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Trend analysis of indicators: a comparison of recent changes 
in the status of marine ecosystems around the world

Julia L. B lanchard, M arta  Coli, V eren a  M . Trenkel, Rém i V ergn on , D aw it Y em a n e, D idier Jouffre, 
Jason S. Link, an d  Yunne-Jai Shin

Blanchard, J. L., Coli, M., Trenkel, V. M., Vergnon, R., Yemane, D., Jouffre, D., Link, J. S., and Shin, Y-J. 2010. Trend analysis of indicators: a 
comparison of recent changes in the  status of marine ecosystems around the  world. -  ICES Journal of Marine Science, 67: 732-744.

Tim e-series o f ecological and  exploitation indicators collected  from  19 ecosystem s w ere analysed to  investigate w h e th er th ere  have been 
tem poral tren d s  in th e  s ta tu s  o ffish  com m unities. Using linear and  non-linear statistical m ethods, tren d s are rep o rted  for six indicators 
(m ean length offish  in th e  com m unity , m ean lifespan, p roportion  o f p redatory  fish, to ta l biom ass o f surveyed species, m ean troph ic  level 
o f landings, and  inverse fishing pressure), and  th e  redundancy  of these  indicators across ecosystem s is evaluated. The expected  d irection 
o f change for an ecosystem  th a t  is increasingly im pacted  by fishing is a decline in all indicators. A m ixture o f  negative and  positive 
d irections o f change is recorded, bo th  w ithin and  am ong  all ecosystem s considered. No consisten t p a tte rn s in th e  redundancy  o f th e  
ecological indicators across ecosystem s em erged from  th e  analyses, confirm ing th a t  each ind icato r provided com plem en tary  inform ation 
on ecosystem  status. The different tren d s in indicators may reflect differing historical exploitation patterns, m anagem ent, and  environ­
m ental regim es in these  systems. C om m itm en t to  m onito ring  p rogram m es and  d evelopm en t o f system -specific baseline, target, and 
th resho ld  reference levels are required. Im proved understand ing  o f th e  responsiveness and  perform ance of ecological indicators to  
m anagem en t actions are needed  to  address adequate ly  w h e th er ecosystem s are recovering from, o r being fu rth er im pacted  by, 
fishing, and  w h e th er m an ag em en t targ e ts  are being m et. The relative effects o f  m ultiple environm ental and  ecological processes as 
well as m ultiple hum an-induced  stressors th a t  characterize exploited ecosystem s also need  to  be quantified.
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Introduction
An ecosystem  approach to  fisheries (EAF) requires basic u n d e r­
standing o f  the  im p o rtan t processes contro lling  m arine  ecosystem 
productivity . A necessary first step tow ards understand ing  any 
ecosystem in  this context is to  determ ine key indicators o f 
aspects o f  ecosystem state th a t respond  to  fishing pressure 
(Trenkel and Rochet, 2003; Jennings, 2005; Link, 2005).
O btain ing  such understand ing  has proved difficult because o f 
the com plexity  o f  m arine ecosystems, their m any  com ponents 
and  different drivers, and  the  sheer volum e o f  data  required.
Ecosystem considerations in  a m arine  scientific and  m anagem ent 
context have been extant for m ore th an  a cen tury  (Baird, 1873), 
b u t m aking them  operational in  the context o f  EAF has rem ained 
a key challenge. O ne approach has been  to  exam ine patterns in

indicators o f  ecosystem  structure  and  function ing  over tim e (size- 
based, species-based, and  trophodynam ic indicators) to  determ ine 
w hether changes have been consistent w ith theoretical expec­
tations for highly im pacted, exploited systems. Research needs to 
be extended, however, to  consider a suite o f  ecological indicators 
th a t encom pass the key processes o f  exploited ecological systems 
w ith an  im proved understand ing  o f  their link  to  fishing pressure. 
U ltim ately, we need to  seek general relationships betw een pressure 
and  state in  the  w orld’s m arine  ecosystems; explicit use o f  in d i­
cators can facilitate this understanding.

T he com parative approach has provided significant insights 
in to  understand ing  m arine  ecosystem  functioning, w ith states 
(H u n t and Megrey, 2005; M oloney et al., 2005; Coli et al., 2006; 
Shin et al., 2010a) and trends (Bianchi et al., 2000; Shannon

© 2010 The A uthor(s) This is an  O pen  Access article d istribu ted  un d er the term s o f  the  Creative C om m ons A ttribu tion  N on-C om m ercial 
License (h ttp ://creativecom m ons.O rg/licenses/by-nc/2.5/uk/) w hich perm its unrestric ted  non-com m ercial use, d istribu tion , and 
rep roduction  in  any m edium , provided the  original w ork is p roperly  cited.

D
ow

nloaded 
from 

http://icesjm
s.oxfordjournals.org 

by 
on 

July 
8, 

2010

mailto:j.blanchard@imperial.ac.uk
http://creativecommons.Org/licenses/by-nc/2.5/uk/
http://icesjms.oxfordjournals.org


Trend analysis o f ecosystem indicators 733

et ah, 2009) having been  com pared am ong ecosystems. In  m any  
respects, com parisons am ong a w ide range o f  ecosystems can 
serve as ad hoc replicate responses akin  to an  experim ent, h igh ­
lighting com m on  basic features as well as key differences, and 
giving insight in to  the effects o f  pressures th a t influence ecosystem 
processes. Such com parative analyses allow an  o p p o rtu n ity  for 
taking a b roader ecosystem perspective and  perm it the  draw ing 
o f  generalizations abou t responses th a t will help identify  ecosystem 
indicators and also help to  su p p o rt im plem en tation  o f  an  EAF.

Using the com parative approach, we explore tem poral vari­
ation  in  a set o f  ecosystem indicators: m ean length o f  fish in  the 
com m unity , m ean lifespan, p ro p o rtio n  o f  p redato ry  fish, to ta l 
biom ass o f  surveyed species, m ean  troph ic  level o f  landings, and 
inverse fishing pressure. W e investigate two specific features, the 
trends o f  indicators over tim e and  the  sim ilarities (o r red u n d an ­
cies) o f  tem poral responses the  indicators m ay display un d er the 
sam e fishing pressure. Various m ethodological approaches to 
deal w ith tren d  analyses have been proposed  and  applied to eco­
logical data. The significance o f  the tren d  (w hether the predicted 
slope is significantly different from  zero) and  the  d irection  o f 
the  tren d  are key param eters in  characterizing w hether fishing 
pressure is likely to  be increasingly im pacting  ecosystems or 
w hether there  are signs o f  recovery. As ecological tim e-series 
often  cover relatively sh o rt periods, are frequently  characterized 
by  strong au tocorrela tion  a ttribu tab le  to various underlying eco­
logical processes, and con ta in  non-linearities, any single statistical 
m eth o d  m ay (or m ay no t) be appropriate .

The overall objectives o f  this w ork  are to (i) explore the recent 
changes o f  ecosystem  indicators using b o th  linear and  non-linear 
statistical m ethods for quantifying trends, (ii) com pare  and  con­
trast trends in  indicators across ecosystems, and (iii) address the 
redundancies a n d /o r  com plem entarities o f  indicators by  looking 
at sim ilarities in  their tem poral dynamics.

