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Abstract 64 
 65 
The nonparametric statistic, Kendall’s tau, has been proposed to analyze trends in 66 
plankton and fish communities. Here we use the statistic to assess the biomass of 67 
exploited marine species across marine ecosystems spanning upwelling, high-68 
latitude, temperate, and tropical marine habitats. We calculate an indicator, the 69 
proportion of ‘Non-Declining Exploited Species’ (NDES) and use this to compare 70 
patterns in the states and temporal trajectories of the exploited species of the 71 
community relative to the overall community. Three community-level indicators are 72 
used to make these comparisons: survey-based mean trophic level, proportion of 73 
predatory fish, and mean life span. In some ecosystems, we find that the NDES 74 
indicator corresponds to states and temporal trajectories of the community 75 
indicators, indicating deteriorating conditions in both the exploited portion of the 76 
community and the overall community. However differences illustrate the necessity 77 
of using different ecological indicators to reflect different facets of the state of the 78 
ecosystem. For each of the ecosystems, we discuss patterns in the NDES with 79 
respect to each of the community-level indicators and discuss results in the context 80 
of ecosystem-specific drivers. We conclude that using the NDES requires context-81 
specific supporting information in order to provide guidance within a management 82 
framework. 83 
 84 
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Introduction 87 
 88 
While declines in some fisheries have been halted or some fish stocks have 89 
recovered due to precautionary fisheries management or reduced exploitation rates 90 
(Worm et al. 2009), many exploited stocks around the world are in decline due to a 91 
combination of stressors such as overfishing, pollution, habitat degradation, and 92 
climate change. These stock declines result in fisheries yields, which are less than 93 
optimal and ultimately can lead to stock collapse. This is of growing concern due to 94 
the direct impacts on food security for over three billion people who rely on 95 
fisheries to supply a significant portion of their animal protein (FAO 2012). Fishing 96 
represents one of the most significant human impacts on marine ecosystems and 97 
has led to many changes including alterations of the trophic structure, declines in 98 
the abundance of top predators, biodiversity, and overall resilience and biomass of 99 
some ecosystems (Pauly et al. 1998, Jackson et al. 2001, Christensen et al. 2003, 100 
Perry et al. 2010, Jackson et al. 2011). Additionally, the spatial footprint of fishing 101 
has continued to increase as fisheries have expanded offshore (Coll et al. 2008a, 102 
Swartz et al. 2010) and into deeper waters (Morato et al. 2006). These expansions 103 
have often been facilitated by the use of increasingly sophisticated fishing 104 
technology (Pauly et al. 2002). These remarkable technological improvements have 105 
resulted in fleets that are more efficient (Pauly & Palomares 2010) and more 106 
powerful (Anticamara et al. 2011) than at any time in the past, but this has not led to 107 
increased catches but rather a stagnation or even slow decline in the overall global 108 
catch (FAO 2012). 109 
 110 
Traditionally, fish stocks in temperate and developed parts of the world have been 111 
assessed and managed as single units, with little consideration for the linkages with 112 
other components of the ecosystem. However, there is a growing push to manage 113 
fish stocks cohesively as one aspect of an ecosystem-based approach to marine 114 
management (Link et al. 2002, Garcia 2009). This is in line with the objectives of 115 
several international conventions such as the Convention on Biological Diversity 116 
(CBD 2010) and regional legislations such as the European Marine Strategy 117 
Framework Directive (EU Directive 2008/56/EC) or the EU Common Fisheries 118 
Policy (European Commission 2013). An ecosystem approach to management 119 
requires the development of indicators and robust methods to gauge changes in 120 
marine ecosystems. This requires indicators of ecosystem change that are easy to 121 
interpret in order to measure the impacts of fishing, climate change, and other 122 
factors across ecosystems and to provide management guidance at an ecosystem 123 
level.  124 
 125 
However, the development of robust and reliable marine indicators is still in its 126 
infancy, and it may be that multiple indicators may be necessary to capture changes 127 
in different components of the community and provide a more complete 128 
understanding of ecosystem status (Shin et al. 2010b, Bundy et al. 2012). For 129 
example, trophic level indicators calculated for different portions of the ecosystem 130 
(e.g., surveyed biomass vs. landings) can provide differing views of the status of the 131 
ecosystem (Shannon et al. Accepted). The need to interpret multiple ecosystem 132 
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indicators to obtain a more complete understanding of the status of the system is 133 
particularly important in an ecosystem services framework since the majority of 134 
ecosystem indicators currently available are not comprehensive and are often 135 
inadequate to characterize ecosystem services when used alone (Liquete et al. 2013, 136 
Piroddi et al. Submitted).  137 
 138 
Here we test an indicator, which has been proposed as a ‘simple community 139 
analysis’ (Lynam et al. 2010), and which can be interpreted in terms of trends and 140 
correlations of multiple species at the community-level. This measure was originally 141 
developed and demonstrated using fish survey and phytoplankton count data from 142 
waters off the west coast of Ireland (Lynam et al. 2010). The indicator is based on a 143 
nonparametric test statistic, Kendall’s tau (Kendall & Gibbons 1990), which is used 144 
to determine the strength of declining or non-declining trends in a set of time series 145 
of species biomass from the comparison of theoretical and observed distributions of 146 
the statistic. Here we assess the proportion of non-declining species across several 147 
ecosystems. 148 
 149 
Similar to Lynam et al. (2010), we use this statistic in a simple community analysis 150 
approach to explore biomass trends for exploited species within ecosystems and to 151 
estimate the proportion of non-declining exploited species biomass, the ‘Non-152 
Declining Exploited Species’ (NDES) indicator. We analyze 22 marine ecosystems 153 
spanning upwelling, high-latitude, temperate, and tropical marine habitats across 154 
the world’s oceans (Table 1). The rationale for exploring non-declining trends, 155 
rather than the proportion of declining trends, is that we would like to have an 156 
indicator that should have a lower value at higher levels of fishing pressure (i.e., 157 
more declining biomass trends with higher exploitation rates). Cross-ecosystem 158 
comparisons of the NDES indicator are possible because it accounts for the distinct 159 
number of species and differing length of the time series data available in each 160 
ecosystem. First, we illustrate, based on the full set of single exploited species trends 161 
for each ecosystem, the proportion of non-declining species and compare the 162 
indicator values between ecosystems. Second, in order to understand the patterns in 163 
the NDES indicator, which provides information specific to the exploited portion of 164 
the community, we compare the NDES indicator to three community-level 165 
indicators: proportion of predatory fish (PPF), survey-based mean trophic level 166 
(TLsc), and mean life span (mLS), which were described by Shin et al. (2010b), to 167 
determine whether exploited species biomass is associated with other system-level 168 
changes. These particular indicators were selected because (a) data to compute the 169 
indicators for each ecosystem were available, (b) they are more integrative as they 170 
include all survey species as opposed to looking only at the exploited portion of the 171 
community, and (c) they are species-based like the NDES, but also account for 172 
different functional traits within the greater community. Each of these indicators is 173 
also formulated such that greater fishing pressures results in lower indicator scores. 174 
 175 
Methodology 176 
 177 
Ecosystems 178 
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 179 
A total of 22 ecosystems are included in this analysis (Table 1). They comprise the 180 
Barents Sea, the Bay of Biscay, the central Baltic Sea, the eastern Bering Sea, the 181 
eastern Scotian Shelf, the English Channel, the Guinean Shelf, the Gulf of Cadiz, the 182 
Irish Sea, the north Aegean Sea, the northern Humboldt Current, the north Ionian 183 
Sea, north-central Adriatic, the northeast U.S., the North Sea, the Portuguese coast, 184 
the south Catalan Sea, the southern Benguela, the Scottish west coast, the U.S. west 185 
coast, the west coast of Vancouver Island (hereafter referred to as Vancouver 186 
Island), and the western Scotian Shelf. The 22 ecosystems assessed here have been 187 
selected because multiple trends of species biomass from biological surveys or stock 188 
assessments are available through the IndiSeas international initiative (Shin et al. 189 
2012; www.indiseas.org). The majority of these ecosystems were described and 190 
explored in a series of papers resulting from the IndiSeas project (Coll et al. 2010b, 191 
Shin et al. 2010b, Bundy et al. 2012). The number of species with biomass time 192 
series available for analysis and the average timespan over which the biological 193 
surveys and stock assessments were conducted vary greatly between ecosystems 194 
(Table 1). The northeast U.S. shelf has both the greatest number of available biomass 195 
time series (124) and the longest survey duration (47 years). Conversely, the north 196 
Ionian Sea has the fewest number of time series (5) and the north Aegean Sea has 197 
the shortest survey duration (4 years). 198 
 199 
The full list of species assessed in each ecosystem, length of time series, Kendall’s 200 
tau correlation coefficient of exploited species biomass time series, and the relative 201 
proportional contribution of each species’ average biomass to the overall average 202 
exploited biomass available in each ecosystem is presented in Table S1 in the 203 
Supplementary Information. 204 
 205 
Calculating the Non-Declining Exploited Species (NDES) indicator 206 
 207 
Lynam et al. (2010) used the Kendall’s tau correlation coefficient to quantify the 208 
degree of association between the species biomass as measured from a biological 209 
survey (X variable) and the time series of years over which the survey was 210 
conducted (Y variable). Kendall’s tau is a measure of the strength of the tendency of 211 
these two variables, X and Y to move in the same (or opposite) direction. That is, the 212 
estimates of tau in a set of species provide a probability of having a monotonic 213 
temporal trend in the biological data. Lynam et al. (2010) noted that one of the 214 
strengths of such a rank-based method over other parametric methods (e.g., 215 
Pearson’s product moment correlation coefficient) is that the relationship between 216 
the measured variables does not have to be linear and does not rely on any 217 
assumption about the distribution of the variables.  218 
 219 
Here, we take the same approach, calculating the Kendall’s tau coefficient for each 220 
exploited species in an ecosystem with time series of biomass data (Table 1). The 221 
rationale is to build an indicator which would be simple to estimate, and easy to 222 
communicate, reflecting what proportion of exploited species have their biomass 223 
increasing or decreasing in each ecosystem, potentially as a result of fishing. Each 224 
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tau is calculated by examining the difference between consecutive years and the 225 
corresponding consecutive biomass values (Lynam et al. 2010). If the differences are 226 
both positive, then this demonstrates an increase in biomass. By looking at all pairs 227 
in a time series within an ecosystem, one can determine whether the biomass over 228 
the time series is generally increasing or decreasing. The higher the proportion of 229 
concordant or discordant pairs, the stronger the increase or decrease, respectively. 230 
This procedure results in a measure of the probability of an increasing biomass 231 
trend (tau) for each exploited species from biological surveys or stock assessments 232 
in an ecosystem. A histogram of the resulting distribution of all Kendall’s tau 233 
coefficients within an ecosystem allows a comparison of the observed distribution of 234 
tau with the theoretical expected distribution to assess whether there is a significant 235 
monotonic trend. An observed distribution of the statistic tau that is shifted to the 236 
left of the expected theoretical distribution indicates an ecosystem with more 237 
species with declining biomass than expected by chance alone. The converse is true 238 
for an observed distribution shifted to the right of the expected theoretical 239 
distribution.  240 
 241 
Here, because we are interested in determining whether the NDES indicator is 242 
significantly high (i.e., more non-declining trends) or low (i.e., more declining 243 
trends), we formally test whether the observed distribution of the statistic tau is 244 
shifted to the right or left of the theoretical expected distribution with a two-tailed 245 
nonparametric Kolmogorov-Smirnov (KS) single-sample goodness-of-fit test. The 246 
null hypothesis tested is that there is no difference between the observed 247 
distribution and the expected distribution. The KS significance test takes into 248 
account the number of species and the differing length of the time series in the 249 
calculation of the theoretical expected distribution (red line in Figure 1). An 250 
ecosystem with few species trends, but a long time series will have a more 251 
leptokurtic distribution than an ecosystem with few species trends with short time 252 
series. The proportion of non-declining biomass of exploited species out of the total 253 
number of exploited species biomass trends in an ecosystem (as determined from 254 
this method) is taken to be the state indicator we call ‘Non-Declining Exploited 255 
Species’ (NDES). 256 
 257 
Kendall’s tau and associated analyses were conducted in R version 3.0.2 (R Core 258 
Team 2013) using the packages ‘stats’, and ‘SuppDists’ (Wheeler 2009). 259 
 260 
Supplemental community-based indicators 261 
 262 
We conducted several analyses to compare the NDES indicator directly with the 263 
status and trends of three other community indicators including proportion of 264 
predatory fish (PPF), average trophic level of the surveyed community (TLsc), and 265 
mean lifespan (mLS). These indicators were selected from the set of IndiSeas 266 
indicators (Shin et al. 2012) because they were available for the majority of the 267 
ecosystems presented here. Additionally, they are important indicators of 268 
ecosystem status and trend and have been noted to be effective at capturing 269 
different aspects of ecosystem functioning such as the state of turnover processes, 270 
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predator-prey dynamics, and trophic composition (Shin et al. 2010b). The PPF is 271 
calculated as the ratio of the biomass of predatory fish species surveyed to the total 272 
biomass surveyed and TLsc is calculated as the biomass-weighted average trophic 273 
level of the total surveyed community. The PPF and TLsc are designed to capture the 274 
effect of fishing on larger and higher trophic level species in the ecosystem. The mLS 275 
is calculated as: 276 
 277 

