reinvade the GoR.
For this to occur, enduring low fishing pressure and favorable
hydrological conditions for cod in the source habitat are neces-
sary. Under this potential scenario, and to aid cod persistence in
the GoR and other marginal habitats, fishing mortality should be
constrained at the local scale to remain well below the influx rate
from the MB.
Resolving how and under which circumstances local systems

respond to in situ processes vs. external forcing is crucial for un-
derstanding ecological dynamics in a metaecosystem context (1,
3). We have shown that extreme variations in a heavily exploited
predator population, coupled with large variations in its distribu-
tion range, have cascading repercussions not only on its main
distribution area (17, 33, 34) but also in adjacent systems, which
usually are not under the trophic control of the top predator (for
examples in terrestrial systems, see refs. 12 and 13). Therefore,
high cod population levels can, through transitory spillover, link
food webs that would otherwise be functionally nearly isolated.
This finding provides empirical evidence that dispersal as a re-
gional process may act to alter local predator–prey dynamics, prey
competitive interactions, and food web structure (2). Our study

also adds a metaecosystem perspective to the debate on the key
role of top predators in structuring marine ecosystems (35).
Cross-system fluxes may play an important role in linking food-

web dynamics across natural habitats, and investigations of their
variations are crucial to forecast species’ and ecosystems’ responses
to climate changes,fisheries, and eutrophication. The integration of
landscape and food-web ecology is therefore central in the man-
agement of exploited resources and in ecosystem conservation.

Materials and Methods
Data on Cod Population from the Main Basin. Time series of cod biomass (ages
2+) in the Baltic MB at the start of the year was calculated with an extended
survivors analysis (XSA) using commercial landings and scientific surveys from
the MB. This is the standard methodology used within the International
Council for the Exploration of the Sea (ICES) stock assessment framework (19).
Maps of cod distribution were created using standardized catch per unit
effort (catch per hour of trawling) data collected during the Bottom In-
ternational Trawl Survey (36) and previous research surveys. Three distri-
bution maps were produced, corresponding respectively to the periods
before, during, and after the high cod population of the early 1980s.

Data from the Gulf of Riga. Data on cod commercial catches in the GoR were
obtained from the former Latvian Fish Resources Agency. A fishery-in-
dependent index of cod biomass (catch per hour) in the GoR was calculated
using the eelpout survey performed in the GoR by the same agency since
1974. Herring biomass and abundance at the start of the year were calculated
using XSA stock assessment models (19). Time series of herring mean weight
at age 3 was available from ICES (19). Weight at age 3 was used because it is
the first age-class fully reproductive. Herring fishing pressure was estimated
using the ratio of commercial catches to biomass (37). The zooplankton
species used include the main copepods Eurytemora affinis and Acartia spp.,
and the indigenous cladocerans Bosmina longispina maritima, Evadne
nordmanni, and Podon spp. These species constitute ∼90% of the zoo-
plankton consumed by herring in the GoR (38). The invasive cladoceran
Cercopagis pengoi, occurring in our samples since 1997, was not included
because of its potential multiple effects on different trophic levels, which
may confound the analyses and make the interpretation of the results dif-
ficult: C. pengoi is prey for herring and a predator of other zooplankton
species, which are in turn prey for herring and predators of phytoplankton
(39, 40). However, the structural changes in the GoR ecosystem started be-
fore the appearance of this plankter in our time series. Zooplankton data in
the GoR were provided by the former Latvian Fish Resources Agency. Details
on zooplankton sampling procedure and identification can be found in
a previous work (41). Water temperature (°C) and salinity [practical salinity
units (psu)] were averaged over the 0 to 50- and 0 to 20-m depth. Chl a (mg/
m3) was averaged over a 0 to 20-m depth and nutrients (mmol/m3) over
a 0 to 50-m depth. Runoff (m3/s) from the Latvian main river Daugava was
used as proxy for the nutrient load to the GoR (27).

Statistical Analysis. To analyze the effect of different predictors on each
trophic level (response) of the GoR, we used GAMs (42). GAMs offer the main
advantage of being able to model both linearity and nonlinearity between
responses and predictors. The following additive formulation was used in
the full models:

Response ¼ aþ sðViÞ þ . . . . . .þ sðVnÞ þ ɛ:

where a is the intercept, s the thin-plate smoothing spline function (43),
Vi . . . Vn the predictors, and ɛ the random error.

The trophic levels considered were cod biomass index, herring abundance,
and zooplankton and phytoplankton biomass (as indexed by Chl a) in GoR.
We also analyzed the effects of the predictors on herring mean body size
(weight at age 3) as proxy for individual growth rate. The predictors for each
trophic level were selected based on acknowledged ecological and physio-
logical mechanisms, and typically included top-down (predation driven),
bottom-up (resource driven), and hydrological forcing (Table S3).

