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Food for Thought
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Effective m arine ecosystem -based m anagem en t (EBM) requires understand ing  th e  key processes and  relationships contro lling  th e  
aspects o f  biodiversity, productivity, and  resilience to  pertu rbations. U nfortunately, th e  scales, complexity, and  non-linear dynam ics 
th a t  characterize m arine ecosystem s often  confound  m anaging for these  properties. Nevertheless, scientifically derived décision- 
su p p o rt too ls (DSTs) are needed  to  acco u n t for im pacts resulting from  a variety o f sim ultaneous hum an activities. Three possible 
m ethodolog ies for revealing m echanism s necessary to  develop DSTs for EBM are: (i) con tro lled  experim entation , (ii) iterative p ro ­
g ram m es o f observation an d  m odelling ("learning by doing"), and  (iii) com parative ecosystem  analysis. W e have seen th a t  contro lled  
experim ents are lim ited in cap tu ring  th e  com plexity necessary to  develop m odels o f m arine ecosystem  dynam ics w ith sufficient 
realism a t app ro p ria te  scales. Iterative p rogram m es o f observation, m odel building, and  assessm ent are useful for specific ecosystem  
issues b u t rarely lead to  generally transferable p roducts. C om parative ecosystem  analyses m ay be th e  m o st effective, building on th e  
first tw o  by inferring ecosystem  processes based on com parisons and  con trasts  o f  ecosystem  response to  hum an-induced  factors. W e 
propose a hierarchical system  o f ecosystem  com parisons to  include w ithin-ecosystem  com parisons (utilizing tem poral and  spatial 
changes in relation to  hum an  activities), w ithin-ecosystem -type com parisons (e.g. coral reefs, tem p era te  con tinen ta l shelves, upwelling 
areas), and  cross-ecosystem -type com parisons (e.g. coral reefs vs. boreal, terrestrial vs. m arine ecosystem s). Such a hierarchical com ­
parative approach  should  lead to  b e tte r  understand ing  o f th e  processes controlling biodiversity, productivity, and  th e  resilience of 
m arine ecosystem s. In turn , b e tte r  understand ing  of these  processes will lead to  th e  developm en t o f increasingly general laws, h y po th ­
eses, functional forms, governing equations, and  broad in te rp reta tio n s o f ecosystem  responses to  hum an activities, ultim ately im prov­
ing DSTs in su p p o rt o f EBM.
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Introduction
Success in  m arine ecosystem -based m anagem ent (EBM), o r a lter­
natively ecosystem approaches to m anagem ent (EAM), requires (i) 
a governance system th a t engages appropria te  stakeholders to 
a tta in  shared objectives and  goals, (ii) clearly articulated principles 
for decision-m aking, and  (iii) science tools th a t su p p o rt decision­
m aking, characterize uncertainty, benchm ark  progress, and  articu ­
late benefits and  risks o f  alternative m anagem ent paths (Larkin, 
1996; USCOP, 2004; FAO, 2005; Rice, 2005; EC, 2006; 
M urawski, 2007). Scientifically derived décision-support tools 
(DSTs; Kangas et al., 2008) are key elem ents for docum enting  p ro ­
gress in  the a tta inm en t o f  those objectives and  for guiding adaptive 
approaches to  m anagem ent. Such tools can be quantitative  m odels 
o f  ecological interactions (D aan and  Sissenwine, 1991; Pope, 1991; 
C hristensen and  W alters, 2004), op tim ization  m ethodologies for 
a llocation o f  goods o r space (C row der et ah, 2006; Barbier et al., 
2008), and  forecasts o f  various types (NRC, 1998; B randt et al.,
2006).

C urren t forecast skill in  m arine ecosystem decision su p p o rt is 
largely sectoral (e.g. fishery stock assessment forecasts, harm ful 
algal b loom  forecasts) and near-term  (B randt et ah, 2006). EBM 
requires DSTs th a t can be used to  assess strategic outcom es for 
m ore  com plex interactions am ong hum ans and  the  ecosystem 
over the m ed ium  to  long term . E xperim ental approaches and 
locally adap ted  observation and m odelling program m es for in d i­
v idual ecosystems do no t lead to generally applicable DSTs, 
a lthough  eventually they m ay provide com peten t su p p o rt for 
local m anagem ent. Com parative analysis o f  m arine  ecosystem 
organization  and  dynam ics has a long h isto ry  in  m arine  science 
(M egrey et al., 2009) and provides a com plem entary  and  p o ten ­
tially efficient pathw ay to  develop and  test candidate DSTs for 
use in  a w ide variety  o f  settings (ICES, 2001).

H ere, we o u tlin e  a s tru c tu red  h ierarch ical p rog ram m e o f  
ecosystem  com parisons using  b o th  em pirical an d  m odel-based  
hypothesis-testing  for key relationships. T he a im  is to  develop 
b e tte r DSTs su p p o rtin g  E B M /EA M . First, we iden tify  exam ples
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o f  challenges posed  by  ab ru p t ecosystem  change (“black 
sw ans”); p rob lem s o f  scale, com plexity, and  non-linearity ; 
and  response to  ecosystem  p ertu rb a tio n s th ro u g h  in te rven tion . 
Next, we p ropose  a h ierarchy  fo r th e  com parative  approach , 
and  finally, we suggest a fram ew ork for th e  scientific research 
th a t is needed.