(ageMAX,s ×Bs ) / Bs
s

å
s

å  278 

 279 
where BS is the survey biomass estimate for a given species s and ageMAX,s is the 280 
maximum longevity of the species. This indicator is used as an inverse proxy for 281 
turnover rate and conveys the idea that fishing favors the emergence of species with 282 
a short lifespan (Shin et al. 2010a). The three indicators are hence meant to reflect 283 
changes in different facets of functional diversity (Bundy et al. 2010).  284 
 285 
In contrast to the NDES indicator, which looks specifically at the biomass of the 286 
exploited component of the ecosystem, mLS, PPF, and TLsc, are calculated on the full 287 
suite of surveyed species biomass (i.e., surveyed biomass of exploited and non-288 
exploited species) in a given ecosystem (Shin et al. 2010b). Because the indicators 289 
were designed to capture different components of the state of the ecosystem, we do 290 
not necessarily expect to find correlations between the indicators, but we illustrate 291 
similarities and differences between the indicators and provide some context for the 292 
patterns observed in each ecosystem.  293 
 294 
First, for each ecosystem we compare the NDES indicator with the current state of 295 
each of the community indicators (PPF, TLsc, and mLS) using petal plots. The state 296 
for each of the three community indicators is calculated as the average of the most 297 
recent five years for which data were available (for most systems this was 2006-298 
2010). Thus, the ‘current state’ of the ecosystem with regard to these three 299 
community indicators is compared directly with the NDES indicator (i.e., the 300 
proportion of exploited species with non-declining biomass in each ecosystem). For 301 
each of the 22 ecosystems the values for the four indicators are rescaled between 0 302 
(worse state) and 1 (better state) in order to allow for comparison between 303 
indicators and between ecosystems. Each of the indicators used in the analyses 304 
presented here are designed such that higher fishing pressure should result in a 305 
lower indicator score.  306 
 307 
Next, for each ecosystem, we also evaluate the correlation over time of the three 308 
ecosystem indicators (PPF, TLsc, and mLS) with the biomass time series for each 309 
exploited species that were used to calculate the NDES. We perform this comparison 310 
again using the Kendall’s tau correlation coefficient to quantify the degree of 311 
association between the times series of exploited species biomass from the survey 312 
(X variable) and each time series of ecosystem indicator values (Y variable). These 313 
comparisons are calculated for all years in which both biomass values and 314 
ecosystem indicator values exist. Here, in contrast to the Kendall’s tau calculated for 315 
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the NDES indicator, we used a two-tailed binomial test to assess the significance of 316 
the hypothesis that there are more positive or negative correlations between the 317 
biomass trends and the three community indicator values than would be expected 318 
by chance. Because we are looking at pairwise changes in the community indicator 319 
values and the biomass of an exploited species, we are assessing the trajectories of 320 
the time series, rather than correlating linear trends (i.e., slopes). A positive 321 
correlation indicates that the exploited biomass trends are following the same 322 
trajectory as the community indicator trends (i.e., increasing or decreasing). We 323 
present the proportion of positively correlated trends per ecosystem and term 324 
proportions greater than 0.5 ‘positively correlated’ (i.e., more similar trajectories) 325 
and proportions less than 0.5 ‘negatively correlated’ (i.e., more opposing 326 
trajectories), referring to the preponderance of exploited species biomass trends 327 
that are positively or negatively correlated with a particular community indicator. In 328 
order to better understand the positive correlations, and infer the direction of the 329 
correlation (i.e., decreasing/increasing community indicator associated with 330 
decreasing/increasing biomass trends), we calculate the slopes of each of the 331 
community indicators based on the complete time series of normalized indicator 332 
values (i.e., standardized by subtracting the mean and dividing by the standard 333 
deviation) for each ecosystem using generalized least-squares models with 334 
autoregressive errors following Blanchard et al. (2010). These slopes are used to 335 
further investigate the relationships between the trends in exploited species 336 
biomass and the community indicators.  337 
 338 
Finally, in order to better understand the state and trend patterns in the NDES 339 
indicator and the three community indicators, we examine the biomass trends of the 340 
exploited species within an ecosystem with respect to the species trophic level 341 
(determined from FishBase, www.fishbase.org, or local values provided by IndiSeas 342 
experts, see Table 1S). The rationale for this exploration is to evaluate whether 343 
there is a greater proportion and number of declining trends for lower or higher 344 
tropic level species. Thus, we compute the biomass-weighted average trophic level 345 
of the exploited species with declining biomass and compare that to the biomass-346 
weighted average trophic level of the exploited species with non-declining biomass 347 
in a given ecosystem. Because each ecosystem will have a different composition of 348 
species with varying trophic levels that is related to factors specific to the particular 349 
ecosystem (e.g., levels of primary productivity, exploitation history, oceanography, 350 
etc.), we define ‘lower’ or ‘higher’ trophic levels on a relative basis within an 351 
ecosystem, and we do not compare these values between ecosystems. However, we 352 
explore whether ecosystems with a higher proportion of declines of higher trophic 353 
level exploited species tend to have lower scores for the ecosystem indicators. 354 
 355 
 356 
Results & Discussion 357 
 358 
The Non-Declining Exploited Species (NDES) Indicator 359 
 360 

