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6.1 The Status of fisheries in large marine ecosystems,
1950–2010
SuMMary
The traditionally local and sectoral focus of fisheries science, monitoring, and management has precluded the
development and use of indicators at large spatial scales. With the advent of concepts such as large marine ecosystems
(LMEs) it has become evident that such indicators will be needed for better integration of fisheries in ecosystembased management approaches. Such approaches are particularly important because of the large-scale migrations
of some exploited stocks and the increasing role of distant-water fleets. This chapter presents the methods for
developing LME-scale fish-catch time series, along with evaluation of a set of derived ecosystem indicators for each
LME except the Barents Sea and Norwegian Sea, and the Western Pacific Warm Pool (WPWP).
Global landings data, assembled mainly by the Food and Agriculture Organization (FAO), are mapped by the Sea
Around Us (www.seaaroundus.org) on a worldwide grid. Data are then regrouped into LMEs and the WPWP. This
data set was used to produce the annual catches for each LME by taxa for 1950 to 2006, with time series extended to
2010 based on reported changes in aggregated landings. The landings were then combined with other parameters,
such as primary production, to compute more informative catch-related indicators. The data were used to evaluate
nine indicators: 1) ratio of capacity-enhancing subsidies to the value of landed catch; 2) primary production required
(PPR) to sustain the landings reported by countries fishing within the LME (a measure of the ecological footprint);
3) Marine Trophic Index (MTI); 4) Fishing-in-Balance (FiB) Index; 5) stock status by number; 6) catch biomass of
exploited stocks; 7) catch from bottom-impacting gear types; 8) fishing effort; 9) change in catch potential under
projected global climate change by the 2050s. The average indicator values for 2000 to 2010 were used to group the
64 assessed LMEs into five categories according to their relative level of ecological degradation or potential impacts
(or risk) from fisheries. The confidence levels for data and indicators are: low for fishing effort data; medium for
potential fish catch associated with climate change; ranging from low to medium for the nine indicators.
The total annual landings in all LMEs increased over the 60-year period and peaked at 64 million tonnes in 1994. In
the last decade (2000 to 2010), the total annual landings in all LMEs fluctuated between 56 and 62 million tonnes,
corresponding to about 73 to 76 per cent of global marine fish landings. Conclusions from evaluation of the nine
indicators include:
• Many LMEs have high proportions of exploited stocks in the collapsed and overexploited categories;
• Decreases in the trophic levels of catches (seen in the MTI trends) and spatial expansion of fisheries (seen
in the FiB Index trends) are occurring in many LMEs, indicating ecosystem impacts of fishing and the
reaction of fisheries, respectively;
• Global fishing effort is still generally increasing. Among the 64 LMEs assessed, the Bay of Bengal and SuluCelebes Sea have the highest rates of change in effective fishing effort in the last decade;
• The Antarctic and the Baltic Sea LMEs have the highest levels of capacity-enhancing subsidies (financial
assistance from the governments) relative to the landed catch value. The East China Sea is among the
LMEs with high ecological footprints (measured as PPR). The largest projected decrease in catch potential
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under climate change is in the East Siberian Sea and Indonesian Sea LMEs. The proportion of the catch
from bottom-impacting gear to the total catch is highest in the Southeast US Continental Shelf LME;
The WPWP shows similar trends to the mean LME trends for some indicators, but has experienced
greater increases in some indicators of ecosystem degradation or pressure, including effective fishing
effort. Under a climate change scenario, the catch potential in 2050 for the WPWP is projected to drop by
7 per cent, compared to an expected mean increase of about 9 per cent in the LMEs.

•

Key Messages
1.
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5.

6.
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Sources of pressure and degree of risk to ecosystems from fisheries vary among LMEs, with implications
for management. Management approaches need to be tailored to the dominant sources of pressure.
Only the Laptev Sea and Northern Bering-Chukchi Sea LMEs in the Arctic do not have any indicators in
the ‘high’ and ‘highest’ risk categories, and nearly 80 per cent of LMEs have three or more of the nine
indicators in the ‘high’ or ‘highest’ risk categories. There were, however, no consistent patterns in the
distribution or combinations of indicators with high-risk levels.