In the herring body size and zooplankton (prey of herring and thus
influencing its growth) models, herring abundance, rather than biomass, was
used as top-down predictor because biomass contains, by definition, a growth
signal, making response (weight at age) and predictor (biomass) not in-
dependent a priori. All variables were log-transformed before analyses.

In the GAM modeling, we retained only the predictors that were statis-
tically significant (final model) using a backward stepwise procedure. From
the full model, the nonsignificant predictor with the lowest significance level
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Fig. 2. Schematic representation of the effects of MB cod through the food
web of the GoR. The thickness of the arrows indicates the relative deviance
contribution of the predictors in each model (i.e., on each trophic level A–D
and on herring body size B1). Red, top-down effects; blue, bottom-up and
hydrological effects. The direction of the interactions is also indicated. Table
1 shows the statistics of the models, and Fig. S3 the partial effects of the
predictors in each model. Cladoceran model is not shown because of the lack
of relation with phytoplankton.
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advection (Ottersen et al., 2001). In the late 1980s, the
NAO and BSI shifted sharply from a negative to a posi-
tive phase (Fig. 6e), giving rise to anomalous tempera-
tures, salinities and oxygen conditions throughout the
whole area (Hanninen et al., 2000; Lehmann et al.,
2002). These climate anomalies by means of direct and
indirect biological feedbacks were the primary drivers
of regime shifts observed in the North Sea and Central
Baltic Sea (Kenny et al., 2009; Moellmann et al., 2009),
and most likely contributed to the simultaneous shift in
the Kattegat, where the main climate-dependent driver
seems to be oxygen conditions (Table 1; Fig. 4b and c).
A potential pathway by which large-scale ocean-

atmospheric forcing impact on local environmental
conditions in the Kattegat may be illustrated by the
significant positive correlation between climate indices
(i.e., NAO and BSI), storm intensity, inflows and winter
oxygen conditions (Figure S1; Table S5), as increasing
atmospheric pressure differences (e.g., rise in BSI;
Fig. 6e) may increase the intensity of westerly winds,
and therefore influence the strength of advective trans-
port of oxygenated water (i.e., inflow) from the North
Sea (Hanninen et al., 2000; Lehmann et al., 2002). While
large-scale circulation patterns and the strength of

inflows to the Kattegat may set a baseline of available
oxygen conditions, summer oxygen conditions are
additionally influenced by oxygen consumption from
decomposition of organic material, as well as by
increasing temperatures decreasing the solubility of
oxygen (Conley et al., 2007). Although hypoxia is still a
major problem in the Baltic Sea and southern Kattegat
(Conley et al., 2007), decreasing trends in nutrient loads
and phytoplankton, as well as periodic inflows to the
Kattegat may affect oxygen conditions, especially in the
offshore areas concerned in this study (Fig. 6e).
Our analysis suggests that the primary climate-

driven mechanism may be related to oxygen conditions
(Table 1; Fig. 4b and c), ultimately determining sur-
vival of largely immobile benthic invertebrates and the
availability of suitable feeding and nursery habitats for
gadoids and flatfish (Baden et al., 1990; Conley et al.,
2002). To that end, the increase in macrozoobenthos,
especially burrow dwellers such as Nephrops (Fig. 6d),
and flatfish (Fig. 6f) is likely due to oxygen dynamics,
whereas in the latter case increasing sea surface
temperature (Figs 4d and 6e) may additionally enhance
flatfish growth and survival in the shallow nursery
areas (Engelhard et al., 2011).

Fig. 5 A schematic representation of the Kattegat regime shift, illustrated by a shift in dominance from pelagic to benthic regulatory

pathways driven by external forcing through eutrophication (e.g., phosphorus), climate (e.g., BSI and oxygen conditions) and commer-

cial fishing.

© 2012 Blackwell Publishing Ltd, Global Change Biology, doi: 10.1111/j.1365-2486.2012.02799.x
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What is recovery?
Although interest in marine recoveries is increasing, there
is no standard definition of recovery [24]. It can mean many
things depending on who is measuring it (e.g. scientist,
governmental or non-governmental organization, or indus-
try), what is measured (e.g. population or ecosystem
parameters, or fisheries catches) or the goals involved
(e.g. conservation or management targets, or revenue).
Recovery is defined as ‘a return to a normal state of health,
mind, or strength’ (http://oxforddictionaries.com/), but
such a ‘normal state’ is often not known for marine popula-
tions and ecosystems owing to a long history of human-
induced changes and shifting baselines [1–5] as well as
different, and sometimes controversial, methodologies
used to reconstruct historical reference points [4,5,25].
In addition, natural fluctuations in populations and eco-
systems can mask or alter human-induced changes. Some-
times, these can be teased apart [26,27], but in other cases
they are confounded or act in combination [5,27,28]. Nev-
ertheless, increasing understanding of the natural dynam-
ics of ecological systems and their past histories of change
can help to identify meaningful reference points that might
assist in assessing recovery.