"Black swans" in marine ecosystem research 
and management
A prevalent them e in  ecosystem studies is the  occurrence o f  ab rup t 
ecosystem change (Collie et al., 2004). These “black swan” events 
(Taleb, 2007) can often reveal basic properties o f  ecosystems and 
second-order in teractions n o t in terpretable from  sm all p e rtu r­
bations from  status quo. A  com pelling exam ple is the  collapse o f 
the A tlantic herring  (Clupea harengus) stock on  Georges Bank 
and  adjacent areas in  the early 1970s (Fogarty et al., 1991). 
Because herring  was a p rim ary  food source for m any  species o f  
p redato ry  fish and  m am m al, the assum ption  was th a t the 
herring  collapse w ould  produce  cascading im pacts th rough  the 
ecosystem. W hat was n o t antic ipated  was a com pensatory  release 
o f  o th er sm all forage species, principally  the  sand lance 
(Am m odytes americanus). C od (Gadus morhua) and  m arine 
m am m als shifted their a tten tio n  to  this increasingly abundan t 
prey, and grow th rates o f  fish were m ain tained  and  m am m als con­
tinued  to  use the Bank for feeding. Experim ental rem oval o f  
herring  solely for the  sake o f  science w ould have created unaccep­
table risk given the assum ed obligate relationships betw een preda­
tors and  prey, b u t in  retrospect, the  overfishing scenario provided 
a rich  set o f  new  hypotheses concerning the functional stability o f  
high diversity ecosystems generated by  the  serendipitous black 
swan o f  the collapse o f  the  herring  stock.

A nother black swan w ith ongoing consequences is the collapse 
and  m in im al recovery o f  A tlantic cod off N ew foundland and  in  
the N orth  Sea. The lack o f  a recovery o f  cod off N ew foundland 
is apparently  explained by depensatory  n a tu ra l m orta lity  and  by 
increases in  the abundance o f  seals and  o th er species (Bundy,
2001). In  the  N o rth  Sea, the  sam e absence o f  a significant recov­
ery has been  linked w ith  increases in  pelagic fish, principally  
herring  and m ackerel (Scomber scombrus; H eath, 2005). C ould 
the relationships betw een cod and  o ther com ponents o f  the 
foodweb have been predicted  from  past events o r from  m echan­
istically driven ecological m odelling o f  these systems? P u t ano ther 
way, can we collect the  global set o f  such black swans in to  a gen­
eralized theory  o f  ecosystem  response to  h u m an  drivers? If  so, 
how  m ight functional redundancy  and depensatory  m orta lity  
have been  incorporated  in to  m anagem ent, had they been u n d e r­
stood better?

Taleb (2007) describes three  characteristics o f  these black swan 
events. First, they  are often  treated  as outliers, likely to  recur 
infrequently, and  rarely predicted  in  advance. Second, they 
carry  extrem e im pact b o th  o n  the system itself and  o u r percep­
tions o f  how  systems function . T hird , even if  considered rare 
events, they  are often  viewed retrospectively as predictable o u t­
comes, w ith theories and m odels developed after the  fact to 
explain them . All these a ttribu tes are applicable to the  historical 
record o f  fisheries collapses. C an we use such experiences to 
m ake them  retrospectively predictable using m ore robust q u an ti­
tative tools, as a basis to in form  fu ture  m anagem ent strategies 
th a t are m ore  robust to  uncerta in ty  in  ecological processes 
driving these collapses?

Modes of learning about marine ecosystem  
dynamics

You could not step twice into the same rivers; fo r  others are ever
flow ing on to you.

H eraclitus

Unlike m any  physical systems th a t obey clearly defined laws, it is 
often  argued th a t for na tura l ecosystems there  are few generalizable 
laws o r tenets u p o n  w hich predictive m odels can be bu ilt (M urray, 
2000; Turchin, 2001). A lthough b o th  M urray  and T urchin  argue 
against such a sim plistic view, critical ecosystem  properties, such 
as resilience to  pertu rbations, levels o f  species richness and 
p rim ary  productivity, w hich are influenced sim ultaneously by 
h u m an  activities such as fishing, n u trien t po llu tion , and  variations 
in  ocean clim ate (NRC, 2006), have no t generally been in co rp o r­
ated in to  practical m odels supporting  decision-m aking. 
M oreover, m arine  ecosystems are structured  by com plex spatial 
patterns o f  m arine  geography (Longhurst, 1998). The scales at 
w hich we need to  evaluate ecosystem  interactions are therefore 
hierarchical in  b o th  space and tim e, w hich creates the  need for 
m odels to  reflect this co n tin u u m  o f  “scalability”.

M arine systems exhibit a “reddened” (higher variance at low 
frequency) spectrum  (Steele, 1985), so focusing a tten tio n  on  
phenom ena at longer and  larger scales. These sim ple conclusions 
derived from  com parisons o f  m arine  and  terrestrial systems lead 
to  an  em phasis o n  linking the  larger scales o f  physical variability 
to  the  evolutionary  m echanism s th a t allow long-term  persistence 
o f  m arine  life un d er varying oceanic conditions (e.g. Francis,
2002). M anagem ent o f  h u m an  activities in  the oceans m ust con­
serve persistence m echanism s that ensure long-term  stability in 
b iodiversity  (Yachi and  Foreau, 1999) in  the  face o f  occasional 
rap id  regim e shifts, troph ic  cascades, and species replacem ents 
(Collie et al., 2004).

U nderstand ing  the  in teractions betw een properties o f  ecosys­
tem s can lead to im p o rtan t insights th a t have practical im portance. 
For exam ple, an  evolving bo d y  o f  theo ry  in  terrestrial ecology (e.g. 
H ubbell, 1997; T ilm an, 1999) resolves R obert M ay’s diversity: 
stability paradox  (May, 1973) by proposing  th a t “diversity 
increases (tem poral) stability a t the co m m unity  level b u t decreases 
stability a t the  p o p u latio n  level” (Fehm an and  T ilm an, 2000). If  
this holds for m arine  systems, there  are im plications for our 
desire to m ain tain  diversity while taking “m axim um  sustainable 
yields” from  indiv idual populations.