Although the number of collapsed stocks in LMEs is increasing, the number of rebuilding stocks is
also increasing, an encouraging sign. Overall, 50 per cent of global stocks within LMEs are deemed
overexploited or collapsed, and only 30 per cent fully exploited. However, the fully exploited stocks still
provide 50 per cent of the globally reported landings, with the remainder produced by overexploited,
collapsed, developing and rebuilding stocks. This appears to confirm the common observation that
fisheries tend to affect biodiversity (as reflected in the taxonomic composition of catches) even more
strongly than they affect biomass (as reflected in the landed quantities).
The parts of LMEs that are under national jurisdiction should do better, as both domestic and foreign
fishing within exclusive economic zones (EEZs) can be regulated by the coastal countries concerned.
The parts of LMEs that are beyond the EEZs of coastal states are subjected to a management regime
that is essentially open-access. A few countries are fully using the governance tools available to them to
rebuild overfished stocks and mitigate the impact of fishing and competition between local and foreign
fleets in their EEZs, and hence in the LMEs that they belong to.
The projected change in the productivity of marine living resources under climate change may have
significant implications for the fishing industries, economies, and livelihoods of many countries. This
is because climate change affects marine ecosystems and is expected to affect fisheries and a range
of other ecosystem services. The East Siberian Sea and Indonesian Sea LMEs are projected to be the
most affected by warming, with the largest decrease in fish catch potential by the 2050s. The projected
substantial decrease in the catch potential of certain LMEs due to global warming would cause these
regions to become more vulnerable as a result of other synergistic factors such as increasing fishing and
socio-economic pressures.
Fisheries and other statistics for LMEs are always uncertain composites and the indicators derived
here may not represent any specific country or policy. This is partly because countries do not report
fisheries data at the LME scale. In addition, countries bordering a specific LME may be rebuilding their
exploited stocks and have different fisheries policies that affect trends for the LME.
Accurate catch data needed for fisheries assessments are not available because the fisheries statistics
supplied by member countries to the FAO usually fail to account for small-scale fisheries. Catch
reconstruction data accounting for small-scale fisheries (artisanal, subsistence, and recreational) at the
national level are needed to improve the accuracy of LME catch time series and hence the quality of the
indicators.
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6.1.1 Introduction
While there is a need for countries to manage fisheries within their Exclusive Economic Zones (EEZs), better integration
of fisheries could be achieved at the level of LMEs (Sherman et al. 2003; contributions in Sherman and Hempel 2008;
Pauly et al. 2008, from which this chapter was adapted), given the large-scale migrations of some exploited stocks
and the increasing role of distant-water fleets (Pauly et al. 2013; Bonfil et al. 1998).
Although there have been some efforts to use ecological indicators such as IndiSeas (http://www.indiseas.org/; Shin
and Shannon.2010) to compare the ecological states of LMEs, there are still no LME-level national or international
jurisdiction reports, catch data sets, or other measures from which fisheries sustainability indicators could be derived.
Therefore, the fisheries within LMEs must be documented explicitly for this purpose, mainly by assembling data sets
from national and other sources. This was done using an approach developed by Watson et al. (2004), which relies
on splitting the world oceans into more than 180 000 spatial cells of one-half degree latitude-longitude and mapping
all catches that are extracted from the corresponding areas onto these cells, by species and higher taxa. The catches
in these spatial cells can then be regrouped into higher spatial aggregates, such as the 66 LMEs that have so far been
defined in the world’s oceans.
Since these aggregates of spatial cells can then be combined with other data (for example, the ex-vessel price of the
fish caught, or their trophic level), one can then easily derive other time series, such as indicators of the degree to
which LMEs may be degraded or impacted by fisheries. In this chapter we present the methods of obtaining fishcatch time series, along with a set of derived time series ecosystem indicators for all LMEs and the WPWP (Box 6.1).