Methods
In  all, 19 exploited ecosystems were included in  this analysis 
(Table 1). They were upwelling, high latitude, tem perate, and  tro ­
pical m arine  ecosystems, and  covered a range o f  low to  highly p ro ­
ductive areas, located in  the  A tlantic, Pacific, and Ind ian  Oceans, 
and  in  the  M editerranean Sea. A descrip tion  o f  each ecosystem 
is p rovided in  Shin et al. (2010b) and Shannon  et al. (2010) for 
upwelling and  com parable systems. A set o f  six indicators was ana­
lysed to  calculate the trends: the  m ean  length (referred to  as fish 
size) and  m ean  lifespan (lifespan) o f  surveyed species, the  p ro ­
p o rtio n  o f  p redato ry  fish (%  predators), the trophic  level o f 
landed catches (trophic  level), the  to ta l biom ass o f  surveyed 
species (biom ass), and b iom ass/land ings (inverse fishing 
pressure). A descrip tion  o f  how  to quantify  and  analyse these in d i­
cators is presented in  Shin et al. (2010b), and  a descrip tion  o f  the 
o rig in  o f  the  data  in  w w w.indiseas.org. The list o f  indicators, their 
equations, expected d irection  o f  change following increased 
exploitation, and corresponding m anagem ent objectives, are p ro ­
vided in  Table 2.

Standardization and scaling of indicator time-series
W hen  assessing tem poral trends, the  associated tim e-scale m ust be 
specified (e.g. the w hole tim e-series o r a recent period). Usually, 
the  term  trends im plicitly  refers to a linear approx im ation  o f  tim e- 
series. Here, however, tren d  refers to  either a significant linear or 
non-linear change in  an  ind icato r over the past 10 years (1 9 9 6 - 
2005), a lthough for com parison  we also estim ate trends over a

Table 1. Ecosystems considered in this study (for further details 
see Shin et al., 2010b, and Table 2).

Large marine
Ecosystem Geographic area ecosystem

1 Barents Sea Northeast Atlantic Barents Sea
2 Bay of Biscay Northeast Atlantic Iberian Coastal
3 Bering Sea, Aleutian Northeast Pacific East Bering Sea

Islands
4 Central Baltic Sea Northeast Atlantic Baltic Sea
5 Eastern Scotian Northwest Atlantic Scotian Shelf

Shelf
6 Guinean EEZ East Central Guinea Current

Atlantic
7 Irish Sea Northeast Atlantic Celtic-Biscay Shelf
8 Mauritanian EEZ East Central Canary Current

Atlantic
9 North-central Central Mediterranean

Adriatic Sea Mediterranean
10 Northeast United Northwest Atlantic Northeast US

States continental shelf
11 North Sea Northeast Atlantic North Sea
12 Northern Southeast Pacific Humboldt Current

Humboldt
13 Portuguese EEZ Northeast Atlantic Iberian Coastal
14 Morocco (Sahara East Central Canary Current

coastal) Atlantic
15 Senegalese EEZ East Central Canary Current

Atlantic
16 Southern Benguela Southeast Atlantic Benguela Current
17 Southern Catalan Northwest Mediterranean

Sea Mediterranean
18 Southern Southeast Pacific Humboldt Current

Humboldt
19 West coast Canada East Central Pacific Gulf of Alaska

longer period  (1980-2005 , o r the full length o f  the  tim e-series 
w here this is shorter). The choice o f  the  length o f  tim e-series 
was a com prom ise guided by  prelim inary  results. Short-term  
trends over the  past 5 years were m ostly  non-significant. For 
m ost indicators, trends were n o t detectable across a 5-year 
period  for several reasons: som e ecosystems are already severely 
im pacted  so we could  n o t expect a clear trend , data  are m issing 
in  som e cases for recent years so the tren d  is actually estim ated 
over less th an  5 years, the  variance o f  each ind icator is high, and 
the  statistical power for detecting trends is low  for ind icato r 
series < 1 0  years (N icholson and  Jennings, 2004). O n  the  o ther 
hand , tim e-series spanning the  longer period (1980-2005) were 
n o t available for sufficient o f  the  ecosystems to  carry  o u t full cross­
com parisons (Figure 1). Therefore, we em phasized the 1996-2006 
tim e-fram e for com parative purposes, and  report trends for the 
longer period.

S tandardization  o f  the indicators is essential for com parative 
purposes (in ter-ind icato r and  inter-ecosystem  com parisons). All 
ind icato r tim e-series were norm alized  by subtracting  the  m ean 
value o f  th a t ind icator over the  period  exam ined and  dividing 
by  the  standard  deviation (T -T mean)/bstd (Figure 1). This 
enabled com parisons to  be m ade betw een indicators (com pari­
son  o f  sensitivities) and ecosystems (com parison  o f  fishing 
im pacts). The slope o f  the  trends obtained from  norm alized 
values is equivalent to  the slope obtained from  the  original 
values w hen they are expressed as a ratio  o f  the  standard  
deviation (T /T std)-
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Table 2. List of ecosystem indicators used in trend analyses, along with the  expected trends from increasing exploitation and 
corresponding m anagem ent objectives.

Indicator
Headline
label Calculation, notations (units)

Expected
trend

Management
objectives M anagement direction

Total biomass of 
species surveyed

Biomass B (t) D RP Reduction In overall fishing 
effort and quotas

1 /  (landings /  
biomass)

Inverse
fishing
pressure

B / Y  retained species D RP Reduction In overall fishing 
effort and quotas

Mean length of 
fish In the 
community

Fish size E ;  L j / N  (cm) D EF Reduction In overall fishing 
effort, decreased fishing effort 
on large fish species

TL landings Trophic level £ s(TLsr s) /y D EF Decreased fishing effort on 
predator fish species

Proportion of 
predatory fish

% predators Proportion of predatory
fish =  biomass of predatory fish/ 
biomass surveyed

D CB Decreased fishing effort on 
predator fish species

Mean lifespan Lifespan E s f e a x ,  Bs)/ E s  Bs D SR Decreased fishing effort on 
long-lived species

L, length (cm); i, individual; s, species, N, abundance; B, biomass, Y,  catch (t); D, decline over time; RP, resource potential; EF, ecosystem structure and 
functioning; CB, conservation of biodiversity; SR, ecosystem stability and resistance to perturbations.

Tests to detect trends
Generalized least-squares an d  autoregressive e rro r analysis

Tim e-series o f  ecosystem indicators are relatively short, and 
frequently  characterized by  strong autocorrela tion , im posed as a 
consequence o f  the  ecosystem  dynam ics. A linear-trend  m odel 
was fitted to  each o f  the  ind icato r tim e-series using a generalized 
least-squares regression fram ework, w hich m odels the  tem poral 
correlations in  the  erro r using a tw o-stage estim ation procedure  
(Coli et al., 2008). Trends were estim ated for two separate 
periods, as stated above: 1996-2005 and  1980-2005 (o r for the 
w hole tim e-series if  shorter). The tw o-stage estim ation  procedure  
was used to  take account o f  au tocorrela tion  in  the  residuals and  to 
satisfy regression assum ptions. The significance o f  the estim ated 
tren d  (w hether the predicted slope is significantly different from  
zero) was then  assessed. This allowed for valid inference to 
assess the significance o f  the trend.