Similarly, com parisons o f  species, com m unities, and  ecosys­
tem s along such attribu tes as bod y  size, m etabolic rate, popu lation  
interactions, and  trophic  dynam ics (prim arily  considering 
terrestrial problem s) have resulted in  the  developm ent o f  new  
com prehensive theories ab o u t how  ecosystems w ork (e.g. the 
m etabolic theo ry  o f  ecology, Brown et al., 2004; H ildrew  et al.,
2007). O nly by  com paring  attribu tes in  struc tu red  ways do  such 
patterns emerge.

M anagem ent questions o ften  concern  the  relative influences o f  
h u m an  and  n a tu ra l factors con tribu ting  to  observed changes in 
natural ecosystems. Because o f  the  pervasive effects o f  advection 
and  diffusion, m ost m arine  ecosystems have no  clearly defined 
boundaries, and  experim ental m anipu lations w ith classical con­
trols, treatm ents, and replicates give us only lim ited  ecosystem- 
level in form ation . The enorm ity  o f  na tura l ecosystems makes 
inferences from  small-scale experim ents difficult. Experim ental 
approaches using laborato ry  and  m esocosm  studies rem ain
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essential to  quantify  certain  processes (such as physiological effects 
o f  environm ental change), b u t o th er m ethods m ay be m ore a p p ro ­
priate  to  analyse whole-ecosystem  response.

M arine ecosystems have been described as b o th  com plex and 
com plicated— the form er em phasizing non-linear relationships 
betw een com ponents such as p re d a to r-p re y  sw itching behaviour 
and  the latter em phasizing the large nu m b er o f  in teracting  parts, 
any one o f  w hich can have a d o m in an t influence on  outcom es rel­
evant to  people. The technical challenge in  m odelling ecosystems is 
to  com bine these two approaches. Detailed m echanistic u n d e r­
standing (e.g. Brown et al., 2004) im bedded in  com plex m odels 
is likely to  be a m ore robust learning approach th an  are sim ple co r­
relations am ong com plicated ecosystem  drivers and  states. 
A lthough com plex m odels m ay initially fail to im prove predictive 
skill com pared w ith sim pler corre lation  o r tim e-series approaches, 
the  process o f  refining m echanistic m odels by  com paring  ecosys­
tem  behaviours across a w ide range o f  ecosystem  types m ay even­
tually lead to  a deeper understand ing  o f  general laws, principles, 
and  behaviours o f  ecosystems that have wide application  across 
ecosystems in  various states o f  h u m an-induced  change. 
Therefore, there is a need to  w idely apply b o th  em pirical and  m o d ­
elling approaches in  ways th a t allow understand ing  o f  the  unique 
and  general m echanism s underlying the  patterns o f  species and 
ecosystem change (Power, 2001).

Com parative analyses o f  ecosystems have a long h istory  as the 
basis for form ulating  hypotheses abou t con tro l m echanism s and 
their im pacts on  systems (M egrey et al., 2009). There are two 
m odalities for these com parisons: (i) retrospective in te rp reta tion  
following the im position  o f  significant in terventions (either 
planned  o r unplanned), and  (ii) form al com parative analysis o f 
ecosystems struc tu red  to  use tim e, spatial replication, o r spatial 
con trast as the basis for learning. Below we discuss these learning 
approaches.

Interventions in marine ecosystems
Ecosystem interventions have p rovided significant insights in to  the 
factors controlling m arine species and ecosystem variability. They 
are generally categorized as unp lanned  o r planned events that m ay 
have significant impacts o n  ecosystems. For example, for N orth  
Sea groundfish stocks, population  abundance, as m easured by com ­
m ercial trawler catch per un it effort (cpue), increased substantially 
just after bo th  W orld W ars, com pared w ith preceding years 
(Borley et a l,  1923; M argetts and H olt, 1948; Smith, 1994; Pope 
and Macer, 1996). Likewise, when fishing pressure is rapidly and sig­
nificantly increased, the decline in  individual species, alone o r in 
patterns o f  sequential depletion, presents strong evidence for 
top-dow n contro l by fisheries, such as o n  Georges Bank (Brown 
et a l,  1976; Fogarty and Murawski, 1998). N atural disasters can 
similarly change ou r perceptions about how  ecosystems and their 
com ponents respond to  o ther hu m an  activities and natural drivers.

Planned interventions can have sim ilar im pacts o n  o u r know l­
edge o f  factors contro lling  ecosystems. M arine pro tected  areas 
(MPAs) generally p roduce som e form  o f  “reserve effect” that 
results in  accum ulation  o f  sessile o r relatively sedentary  anim al 
biom ass w ith in  well-enforced boundaries (FAO, 2006). Often, 
the  im position  o f  MPAs can validate o r refute long-held views 
concerning the role o f  h u m an  im pacts and the expected benefits 
from  decreasing them . Hence, sea scallop (Placopecten 
magellanicus) b iom ass increased 9 - 14-fold in  the  5 years follow­
ing im position  o f  closed areas o n  Georges Bank, consistent w ith 
predictions based on  assum ed low  n a tu ra l m orta lity  and  rapid

grow th rates (M urawski et a l ,  2000). M ost analyses heretofore 
have exam ined MPAs in  relation  to  individual species effects, 
and  the  field is ripe for add itional co m m unity  and  ecosystem 
response w ork. The so-called BACI design, i.e. b e fo re -a fte r- 
c o n tro l- im p a c t (S tew art-O aten et a l ,  1986; Faith et a l ,  1991; 
Scheiner and  Gurevitch, 2001), m ay be particularly  am enable to 
MPA studies, as long as it is recognized th a t the open  (control) 
regions m ay be subject to ensuing increases in  h u m an  activities 
as they  are precluded w ith in  the  MPA. For whole-ecosystem  com ­
parisons, tim e-series in terven tion  analyses (C arpenter et a l ,  1989; 
M antua, 2004) are often  em ployed to  detect h u m an  and natural 
drivers o f  ecosystems and their im pacts o n  ecosystem attributes. 
Further, com parison  o f  effects o f  MPAs in  different regions can 
enhance understand ing  o f  such planned  interventions.