http://www.fishbase.org/
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Histograms of Kendall’s tau statistic indicate the distribution of negatively 361 
(decreasing; white portion of histogram bars) and positively (increasing; grey 362 
portion of histogram bars) correlated biomass trends for the exploited species in 363 
each ecosystem (Figure 1). Based on the proportion of non-declining trends (i.e., the 364 
NDES indicator), we find that in 10 out of the 22 ecosystems, more than half of the 365 
exploited species trends are significantly non-declining (Table 1; NDES > 0.5, p-366 
value < 0.05). There are more non-declining exploited biomass trends (i.e., higher 367 
NDES values) in the English Channel, the south Catalan Sea, the eastern Bering Sea, 368 
the southern Benguela, the western Scotian Shelf, the North Sea, the northeast U.S., 369 
Vancouver Island, the Portuguese coast, and the Barents Sea (ordered from lower to 370 
higher NDES values). We find that the observed values of the tau statistic in these 371 
ecosystems are shifted to the right of the expected theoretical distributions (red 372 
lines), indicating that there are fewer species declining in biomass than should be 373 
expected by chance. 374 
 375 
Nine ecosystems have significantly more declining trends (Table 1; NDES < 0.5, p-376 
value < 0.5) include the Guinean Shelf, the north Ionian Sea, the Gulf of Cadiz, the 377 
Bay of Biscay, the north-central Adriatic, the eastern Scotian Shelf, the Irish Sea, the 378 
U.S. west coast, and the north Aegean Sea (ordered from lower to higher NDES 379 
values). We find that the observed values of the tau statistic in these ecosystems are 380 
shifted to the left of the expected theoretical distributions (red lines), indicating that 381 
there are more species declining in biomass than should be expected by chance. 382 
Note that the U.S. west coast and the north Aegean Sea ecosystems have relatively 383 
short time series (8 and 4 years, respectively), which results in expected theoretical 384 
distributions of the tau statistic that are broader and flatter compared with the rest 385 
of the ecosystems. It is expected that the variance of the expected distributions of 386 
the tau statistic should increase as the length of the time series of biomass 387 
decreases, which is a weakness of the indicator. The NDES indicator is non-388 
significant in the central Baltic Sea, the northern Humboldt Current, and the Scottish 389 
west coast. 390 
 391 
Comparison of the NDES indicator with community status indicators 392 
 393 
The current status for the three community indicators and the NDES indicator vary 394 
greatly among ecosystems (Figure 2). In some ecosystems, the scores for all four 395 
indicators are relatively high (e.g., the eastern Bering Sea, the northeast U.S. and 396 
Vancouver Island) suggesting these ecosystems have a better ecosystem state 397 
overall. In other cases, the scores are all relatively low (e.g., the central Baltic Sea, 398 
the Gulf of Cadiz, the Irish Sea, the north Ionian Sea, the north Aegean Sea, and the 399 
northern Humboldt Current), suggesting a worse ecosystem state on average. For 400 
other ecosystems the NDES indicator contrasts with the results of the community-401 
level indicators (e.g., the Bay of Biscay) suggesting that patterns in the exploited 402 
portion of the community are not reflected in the whole community. 403 
 404 
The composition of the trophic levels of the species that are declining within an 405 
ecosystem can provide some insight as to why the NDES scores might be higher or 406 
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lower than the status of the community indicators (Figure 3) and can help illustrate 407 
the similarities between the patterns in the exploited species versus the whole 408 
community. For example, the north-central Adriatic receives a high score for TLsc. 409 
However, the proportion of non-declining species is 29%, resulting in a low NDES 410 
score. This discrepancy can be explained by the fact that the biomass-weighted 411 
average trophic level of the declining species is lower (~3.1) relative to the biomass-412 
weighted average trophic level of the species that are not decreasing (~3.75), 413 
indicating that lower trophic level species in the system are the ones declining and 414 
resulting in a higher TLsc. However, the fact that the average trophic level of these 415 
species is less than 4 suggests that large predatory fish are not abundant in the 416 
north-central Adriatic, which may point to why the scores for PPF and mLS are also 417 
lower (Coll et al. 2009, Coll et al. 2010a). Similar trophic level patterns are found for 418 
the Bay of Biscay, which is strongly over-exploited (Guénette & Gascuel 2012) and 419 
where the PPF status is high relative to the lower scores for the NDES indicator. 420 
These discrepancies can be explained by the fact that the biomass of lower trophic 421 
level species is declining.  422 
 423 
The north Ionian Sea has the lowest status scores (i.e., 0) for the three community 424 
indicators and the NDES indicator. In this ecosystem, there are few exploited 425 
biomass trends, which are used to calculate the NDES indicator and all are declining 426 
according to the Kendall’s tau statistic (Figure 1, Table 1). Additionally, the average 427 
trophic level of the exploited biomass is around 3.2, which is relatively low. This 428 
ecosystem, like many regions in the Mediterranean (e.g., south Catalan Sea: Coll et al. 429 
2008b), is dominated by lower trophic level organisms (especially invertebrates) 430 
due to historic and current heavy fishing pressure (Piroddi et al. 2010). This 431 
situation also occurs in other Atlantic ecosystems, for example in the Gulf of Cadiz 432 
(Torres et al. 2013). The reduction in the trophic level of the overall ecosystem is 433 
reflected in the low status of the community indicators.  434 
 435 
The Barents Sea provides an example of a higher score for the NDES indicator and a 436 
lower score for the community indicators. In the Barents Sea, nine out of 11 biomass 437 
trends are non-declining and the biomass-weighted average trophic level of the 438 
declining exploited species is lower. In this case, the NDES indicator does not reflect 439 
what is happening in the overall system. However, the Barents Sea is an ecosystem 440 
where stocks of short-lived small capelin (Mallotus villosus) and transient stocks of 441 
young herring (Clupea harengus, 0-4 years old) are major drivers for the top 442 
predators (Hjermann et al. 2010, Johannesen et al. 2012). These stocks show large 443 
natural fluctuations over relatively short time periods. During the 38 years of survey 444 
data analyzed here, capelin has fluctuated between very low biomass levels 445 
(Gjøsæter et al. 2009) and the highest peak in history (within the last 10 years) 446 
followed by natural declines one to two years after each peak. This pattern is likely 447 
causing a temporary reduction in the TLsc even if the long-lived, top predator 448 
species show a concurrent increase over the same period. Similar to the Barents Sea, 449 
the NDES scores for the Portuguese coast, southern Benguela, and the south Catalan 450 
Sea are also higher than the status of the community indicators, with fewer 451 
declining species trends. However, in these cases there are fewer declining exploited 452 
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biomass trends, and it is mainly higher trophic level fish whose biomass is 453 
decreasing (Figure 3), corresponding to the lower scores for TLsc, PPF, and mLS, 454 
and in line with independent observations (e.g., the south Catalan Sea: Coll et al. 455 
2008b).  456 
 457 
For the English Channel and the western Scotian Shelf, there are more exploited 458 
species biomass trends that are not declining, but there is still a relatively large 459 
number of declining species compared to other ecosystems. In both ecosystems, the 460 
declining species have a lower average trophic level. For the western Scotian Shelf, 461 
the average trophic level of the species that are not declining is > 4, corresponding 462 
to a higher TLsc, which is at odds with the low scores for PPF and mLS. This is 463 
because Atlantic herring (Clupea harengus), a declining, exploited species with a 464 
relatively low trophic level, constitutes a large part of the surveyed biomass (~68%, 465 
Table S1). Conversely, for the English Channel, the PPF score is very high, especially 466 
given the fact that the average trophic level of the declining and non-declining 467 