Box 6.1 Sea Around Us fisheries indicators: definitions and interpretation
$V HOVHZKHUH LQ WKLV UHSRUW WKH FKDSWHUV GHDOLQJ ZLWK ȨVKHULHV LQ /0(V XVH LQGLFDWRUV ǣ GHYLFHV IRU SURYLGLQJ
LQIRUPDWLRQ RQ D VWDWH RU WUHQG RI VRPHWKLQJ %HFDXVH DQ LQGLFDWRU LV QRW WKH ǦVRPHWKLQJǧ WKDW LW LV OLQNHG WR
XQGHUVWDQGLQJWKHGHȨQLWLRQRIWKHLQGLFDWRULVYHU\LPSRUWDQWIRUXQGHUVWDQGLQJWKHVWDWHRUWUHQGWKDWWKHLQGLFDWRU
LOOXVWUDWHV
7KXVIRUH[DPSOHVWRFNVWDWXVSORWVDVGHȨQHGDQGXVHGE\WKH6HD$URXQG8V .OHLVQHUet al DUHQRWEDVHG
RQPHWDDQDO\VHVRIWKHDFWXDOVWRFNDVVHVVPHQWVSHUIRUPHGIRUUHVRXUFHVSHFLHVLQDQ((=RU/0(DVPLJKWEH
H[SHFWHG5DWKHUVWRFNVWDWXVSORWVDUHGHȨQHGE\WKHVSHFLȨFSURFHGXUHXVHGWRJHQHUDWHWKHPZKLFKLVEDVHG
RQ
 LGHQWLI\LQJWKHSHDN &PD[ RIDWLPHVHULHVRIFDWFKHVIRUDJLYHQVSHFLHV((=RUVSHFLHV/0(FRPELQDWLRQ
 H[SUHVVLQJȨVKHULHVVWDWXVLQDQ\JLYHQ\HDUZLWKUHIHUHQFHWR&PD[)RUH[DPSOHZKHUHFDWFKLVOHVVWKDQ
SHUFHQWRI&PD[VWDWXVLVǦGHYHORSLQJǧZKHUHFDWFKLVSHUFHQWRUPRUHRI&PD[VWDWXVLVǦIXOO\H[SORLWHGǧ
.OHLVQHUet al.DQGVHFWLRQ DQG
 SUHVHQWLQJFXPXODWHGȨVKHULHVVWDWXVIRU D DOOVWRFNVRIDQ((=RU/0(RU E WKHELRPDVVFDXJKWE\WKH
ȨVKHULHVRIGLȧHUHQWVWDWXV
,WHP D WHQGV WR FDXVH PLVXQGHUVWDQGLQJV EHFDXVH UHDGHUV RIWHQ H[SHFW WKLV LQGLFDWRU WR UHȩHFW WKH VWDWXV RI
DVVHVVHGVWRFNVLQDQ((=RU/0(ZKLOHLQVWHDGLWUHIHUVWRDOOVSHFLHVLQWKHFDWFKHVUHSRUWHGIURPWKHDUHDLQ
TXHVWLRQLQFOXGLQJVSHFLHVWKDWDUHQRWDVVHVVHG DQGDUHRIWHQRYHUȨVKHG 7KXVEHFDXVHRIGLȧHUHQWGHȨQLWLRQV
WKH7:$3/0(VDVVHVVPHQWPD\VKRZGLȧHUHQWVWRFNVWDWXVWKDQRWKHUDVVHVVPHQWV,QVXFKFDVHVLWLVEHWWHUWR
UHIHUWRWKHLQGLFDWRULQEEHFDXVHWKHQRQDVVHVVHGVSHFLHVXVXDOO\FRQWULEXWHOLWWOHWRRYHUDOOFDWFKHV1RWHDOVR
WKDWWKHWUHQGVRIVWRFNVWDWXVSORWVDUHIDUPRUHLPSRUWDQWWKDQWKHSHUFHQWDJHVRIVWRFNVRIDJLYHQVWDWXVLQD
JLYHQ\HDU7KHLQGLFDWRUUHVXOWVDUHSUHVHQWHGKHUHDVDYHUDJHVIRUWKHSHULRG
6LPLODUO\ YDOXHV RI LQGLFDWRUV WKDW UHO\ RQ HVWLPDWHV RI VXEVLGLHV GHSHQG RQ ZKDW LV FRQVLGHUHG D VXEVLG\ǧ
ZKLFKFDQYDU\DPRQJFRXQWULHVDQGRQWKH\HDUVIRUZKLFKVXEVLG\HVWLPDWHVDUHDYDLODEOH7KH6HD$URXQG8V
GHȨQLWLRQRIVXEVLGLHVIROORZVWKHGHȨQLWLRQRIǦȨQDQFLDOWUDQVIHUVǧRIWKH2UJDQL]DWLRQIRU(FRQRPLF&RRSHUDWLRQ
DQG'HYHORSPHQW 2(&' ZKLFKGLȧHUVIURPWKHGHȨQLWLRQVXVHGE\YDULRXVFRXQWULHV7KXVWKH2(&'SXEOLVKHV
VXEVLG\HVWLPDWHVIRUFRXQWULHVZKLFKE\WKHLURZQGHȨQLWLRQVGRQRWVXEVLGL]HWKHLUȨVKHULHV,QDOOVXFKFDVHV
ZHKDYHDGRSWHGWKHDSSURDFKRIWKH2(&'DQGRWKHUSURYLGHUVRILQWHUQDWLRQDOO\DYDLODEOHGDWDVXFKDVWKH8QLWHG
1DWLRQV 81 RU)RRGDQG$JULFXOWXUH2UJDQL]DWLRQ )$2 HYHQLIWKHLUGDWDZHUHOHVVFXUUHQWWKDQWKHGDWDDYDLODEOH
QDWLRQDOO\
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6.1.2 Main findings
6.1.2.1 Fishing pressures in LMEs and human drivers
Annual landings
Figure 6.1 shows landings, by species, for all LMEs. There are some uncertainties associated with the filters and
gradients used to allocate the catch spatially to grid cells (Watson 2011). The first source of uncertainty is identification
of the landed species or group. Secondly, there are some uncertainties about the reporting countries because, for
example, some of the vessels may be reflagged. Thirdly, the statistical area from which the catch originates can be
uncertain, mainly because, for the sake of convenience, some countries report their catch as being all from one
area, even though they fish in several areas. The uncertainties inherent in the initial database were resolved as far as