The procedure  was as follows:

Stage 1: an  ord inary  least-squares (OLS) regression m odel was 
used to  fit the  straight-line m odel /  =  ß 0 +  ß i  x  +  e , expressed 
in  m atrix  n o ta tio n  as y  =  X b  +  e, where e ~  N(0,o-2I ) ,  w hich 
assum es independent and  identically d istribu ted  errors. 
Analysis o f  residuals ê =  y  — y  was carried o u t to  determ ine 
w hether statistical assum ptions were m et. W hen  autocorrelated  
errors were present (defined as a p-value o f  > 0 .0 5  in  a two- 
sided D u rb in -W a tso n  test), we proceeded to  Stage 2 below.

Stage 2: generalized least-squares regression was used to  fit the 
straight-line m odel w ith  m ore flexible assum ptions abou t the 
erro r term s, i.e. e ~  N  (0, E ) -  Here, E  is a covariance 
m atrix  based o n  the  assum ption  o f  e  having a tem poral- 
dependence struc tu re  following an  autoregressive process o f  
o rder 1 [AR(1)]. The significance o f  the  tren d  is assessed by 

testing H 0: ß 1 =  0 vs. f i y  ß 1 #  0, w ith the  test statistic 

t* =  ß 1/s .e .(ß 1).

This two-stage procedure  was generally sufficient for tren d  esti­
m ation; the tim e-series are relatively sho rt and  there  is consider­
able flexibility in  realizations o f  the autocorrelated  AR(1) errors.

W e did, however, identify  cases w here it proved no t entirely  ade­
quate (because o f  the  po ten tial for n o n -constan t variance, non- 
linearity, o r leftover au tocorrela tion).

Intersection -  union te st
A second m ethod  for detecting trends from  tim e-series was devel­
oped by  Trenkel and R ochet (2009). It consists o f  fitting a n o n ­
linear sm oother to  the w hole ind icator series to  rem ove random  
sam pling noise and, if  the  sm oo ther has sufficient goodness-of-fit, 
calculating first and  second derivatives from  the sm oothed  tim e- 
series and carrying o u t a series o f  tests form ulated  as an 
in te rse c tio n -u n io n  test. A param etric  bootstrap  is th en  used for 
taking uncertain ty  in  the  ind icator tim e-series in to  account. The 
non-linear sm oo ther is fitted as a generalized additive m odel, 
using a th in -p la te  regression spline w ith au tom atic  estim ation  o f 
the  degree o f  sm oothness using generalized cross-validation 
(W ood, 2006). The null hypothesis in  an  in te rse c tio n -u n io n  test 
is a u n io n  o f  type H 0: 8 E  ( J ye r © T, where 8 is the  vector o f  
param eters o f  interest and © y the  set o f  values allowed under 
the  null hypotheses o f  each o f  the  y  =  1 , . . . ,  T  tests (Casella and 
Berger, 1990). The alternative hypothesis is expressed as the 
in tersection  H i: 8 E  f j y e r  ®y w ith ®y the set ° f  values o f  
the  individual alternative hypotheses. Then, the global null 
hypothesis is rejected only i f  the null hypotheses for all T  tests 
are rejected.

Given the  tim e-scale considered here, specific null hypotheses 
were developed w ith  separate tests for increasing and  decreasing 
tim e-trends. These hypotheses and  the  resulting tests are described 
below. The cond ition  for a significant decrease o r no  change in  the 
sm oothed  ind ica to r tim e-series over a given tim e-horizon  is m et, 
i.e. the  null hypothesis o f  an  increase is rejected if  the  following 
two conditions are m et:

C l: the  m axim um  sm oothed  ind icator value maxfij), 
for j =  T  — m +  1, . . . ,  T, is n o t found  w ith in  the  m ost 
recent m  years, i.e. in  years T  — 4 , . . . ,  T  for m  =  5; and

C2: ƒ  x  n  o f  all annual slopes o rdered  by increasing size are 
negative I¡ < 0, for j =  1 , . . . , ƒ  x  n,
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w here f  is the  sm oothed  ind icato r value for year j, T  the  to ta l 
n u m b er o f  years in  the  tim e-series, ƒ  the p ro p o rtio n  o f  years 
w ith in  the n years considered in  the  test, and  I¡ the first derivative 
o f  the  sm oothed  ind icato r tim e-series for year /, w hich will be 
referred to as the  annual slope. C ondition  C l allows the w hole 
tim e-series to  be inco rpora ted  in to  the  test, even if  only a 
shorte r recent period  is being considered, e.g. n =  10 and T  =  
26. C ond ition  C2 states th a t the  first ƒ  x  n, e.g. 0.8 x  10 =  8, 
annual slopes o f  the slopes arranged in  increasing o rder are nega­
tive o r  zero.

The two conditions lead to  the  defin ition  o f  null and alternative 
hypotheses for each subtest. For example, a decreasing tim e-trend  
over the study period  is declared significant if  all null hypotheses o f 
subtests T1 and  T2 corresponding to  conditions C l and C2 are 
rejected (in tersection  condition).

In  a T1 test o n  the  location  o f  the m axim um :

Hoi • fmax ^  j f  T— m+1 ' ■ ■ ■ ' dT ' j ' and 

F i„ : Imax ^  |^1> • • • i I t  —m, J >
H 01 is rejected i f  the  m axim um  value is n o t situated  du ring  the 
final m  years. In  a T2 test for values o f  the  first f x n  annual 
slopes sorted  in  increasing order:

T  A ƒ x n  ^

H oi: [ J  i f > 0 ,  and  H u : Ç ~ ) i j < 0 .
t=T— M+1 j=  1

For testing an  increasing tim e-trend , the null and  alternative 
hypotheses are form ulated  in  a sim ilar m anner. For a significant 
increase in  the sm oo thed  ind icator tim e-series, the m axim um  in 
C l is replaced by the m in im um , and  in  C2 <  by  > . Given that 
the  tests are carried o u t o n  sm oothed  (predicted) indicator 
values, years w ith m issing data  are n o t a problem . For a m ore 
exhaustive explanation  o f  the  application  o f  in te rse c tio n -u n io n  
tests for detecting tim e-trends, see Trenkel and  Rochet (2009).

The m eth o d  was applied for detecting tim e-trends over two 
tim e-horizons: over the  past 10 years (n =  1 0 , / =  1) o f  the  in d i­
cator tim e-series, i.e. the period  1996-2005, and for a longer 
period  (n  =  26) corresponding to the  years 1980-2005, o r  the 
w hole available tim e-series if  shorter. N ote  th a t the  sam e period 
was considered for all indicators, even i f  a longer series existed 
for a subset. In  b o th  cases, m  was set to 5. For the longer period, 
several values o f /w e re  tested, ƒ  =  {0.65, 0.75, 0.85}. H ence eight 
tests (fo u r for increasing and  four for decreasing tim e-trends) 
were carried o u t for each ind icato r tim e-series for each system. 
A risk level o f  a  =  0.05 was used for all tests. In  the  param etric  
bootstrap , given th a t ind icato r tim e-series had no  associated 
m easures o f  uncertainty, a coefficient o f  variation  (CV) o f  3% 
was assum ed for all years and indicators.