species is close (~3.5 versus ~3.75). However, this similarity in the average trophic 468 
levels provides an indication as to why the mLS and TLsc are lower. Additionally, the 469 
English Channel is characterized by a regime shift that affected the fish community 470 
in mid-1990s, which was illustrated both by a declining biomass of small forage fish 471 
and an increasing biomass of large demersal fish (Auber et al. Submitted).  472 
 473 
In some cases, the trophic level of the declining species does not adequately explain 474 
the discrepancy between the NDES indicator scores and the three community 475 
indicators. For example, on the U.S. west Coast, the biomass-weighted average 476 
trophic level of the declining species is close to that of non-declining species. 477 
However, declining trends in biomass and mean trophic level of the surveyed 478 
species have been attributed to climate variability and attenuating mortality of a 479 
strong 1999 year class for multiple species targeted by the groundfish fishery 480 
(Keller et al. 2012, Tolimieri et al. 2013). Because overfishing is not the main driver 481 
of the trends in biomass, it is not surprising that the four indicators do not show 482 
perfect correlations. The score for mLS is very high due to long-lived rockfish 483 
species. In contrast the scores for the NDES, PPF, and TLsc indicators are lower 484 
compared to other ecosystems. Lower PPF and TLsc scores are due in part to the 485 
three most abundant species in the survey: Pacific hake (Merluccius productus), 486 
Dover sole (Microstomus pacificus), and longspine thornyhead (Sebastolobus 487 
altivelis). The diet of Pacific hake is dominated by euphausiids (Robinson 2000), 488 
while Dover sole and longspine thornyhead consume primarily benthic 489 
invertebrates (Gabriel & Pearcy 1981, Rooper & Martin 2009)—none of these 490 
species are considered predatory by the PPF index. For the Guinea Shelf, the scores 491 
for PPF are higher than the other indicators, although the scores across all 492 
indicators are quite low. The low score for the NDES indicator is a result of declines 493 
in all 20 biomass trends available. The biomass-weighted average trophic level of 494 
these declining species is just under 3.5, which corresponds to the low TLsc and mLS 495 
scores, but suggests that the PPF score should be lower. 496 
 497 
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There are three ecosystems for which the NDES indicator is not significant: the 498 
central Baltic Sea, the northern Humboldt Current, and the Scottish west coast. The 499 
NDES indicator for each of these ecosystems is close to 0.5, indicating that the 500 
proportions of increasing and decreasing exploited species are relatively even. In 501 
the central Baltic Sea and the northern Humboldt Current, the NDES indicator has a 502 
higher status than the community indicators. In the central Baltic Sea, lower trophic 503 
level clupeids (sprat and herring) are the dominant species in the system. In 504 
contrast, there is only one abundant higher trophic level predatory marine fish 505 
(Atlantic cod, Gadus morhua). A possible explanation for the lower PPF and TLsc 506 
scores in the central Baltic is the climate-initiated regime shift in this ecosystem at 507 
the end of the 1980s, which resulted in a strong decrease in the cod population and 508 
a substantial increase in the abundance of clupeids (e.g., Möllmann et al. 2009). 509 
Similarly, for the Northern Humboldt, the decrease in mLS and TLsc during the 510 
study period responds to the recovery of the short-lived anchoveta (Engraulis 511 
ringens) after El Niño 1997-98. Because of the dominance of this species in this 512 
upwelling ecosystem, a reduction of mLS and TLsc likely corresponds to an increase 513 
in ecosystem health, highlighting the need for a context-specific approach to 514 
interpreting these indicators. In contrast, on the Scottish west coast, no regime shift 515 
has been identified, but large demersal fish (haddock: Melanogrammus aeglefinus, 516 
pollack: Pollachius pollachius, squids: Lophius species, flatfishes: Pleuronectiformes) 517 
and predators (rays and skates) have also shown an increase in the late 1990s 518 
(Bailey et al. 2011). These increases occurred in the absence of large declines in 519 
important small forage fish species such as herring and mackerel (Scomber 520 
scombrus and Trachurus trachurus), although sprat (Sprattus sprattus) and sandeels 521 
(Ammodytes tobianus) have declined.  522 
 523 
Comparison of the NDES indicator with community indicator trends 524 
 525 
Comparing the exploited single species biomass trends directly with the trends in 526 
the three ecosystem indicators, i.e., PPF (Figure 4), TLsc (Figure 5), mLS (Figure 6) 527 
we obtain insights as to which ecosystem indicators are positively or negatively 528 
correlated with the NDES indicator. An understanding of the direction of the 529 
correlation between the community indicators and the exploited species biomass 530 
trends allows us to determine whether the patterns of non-decline or decline in the 531 
exploited community are reflected in the overall community (i.e., a positive 532 
correlation). When there are negative correlations between the NDES and the 533 
community indicators, this may be an indication that different pressures or drivers 534 
(e.g., climate change) may be affecting different segments of the community. We 535 
explore this possibility in the context of the trophic structure of the exploited 536 
community (i.e., Figure 3). Additionally, we explore the overall significance of the 537 
temporal trend in each of the community indicators for each ecosystem. When we 538 
see significant trends in the indicator time series, we can directly infer the 539 
relationship between correlations in the exploited species biomass time series and 540 
the ecosystem indicator of interest, i.e., whether patterns in the exploited 541 
community are also picked up in the overall community. 542 
 543 
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The PPF is significantly positively correlated with the majority (i.e., more than half) 544 
of exploited species biomass trends in 16 ecosystems (Table 2, Figure 4). This 545 
suggests that the trajectory of exploited species biomass corresponds to the 546 
trajectory of the proportion of predatory fish in these ecosystems. These positive 547 
correlations occur in the Barents Sea, the eastern Bering Sea, the eastern Scotian 548 
Shelf, the English Channel, the Gulf of Cadiz, the Irish Sea, the north Aegean Sea, the 549 
northern Humboldt Current, the north Ionian Sea, the north-central Adriatic, the 550 
North Sea, the southern Benguela, the south Catalan Sea, the U.S. west coast, 551 
Vancouver Island, and the western Scotian Shelf. For three of these ecosystems, the 552 
Barents Sea, the English Channel, and the western Scotian Shelf, the trend in PPF is 553 
significantly increasing (Figure 7) and most of the exploited biomass trends are also 554 
increasing (Table 1, NDES: 0.82, 0.55 and 0.60 for the Barents Sea, the English 555 
Channel, and the western Scotian Shelf, respectively). Similarly, for the eastern 556 
Scotian Shelf, the northern Humboldt Current, and the north Ionian Sea, less than 557 
half of the exploited species biomass trends are declining (Table 1, NDES: 0.37, 0.40, 558 
and 0, respectively). For the southern Benguela and the south Catalan Sea, the linear 559 
trend in PPF is significantly decreasing (Figure 7), but the majority of exploited 560 
species have positive biomass trends (Figure 1). This discrepancy is better 561 
explained by the fact that the exploited species with declining biomass in these 562 
ecosystems have higher average trophic levels than the non-declining exploited 563 
species (Figure 3). For ecosystems with a significant trend in the NDES indicator 564 
based on the p-value of the Kendall’s tau statistic (Table 1), but without a significant 565 
relationship in the PPF trend (the eastern Bering Sea, the Gulf of Cadiz, Irish Sea, 566 
north Aegean, and U.S. west coast), a signal may be present in the exploited portion 567 
of the community that is masked in the overall community. For example, in the 568 
eastern Bering Sea, changes in climatic patterns that have influenced summer 569 
bottom temperatures have been associated with declines in commercially exploited 570 
Alaska pollock (Theragra chalcogramma), and increases in predatory arrowtooth 571 
flounder (Atheresthes stomias), for which there is little commercial exploitation 572 
(Zador et al. 2011, Hunsicker et al. 2013). 573 
 574 