W hat can be learned from  these interventions relevant to  the 
developm ent o f  ecosystem DSTs? The focus on  com parisons o f 
ecosystem interventions provides specific o p p ortun ities to  identify 
critical factors and  evaluate their im pacts o n  ecosystem attributes 
(Table 1). In  the  best o f  circum stances, the  BACI design for MPA 
effects offers spatial contrast, pseudo-contro lled  experim entation, 
and  replication (Oksanen, 2001). The types o fD S T  th a t m ay result 
from  such com parisons can be used to  in form  adaptive m anage­
m en t program m es, to  in te rp ret im pacts o f  extrem e pertu rba tions 
th a t w ould  n o t otherw ise be undertaken  in  p lanned  interventions, 
and  to  m odel h u m an  behaviour as it relates to  ecosystem 
dynam ics. To date, m ost MPA studies have docum ented  the 
obvious reserve effects (FAO, 2006). A m ore com pelling set o f 
DSTs w ould include analysis o f  the  tim ing  o f  changes after the 
establishm ent o f  MPAs and the  trophodynam ics associated w ith 
those changes, allowing m odels o f  ecological succession, as well 
as h u m an  reactions, to  be evaluated (Table 1).

A proposed hierarchy for comparative analyses 
of ecosystems
W ithin ecosystem studies
The creation  o f  pred ic tion  tools for m arine  ecosystems m ust be 
largely an  exercise in  inductive reasoning, build ing  o n  experiences 
w ith in  ecosystems. The focus o f  such studies is tem poral com pari­
son  o f  the im pacts o f  changes in  life history, ab ru p t clim ate 
change, and ecosystem response to various scales o f  pertu rbation . 
Long tim e-series o f  observations from  m o n ito ring  program m es 
w ith in  particu lar ecosystems can be in te rp reted  for insights in to  
the  relative im pacts o f  h u m an  activities and  clim ate forcing 
(Table 1). M ost studies o f  h u m an  behaviour in  relation  to  ecosys­
tem  change take place w ith in  the  context o f  w hole ecosystems. The 
focus o n  w ithin-ecosystem  com parisons o f  different sections o f 
tim e-series allows analysis o f  covariance am ong species (i.e. 
recru itm en t patterns in  relation  to  clim ate deviations), regim e- 
shift detection, and  p re d a to r-p re y  evaluations over tim e. The 
w ithin-ecosystem  scale m akes up  the  bu lk  o f  published studies. 
The DSTs developed from  such studies include system-specific 
m odels o f  p re d a to r-p re y  reactions, spatial p lann ing  m ethods, 
portfo lio  analysis o f  goods and  services to  com peting use 
sectors, and  ecosystem  resto ration  (Table 1).

Between sim ilar ecosystems
The second level in  the  hierarchy is com parisons o f  ecosystems 
w ith com m on  features (Table 1). A lthough n o  two ecosystems 
are pu re  replicates, they  can be grouped in  term s o f  com m on  a ttr i­
butes. For exam ple, upwelling systems along the  w estern co n tin en ­
tal m argins share m any  com m on  attributes and  responses, as do
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T ab le  1. Hierarchy of comparative ecosystem analysis studies.

Comparison type Focus Analysis Leading to DSTs, including
Significant ecosystem  in te rven tions  (p lan n ed  o r u n p lan n ed ) 

BACI; tim e-series Im pacts o f large-scale even ts  (wars,
in te rv en tio n  hurricanes, tsunam is, a n d  o th e r
analyses u n p la n n e d  in te rven tions) on

ecosystem  a ttrib u te s , biodiversity 
response, a n d  resilience

Im pacts o f significant p lan n ed  change  in 
h u m an -b a sed  factors (fishing effort, 
w a ter quality  im provem ents, coastal 
a lte ra tions, h a b ita t re s to ra tio n ) on  
m arine  ecosystem s a n d  specific 
c o m p o n e n ts

In s id e /o u ts id e  Specific an d  generic  d e m o n stra tio n  of
M PAs reserve effects, spill-over, an d  larval

ex p o rt in re la tion  to  M PAs and  
resource goals for species

P opula tion  effects o f M PA p lacem en t 
(overall exp lo ita tion  rates, genetic  
m odifications, d en sity -d ep en d en ce  in 
vital rates)

H um an  behavioural response an d  
p ro jec ted  benefits (incom e, costs, 
profitab ility) in re la tion  to  M PA 
p lacem en t

P ro jected  changes in p a tte rn s  of
diversity, p roductiv ity , an d  stability  in 
re la tion  to  M PA p lacem en t

Isolation o f a single fa c to r o r a small 
n u m b e r o f varying factors affecting 
ecosystem s (p se u d o -co n tro ls  for 
m an ag em en t "experim ents")

T esting  o f h ypo theses  regard ing  TD, BU, 
W W* con tro l, large-scale red u c tio n s  in 
h u m an  activities n o t feasible u n d er 
trad itio n a l m a n ag em en t

Large-scale p e rtu rb a tio n s  inco rp o ra tin g  
serend ip itous  b e fo re /a f te r  d a ta

P roper m eta-analyses considering  
ecosystem  type, scale o f MPAs, 
m ultispecies im pacts, in re la tion  to  
m ultip le  drivers

Analysis o f ecological succession inside 
a n d  o u ts id e  closed  areas including  
b en tho -pe lag ic  coupling, 
d e n sity -dependence, tro p h ic  s tru c tu re , 
bioenergetics, an d  d is tu rb an ce