Tests to detect redundancy between indicators
M ultivariate analysis o f  indicator time-series 
R edundancy o f  indicators can be assessed in  a sim ple m anner 
based o n  the pairw ise corre lation  o f  indicators. In  a given eco­
system, any two indicators th a t are strongly correlated (regard­
less o f  the  direction) can be classified as redundan t, and  the 
strongly correlated ind icator can safely be excluded from  
further consideration  because it does n o t con ta in  extra

in form ation . Assessing the redundancy  o f  m ultip le indicators 
across m ultip le  ecosystems can be done using som e m ultivariate  
techniques. To assess the  redundancy  o f  indicators, two steps 
were followed. The initial step involves com puting  pairw ise co r­
relations (Pearson’s p ro d u c t m o m en t correlation), taking the 
w hole tim e-series o f  each indicator. The m ultivariate  pairw ise 
correlations across ecosystems were translated  in to  in te r­
ecosystem resem blance m atrices using Euclidean distance as a 
m easure o f  resem blance. The resulting inter-ecosystem  distances 
am ong the  ecosystems were th en  sum m arized  visually using 
n o n -m etric  m ultid im ensional scaling (M DS). M DS is one o f 
the  various o rd in a tio n  techniques used in  ecological studies. 
M DS attem pts to  m ap /¡-dim ensional (n, nu m b er o f  variables; 
variables in  this case are a pair o f  ecosystem indicators) d istri­
b u tio n  o f  sam ples (in  this case ecosystems) in to  sm aller d im en ­
sions (usually 2 - 3 ) .  It is an  iterative process. The stress value 
indicates how  well the /¡-dim ensional distance betw een ecosys­
tem s is preserved in  the  tw o- o r  th ree-dim ensional represen­
ta tio n  o f  the  relative location  o f  ecosystems. A higher stress 
value is an  ind ica tion  o f  p o o r representation  in  the lower 
dim ension. I f  the  stress value is > 0 .2 , tw o-dim ensional rep ­
resenta tion  is generally n o t recom m ended  (Clarke and 
W arwick, 2001). The analysis was done  in  R and  PRIM ER-E 
statistical software (Clarke and  Gorley, 2006).

M utual-in form ation  analysis
M easuring m utua l in form ation  involves com paring  the rhythm s 
o f  two tim e-series to  quantify  their degree o f  dynam ic cohesion 
(Cazelles, 2004). H igh values o f  m u tu a l in fo rm ation  m ean that 
the  tw o tim e-series fluctuate at the  sam e pace, show ing either syn­
chronized o r opposing  phases. For a pa ir o f  ecosystem indicators, 
m u tu a l in fo rm ation  can be in te rpreted  as a m easure o f  re d u n ­
dancy, because it represents the extent o f  com m on  in fo rm ation  
the  two variables carry.

Calculating m u tu a l in fo rm ation  is straightforw ard. The 
respective rhy thm  o f  two tim e-series X (t)  and  Y(t)  is found  by 
translating  their fluctuations in to  “peak”, “tro u g h ”, “decrease”, 
and  “increase” sym bols (H aydon et al., 2003). F rom  the  corre­
sponding  sym bolic series obtained, S(t)  and  U (t), m u tua l in fo r­
m ation  is given by the  equation:

d su  =  H s  +  H u  — H su >

w ith H s and  H v  the  en tro p y  o f  S and  U, and  H Su  their jo in t 
entropy. The equations for en tro p y  and  jo in t en tro p y  are

k
Hs =  - ^ ] p ( S ; ) l o g 2[p(S;)],

i= 1

w ith  k  th e  to ta l n u m b er o f  sym bols and p(S¡) th e  p robability  o f  
observing the  sym bol i along the  sym bolic series S, and

k k
H su  =  ~ ' ^ 2 ' ^ 2 p (S¡, Uj) log, [p(S¡, Uj)],

i=i j=i

where p(S¡, U f  is the probability  o f  observing at the  sam e tim e the 
sym bol / o n  the  sym bolic series S and  j on  the sym bolic series U.

Statistical significance was com puted  by  generating sets o f  su r­
rogate data  from  the  original tim e-series un d er the  null hypothesis 
th a t any co-occurrence o f  peaks, troughs, increases, and  decreases
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Figure 1. Normalized time-series (1980-2005) of indicators for several high-latitude, tem perate, tropical, and upwelling ecosystems in the 
study. The box indicates the period used for short-term  trend analysis. Note th a t short-term  (1996-2005) time-series were normalized 
separately for analyses, but th a t the  plots show the normalized m edium -term  time-series (1980-2005).

can be explained by chance only. A null d istribu tion  o f  m utua l 
in form ation  is th en  built, from  w hich 95% quantiles are extracted 
(see Cazelles, 2004, for m ore detail).

Results
Trends
Linear fits to tim e-series o f  ecological and exploitation  indicators 
revealed a m ix ture  o f  negative and  positive trends along w ith the 
absence o f  tem poral change, after correcting for au tocorrela tion  
where necessary (Figure 2). In  7 o f  the 19 ecosystems, there  were 
significant negative trends in  the indicators (a  =  0.05). O nly one

o f  the ecosystems, the  so u thern  Benguela, experienced significant 
negative trends in  m ore th an  one ind icator over the period  
1996-2005 (lifespan, p ro p o rtio n  o f  predators, and  trophic  level 
o f  catch). However, o f  these indicators, on ly  troph ic  level had  a 
contiguous dataseries w ith  > 4  years. In  contrast, ten  o f  the  ecosys­
tem s experienced significant positive trends in  at least one in d i­
cator. M oreover, all ecosystems dem onstra ted  a m ixture o f  
positive and  negative changes in  the  indicators, except the  west 
coast Canada (all positive) and the N o rth  Sea, b o th  o f  w hich 
experienced reductions (although n o t significant at a  =  0.05) in 
all ecological indicators, and a significant increase in  one exploita­
tio n  ind icator (inverse fishing pressure). The significance level
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Figure 1. Continued.

affects w hether o r no t a linear tren d  is detected. At a significance 
level o f  a  =  0.1, there  was a h igher incidence o f  negative (14) 
and  positive (19) trends in  to ta l for all indicators and  ecosystems 
(Table 3). W hen  the  m ed ium -term  period  (1980-2005) was used 
for detecting linear trends, m ore  trends were detected (a  =  0.05), 
w ith a m uch  higher prevalence o f  declining trends (Figure 3). 
S hort-term  trends were generally steeper th an  m ed ium -term  
trends.

Several reasons m ay have influenced the statistical ability to 
detect trends. First, the  tim e-series were relatively short, and sh o rt­
term  trends are likely to  capture recent variability bette r th an  the 
long-term  gradual change. Second, 12% o f  the  ind icator tim e- 
series violated the  assum ption  o f  norm ality  required  for OLS 
regression, and  5% d id  no t follow the  linearity  assum ption . In

35% o f  the  indicators, au tocorrela tion  needed to be taken in to  
account (Table 3). In  all, 20%  o f  the  trends were identified to be 
significant at a  =  0.05 (22 indicators across 19 systems, and  6 in d i­
cators each, w ith  4 values m issing).