Four ecosystems, the Bay of Biscay, the Guinean Shelf, the northeast U.S., and the 575 
Scottish west coast, have negative correlations between PPF and the available 576 
biomass trends (i.e., less than half of the exploited species biomass trends are 577 
positively correlated with PPF; Table 2, Figure 4). This suggests that the trajectory 578 
of exploited species biomass contradicts the trajectory of the proportion of 579 
predatory fish in these ecosystems. There is a significant decreasing trend in the PPF 580 
indicator over time for the northeast U.S. (Figure 7) and more non-declining 581 
exploited species biomass trends (Table 1, NDES: 0.75). Conversely, there is a 582 
significant increasing trend in PPF for the Scottish west coast (Figure 7) and more 583 
declining exploited species biomass trends (Table 1, NDES: 0.45). The biomass-584 
weighted average trophic levels corroborate these patterns (Figure 3). For the 585 
northeast U.S., although there are fewer declining exploited biomass trends, the 586 
average trophic levels of both the declining and non-declining trends are relatively 587 
high (~4), suggesting that higher trophic level predatory fish are experiencing 588 
declines. For the Scottish west coast, the biomass-weighted average trophic level of 589 
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the declining exploited species is lower than the non-declining species, suggesting 590 
that higher trophic level species are being less affected by fishing or other drivers. 591 
This is likely due to the introduction of the cod recovery plan in 2004 (EU 2004), 592 
which reduced direct fishing mortality on demersal fish in the mixed fishery, 593 
although it did not have the intended effect of an increase in the cod stock on the 594 
Scottish west coast (Bailey et al. 2011). 595 
 596 
The trophic level of the surveyed community (TLsc) indicator is significantly and 597 
positively correlated with the biomass trends in 9 ecosystems (Table 2, Figure 5): 598 
the Bay of Biscay, the eastern Scotian Shelf, the English Channel, the Guinean Shelf, 599 
the Irish Sea, the north-central Adriatic, the south Catalan Sea, the U.S. west coast, 600 
and Vancouver Island. This suggests that the trajectory of exploited species biomass 601 
corresponds to the trajectory of the average trophic level of the surveyed 602 
community in these ecosystems. The NDES is higher in the English Channel, the 603 
south Catalan Sea, and Vancouver Island (Table 1, NDES: 0.55, 0.56, and 0.77, 604 
respectively). However, there are no significant trends in the normalized TLsc time 605 
series for these three ecosystems (Figure 7). There are significant negative 606 
correlations in the TLsc time series for the eastern Scotian Shelf, the north-central 607 
Adriatic, and the U.S. west coast, confirming the positive correlation between the 608 
declining exploited species biomass trends and declining TLsc. Additionally, for the 609 
eastern Scotian Shelf and the U.S. west coast, the biomass-weighted mean trophic 610 
level of the declining species is slightly higher than the biomass-weighted mean 611 
trophic level of the non-declining species (Figure 3).  612 
 613 
The TLsc indicator is significantly and negatively correlated with the exploited 614 
species biomass trends in eight ecosystems: the eastern Bering Sea, the Gulf of 615 
Cadiz, the north Aegean Sea, the north Ionian Sea, the northeast U.S., the North Sea, 616 
the southern Benguela, and the western Scotian Shelf (Table 2, Figure 5). This 617 
suggests that the trajectory of exploited species biomass contradicts the trajectory 618 
of the average trophic level of the surveyed community in these ecosystems. There 619 
are more declining exploited species trends in the Gulf of Cadiz, the north Aegean 620 
Sea, and the north Ionian Sea (Table 1, NDES: 0.08, 0.44, and 0, respectively). The 621 
normalized time series trend in TLsc is significantly increasing only for the north 622 
Ionian Sea and the western Scotian Shelf. For the western Scotian Shelf, examining 623 
the biomass-weighted average trophic level does not provide an explanation for the 624 
negative correlation between the exploited biomass trajectories and the TLsc 625 
trajectories. In this case the average trophic level of the declining species is lower 626 
(Figure 3) due to the high proportion of herring in the biomass, which supports the 627 
significant declining slope of the TLsc trend in this ecosystem. There are significant 628 
declining trends in the normalized time series of TLsc for the southern Benguela and 629 
the North Sea, supporting the negative correlation between the exploited biomass 630 
trajectories (Table 1, NDES: 0.59) and the TLsc trajectories. Additionally, the 631 
biomass-weighted average trophic level of the declining species is higher than the 632 
biomass-weighted average trophic level of the non-declining species in both of these 633 
ecosystems, suggesting that the patterns in the exploited species are mirrored in the 634 
community indicator. 635 
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 636 
The mean life span (mLS) indicator is significantly positively correlated with the 637 
biomass trends in nine ecosystems (Table 2, Figure 6). This suggests that the 638 
trajectory of exploited species biomass corresponds to the trajectory of the mean 639 
life span in these ecosystems. In the eastern Scotian Shelf, the Guinean Shelf, the Gulf 640 
of Cadiz, the northern Humboldt Current, and the north Ionian Sea ecosystems the 641 
NDES indicator is lower (Table 1, NDES: 0.37, 0, 0.08, 0.40, and 0, respectively), and 642 
we see significant declines in the slopes of the trends for mLS for all of these 643 
systems, with the exception of a non-significant decline for the Guinean Shelf (Figure 644 
7), confirming the positive correlations found with the Kendall’s tau analyses. There 645 
are more non-declining trends in the English Channel, the northeast U.S., the 646 
southern Benguela, and the south Catalan Sea (Table 1, NDES: 0.55, 0.75, 0.59, and 647 
0.56, respectively). In the northeast U.S., there is a lower proportion of declining 648 
exploited species (Table 1, NDES: 0.25) and the trend in mLS is increasing 649 
significantly (Figure 7), confirming the positive correlations found with the 650 
Kendall’s tau analyses. However, for the Southern Benguela, there are more non-651 
declining exploited species (Table 1, NDES: 0.60), but a significantly declining mLS 652 
trend (Figure 7). A possible explanation is that the exploited species that are 653 
declining in biomass have higher trophic levels, corresponding to the decline in mLS 654 
over time, and possibly reflecting the observed declines in abundance of some K-655 
selected species off South Africa’s west coast (Atkinson et al. 2012). 656 
 657 
The mLS is negatively correlated with biomass trends in eight ecosystems (Table 2; 658 
Figure 6). Six ecosystems have significant negative correlations: the eastern Bering 659 
Sea, the Irish Sea, north Aegean Sea, the north-central Adriatic, the North Sea, the 660 
Scottish west coast, the U.S. west coast, and the western Scotian Shelf. This suggests 661 
that the trajectory of exploited species biomass contradicts the trajectory of the 662 
mean life span in these ecosystems. In the eastern Bering Sea, the North Sea, and the 663 
western Scotian Shelf, the NDES is higher (Table 1, NDES: 0.59, 0.73, and 0.60, 664 
respectively). The linear slopes of the mLS are only significant for the north-central 665 
Adriatic, the Scottish west coast, and the western Scotian Shelf (Figure 7), and in 666 
each of these cases the slopes are positive. In the case of the western Scotian Shelf, 667 
where we have fewer declining exploited biomass trends (Table 1, NDES: 0.60) and 668 
a positive linear trend in mLS (Figure 7), we expect a positive correlation from the 669 
Kendall’s tau analysis. However, the fact that the biomass-weighted average trophic 670 
level of the non-declining species is much higher (~4.2 versus ~3.3) could be 671 
contributing to longer life spans if higher trophic level species are correlated with 672 
higher life spans (Figure 3). For the north-central Adriatic and the Scottish west 673 
coast, the proportions of non-declining species are low (Table 1, NDES: 0.29, and 674 
0.45, respectively). Similar to the western Scotian Shelf, the proportion of lower 675 
trophic level species is declining, which could be contributing to longer life spans. 676 
However, in the case of the Scottish west coast, another explanation is that there has 677 
been an increase in higher trophic level species due to reduced fishing (EU 2004). 678 