S tru c tu re  adap tive  m a n ag em en t 
p rog ram m es using hypothesis 
iden tifica tion  an d  priors on  likely 
s tren g th s  con tro lling  factors 
affecting  o u tco m es

M odels o f ecosystem  resilience 
u n d e r  e x trem e  p e rtu rb a tio n

Siting too ls  for p lacem en t o f closed 
areas a n d  for evaluating  an d  
p ro jec ting  im pacts  an d  benefits 
o n  species a n d  co m m u n itie s

M odels o f h u m an  behav iour and  
reaction  to  th e  p lacem en t of 
c losed  areas

M odels o f ecological succession 
allow ing p ro jec tions  o f "climax" 
ecosystem  s ta tes  a n d  tim in g  of 
resource change  in re la tion  to  
M PA  p lacem en t

W hole  ecosystem  com parisons
W ith in  specific T em poral change

ecosystem s
Life h is to ry /g e n e tic  a d ap ta tio n

A biotic  drivers

A b ru p t an d  tre n d e d  clim ate  change

R esponse to  m a n ag em en t change

C oherence  in re c ru itm e n t p a tte rn s  
am o n g  species

Spatial re la tionsh ips a n d  biodiversity

Resilience to  h u m an  an d  na tu ra l 
p e rtu rb a tio n s

V aluation  u n d e r a lte rna tive  use 
scenarios

R etrospective analysis

D ensity -dependence

Regime shift d e tec tio n

M ultivaria te  corre la tion

N on-linear re la tionsh ips am o n g  species 
a n d  be tw een  species an d  en v iro n m en t

C ovariance in species ab u n d an ce

C hanges in species d is trib u tio n  in 
re la tion  to  ab u n d an c e  a n d  clim ate

P atte rn s  o f h u m an  use (secto ral a n d  
spatial)

M ultispecies in te rac tion  m odels  
(system  specific)

M ultispecies fo recasting  too ls

Spatial p lann ing  too ls

Portfolio  analyses for allocation  
decisions w ith in  an d  be tw een  use 
sec to rs

Ecosystem  res to ra tion  investm en t 
decision  too ls  (e.g. for evaluating  
th e  relative m erits  o f h a b ita t 
res to ra tion , fish s to ck in g  n u tr ien t 
a b a tem e n t)

W ithin  ecosystem  D efined by la titude; T D /B U /W W *, 
"types" u n ique  ty p e  (e.g. seam o u n ts , shallow

coral reefs, upw elling)

D egree o f ab io tic  influence on  
ecosystem  o rgan iza tion  and  
productiv ity

D egree o f h u m a n  influence on  
ecosystem  o rgan iza tion  and  
productiv ity

D egree o f c o m m o n a lity  am o n g  sim ilar 
ecosystem s in o u tc o m e s  betw een  
ecosystem  drivers an d  responses 
(p robab ility  o f  sim ilar response)

Spatial pseudo-rep lication  am o n g
ecosystem  types defin ing  th e  range of 
o u tco m es  an d  responses to  
p e rtu rb a tio n s

R elationships be tw een  basin- o r 
global-scale ab io tic  change  an d  
ecosystem -type  response

A pplication  o f risk assessm ent in 
response  to  m an a g em e n t actions

Analysis o f regu lato ry  system s and  
h u m an  use p a tte rn s  c o n tr ib u tin g  to  
sim ilarities o r differences in ecosystem  
response  an d  organ ization

Ecosystem  m odels  a d a p te d  to  
specific ecosystem  types (e.g. high 
la titude , few species, upw elling)

Projection  m odels in co rp o ra tin g  
process u n certa in ty  in key 
ecosystem  rela tionships

Continued
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Table 1. Continued

5

Comparison type Focus Analysis Leading to DSTs, including
A m ong G eneral laws, governing equations, and M eta-analyses o f p a tte rn s  o f D evelopm en t o f general classes of

ecosystem relationsh ips d e te rm in in g  th e  scope  of productiv ity , tro p h ic  levels, and ecosystem  m odels (troph ic ,
"types" or m arine  ecosystem  response to  h u m an d em ography d em ograph ic) a llow ing p ro jections
global analyses a n d  n a tu ra l factors

C harac te riza tion  o f  th e  u n iq u e  aspec ts  of
o f th e  im pacts  from  alte rna tive  
uses a n d  conserva tion  efforts for

Pa tte rn s o f  biodiversity  o f th e  oceans 
a n d  tren d s  a n d  variability In ab io tic

ocean  ecosystem s (co m p a red  w ith 
terrestria l), an d  im plications for

m arine  biodiversity

a n d  h u m a n  factors m arine  ecosystem  m an ag em e n t G eneric spatial p lann ing  too ls

Relationships betw een  diversity an d Responses o f various ecosystem  types in
applicable  to  a w ide variety  o f 
ecosystem s

stability  a n d  resilience o f m arine rela tion  to  th e  degree o f p recau tio n  as
ecosystem s a co n seq u en ce  o f u n c erta in ty  an d  th e Fram ing too ls  for th e  d ev e lo p m en t

Frequency o f a b ru p t change  in relation  
to  variation  in drivers a n d  general

u se-p ro tec tio n  c o n tin u u m of policies in legislation an d  
regulation  o f th e  oceans

p a tte rn s  o f biodiversity G eneric allocation  too ls  for

Responses o f h u m an  co m m u n itie s  an d
am o n g -sec to r a llocation  an d  
o p tim iza tion

eco n o m ic  sec to rs  to  ecosystem
change

A rticu lation  o f e th ical an d  m oral
q uestions  regarding  use,
in te rgenera tiona l equity , an d  social
w elfare issues in te rm s  o f ocean
ecosystem s

Each type of analysis focuses on different ecosystem attributes, supports unique analyses, and  enables developm ent o f different decision support tools 
supporting  EBM.
*TD, top-dow n; BU, bottom -up; WW, wasp-waisted ecosystem types.