The in te rse c tio n -u n io n  test m ethod  revealed even fewer sig­
nificant changes in  indicators over the 10-year period  (8 years 
for the M o ro cco -S ah ara  coastal ecosystem; Table 4): across the 
19 systems and  6 indicators, ju st 14 tim e-trends were significant, 
belonging to  ten  systems, w ith m ainly  one significantly changing 
ind icato r per system. No significant tim e-tren d  in  any ind icato r 
was found  for the n o rth -cen tra l Adriatic Sea, the  Baltic Sea, 
the  Barents Sea, the  so u thern  Benguela, the  Bering Sea, the 
so u thern  C atalan Sea, the  M auritan ian  EEZ, and  the Saharan 
coastal ecosystems. The length o f  the  available tim e-series
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Figure 2. Linear trends of indicators over the  short term  (1996-2005) for each ecosystem, using generalized least-squares and autoregressive 
error (Table 2). Grey represents an increasing and black a decreasing trend over time. Solid boxes indicate th a t trends were significantly 
different from zero (a  =  0.05) and hatched boxes indicate otherwise. LG, mean length; LS, mean lifespan; Bp, percentage predators; B, total 
biomass; TL, mean trophic level of landed catch; F, inverse fishing pressure.

varied considerably betw een systems, only five systems spanning 
the longer period  1980-2005 (Table 4). Hence, w hen consider­
ing tim e-trends over longer periods, the results cover different 
tim e-spans. Taking all test results together across systems and 
indicators, a clear negative relationship betw een the n u m b er o f 
years considered in  the  hypothesis test (ƒ  x  n in  T2) and  the 
p ro p o rtio n  o f  significant tim e-trends was found, indicating 
th a t the  conditions used for bu ild ing  the null hypotheses for 
the in te rse c tio n -u n io n  test are m ore  suited  for shorte r-te rm  
trends. Therefore, this m ethod  was used for evaluating trends 
for the  period 1996-2005 only.

Redundancy
Except the w idespread correlation  betw een biom ass and  the 
exploitation  ind icator (inverse fishing pressure), the  p a tte rn  o f 
redundancy  betw een all o ther indicators varied am ong ecosystems.

Therefore, any two indicators could be  red u n d an t (strongly co rre­
lated positive o r  negative) in  certain  ecosystems, while rem aining 
weakly correlated in  others. For example, the cross-correlations 
betw een fish size, troph ic  level, lifespan, and % predators were 
strong in  the  Baltic Sea (see Figure 1 for a com parison  o f  tim e- 
series). In  the N o rth  Sea, Irish  Sea, Baltic Sea, and  eastern 
Scotian Shelf, correlations betw een fish size and troph ic  level 
were strong. C orrelations betw een fish size and biom ass were posi­
tive in  the n o rth -cen tra l A driatic Sea, the  eastern Scotian Shelf, the 
so u thern  H um bold t, and the  Senegalese EEZ, b u t were negative in 
the  so u thern  C atalan Sea, the  N orth  Sea, and the  Irish Sea. The 
M DS results were fairly inconclusive in  term s o f  representing 
clear-cut groupings o f  sim ilarities in  pairwise indicator 
correlations across systems in  two dim ensions. A relatively high 
stress-value (0.18) indicated that a tw o-dim ensional represen­
ta tio n  m ay no t be  adequate. The results o f  p rincipal com ponents
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Table 3. Trends (reported as slopes) in ecosystem indicators over 10 years (1996-2005) using generalized least-squares and autoregressive 
error.

Ecosystem Fish size Lifespan % predators Biomass Trophic level Inverse fishing pressure

NC Adriatic Sea -0 .22a -0.03a -0 .1 2 -  0.22a,n,l 0.18a -0 .2 6 a
Central Baltic Sea 0.07 0.04 -0 .1 0 -0 .25a -0 .04a 0.07a
Barents Sea 0.21 a,n 0.22a — 0.21a,n 0.22a,n -0.03a 0.24a
Bay of Biscay 0.02 - 0.15 0.17 0.19a -0 .0 6
Southern Benguela -0 .1 5 -0 .3 2 a -0 .3 2 0.31a -0 .3 0 0.10a,l
Bering Sea 0.21 0.05a,l,n -0 .0 9 0.04 0.04 -0 .1 6
West coast Canada - 0.10a,l,n 0.16a 0.22 0.05 0.19
Southern Catalan Sea -0 .1 7 0.20a,n 0.31 -0 .1 8 0.25 0.19
Southern Humboldt 0.29 0.25 -0 .1 8 -0 .13a -0.23 0.17a,l,n
Guinean EEZ 0.06 0.27a 0.21 0.08a -0 .18 -0 .1 2
Irish Sea -0 .1 8 0.31 0.07a -0 .0 3 -0.35a,n 0.22
Mauritanian EEZ -0 .0 8 0.06 0.01 -0.11 -0 .2 0 -0 .2 0
Morocco coastal - 0.00 -0 .2 3 0.37a -0 .3 1 0.32a,n
North Sea — 0.13a,n -0 .1 9 -0 .1 0 -  0.03a -  0.28a 0.31
Northern Humboldt - — 0.28a,n 0.06 0.27a,n 0.05 0.17
Portuguese EEZ 0.29 0.00a,n 0.18 -0 .0 2 0.17a 0.21
Eastern Scotian Shelf -0 .22a 0.13 0.08 0.00 0.14 0.18
Senegalese EEZ 0.07 0.06 -0 .0 2 -0 .2 7 0.18 -0.21
Northeast United States -0 .1 0 -0 .10 -0.01 0.14 -0.11 -0 .1 6

Significance levels are shown emboldened (a — 0.1) and underlined (a — 0.05). a, adjusted for autocorrelation; n, normality assumptions violated; I, linearity 
assumptions violated.

analysis (PCA) o n  pairwise correlations by  ecosystem type 
m atrix  were also exam ined and  revealed a sim ilar representation  
o f  ecosystems in  two dim ensions, w ith less th an  h a lf the 
variability (46% ) explained by  the  first tw o principal com ponents 
(n o t show n).

M utual in form ation , in  term s o f  peaks and  troughs o f  in d i­
cators, was significant in  at least one pair o f  indicators for all eco­
systems considered. Five o f  the ind ica to r pairs were significant in 
five o r m ore ecosystems (Table 5). Four o f  the  19 ecosystems 
(Barents Sea, Bering Sea, so u thern  Benguela, and sou thern  
H um bold t) had strong associations in  five o r m ore indicator 
pairs. The highest prevalence o f  m u tu a l in fo rm ation  was 
betw een inverse fishing pressure and biom ass, largely because 
the  latter ind icator is used as pa rt o f  the  calculation o f  inverse 
fishing pressure. O ther pairs o f  indicators expected to be co m p ­
lem entary  in  ecological term s included % predators and  lifespan. 
However, according to  the m utua l-in fo rm atio n  approach, a 
nu m b er o f  indicators that intuitively should  be related (although 
these were correlated), such as fish size and  trophic  level, were 
no n -redundan t.