 679 
 680 
Conclusions 681 
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 682 
The NDES indicator on its own allows us to assess the proportion of declining 683 
species in an ecosystem. However, the proposed indicator may be strongly 684 
influenced by the number and length of available species biomass time series. The 685 
comparisons made here are over the length of the surveys or assessments that are 686 
available in each ecosystem. For the 22 ecosystems presented this represents an 687 
average of 27 years, but can be as many as 45 years (northeast U.S.) and as few as 688 
four (north Aegean Sea). One of the strengths of Kendall’s tau is that the length and 689 
number of time series is accounted for in the significance test. However, there may 690 
also be situations where a time series is non-monotonous over the length of the time 691 
series. In the Bay of Biscay for example, horse mackerel (Trachurus trachurus) 692 
declined strongly from the early 1970s to the early 1980s where it remained stable 693 
until the early 2000s, when it began to strongly increase. In cases such as these, the 694 
determination of a declining trend will come down to the proportion of concordant 695 
versus discordant pairs, a result that may not be optimal in cases where there are 696 
opposing trends over the time series. Overall, the NDES may not always be an 697 
appropriate indicator, given that 1) longer time series data likely have a higher 698 
probability of containing opposing trends in species biomass and 2) shorter time 699 
series have a larger variance in the tau distribution and trends are more difficult to 700 
detect than for longer time series. 701 
 702 
Here we illustrate, through a direct comparison of the ‘current status’ of three 703 
community indicators and the NDES indicator, that, in some cases, many declining 704 
biomass trends can point to declining TL, lower mLS, and lower PPF (or the 705 
converse). This may make intuitive sense if the exploited portion of the ecosystem is 706 
tracking what is happening at the community level. However, in some cases, the 707 
patterns among these community-level indicators do not agree (e.g., there is a low 708 
proportion of species with declining biomass but the mean trophic level of the 709 
surveyed community is low). This may be because the NDES indicator is calculated 710 
using the full time series available for each exploited species to provide a state 711 
indicator, whereas the current status for the community indicators is calculated 712 
over the most recent five years. However, in cases where there is a difference in the 713 
status of the community indicators and the NDES indicator, we find it is critical to 714 
explore which components of the ecosystem are actually declining. One way to do 715 
this is to examine the proportion of declining species in the context of trophic level. 716 
Here, we find that in some cases, discrepancies between the directions of the 717 
indicators can be explained by looking at the biomass-weighted average trophic 718 
level of the declining component of the ecosystem. In general, many declines in 719 
higher trophic level exploited species correspond to lower scores for the proportion 720 
of predatory fish (PPF) and the trophic level of the surveyed community (TLsc), and 721 
to a lesser degree lower mean life span (mLS) suggesting that the pattern captured 722 
in the exploited biomass is also observed at the community level. In other cases, in 723 
ecosystems driven by lower trophic level fish rather than top-down predation 724 
pressure, a high score of NDES may occur with an increase in PPF and a relatively 725 
low TLsc (e.g., the north Ionian Sea). In some cases, this happens where lower 726 
trophic level species dominate the proportion of exploited species, such as in 727 
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upwelling systems (e.g., several upwelling systems and many of the Mediterranean 728 
systems have low scores for current state of community indicators). Since the NDES 729 
and biomass trends of exploited species are species-weighted whereas mLs, PPF and 730 
TLsc are biomass-weighted indicators, we may expect to find some discrepancies in 731 
trajectories and seemingly inconsistent correlations. 732 
 733 
Additionally, for some regions, stock assessment biomass estimates may provide a 734 
better indication of population trends than survey biomass estimates (i.e., some 735 
surveys were not designed to sample all species in the community with equal 736 
efficiency and some species are assessed using alternate survey data). For example, 737 
standard surveys were not conducted in the eastern Bering Sea until a few years 738 
after a regime shift. Thus, the survey time series captures the decline from the peak 739 
abundance of Alaska pollock that followed the regime shift, whereas the stock 740 
assessment, which incorporates alternate survey data, provides a time series of 741 
abundance that precedes the regime shift.    742 
 743 
Similarly, using the Kendall’s tau to examine the correlation between ecosystem 744 
indicators and the exploited biomass trends in a system allows one to understand 745 
whether patterns in exploited species biomass match trajectories in indicators 746 
designed to look at the community. Again, ancillary information, such as the average 747 
trophic level of the declining exploited species and the direction of significant trends 748 
in the ecosystem indicators, can explain what drives the relationships between the 749 
NDES indicator and other indicators. 750 
 751 
A major finding of our analysis is that the impacts of fishing (and other drivers) on 752 
marine ecosystems are difficult to track and assess directly with any single 753 
indicator. Therefore, it is important to explore a suite of indicators and their 754 
associations (Blanchard et al. 2010, Shannon et al. 2010, Shin et al. 2010b). The 755 
NDES indicator can provide a simple way to focus on exploited species and, through 756 
comparisons with community indicators, evaluate the significance of such trends at 757 
the community level. Furthermore, the indicator does not make naive assumptions 758 
that all species should be declining or increasing but compares the proportion 759 
declining against the overall pattern. It does however assume that in a ‘healthy’ 760 
ecosystem the number of species showing biomass declines should on average be 761 
balanced by species showing increases (over the relevant timeframe). It is also 762 
imperative to identify which key abiotic conditions and biological groups in the 763 
ecosystem are changing to determine the potential impact of the change on the food 764 
web. These results illustrate the need to understand the exploitation strategy and 765 
long-term dynamics of marine ecosystems and ocean and climate forcing and 766 
variability when interpreting such ecosystem indicators. This has been illustrated 767 
with trophic level-based indicators (Shannon et al. Accepted, Gascuel et al. In press). 768 
 769 
When multiple ecosystem indicators are used to evaluate patterns of change, it is 770 
important to recognize that some indicators are likely to reflect one aspect of the 771 
ecosystem more clearly, while others may respond to other processes (e.g., climate 772 
change, habitat destruction) and thus proffer confounding assessments (Shin et al. 773 
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2010a). In such cases, it will probably be necessary to use expert judgment in terms 774 
of evaluating overall ecosystem health. Conversely, the NDES indicator and its 775 
associated histogram of tau scores can provide useful information to understand 776 
patterns in other trend-based community-level indicators. For example, if the mean 777 
trophic level of a community is increasing, it is useful to know if there is an 778 
unexpectedly large proportion of lower trophic level species declining, rather than 779 
the inferred increase in higher trophic level species. This has been already observed 780 
in ecosystems with a high exploitation level of small pelagic fish and invertebrates, 781 
such as in the Mediterranean Sea and the southern Benguela (Coll et al. 2010b, 782 
Piroddi et al. 2010, Shannon et al. 2010). Therefore, we conclude that using 783 
ecological indicators, including the NDES indicator, requires context-specific 784 
supporting information in order to provide guidance within a management setting, 785 
but that it can provide a valuable and relatively easy to understand indicator.  786 
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Tables 
 