possible by using information from other databases. Since annual landings are used for providing inputs to several
secondary indicators that are included here, such as catch from bottom-impacting gear, value of landings, fish-stock
status, and Marine Trophic Index, the uncertainties associated with the landings would also carry forward to these
secondary indicators.
Figure 6.1 Time series of landings by species in all LMEs, 1950–2010
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Total annual landings generally increased over the period 1950 to 2010, peaking at 64 million tonnes in 1994. In the
last decade (2000 to 2010), total annual landings in all LMEs fluctuated between 56 and 62 million tonnes. According
to Garibaldi and Limongelli (2003), the total catch of the 867 species classified as distributed in the LMEs represented
about 90 per cent of the global marine catches. This is close to a previous estimate (Sherman 1994) of approximately
95 per cent of total world marine fisheries catches. However, estimates from the Sea Around Us (www.seaaroundus.
org), because they are based on higher spatial precision and achieve higher precision in dividing the data by species,
show a discrepancy in the percentage of catch from these earlier estimates. The average contribution of LMEs to the
world catch, based on the Sea Around Us, has declined from around 83 to 87 per cent in the early decades of the
60-year period to around 73 to 76 per cent in recent years.
Figure 6.1 shows trends in landings for the 11 most abundant species, with the remainder pooled into a ‘mixed
group’. Since not many species are globally important, the chart shows more ‘mixed group’ landings than would
typically occur in any one LME. The only major species group not caught mainly in LMEs is large pelagic fishes, mainly
tuna (7 per cent of the global catch in the 2000s). The remaining species include both high-seas-only species, such as
Antarctic toothfish, and ‘straddling’ groups such as mackerel and squids.
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The absolute level of fisheries catch (or landings) in a given LME cannot be used as an indicator of anything (except
that fishing occurs). Catch level will vary with the size of the LME and its environmental conditions, as well as with
the history and level of exploitation. For catch levels to be informative about, for example, the degree of degradation
of an LME from fisheries, the catch levels must be related to primary production of the LME, previous catches (as
shown below), changes in management, or other confounding factors, or they must be used to compute catchrelated indicators.
Catch from bottom-impacting gear
The relative contribution of the total LME catch that is caught by bottom-impacting gear (mainly trawls, also some
dredges; Watson et al. 2006a and 2006b) is an indicator of potential ecosystem degradation from fisheries. The
trend of the proportion of catch from bottom-impacting gear to the total annual catch in all LMEs is shown in Figure
6.2. The proportion reached its peak in 1998 and then declined slightly, fluctuating around 20 per cent over the past
decade. The Southeast US Continental Shelf LME has the highest percentage of catch from bottom-impacting gear.