groups o fb o rea l ecosystems (ICES, 2001), coral reefs, and  tem p er­
ate shelves in  the N o rth  A tlantic o r N o rth  Pacific. There is m uch  to 
be learned from  these com parisons. They share physical and  som e 
ecological attributes, b u t h u m an  interventions are often  quite 
different. The research focus o f  these com parisons is the  co m m o n ­
ality o f  ecosystem response in  relation  to  contrasts in  h u m an  uses 
o f  the  ecosystems. If  the studies can assum e som e degree o f  repli­
cation  o f  com m on  ecosystem  function, th en  we can apply 
risk-assessm ent techniques to  the  analysis o f  responses to basin- 
o r  global-scale abiotic changes (Table 1). F rom  these com parative 
analyses, m odelling approaches are being developed th a t respond  
to  particu lar attribu tes o f  like ecosystems, such as high-latitude 
fishery systems, upwelling systems, and  coral reefs.

Global comparisons
A  th ird  level o f  ecosystem com parisons involves the con trast across 
ecosystem types from  coral reefs to  boreal environm ents. This is 
the  m ost general level o f  ecosystem com parison, and  it requires 
evaluation o f  the  b roadest set o f  ecosystem  questions. For 
exam ple, questions abou t the  patterns o f  biodiversity, variability, 
and  productiv ity  in  relation  to h u m an  use and clim ate are 
addressed in  their m ost general form  by  such com parisons. 
These broad  studies in form  the developm ent o f  overall laws deter­
m in ing  the  scope o f  m arine ecosystem responses (Table 1). At this 
level o f  com parison, global m eta-analyses o f  ecosystem response 
can be developed and  generic o r  “fram ing” tools supporting  po l­
icies for m arine  ecosystems can be tested for their generality. 
There are m any  analyses p roduced  at this level o f  organization  
th a t em phasize the diversity o f  response and  the  general patterns 
o f  life in  the oceans and  its po ten tial vulnerability, and resilience, 
to  h u m an  effects.

General
These levels o f  ecosystem com parisons, w ith in  individual ecosys­
tem s, am ong  sim ilar ecosystem  types, and across ecosystem 
types, are m utually  supporting  and provide a fram ew ork for in te ­
gration  at regional to  global levels. A fou rth  level com pares m arine 
and  terrestrial systems n o t on ly  in  ecological term s, b u t in  a m an ­
agem ent context. The long transition  on  land from  hunter- 
gatherers to  m onocu ltu re  o f  a few species o f  p lants and anim als, 
required  no t only m odification  o f  ecosystems, b u t greatly altered 
social structures; now, we have increasing dem and  for m ore 
areas devoted to  nature  reserves. The sam e issues arise frequently, 
and  w ith  m uch  shorter tim e-scales, in  the sea, b o th  for allocation 
and  for ow nership o f  fish stocks, farm s, and  m arine reserves. The 
ecological and  econom ic challenges involve choices betw een in ten ­
sive harvesting o f  selected species b y  capture fisheries o r by  m ari- 
culture. Despite the  differences betw een regim es on  land and  in  the 
sea (Steele, 1985; C arr et al., 2003), com parisons o f  success and 
m istakes in  m anagem ent at this level can enhance long-term  
decisions abou t the  “global” im plications o f  the  different options.

Where are we now?
A nu m b er o f  previous and  ongoing efforts has proposed  broad  
ecosystem com parisons as the  basis for developing greater insights 
in to  the im pacts o f  h u m an  activities. W e no te  two relevant 
examples.

GFOBEC (the Global O cean Ecosystem Dynam ics Program m e) 
is a long-term  field and  m odelling program m e aim ed at u n d e r­
standing links betw een clim ate varia tion  and m arine productivity. 
The objective o f  the  p rogram m e (GLOBEC, 1988) was “To u n d e r­
stand ocean ecosystem dynam ics and  how  they are influenced by 
physical processes so th a t the  predictability  o f  p opu lation  fluctu ­
ations in  a changing global clim ate can be assessed”. The focus
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has been o n  physical-b io log ical coupling  and  its consequences for 
the dynam ics o f  target populations, principally  Zooplankton and 
pelagic fish. The GLOBEC program m e has undertaken  a num ber 
o f  ecosystem com parisons as pa rt o f  its in tra- and in ter-basin  syn­
thesis activities (GLOBEC, 2007) and  described a n u m b er o f 
im p o rtan t questions th a t could be addressed th rough  structu red  
com parisons w ith in  and  am ong ecosystem types:

(i) w hich systems are the  m ost variable and  why?

(ii) w hich systems are the  m ost diverse, and  why?

(iii) w hich systems are the  m ost productive, and why?

These three questions focus o n  im p o rtan t properties o f 
ecosystems— biodiversity, productivity , and  resilience— and  can 
be related to  h u m an  interventions th a t affect these properties 
(Figure 1).

A systematic approach for ecosystem  com parison  was suggested 
by an  ICES P lanning G roup to  evaluate the  po ten tial for structu red  
ecosystem in tercom parisons to assist in  the in te rp reta tion  o f  eco­
system processes (ICES, 2001). The p lann ing  group listed four 
specific reasons for conducting  struc tu red  ecosystem com parisons:

(i) we need an  ability to  com pare different ecosystems to  predict 
w hat m ay happen  in  one by  analogy w ith  w hat has already 
happened  in  others;

(ii) we need the  ability to com pare ecosystems th rough  tim e to 
define ecosystem status (ecosystem health) and  to u n d e r­
stand  ecosystem structure;

(iii) we need to com pare ecosystems to  determ ine the  factors 
affecting biodiversity;

(iv) we need to  com pare to  understand  the  relative im portance o f 
an thropogenic  im pacts and  na tura l processes on  ecosystem 
behaviour.