Table 1. Description of ecosystems used in the Non-declining Exploited Species (NDES) analysis, including the number of exploited species 
biomass trends and average length of the time series used to calculate the NDES in each ecosystem. Additionally, the significance of Kendall’s 
tau statistic as determined by a two-sided p-value (bolded if significant), and proportion of non-declining species derived from the NDES 
indicator are provided. A significant Kendall’s tau indicates more declining or increasing trends than could be expected by chance. 

Ecosystem Geographic area Type of ecosystem 

Number 
of 
biomass 
trends 

Average 
time 
series 
length  

Two-sided 
p -value of 
Kendall’s 
tau 

Proportion of 
non-declining 
species 
(NDES) 

Barents Sea NE Atlantic High latitude 11 33 0.006 0.82 
Bay of Biscay NE Atlantic Temperate 9 23 0.009 0.22 
Central Baltic Sea NE Atlantic Brackish temperate 6 25 0.441 0.50 
Eastern Bering Sea NE Pacific High latitude 22 29 0.003 0.59 
Eastern Scotian Shelf NW Atlantic Temperate 30 41 <0.001 0.37 
English Channel NE Atlantic Temperate 31 23 0.001 0.55 
Guinean Shelf East-central Atlantic Upwelling 20 25 <0.001 0.00 
Gulf of Cadiz NE Atlantic Temperate 13 18 <0.001 0.08 
Irish Sea NE Atlantic Temperate 15 18 0.009 0.40 
North Aegean Sea NE Mediterranean Temperate 57 4 <0.001 0.44 
North Ionian Sea NE Mediterranean Temperate 5 45 0.013 1.00 
North Sea NE Atlantic Temperate 30 28 <0.001 0.73 
North-central Adriatic Central Mediterranean Temperate 17 25 <0.001 0.29 
Northeast U.S. NW Atlantic Temperate 122 47 <0.001 0.75 
Northern Humboldt Current SE Pacific Upwelling 10 19 0.055 0.40 
Portuguese coast NE Atlantic Upwelling 10 26 0.003 0.80 
Scottish west coast NE Atlantic Temperate 11 24 0.076 0.45 
South Catalan Sea NW Mediterranean Temperate 16 34 0.037 0.56 
Southern Benguela  SE Atlantic Upwelling 59 29 <0.001 0.59 
U.S. west coast NE Pacific Temperate 29 8 <0.001 0.41 
Vancouver Island NE Pacific Temperate 22 31 <0.001 0.77 
Western Scotian Shelf NW Atlantic Temperate 30 41 <0.001 0.60 
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Table 2. Correlation over time between the biomass time series of each exploited species and the three community indicators (proportion of 
predatory fish—PPF, and the average trophic level of the surveyed community—TLsc, and mean life span—mLS) for each ecosystem. The 
proportions of correlations greater than 0.5 are termed ‘positively correlated’ and proportions less than 0.5 are termed ‘negatively correlated’, 
referring to the preponderance of species-level biomass trends that are positively or negatively correlated with the particular community 
indicator. The proportions are bolded if the Kendall’s tau is significant (i.e., based on the p-values). 
Ecosystem Proportion predatory fish (PPF) Survey trophic level (TLsc) Mean life span (mLS) 