Figure 6.2 Percentage of the total annual catch from bottom-impacting gears in all LMEs, 1950–2010
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Value of landings and capacity-enhancing subsidies
Fishing is an economic operation, and the ex-vessel value (Swartz et al. 2013; Sumaila et al. 2007) of the landings
(value of the first sale of the fish) has to cover all fixed and variable costs of fishing and still generate a profit,
except when fisheries are subsidized (Sumaila et al. 2013). One of the uncertainties around the ex-vessel value is a
consequence of overestimation of the average value of the low-trophic, small pelagic fishes, which occurs because
the model of Swartz et al. (2013) does not distinguish between fish for direct human consumption and low-value
fish for fishmeal production. Figure 6.3 shows the annual landed values for the 11 fishing countries with the highest
values in all 66 LMEs. China has the highest landed values in the last decade; however, the sharp increase in the mid2000s is questionable, and may be due to over-reported landings data by China to the FAO. As can be seen, LMEs
account for most of the value of the world’s marine fisheries catches, with an average of 72 per cent of the value
of global landings in the last decade. The total landed value increased overall in the past 60 years, but fluctuated
between US$80 billion and US$120 billion over the last two decades.
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Figure 6.3 Ex-vessel value of reported landings in all LMEs, by country
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As with amount of fish caught, the absolute value of fisheries catches in a given LME cannot be used as indicator of
anything (except that fishing occurs and the catch is sold). However, a useful related indicator is the ratio of capacityenhancing subsidies to total landed catch value (Sumaila et al. 2008 and 2013; Sumaila and Pauly 2006), since such
subsidies could contribute to the degradation of marine ecosystems. The value of this indicator ranges from 0 to 0.8
(Table 6.1). The higher the ratio, the greater the potential for ecosystem degradation. The Baltic Sea, Kara Sea, and
Greenland Sea LMEs have the highest ratios among the 64 assessed LMEs (Annex Table 6-A).
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Ecological footprint (PPR/PP)

Table 6.1 Five relative risk categories and cut-off points used for grouping the LMEs for each indicator

Range of values
0 – 34

47.8 – 100
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Fishing effort
Fishing effort can be defined as the total energy used (for example by a fleet of fishing vessels) to catch fish during
a specified period. It can be expressed, for example, for a particular year, by multiplying the total power of all the
engines in the vessels in the fleet (in million kilowatts) by the number of days at sea in that year. Global fishing effort
was estimated to exceed optimum levels by a factor of two to four in the early 2000s (Pauly et al. 2002) and is still
generally increasing (Anticamara et al. 2011; Watson et al. 2013). This ‘nominal’ effort calculated from the fleet’s
engine power and days fishing can be adjusted to reflect the gradual technological improvements in fish finding and
catching that can result in an increase in the quantity of fish caught per unit of fishing effort. The resulting ‘effective’
effort is equivalent to an increase of nominal effort of 1 to 3 per cent per year (Pauly and Palomares 2010; Pauly et
al. 2002). For this report, this technological improvement factor was set at 2.42 per cent per year, based on a prior
meta-analysis of published efficiency increases (Pauly and Palomares 2010). A database of the nominal fishing effort
deployed by the world’s maritime countries was created by Anticamara et al. (2011), and spatialized by Watson et al.
(2013). This database was used to estimate the effective fishing effort by LME from 1950 to 2006, shown aggregated
for all LMEs in Figure 6.4.
Figure 6.4 Aggregate eﬀective fishing eﬀort in LMEs, 1950–2006
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Many countries have incomplete data sets on fishing effort (for example, including years with no reported effort),
while some countries have no statistics on fishing effort (Watson et al. 2013; Anticamara et al. 2011). Although these
gaps were filled by using the method described in Anticamara et al. (2011), the fishing effort of global tuna fleets
and those fleets fishing in the Antarctic were not estimated. While this previous version of the Sea Around Us global
fishing effort database was a good foundation for assessing the pattern of global fishing effort over time, it was not
adequate for the details related to reconstructing fishing effort for each EEZ individually. Currently, the global fishing
effort database is being updated by Sea Around Us to 2010. However, this updating process was not complete at the
time of writing. The LMEs with the rate of change in effective effort greater than 10 million kilowatt days per year
were assigned to the highest risk category. The Bay of Bengal and Sulu-Celebes Sea LMEs have the highest rate of
change in effective fishing effort in the last decade (Annex Table 6-A).