To evaluate w hether ecosystems could be grouped based on  
sim ilarity  o f  tem poral trends, results for the  periods 1980-2005 
and  1996-2005 for linear and  1996-2005 for non-linear trends 
were com bined in to  a m atrix , w here significant (a  =  0.05) 
trends were coded as either - 1  o r + 1  for each ecosystem, and  n o n ­
significant trends were coded as 0. The sam e approach was used to 
group based o n  b o th  sets o f  redundancy  results, w here pairwise 
correlations > 0 .5  and significant m u tu a l in fo rm ation  betw een 
the  two indicators were coded as 1 and 0 otherw ise. A dissim ilarity 
m atrix  based o n  Euclidean distances was then  com puted  followed 
by  hierarchical cluster analysis w ith the  R packages “hclust” and 
“pvclust”, using the “w ard” agglom eration m ethod . Figure 4a 
shows th a t ecosystems could  be grouped in to  three clusters, 
a lthough the  strength  o f  these clusters was weak (p  <  0.2). The 
first group consisted o f  ecosystems located in  h igh latitude, tem ­
perate, and  tropical regions. These were ecosystems that d id  no t

experience drastic changes in  the  indicators du ring  the tim e- 
w indow s considered. This group  also con tained  the sou thern  
H um bold t, n o rth -cen tra l Adriatic Sea, the eastern  Scotian Shelf, 
the  Baltic Sea, the so u thern  Catalan Sea, and the  Portuguese 
EEZ. All the latter ecosystems experienced changes in  fish size 
and  biom ass. The second group  contained  the  n o rth ern  
H um bold t, W est coast Canada, and the  G uinean EEZ ecosystems, 
w hich all experienced increases in  the trophic  level o f  catch. 
Finally, the so u thern  Benguela and  Saharan coastal ecosystems 
experienced declines in  the  troph ic  level o f  the  catch. The 
N ortheast U nited  States, N o rth  Sea, and Irish Sea all experienced 
decreases in  fish size accom panied by increases in  biom ass 
over tim e.

Figure 4b shows th a t two groups em erged based on  b o th  sets o f 
redundancy  analyses (p  <  0.10). The first group tended  to have 
greater overlap in  the redundancy  lifespan and  % predators, and 
either lifespan and fish size o r troph ic  level indicators. The 
second group tended  to  have a greater degree o f  redundancy  
betw een fish size and  inverse fishing pressure, fish size and 
troph ic  level, and  fish size and  biom ass. The two groups over­
lapped in  their redundancy  betw een inverse fishing pressure and 
biom ass.

Discussion
All the ecosystems considered in  this study were exploited long 
before the  beginning o f  the  tim e-series considered here (Bundy 
et ah, 2010). Therefore, the  focus o f  this study  was to identify 
w hether there  have been fu rth er decreases in  the  indicators 
du ring  the m ost recent tim e-fram e (1996-2005), as opposed  to 
the  general detection  o f  im pacts. U sing m ultip le m ethods and  a 
cross-ecosystem  com parative approach revealed th a t recent 
trends in  ecosystem  indicators are n o t all unan im ous o r synchro­
nously  declining. However, significant decreases in  one or m ore o f 
the  ecological indicators du rin g  the  years 1996-2005 from  either 
the  linear o r non-linear m ethods were detected for m any  o f  the 
ecosystems: the  central Baltic Sea, the  so u thern  Benguela, the
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Figure 3. Linear trends of indicators over the  medium term  (1980-2005) for each ecosystem, using generalized least-squares and 
autoregressive error. Grey represents an increasing and black a decreasing trend over time. Solid boxes indicate th a t trends were significantly 
different from zero (a  =  0.05) and hatched boxes indicate otherwise. LG, mean length; LS, mean lifespan; Bp, proportion of predators; B, total 
biomass; TL, mean trophic level of landed catch; F, inverse fishing pressure.

so u thern  C atalan Sea, the  sou thern  H um bold t, the Irish Sea, 
Saharan coastal, the  n o rth e rn  H um bold t, the  eastern Scotian 
Shelf, the Senegalese EEZ, and  the N ortheast US shelf (Table 6). 
This could suggest th a t these ecosystems are still experiencing 
increases in  pressure and th a t cu rren t m anagem ent plans are no t 
stringent enough o r have n o t been established long enough to 
p rom ote  recovery.

N o significant recent changes were detected for the  Barents Sea, 
the Bay o f  Biscay, o r the  Bering Sea ecosystems over the  period  
1996-2005, suggesting th a t increasing pressure has been halted 
b u t th a t there  is no  sign o f  recovery. It m ay be th a t a stable a lterna­
tive state has been  reached (C hoi et al., 2004), recovery is very slow, 
or th a t changes were n o t detected for o th er reasons (low statistical 
power, observation error, environm ental forcing, data  quality; 
Jouffre et al., 2010).

Positive trends were detected either in  isolation  o r in  com bi­
n a tion  w ith declines in  o th er indicators. Positive trends were

detected for W est coast Canada (biomass, % predators), G uinean 
EEZ (lifespan, fish size), Portuguese (fish size, biom ass), and  the 
N orth  Sea (biom ass, inverse fishing pressure), and a m ix ture  o f  
positive and  negative trends were detected for m any  o f  the ecosys­
tem s. It is im p o rtan t to no te  that this does n o t necessarily im ply 
recovery, because in  cases where ecosystems are m ainly  exploited 
for their sm all pelagic fish o r invertebrates, increasing % predators, 
m ean  troph ic  level o f  the  catch, m ean  length, and  m ean  lifespan will 
result w hen these organism s are depleted. This appears to be the 
case for the so u thern  C atalan (b iom ass- , % predato rs+ , trophic  
level+ ), and  possibly also the  n o rth e rn  H u m bold t (lifespan- , 
b iom ass+, % p redato rs+ ) and  sou thern  H u m b o ld t (trophic 
level- , fish size+ ) ecosystems (Arancibia and Neira, 2005), bu t 
see Coli et al. (2010) for fu rther discussion. In  the N o rth  Sea and 
Irish Sea, biom ass has increased alongside a reduction  in  fishing 
pressure and a con tinued  decline in  fish size. This could  be due 
to  the  indirect effects o f  fishing th a t have caused prey release

D
ow

nloaded 
from 

http://icesjm
s.oxfordjournals.org 

by 
on 

July 
8, 

2010

http://icesjms.oxfordjournals.org


Trend analysis o f ecosystem indicators

Table 4. Trends in ecosystem indicators over 10 years (1996-2005) using in te rsect-un ion  tests (a  =  0.05).

741

Ecosystem Fish size Lifespan % predators Biomass Trophic level Inverse fishing pressure N
NC Adriatic Sea 24
Baltic Sea 26
Barents Sea 22
Southern Benguela 16
Bering Sea 24
Biscay of Biscay NA - 12
Southern Catalan Sea 26
Guinean EEZ + 13
Irish Sea + 16
Mauritanian EEZ 16
Morocco coastal NA 8
Northeast United States - + 26
Northern Humboldt NA + 23
North Sea + + 21
Portuguese EEZ + 25
Scotian Shelf - 26
Senegalese EEZ - 20
Southern Humboldt - 13
West coast Canada NA + + 26

Blanks, non-significant changes; NA, no data available; + , significant increase; —, significant decrease; N, total length of time-series considered (including 
missing years).