Two-sided p -
value of 
Kendall’s tau 

Proportion 
positively 
correlated 
trends 

Two-sided p 
-value of 
Kendall’s tau 

Proportion 
positively 
correlated 
trends 

Two-sided p -
value of 
Kendall’s tau 

Proportion 
positively 
correlated 
trends 

Barents Sea 0.023 0.73 0.076 0.45 0.076 0.55 
Bay of Biscay 0.037 0.33 0.037 0.78 -- -- 
Central Baltic Sea 0.441 0.50 -- -- 0.441 0.50 
Eastern Bering Sea 0.001 0.64 <0.001 0.27 <0.001 0.27 
Eastern Scotian Shelf <0.001 0.70 <0.001 0.67 <0.001 0.63 
English Channel <0.001 0.61 <0.001 0.74 <0.001 0.61 
Guinean Shelf <0.001 0.05 <0.001 0.90 <0.001 0.95 
Gulf of Cadiz 0.015 0.62 0.015 0.38 <0.001 0.85 
Irish Sea 0.028 0.67 0.028 0.53 0.028 0.47 
North Aegean Sea <0.001 0.51 <0.001 0.49 <0.001 0.32 
Northern Humboldt Current 0.015 0.70 0.055 0.60 0.015 0.70 
North Ionian Sea 0.013 1.00 0.013 0.00 0.013 1.00 
North-central Adriatic 0.046 0.53 0.046 0.53 <0.001 0.29 
Northeast U.S. <0.001 0.25 <0.001 0.34 <0.001 0.60 
North Sea <0.001 0.57 <0.001 0.40 <0.001 0.40 
Portuguese coast 0.055 0.70 0.055 0.40 0.055 0.60 
Southern Benguela <0.001 0.61 <0.001 0.46 <0.001 0.59 
South Catalan Sea 0.013 0.56 0.013 0.56 0.004 0.63 
Scottish west coast 0.023 0.36 0.076 0.64 0.023 0.36 
U.S. west coast 0.001 0.48 <0.001 0.59 <0.001 0.28 
Vancouver Island 0.001 0.64 0.003 0.55 0.008 0.50 
Western Scotian Shelf <0.001 0.53 <0.001 0.47 <0.001 0.40 
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Figures 
 

 
Figure 1. True histograms (bars) of Kendall rank coefficients (tau) by ecosystem with Kernel 
density smooth functions (solid black lines) contrasted with the theoretical expected distribution 
of tau by ecosystem (red dashed lines). Shifts in the solid line to the left or right of the dashed 
line, or histogram bars to the left or right of zero that are taller than the red line, indicate more 
temporal decreases or increases in the biomass of exploited fish species in the community than 
would be expected by chance (two-tailed p-value categories are listed in the top left corner of 
each graph). The white area in the histograms (negative correlations, Kendall’s tau < 0) 
illustrated the proportion of declining exploited species and the grey area in the histograms 
(positive correlations, Kendall’s tau > 0) illustrates the proportion of non-declining exploited 
species in each ecosystem. The number of non-declining exploited species out of the total is the 
indicator we call the ‘Non-declining Exploited Species’ indicator (NDES). NDES values are listed 
the top left corner of the graphs with the associated significance level of the indicator (two-
tailed p-value categories) for each ecosystem. 
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Figure 2. Petal plot of current state for each of the NDES indicator and the three community 
indicators (mean life span—mLS, proportion of predatory fish—PPF, and the average trophic 
level of the surveyed community—TLsc) for each ecosystem. Each indicator is scaled from zero 
to one, with a score of one indicating a ‘better’ status. A larger petal corresponds to a higher 
score. Note that the blank plot for the north Ionian Sea ecosystem reflects the fact that all 
indicator scores were the lowest in comparison to the other ecosystems. 
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Figure 3. Biomass-weighted average trophic levels of the exploited species trends that are 
declining (red) and not declining (blue) for each ecosystem. Numbers on the top of each bar 
correspond to the number of biomass trends of exploited species for each category and 
ecosystem. Note that the y-axis has a lower truncation at 2.75. 
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Figure 4. True histograms (bars) of Kendall rank coefficients (tau) by ecosystem indicating the 
correlation of the exploited species biomass time series with the trend in the community 
indicator, proportion of predatory fish (PPF), over the whole time series in which both indicators 
are available. Kernel density smooth functions (solid black lines) are contrasted with the 
theoretical expected distribution of tau by ecosystem (red dashed lines). A shift in the solid line 
to the left or right of the dashed line, or histogram bars to the left or right of zero that are taller 
than the red line, indicates more negative (non-shaded area of histogram) or positive (grey 
shaded area of histogram) correlations between the PPF and the trends in the exploited species 
biomass in the community than would be expected by chance (two tailed p-values are listed 
above each graph).  
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Figure 5. True histograms (bars) of Kendall rank coefficients (tau) by ecosystem indicating the 
correlation of the exploited species biomass time series with the trend in the community 
indicator, average trophic level of the surveyed community (TLsc), over the whole time series in 
which both indicators are available. Kernel density smooth functions (solid black lines) are 
contrasted with the theoretical expected distribution of tau by ecosystem (red dashed lines). A 
shift in the solid line to the left or right of the dashed line, or histogram bars to the left or right 
of zero that are taller than the red line, indicates more negative (non-shaded area of histogram) 
or positive (grey shaded area of histogram) correlations between the TLsc and the trends in the 
exploited species biomass in the community than would be expected by chance (two tailed p-
values are listed above each graph). The TLsc indicator was not available for the central Baltic 
Sea ecosystem. 
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Figure 6. True histograms (bars) of Kendall rank coefficients (tau) by ecosystem indicating the 
correlation of the exploited species biomass time series with the trend in the community 
indicator, mean life span (mLS), over the whole time series in which both indicators are 
available. Kernel density smooth functions (solid black lines) are contrasted with the theoretical 
expected distribution of tau by ecosystem (red dashed lines). A shift in the solid line to the left 
or right of the dashed line, or histogram bars to the left or right of zero that are taller than the 
red line, indicates more negative (non-shaded area of histogram) or positive (grey shaded area 
of histogram) correlations between the mLS and the trends in the exploited species biomass in 
the community than would be expected by chance (two tailed p-values are listed above each 
graph). The mLS indicator was not available for the Bay of Biscay ecosystem. 
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Figure 7. Histograms of slopes of the three independent indicators, proportion of predatory fish (PPF), trophic level of the 
surveyed community (TLsc), and mean life span (mLS). Solid red indicates a significant decreasing slope and green indicates a 
significant increasing slope. Striped lines indicate a non-significant trend. These slopes were calculated from standardized 
time-series using generalized least-squares with autoregressive errors. 
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