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6.1.2.2 Fish stock status
A marine species is usually considered ‘overexploited’ if it produces catches that fall below 50 per cent of its maximum
stock size; when catches decline below 10 per cent, a stock is considered ‘collapsed’) (Froese and Kesner-Reyes 2002).
As a result of intense exploitation, most fisheries tend to follow predictable stages of development (undeveloped,
developing, fully exploited, overexploited, collapsed).
Figure 6.5 Paired stock status plots for the catch of all LMEs, assessing the status of stocks defined as taxa with a time series
of landings in an LME
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Stock status plots can be used to generate an indicator of the status of fish stocks in the LMEs: for example, the
percentage of catch biomass that originates from overexploited and collapsed stocks, which will be high in degraded
LMEs. Stock status plots have their origin in the work of Granger and Garcia (1996), two FAO scientists who fitted
time series of landings of the most important species in the FAO database with high-order polynomials and evaluated
stock status from the resulting slopes. Based on these evaluations they classified fisheries as being in ‘developing’,
‘fully utilized’ or ‘senescent’ phases. Kleisner et al. (2013), based on Froese and Kesner-Reyes (2002) and Pauly et
al (2008), simplified these graphs by defining, for any time series, five phases relative to the maximum reported
catch (or landings) in that time series, representing a ‘stock’: developing, exploited, overexploited, collapsed, and
rebuilding. However, the interpretation of the stock–catch status plots can be problematic, as they are based on
catches, but not on population size estimates (Kleisner and Pauly 2011a). Despite this, it is still a useful tool for
analysing fisheries resource trends at the global level.
The fisheries in a given area can then be diagnosed by plotting time series of the fraction of ‘stocks’ in any of these
categories (Kleisner et al. 2013). This method of diagnosis suggests that the number of collapsed stocks is increasing,
although the number of rebuilding stocks is also increasing, an encouraging sign (Figure 6.5). Also shown is a variant of
the stock status plots, defined such that it documents, for a series of years, the fraction of the reported catch amount
(or biomass) that is derived from stocks in various phases of development (as opposed to the number of such stocks).
Figure 6.5 shows that such a plot of relative catch by stock status (b) is quite different from a plot of number of stocks
by status (a). This figure illustrates that, overall, 50 per cent of global stocks within LMEs are deemed overexploited or
collapsed, and only 30 per cent are fully exploited (Figure 6.5(a)). The fully exploited stocks, however, still provide 50
per cent of the globally reported landings biomass, with the remainder produced by the other development stages.
Overexploited and collapsed stocks contribute less than 30 per cent of the overall reported landed biomass (Figure
6.5(b)). These stock status plots suggest that the impact of fishing on the number of stocks is much higher than its
impact on total landed biomass. We think that this difference between numbers and biomass confirms the common
observation that fisheries tend to affect biodiversity (as reflected in the taxonomic composition of catches) more
strongly than they affect biomass (as reflected in the landed quantities).
In the last decade, the Hudson Bay Complex LME had the highest percentages of both the number and biomass of
stocks in the collapsed and overexploited categories, out of the total number of stocks among the 64 LMEs assessed.
However, it must be appreciated that this implies, in absolute terms, a small number of stocks and limited landings.

6.1.2.3 Ecosystem impacts of fishing
Primary production required
Footprint analysis consists of expressing all human activities in terms of the land area required for generating
products that are consumed by humans, or for absorbing the waste generated in the course of supplying these
products (Wackernagel and Rees 1996). Extending the footprint concept to LMEs requires taking into account that
the productivity of a given area of ocean is determined by the local primary production, which can vary tremendously
over small distances, depending on local mixing processes (Longhurst 2010). It is therefore not appropriate to consider
the surface area of LMEs, but rather their average primary production, as the reference for footprint analysis. This
leads to the concept of primary production required (PPR) (Pauly and Christensen 1995).