Table 5. Num ber and names of ecosystems in which redundancy 
was significant (a  =  0.05) for each pair of indicators, based on 
m utual information.

Redundant indicators Ecosystems

Lifespan vs. fish size 

% predators vs. fish size 

% predators vs. lifespan

Biomass vs. lifespan

Biomass vs. % predators

Trophic level vs. fish size 
Trophic level vs. lifespan 
Trophic level vs. % 

predators 
Inverse fishing pressure 

vs. lifespan

Inverse fishing pressure 
vs. biomass

Biomass vs. fish size

Trophic level vs. biomass

Inverse fishing pressure 
vs. fish size 

Inverse fishing pressure 
vs. % predators 

Inverse fishing pressure 
vs. trophic level

4 =  Barents Sea, Mauritania, southern
Benguela, southern Humboldt

3 =  Senegalese EEZ, southern Benguela, 
southern Catalan Sea

6 =  Bering Sea, central Baltic Sea, 
Mauritania, North Sea, southern 
Benguela, southern Catalan Sea

5 =  Bering Sea, eastern Scotian Shelf, Irish 
Sea, southern Benguela, southern 
Humboldt

4 =  Bering Sea, southern Benguela, 
southern Catalan Sea, Barents Sea

1 =  Bay of Biscay
1 =  Northeast United States
1 =  Central Baltic Sea

5 =  Bering Sea, eastern Scotian Shelf, 
Northeast United States, Morocco 
(Sahara coastal), southern Humboldt

10 =  Barents Sea, Bering Sea, Guinean EEZ, 
Irish Sea, north-central Adriatic Sea, 
Northeast United States, North Sea, 
southern Humboldt, northern 
Humboldt, West coast Canada

5 =  Mauritania, southern Catalan Sea, 
southern Humboldt, Baltic Sea, Guinean 
EEZ

4 =  Barents Sea, Bay of Biscay, northern 
Humboldt, eastern Scotian Shelf

4 =  Guinean EEZ, Portuguese EEZ, 
Senegalese EEZ, southern Humboldt

2 =  Barents Sea, Bering Sea

2 =  Bering Sea, southern Benguela

h
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Figure 4. Cluster dendrogram s of ecosystems based on (a) all 
indicator trend results (1980-2005 and 1996-2005 for linear, 1996- 
2005 for non-linear-trend analyses), and (b) both sets of redundancy 
results (correlation of indicators and m utual information). Trends 
were coded as + 1 , —1, or 0, and redundancy was coded as either 1 
or 0. Euclidean distance and W ard agglomeration m ethods were 
used. Percentage p-value thresholds for the groups in (a) and (b) 
were weak and were 80 and 90%, respectively.

a n d / or enhanced survival o f  recruits (B lanchard et ál., 2005; D aan 
et al., 2005) ra ther th an  biom ass recovery.

C onclusions o n  w hether o r n o t the  ecosystem indicators were 
decreasing over tim e rely heavily on  the type and  pow er o f  the
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Table 6. Summary and comparison of short-term  (1996-2006) trends detected (significance level, a  =  0.05) using both linear and 
non-linear (in tersection-un ion) m ethods in the ecological indicators (excluding inverse fishing pressure) for the  19 ecosystems.

Ecosystem

Decrease Increase

Overall direction nLinear Non-linear Linear Non-linear

NC Adriatic Sea 5
Central Baltic Sea Biomass D 5
Barents Sea 5
Bay of Biscay 4
Southern Benguela Lifespan % predators, trophic level Biomass D >  I 5
Bering Sea 5
West coast Canada Biomass % predators 4
Southern Catalan Sea Biomass % predators, trophic level I >  D 5
Southern Humboldt Trophic level Trophic level Fish size D >  I 5
Guinean EEZ Lifespan Fish size 5
Irish Sea Trophic level Lifespan Lifespan I >  D 5
Mauritanian EEZ 5
Morocco SC Trophic level Biomass D =  I 4
North Sea Biomass 5
Northern Humboldt Lifespan Biomass % predators I >  D 4
Portuguese EEZ Fish size Biomass 5
Eastern Scotian Shelf Lifespan D 5
Senegalese EEZ Biomass D 5
Northeast United States Fish size Biomass D =  I 5

The overall direction of change was established by dominance of the number of decreasing (D) vs. increasing (1) indicators detected across all indicators and 
methods for each ecosystem. Blank cells indicate no significant change in direction, n, total number of indicators considered.

statistical test carried ou t. All ecosystems, except the  M orocco 
(Sahara coastal) ecosystem (n =  8), had  tim e-series at least 10 
years long. Increasing the  n u m b er o f  years included in  the  tim e- 
w indow  greatly affects the ability o f  statistical pow er to  detect a 
tren d  (N icholson and  Jennings, 2004). For exam ple, in  the 
N o rth  Sea, the  central Baltic, the  Irish Sea, the  so u thern  C atalan 
Sea, the no rth -cen tra l Adriatic Sea, and the  eastern Scotian 
Shelf, there  were significant declines in  fish size over the  past 25 
years— this type o f  p a tte rn  is w ell-docum ented  by  o th er studies 
(Jennings et al., 1999, 2002; D aan et al., 2005). Over the  short 
term , som e o f  these declines were still evident from  a negative 
slope, b u t they  were n o t always significant. W e canno t know  
un til fu tu re  data are collected w hether this difference is a ttr ib u ­
table to  a real slowing dow n (and  eventual cessation or reversal) 
o f  the tren d  as the co m m u n ity  recovers, o r  w hether it is sim ply 
attribu tab le  to  a lower statistical power.

The detection  o f  trends in  ecological and  exploitation  in d i­
cators is difficult for several o th er reasons. First, the  p ressure-  
state relationships betw een exploitation  and ecological indicators 
are n o t necessarily linear, so reference trends can be m isleading. 
Second, the responsiveness (tim e o f  response) o f  ecological in d i­
cators to  fishing pressure m ay vary for different indicators and 
in  som e cases is difficult to  determ ine. In  add ition , the  responsive­
ness o f  an  ind ica to r m ay vary depending  o n  w hich fishing effects 
are actually occurring  du rin g  the period. W hen  sm aller sizes and 
lower trophic  levels are targeted preferentially, an  increase in  the 
indicators ra ther th an  expected decreases will result. Also, 
the speed o f  change in  average length will depend o n  the  pa rt o f  
the size d istribu tion  th a t changes: changes in  sm all sizes are 
expected to  m ove the  average faster th an  larger ones.

Spatial heterogeneity  and  shifts a ttribu tab le  to  clim ate change 
in  fish com m unities as well as in  fishing effort can also conceal co r­
relations, o r on  the  con trary  can bias the  analysis (B lanchard et ah, 
2005, 2008; Perry et al., 2005). It is therefore im p o rtan t to  be able 
to  m o n ito r indicators that m atch  b o th  the  spatial d istribu tion  o f

the  resources o f  interest and o f  fishing activity ideally for suffi­
ciently long periods o f  tim e (1 0 +  years). M oreover, because 
they  do  n o t concern  the  sam e life stages and species, and 
because fishing patterns can change, ecological indicators calcu­
lated from  survey or from  catch data  do  n o t necessarily change 
in  the  sam e direction, n o r do  they  have the sam e tim e and  am pli­
tude  o f  response to  a change in  fishing pressure.