In theory, in the face of external natural or anthropogenic
disturbances, populations or ecosystems can be resistant
and remain fundamentally unchanged, or they can be dam-
aged (depleted or degraded) and: (i) fully recover to their
initial state after the disturbance; (ii) partially recover to a
reduced, altered or alternative stable state; or (iii) irrevers-
ibly remain in a damaged state for a long time (Figure 1a).
Resistance, recovery and reversibility are important fea-
tures of the resilience of populations and ecosystems in the
face of disturbance [29–31]. However, distinguishing revers-
ible changes from alternative stable states or phase shifts is
not easy and might hamper recovery efforts [24].

In practice, recovery is often measured as some form of
increase, improvement or shift in certain response vari-
ables, ideally reversing to pre-disturbance conditions (Box

1). For populations, the response is often measured as their
abundance, distribution, size structure or functional role;
for ecosystems, the response can involve structural param-
eters, such as species diversity, habitat availability, food-
web composition or water quality, or functional character-
istics, such as productivity or nutrient cycling [3,19,32].

Full recovery

Initial state Disturbed state Final state

Resistant

Partial recovery to
reduced or altered
state  

No recovery

(a)

(b)

Time

R
es

po
ns

e 
va

ria
bl

e
(e

.g
. a

bu
nd

an
ce

 o
r 

di
ve

rs
ity

) Depletion
Full recovery

Partial recovery

No recovery

Recovery

TRENDS in Ecology & Evolution 

Figure 1. Illustration of theoretical and practical aspects of recovery. (a) In the face
of external disturbances, populations or ecosystems can be resistant and remain
fundamentally unchanged (green boxes) or they can be disturbed (depleted or
degraded; dark-gray boxes) and, afterwards, either fully recover to their initial
state, partially recover to a reduced or altered state (orange box), or irreversibly
remain in the disturbed state. (b) Recovery can be measured as the magnitude
(arrows), rate (slope) and time of increase (or sometimes decrease) in a response
variable, and compared to the magnitude, rate or time of previous depletion or
degradation. Note that ‘no recovery’ could also consist of further decline or
degradation.

Box 1. Definitions of recovery

Recovery of populations (e.g. in terms of abundance, distribution, size
or age structure, or functional role) or ecosystems (e.g. in terms of
diversity, habitat availability, food-web structure or water quality) can
be defined and measured in different ways, as detailed below.
Simple increase
A simple increase is a general increase or improvement in the specified
response over time, ideally a reversal towards pre-disturbance condi-
tions. This can be measured as a relative or absolute change since a
disturbed state or other reference point (see below). The trend can be
linear, exponential or otherwise increasing or, for some parameters,
decreasing (e.g. pollution levels). The trend could also be measured
over a certain time period, such as the past 10 or 50 years, or since the
implementation of an important management measure [20].
Standardized or scaled increase
If the purpose is to compare across different species or ecosystems, the
measured improvement would ideally be scaled to, or standardized by,
the life histories of the species involved (e.g. generation time or intrinsic
growth rate, rmax) or rates of succession of different ecosystems to
account for underlying differences in the timescale of responses [12]
(Anna M. Magera, MSc thesis, Dalhousie University, 2011).
Increase towards a specified target
Many conservation or management plans define distinct targets for
population abundance or ecosystem parameters, for example the

biomass at maximum sustainable yield (BMSY) for assessed fish
stocks [8], an optimum sustainable population level (OSP) for marine
mammals [89] or the maximum population size observed [90].
Increase to a historical or pristine level
Sometimes, the goal might be to recover a population or
ecosystem to its ‘natural’ state before human disturbance. This
requires the knowledge of its historical population level or
ecosystem state (i.e. historical baseline) or an understanding of
its carrying capacity (K) either under current or historical ecosys-
tem conditions [3,25]. Establishing such historical baselines is not
easy and can be controversial if different data sources or
reconstruction methods reveal different results [5,25]. The goal
could also be to recover a population to some proportion of its
former level or carrying capacity (e.g. 50% K) or its pre-exploitation
or virgin abundance (B0).
Recovery of former structure or function
Under some circumstances, the recovery goal might not be an
increase in certain parameters but a shift among different demo-
graphic, social or functional components within a population (e.g.
juvenile:adult or male:female ratios) [91] or ecosystem (e.g. trophic
levels, functional groups or habitat composition) [3,39] to restore a
former, more robust natural or pristine structure.