The ICES P lanning G roup proposed  using b iom ass-based com ­
parisons, K -dom inance curves (cum ulative percentage com p o ­
sition  by  species), size-spectrum  com parisons, and  Ecopath 
m odels (C hristensen and W alters, 2004). They also proposed  to 
extend the  relevant com parisons back six decades to the  end o f 
W orld W ar IE They considered the p ro p er scales and  species 
groups requ ired  to  develop ecosystem  com parisons, w ith the 
final choices being problem  and  issue-dependent. These objectives

What Do We Want to Compare? 

Observations? Models?

Diversity  <------------>• Productivity <-------------> R esilience

I I !
Conservation Harvesting Regulation

Figure 1. Relationships between ecosystem-level information and 
the processes affecting the  m anagem ent of ecosystems. We propose 
a comparative analytical framework with ecosystem processes as the 
focus to  better elucidate those processes for use in marine DSTs.

and  approaches, w hich are still relevant 8 years later, are consistent 
w ith the  need to  develop a greater variety  o f  DSTs supporting  
m arine  ecosystem  m anagem ent.

T he efforts above highlight the  im portance o f  struc tured  com ­
parisons as a m eth o d  to reveal im p o rtan t con tro l m echanism s: 
to p -dow n  for ICES o r b o tto m -u p  for GLOBEC. Im plicit in  them  
is the challenge o f  integrating to p -dow n  and  b o tto m -u p  forcing 
in  ways relevant to  end -to -en d  ecosystem  m anagem ent and 
prediction.

A way forward
A lthough a n u m b er o f  regional m arine  science organizations and 
program m es has identified ecosystem com parisons as a goal, often 
these com parisons em phasize a particular ecosystem  type or 
h u m an  driver. We propose a b roader fram ew ork em phasizing 
hierarchical, whole-ecosystem  com parisons at individual, regional, 
and  global levels, as well as a fram ew ork for evaluating a range o f 
ecosystem interventions. Each set o f  com parisons offers un ique 
insights in to  the  relative im portance o f  h u m an  drivers on  ecosys­
tem s, from  specific to  general. Ultimately, o u r ability to  predict 
ecosystem functional response to  h u m an  in terventions is dictated 
by  the  extent to  w hich the basic patterns o f  diversity, productivity, 
and  resilience (Figure 1) can be  characterized, and  the  key factors 
influencing them  identified.

A program m e o f  system atic com parisons focusing o n  b o th  
w hole-ecosystem  evaluation and  ecosystem  interventions could 
produce p ro found  benefits to researchers for a w ide variety  o f  
ecosystem -orientated problem s. A conceptual fram ew ork for com ­
parative analysis o f  m arine  ecosystems involves selecting ap p ro p ri­
ate ecosystem types th a t are com parable in  term s o f  struc tu re  and 
function , drivers o f  change, and characterization o f  socially rel­
evant properties. A sim ple schem atic (Figure 2) suggests the 
various levels o f  o rganization  at w hich com parisons can be m ade. 

Key drivers o f  ecosystem variability and  change include:

(I) ex traction o f  living resources, such as fishing;

(ii) in tro d u c tio n  o f  exotic predators, parasites, diseases, and 
com petitors;

(iii) a lteration  and  loss o f  living and non-liv ing habitat; and

(iv) environm ental change including natural variability, clim ate 
change, eu troph ica tion  o f  coastal ecosystems, and  ocean 
acidification.

Socially relevant o u tp u ts  o f  m arine ecosystems can be 
expressed as ecosystem goods and  services characterized in  term s 
o f

(I) diversity o f  species, genetics and  stock structure, trophic  
structure, and  habitats;

(ii) ecological interactions betw een species, such as predation , 
com petition , facilitation, o th er interactions (e.g. parasites 
and diseases);

(iii) patterns o f  energy flow and  utilization;

(iv) m agnitude o f  biological p roductiv ity  and  yield a t b o th  
species and  co m m unity  levels;

(v) resilience (e.g. the ability to adap t o r rebound  from  ecosys­
tem  shifts to  different regim es or m ultip le  stresses a n d /o r  
irreversible o r slowly reversible changes); and
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Interpreting
Drivers Models Syntheses processes Outcomes

d a ta— >■ 
data

Figure 2. A schematic of possible steps relating data, models, 
meta-analyses, and process interpretation to  the  developm ent of 
DSTs for EBM. Each ecosystem can have different models, such as 
NPZ (nutrient, phytoplankton, Zooplankton), Ecopath, and IBM 
(individual-based models), evaluated through some meta-analysis, to 
inform DSTs relevant to  essential ecosystem properties.

(vi) spatial d istribu tions and  connectivity  o f  b io ta  and hab ita t 
(including hydrography, circulation, and  o th er basic oceano­
graphic processes).

These processes, em phasizing diversity, productivity , resilience, 
and  connectivity  (Figure 2) are p rim e focal po in ts for m odel devel­
opm ent. Between these inpu ts and  outcom es lie the technical and 
scientific challenges in  using a variety o f  m odels to  encom pass the 
range o f  space-tim e-scales and ecological processes required  for 
end -to -en d  representation  o f  the  drivers from  clim ate change to 
overfishing. It is likely th a t m ore th an  one type o f  m odel is 
needed to  describe each ecosystem  and  th a t different m odels will 
be used for different ecosystems. Therefore, the  com parisons o f 
systems will require som e form  o f  m eta-analysis, either as a con­
ceptual fram ew ork o r as a m eta-m odel whose inpu ts are the 
ou tp u ts  from  the individual ecosystem com ponen t m odels.