Figure 6.6(a) shows the PPR to sustain the landings reported by countries fishing within the world’s LMEs, displayed
as fractions of their combined primary production (total PP). As the intensity of fisheries impacts is one of the major
factors contributing to the degradation of marine ecosystems, and as these impacts are captured by the PPR of the
catch, the fraction PPR/total PP (ecological footprint) can be used directly as an indicator, with high values indicating
high levels of degradation (Table 6.1 and Annex Table 6-A). Although this indicator captures trophic extraction and
energy-related effects, it will miss habitat and other non-trophic ecosystem service effects.
The fraction (also expressed as a percentage) of PPR/total PP provides an estimate of ecological footprint. It has
increased steadily over the years, in line with increasing reported landings, and is approaching 18 per cent. In recent
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Figure 6.6 Primary production required (PPR) to sustain fisheries in the world’s LMEs, an expression of their ‘ecological footprint’
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years, the countries with the largest footprint in all LMEs combined were China, US, and Indonesia, with China
outpacing all others (even when corrected for over-reporting of landings, Watson and Pauly 2001). Figure 6.6(b)
shows the number of LMEs in each of the ecological footprint categories, and Annex Table 6-A lists the LMEs in the
five risk categories. The average PPR to support the fisheries of most of the LMEs (expressed as a percentage of PP) is
less than 20 per cent, with 26 LMEs having PPR/total PP below 10 per cent. Only a few LMEs have PPR/total PP values
greater than 50 per cent (see Pauly et al. 2008).
Marine Trophic Index and Fishing in Balance Index
When a fishery begins in a given area, it usually targets the largest among the accessible fish, which are also intrinsically
the most vulnerable to fishing (Cheung et al. 2007). Once these are depleted, the fisheries then turn to less desirable,
smaller fish. This pattern has been repeated countless times in the history of humankind (Jackson et al. 2001) and many
times since the 1950s, when landing statistics began to be collected systematically and globally by FAO. With a trophic
level assigned to each of the species in the FAO landings dataset, Pauly et al. (1998) were able to identify a worldwide
decline in the trophic level of fish landings, a phenomenon they called ‘fishing down marine food webs’.
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The mean trophic level is reflected by the Marine Trophic Index (MTI), which is an indicator used by the Convention
on Biological Diversity and expresses the mean marine trophic level (MTL) of the fisheries catches in an area. In
addition to the uncertainties associated with landings, other uncertainties are associated with the MTI (Kleisner and
Pauly 2011b). In particular, the Index is very sensitive to fisheries expansion, which allows tapping into previously
unexploited stocks of high trophic-level fishes. A fishery that has overexploited its resource base (for example, on the
inner shelf) will tend to move to a new resource base (the outer shelf and beyond) (Watson and Morato 2013; Morato
et al. 2006). There, it accesses previously unexploited stocks of demersal or pelagic fish, and the MTI calculated for
the whole shelf, which may have declined at first, increases again, especially if the ‘new’ landings are high (Kleisner
et al. 2014). Diagnosis of whether fishing down the marine food web is or is not occurring therefore depends on
whether a geographic expansion of the fishery has taken place, which is more likely than not, given the observed
global tendency toward expansion (Swartz et al. 2010).

Figure 6.7 Two indicators based on the trophic levels of exploited fish, used to characterize the fisheries in the LMEs
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To facilitate the interpretation of MTI trends, an index of Fishing-in-Balance (FiB) was developed by Pauly et al. (2000).
The Index has the property of increasing if catches increase faster than would be predicted by trophic level declines,
and of decreasing if increasing catches fail to compensate for a decrease in trophic level. The Index value remains the
same or increases when a downward trend in mean trophic level is compensated for by an increase in the volume
of catch, as should happen given the pyramidal nature of ecosystems and an energy transfer efficiency of about 10
per cent between trophic levels. As defined, the FiB index increases if increases in landings more than compensate
for a declining MTI. In such cases (and obviously also in the case when landings increase and the MTI is stable or
increases), increase in the FiB index indicates that a geographic expansion of the fishery has taken place, that is, that
another part of the ecosystem is being exploited (Bhathal and Pauly 2008). In this analysis we have assumed that the
increase in FiB is not due to other factors such as bottom-up effects, for example an increase in primary production,
which may also be possible given the occurrence of coastal eutrophication in some LMEs.