Review Trends in Ecology and Evolution November 2011, Vol. 26, No. 11

596

Some	
  hope	
  	
  
but	
  there	
  is	
  s=ll	
  

much	
  to	
  learn	
  about	
  
recovery,	
  here	
  

more	
  a	
  regenera=on	
  

Lotze	
  et	
  al	
  2011	
  



Aim	
  

•  Quan=fy	
  thresholds	
  in	
  past	
  food-­‐web	
  dynamics	
  of	
  
the	
  Central	
  Bal=c	
  Sea	
  

•  Iden=fy	
  drivers	
  leading	
  to	
  crossing	
  of	
  the	
  threshold	
  
•  Test	
  for	
  the	
  recovery	
  poten=al	
  of	
  cod	
  



Analysis	
  

•  3	
  trophic	
  levels,	
  zooplankton,	
  plank=vorous	
  &	
  
predatory	
  fish	
  

•  Generalized	
  Addi=ve	
  Models	
  and	
  threshold	
  
formula=on	
  (TGAMs)	
  

•  Each	
  trophic	
  level	
  regressed	
  the	
  others	
  and	
  
environmental	
  variables	
  (lag	
  1)	
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Building	
  a	
  joint	
  model	
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Cladocerans	
  

Simula=ons	
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Shifting baseline

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

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

(a) Return to Neverland

Increasing Nutrient Inputs

(c) Shifting baselines

(b) Regime shift

Increasing Nutrient Inputs

(d) Shifting baselines + Regime shift

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; c “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

32 Estuaries and Coasts (2009) 32:29–36

Duarte et al 2009



Summary	
  

•  Both	
  addi=ve	
  and	
  threshold	
  effects	
  seem	
  to	
  exist	
  
in	
  the	
  Central	
  Bal=c	
  Sea	
  food-­‐web	
  

•  Main	
  drivers	
  are	
  fishing,	
  temp.	
  and	
  salinity	
  

•  Hysteresis	
  effects	
  in	
  three	
  trophic	
  levels	
  	
  
•  Shi)ing	
  baseline	
  and	
  higher	
  variability	
  
•  Partly	
  recovery	
  to	
  altered	
  ecosystem	
  state	
  	
  

=>	
  Important	
  for	
  ecosystem-­‐based	
  management	
  

 



Overall	
  summary	
  for	
  the	
  Bal%c	
  Sea	
  

•  Regime	
  shi)s	
  in	
  the	
  Central	
  Bal=c	
  and	
  KaSegat	
  
but	
  different	
  processes	
  and	
  drivers	
  

•  Spa=al	
  effects	
  i.e.	
  Gulf	
  of	
  Riga	
  
•  Species	
  dynamics	
  and	
  interac=ons	
  vary	
  spa=ally,	
  

no	
  general	
  ecosystem	
  dynamics	
  
•  The	
  effects	
  of	
  drivers	
  is	
  basin	
  dependent,	
  local	
  

and	
  basin-­‐specific	
  management	
  needed	
  

Unknowns:	
  
•  Stengths	
  of	
  feedbacks	
  
•  Coastal-­‐offshore	
  
•  Compounding	
  effects	
  of	
  drivers	
  and	
  thresholds	
  



Why	
  are	
  regime	
  shi-s	
  important?	
  

They	
  o)en	
  have	
  large	
  impacts	
  on	
  human	
  wellbeing,	
  
Are	
  o)en	
  difficult	
  and	
  costly	
  to	
  reverse,	
  
Are	
  difficult	
  to	
  predict,	
  o)en	
  occur	
  unexpectedly.	
  

Regime	
  shi)s	
  require	
  management	
  approaches	
  which:	
  
•  Assess	
  the	
  ecosystem	
  dynamics	
  and	
  regimes	
  

•  Cope	
  with	
  shi)s	
  
•  Cope	
  with	
  trigger	
  factors	
  



Research	
  Fron%ers	
  

•  Comparison	
  of	
  regime	
  shi)s	
  	
  

•  Early	
  warning	
  signals	
  

•  Cross-­‐scale	
  dynamics	
  that	
  shape	
  regimes	
  

•  Regimes	
  &	
  ecosystem	
  service	
  dynamics	
  

•  Methods,	
  e.g.	
  	
  to	
  account	
  for	
  ecosystem	
  state	
  



Comparing Regime Shifts
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Literature	
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  Regime	
  Shi)s	
  