The scientific challenges in  the developm ent o f  be tte r DSTs that 
policy-m akers and  m anagers need and  will use, include

(i) how  the provision  o f  goods and services by  ecosystems w ith 
different characteristics responds to  na tura l and  a n th ro p o ­
genic pressures and drivers o f  change;

(ii) lim its to  ecosystem resilience, and  thresholds that, w hen 
crossed, lead to  “tipp ing  p o in ts”, phase o r regim e shifts, 
and  the  na ture  o f  reversibility o f  such shifts;

(iii) relative perform ance o f  different m anagem ent “trea tm en ts” 
(such as MPAs) by  com paring  sim ilar ecosystems o r sub­
ecosystems subjected to different treatm ents; and

(iv) relationships betw een the  h u m an  dim ension  o f  ecosystems, 
drivers o f  change, and  the  willingness and  ability to  apply 
m anagem ent alternatives.

Initial efforts could  involve a m ix  o f  activities, including

(v) m odelling studies focused o n  specific concepts, such as co n ­
nectivity, resilience, o r thresholds, the in ten t o f  w hich 
should  be to  unify  com parative analyses and  to  generalize 
som e o f  the  key scientific questions to be addressed b y  com ­
parative analyses;

(vi) retrospective studies that analyse o r re-analyse o r synthesize 
existing in fo rm ation  (historical, tim e-series, ongoing p ro ­
gram m es, etc.) using a com parative approach;

(vii) sh o rt-term  em pirical studies based a ro u n d  existing o r p ro ­
posed observation systems designed to  dem onstra te  how  
such a system could be leveraged tow ards ongoing com pari­
sons, such studies perhaps utilizing MPAs con tained  w ith in  
coastal observation  systems;

(viii) developm ent o f  strategies and  m ethodologies for com para­
tive analyses, including m odelling fram eworks th a t can be 
applied consistently across ecosystems and th a t facilitate 
the design o f  DSTs.

Beyond this, there are m any  socio-econom ic factors, such as 
culture, governance structures, and  access to alternative liveli­
hoods, that need to  be taken in to  consideration  in  com parative 
analyses. These include

(i) the dem and  for ecosystem goods and  services;

(ii) how  services are valued (in  b o th  the sho rt and long term );

(iii) the feasibility o f  m anagem ent alternatives and  the socio­
econom ic a ttribu tes associated w ith m anagem ent 
alternatives;

(iv) the a ttitudes ab o u t the  risks o f  undesirable changes in  ecosys­
tems; and

(v) responses to  m anagem ent applications (e.g. redeploym ent o f 
fishing effort displaced by an  MPA).

We propose a th ree-pronged  approach  to  a general program m e 
o f  com parative analysis. First, m any  national program m es su p p o rt 
ocean m o n ito ring  and research efforts aim ed at b o th  sectoral 
approaches to  m anagem ent and  EAM. Such program m es continue 
to  generate da ta  applicable to  com parative ecosystem  analysis, 
even if  n o t explicitly articulated  as such. O rganization  and  in te ­
gration  o f  relevant data  facilitating ecosystem in tercom parison, 
as well as developm ent, testing, and  application  o f  relevant statisti­
cal m ethods and m athem atical m odels using these da ta  at a 
national level, represent a key first step leading to  next-generation  
ecosystem tools. Second, we propose th a t regional in ternational 
m arine science bodies assist in  facilitating collaborations, p a rticu ­
larly for ecosystems un d er their specific rem it (e.g. ICES, 2001). 
Collaborations am ong relevant bodies (e.g. ICES and PICES) in 
sponsoring  w orkshops, w orking groups, and  expert consultations 
will allow the  lim ited  w orldw ide m arine  ecosystem m odelling 
expertise to  be used to  distil and  develop generic approaches for 
ecosystem com parisons. T hird, we em phasize th a t a focus on  the 
processes influencing m arine ecosystems is m ost im portan t, 
ra ther th an  sim ple com parisons o f  data  o r m odels (Figure 1). 
U nderstand ing  the processes that affect biodiversity, productivity, 
and  ecosystem resilience leads directly  to  DSTs th a t influence s tra t­
egies for conservation, harvesting, and  regulation  (Figure 1).

The im portance o f  be tte r science su p p o rt for ecosystem  m an ­
agem ent is em phasized in  the US N ational Academ y o f  Sciences 
Study “D ynam ic Changes in  M arine Ecosystems: Fishing, Food 
W ebs and  Future O p tions” (NRC, 2006), viz.

“Scientific advances will need to  incorporate  new  ideas, ana­
lyses, m odels, and  data; perhaps, m ore  im portantly , new  
social and institu tiona l clim ates will need to be established 
th a t catalyze a creative, long-term , com parative, and

data
data
data

data
data
data

data

Diversity

Productivity Decision
—=»- support

Resilience tools

Connectivity
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synthetic science o f  food webs and  com m unities. D ata 
needed to su p p o rt ecosystem -based m anagem ent will 
likely be m ore th an  the sum  o f  curren tly  available single­
species in form ation . W here species in teract and to  what 
extent will be  as im p o rtan t as determ in ing  stock biom ass. 
Furtherm ore, a rich array  o f  social science, econom ic 
science and  policy considerations will be essential, because 
m any  m ore tradeoffs are likely to  be apparen t am ong ecosys­
tem  com ponents and  stakeholders.”

A lthough m any  to  m ost living m arine conservation problem s 
will con tinue  to  focus on  individual species, m anagem ent ques­
tions increasingly require a m ore  com prehensive ecosystem -based 
foundation  (e.g. m ultisector cum ulative im pacts, allocation 
decisions, species interactions). Suitably constructed  program m es 
em phasizing m arine  ecosystem organization  and  dynam ics are a 
key strategy leading to m ore useful quantitative tools supporting  
EBM, and  u ltim ately to  better and  m ore com prehensive m anage­
m en t o f  m arine ecosystems.
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