Ind ica tor dataseries are also p rone  to  differences caused by the 
quality  o f  the underlying survey data, different calculation 
m ethods em ployed for a single indicator, o r differences in  the 
different survey gear a n d /o r  sam pling seasons (Trenkel et ah, 
2004). Even if  the  indicators used in  this study  have been chosen 
to  be as sim ple as possible and are based on  readily available 
data, in  practice the  quality  o f  the data  depends m uch  on  the 
w hole data-collection process, w hich varies across the ecosystems. 
Currently, we lack specific m eta-in fo rm ation  and studies to  assess 
the  quality  o f  the  ind icator estim ates, e.g. to  quan tify  the  ranges 
o f  the sam pling errors in  each o f  the  ind icator series. We assum e 
th a t the sam pling uncertain ties rem ain  lower th an  na tura l (real) 
variations o f  the  sam pled variables. In  certain  cases a n d /o r  on  
certain  indicators, this assum ption  m ay  n o t hold. Perhaps this 
could  explain w hy som e expected trends are n o t observed, o r  co n ­
versely th a t certain  unexpected trends are observed as a result o f  
sam pling artefacts (Jouffre et al., 2010).

A lthough there  was no  consistent p a tte rn  in  redundancy  o f  the 
ecological indicators, inverse fishing pressure (the only exploita­
tio n  indicator) and biom ass carry  m u tu a l in fo rm ation  in  12 o f 
19 ecosystems, and  13 o f  19 were positively correlated w ith coeffi­
cients > 0 .5 . This is n o t surprising  because fishing pressure was 
calculated by  d ividing to ta l landings by  biom ass to  standardize 
for different levels o f  p roductiv ity  across the  systems to  facilitate 
cross-system  com parisons (Shin et ah, 2010b). The reason for 
including inverse fishing pressure in  the  ind icator suite was to 
ob tain  a standardized  m easure o f  exploitation  pressure across eco­
systems th a t also changed in  the  sam e d irection  as the  o ther
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indicators in  the suite (negative), purely  for ease o f  visual 
in te rpreta tion . It is im p o rtan t to  no te  th a t as an  exploitation in d i­
cator, o u r inverse fishing pressure ind icator is n o t ideal because it 
confounds b o th  the  changes a ttribu tab le  to  pressure and ecological 
status (biom ass). Ideally, in fo rm ation  on  fishing effort for each 
ecosystem w ould allow for standard ization  o f  to ta l landings tim e- 
series. U nfortunately, this in fo rm ation  was n o t available for all the 
ecosystems analysed here.

There were no  clear patterns in  the  redundancy  o f  the rem ain­
ing five ecological indicators, suggesting that as a suite they capture 
com plem entary  in fo rm ation  o n  ecosystem  struc tu re  and  function. 
The varying degree o f  redundancy  in  the indicators across ecosys­
tem s m ight be a reflection o f  d ifferent historical fishing o r m an ­
agem ent patterns. For exam ple, in  ecosystems where 
m anagem ent action  has been  stringent, there  could  be a reversal 
in  one o f  ind icator (positive trend), b u t a lag o r con tinued  
decline in  others. Such could  be the  case if  a reduction  in  overall 
effort resulted in  an  increase in  biom ass b u t perhaps n o t in  fish 
size, w hich could take longer to reverse especially i f  phenotypic 
a n d /o r  genetic changes were a p roduct o f  size-selective fishing 
practices (Law, 2000). M ore w ork  is needed to  im prove u n d e r­
standing o n  how  sensitive and  responsive each ind icato r is in  its 
ability to  detect changes in  ecosystem structure  and functioning 
as a consequence o f  changes in  fishing pressure.

The influence o f  environm ental variability and forcing is likely 
to  m ask the effects o f  fishing or cause a m ix ture  o f  responses 
attribu tab le  to m ultip le causal m echanism s and  stressors o n  eco­
systems (H alpern  et ah, 2008). This is especially the case for 
sho rt tim e-series and  for eastern ocean b o u n d ary  ecosystems, 
w here upwelling is an  im p o rtan t process, e.g. the  sou thern  
Benguela, the so u thern  and  n o rth e rn  H um bold t, Portugal, and 
W est coast C anada (Shannon et al., 2010). In  those systems, a 
strong influence o f  environm ental drivers o n  the suite o f  in d i­
cators has been identified (L ink et ah, 2010). O ther 
hu m an-induced  factors (po llu tion , clim ate) causing changes in 
nu trien ts and influencing the  p roductiv ity  o f  ecosystems m ay be 
acting m ore strongly o n  som e o f  the  indicators (such as 
biom ass) th an  the effect o f  fishing alone. M ore research is clearly 
needed o n  the  dom inance o f  causal stressors and  the cum ulative 
im pacts o f  m ultip le  h u m an  activities o n  the  dynam ics o f 
ecosystems.

Conclusions, limitations, and future work
This exploratory  study  is one o f  the  first undertaken  to  cross­
com pare  recent trends o f  ecosystem indicators worldwide. 
Overall, the  results are n o t encouraging in  th a t there  were no  co n ­
sistent patterns across ecosystems and  indicators, m aking it diffi­
cult to  identify  underly ing  broad-scale relationships betw een 
exploitation  and ecological indicators o r to  generalize across 
systems. In  som e systems, there  is evidence o f  increasing indicator 
trends; in  others, unfortunately, declines are still prevalent. There 
is a clear need for m anagem ent strategies to  be identified that will 
reverse o r (at w orst) halt the d irection  o f  declining trends in  eco­
logical state. To do  this, we need a clearer understand ing  o f  the 
sensitivity and  responsiveness o f  these indicators to  fishing 
pressure and  m anagem ent actions, while taking in to  consideration  
na tura l background  variability, o th er poten tial concurren t and 
cum ulative im pacts, and uncertainty. In  o ther w ords, how  m uch  
does fishing need to  be reduced in  o rder for there  to  be a 
change in  ecological state, and how  well can each o f  these in d i­
cators actually represent changes in  ecological state? In  o rder for

an  EAF to  be successful, system- and indicator-specific baseline, 
target, and  th resho ld  reference po in ts need to  be developed for a 
change in  a particu lar ind ica to r to  be m eaningful and in terpretable 
for m anagem ent. Objectives at the EAF level need to  be clarified, 
and  appropria te  types and levels o f  m anagem ent in terven tion  
need to  be defined to  m eet the objectives. Finally, there  needs to 
be a reliable long-term  quality-assessed m o n ito ring  procedure in 
place, as well as in fo rm ation  systems th a t allow for b o th  ecological 
and  fisheries (and o th er im pact) data  to  be collected and  m ain ­
tained a t the  sam e spatial and  tem poral scales. W ith o u t such in fo r­
m ation , it will n o t be possible to  assess adequately any 
im provem ents in  ecosystem status, o r w hether EAF m anagem ent 
objectives are being m et.
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