Regime Shift Database 
www.regimeshifts.org

AQUATIC	
  SYSTEMS	
  
1.	
  Coral	
  transi=ons	
  
2.	
  Kelp	
  transi=ons	
  	
  
3.	
  Bivalve	
  collapse	
  	
  
4.	
  Fisheries	
  collapse	
  	
  
5.	
  Marine	
  food	
  webs	
  	
  
6.	
  Eutrophica=on	
  
7.	
  Hypoxia	
  
8.	
  Floa=ng	
  plants	
  	
  
	
  
CLIMATE	
  SYSTEM	
  
9.	
  Ice	
  sheet	
  collapse	
  
10.	
  Summer	
  Arc=c	
  sea	
  ice	
  	
  
11.	
  Thermohaline	
  
circula=on	
  
12.	
  Monsoon	
  collapse	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

TERRESTRIAL	
  SYSTEMS	
  
13.	
  Bush	
  encroachment	
  	
  
14.	
  Forest	
  –	
  Savanna	
  	
  
15.	
  Savanna	
  –	
  Desert	
  	
  
16.	
  Tundra	
  –	
  Steppe	
  	
  
17.	
  Tundra	
  -­‐	
  Boreal	
  
18.	
  Soil	
  Saliniza=on	
  
19.	
  Saliniza=on	
  -­‐	
  snow	
  
geese	
  
	
  
STRONG	
  SOCIAL	
  
FEEDBACKS	
  
20.	
  Forest	
  -­‐	
  Cropland	
  
21.	
  Dammed	
  Rivers	
  
22.	
  Locust	
  plagues	
  –	
  
outbreaks	
  	
  
23.	
  Development	
  Poverty	
  
trap	
  	
  
24.	
  Ecosystem	
  
management	
  
25.	
  Urban	
  Sprawl	
  
	
  
	
  



‘Not only is the science incomplete, but 
the [eco]system itself is a moving target, 

evolving because of the impact of 
management and the progressive 
expansion of the scale of human 

influences on the planet’ 
Holling C.S. (1995) 
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Thank	
  you!	
  
thorsten.blenckner@stockholmresilience.su.se	
  

A	
  centre	
  with:	
  

Special	
  thanks	
  to	
  the	
  BEAM	
  project	
  www.smf.su.se/beam	
  
the	
  Stockholm	
  Resilience	
  Theme	
  on	
  Regime	
  Shi)s	
  
the	
  Nordic	
  Centre	
  of	
  Excellence-­‐	
  NorMer,	
  www.normer.uio.no	
  
the	
  Formas	
  “Regime	
  Shi)	
  project”,	
  www.bal=cnest.org	
  
the	
  researchers	
  performing	
  monitoring	
  and	
  data	
  analysis	
  	
  



Changes in zooplankton 

Beaugrand 2004, Beaugrand et al 2008 



North	
  Sea	
  

the responses of pelagic plankton ecosystems to climate change. Beaugrand and Iba~nez (unpublished data)
applied these species assemblage indicators and identified pronounced changes at the scale of the com-
munity after the beginning of the 1980s (Fig. 3). The period prior to the shift (1962–1982) was called a ‘cold
dynamic equilibrium’ (e.g. high abundance of species indicative of a cold environment, low calanoid di-
versity) while the period after the shift (1984–1999) was called a ‘warm dynamic equilibrium’ (e.g. low
abundance of species indicative of a warm environment, high calanoid diversity). Although some species

Fig. 5. Long-term changes in fish abundance in relation to year-to-year changes in calanoid copepod composition and hydro-mete-
orological forcing. (a) Long-term changes in fish recruitment (herring, cod, haddock, plaice, sole). On the left side, the first principal
component (37.18% of the total variability) is mainly represented by the flatfish plaice and sole. On the right side, the second principal
component (31.36% of the total variability) is mainly represented by the gadoid species haddock and cod. (b) Long-term changes in
calanoid copepod species composition. No match was found between changes in calanoid and flatfish. (c) Changes in hydrological
variables (salinity on the left side and sea surface temperature on the right side). (d) Changes in meteorological forcing (westerly wind
intensity over the North Sea on the left side and Northern Hemisphere Temperature anomalies on the right side).

G. Beaugrand / Progress in Oceanography 60 (2004) 245–262 253

Beaugrand	
  2004	
  



Cod	
  reproductive	
  volume	
  	
  
Changes	
  in	
  the	
  future	
  

Needs	
  to	
  be	
  accounted	
  by	
  management	
  

1974-­‐2006	
   2010-­‐2040	
  