Figure 6.7 presents the mean trophic level and the FiB index values for all LMEs combined. It indicates a decline in
the mean trophic level from a peak in the 1950s to a low in the mid-1980s, attenuated by an offshore expansion of
the fisheries (Figure 6.7(b)). In the mid-1980s, the continued offshore expansion, combined with declining inshore
catches, led to a slowdown in the declining trend, and even a trend reversal in the mean trophic level of some LMEs.
The ‘fishing down’ effect was completely masked.
While the exploitation of a given ecosystem generally starts with the high trophic level (larger organisms) and
then moves down (Pauly et al. 1998), there is no threshold trophic level that can be used to tell when ecosystem
degradation starts. However, a decline in trophic level is generally indicative of massive changes in the structure and
composition of the ecosystem. A positive difference between the mean trophic levels in the 1950s and the 2000 to
2010 period is, therefore, indicative of ecosystem degradation (Annex Table 6-A).
The indicators in this and the preceding two sections are interpreted without references to single-species stock
assessments, mainly because such assessments are not usually performed at an LME scale. Even if they were, they
would only cover a few LMEs, as stock assessments are generally performed only in developed countries. There is,
on the other hand, a substantial literature assessing the status of fish at smaller scales (see reviews in, for example,
Worm and Branch 2012; Garcia and Rosenberg 2010), which could be used for more nuanced evaluations of the
status of the fisheries resources in different areas of some LMEs.

6.1.2.4 Fish catch responses to global warming
LMEs will be increasingly affected by climate change. The impact on fish stocks is explored using a dynamic bioclimate
envelope model capable of reproducing and amplifying into the future the observed poleward migration of fishes
exploited by fisheries (Cheung et al. 2008b and 2009). Since climate change affects marine ecosystems and is
expected to affect fisheries and other ecosystem services, the change in projected catch potential allows analyses
of the impact of climate change on fish stocks. The projected change in the productivity of marine resources in
the ocean under climate change may have large implications for the fishing industries, economies, and livelihoods
of many countries. LMEs with a projected decrease in catch potential of more than 8 per cent in the 2050s were
assigned to the highest risk category. The largest decrease in projected catch potential under climate change is in
the East Siberian Sea and Indonesian Sea LMEs (Annex Table 6-A). The projected substantial decrease in the catch
potential in these LMEs due to climate change would cause these regions to become more vulnerable under the
effect of other synergistic factors, including increasing fishing and socio-economic pressures. Future studies should
include multi-ensemble model comparisons to address the uncertainty of the climate model (Barange et al. 2014;
Barange and Perry 2009). This, however, is outside the scope of the current assessment.

6.1.2.5 Socio-economic and governance implications
Apart from the indicator of capacity-enhancing subsidies as a fraction of catch value, the indicators do not refer
directly to the socio-economic condition and governance arrangements of the countries adjacent to and/or
exploiting the fisheries resources of LMEs. Little can therefore be said about the socio-economics and governance of
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the LMEs. Those parts of LMEs that are beyond the EEZs of coastal states are subjected to a management regime that
is essentially open-access, notwithstanding the work of the Regional Fisheries Management Organizations (CullisSuzuki and Pauly 2010). The parts of LMEs that are under national jurisdiction should do better, since both domestic
and foreign fishing within EEZs can, in principle, be regulated by the coastal countries concerned. A few countries
are making full use of the governance tools available to them to rebuild overfished stock and mitigate the impact of
fishing and competition between local and foreign fleets in their EEZs, and hence in the LMEs that they belong to.

6.1.3 Discussion
Traditionally, the local and sectoral focus of fisheries science, monitoring, and management has precluded the
development and use of indicators at large spatial scales. With the advent of ecosystem-based concerns and concepts
such as large marine ecosystems (Sherman et al. 2003), it has become evident that such indicators will be needed for
better integration of fisheries in ecosystem-based management approaches.
Existing national and international institutions, due to their historic sectoral, local, and national focus, are often
not in a position to report fisheries information, (catches, values, and associated indicators) at an ecosystem scale
such as LMEs. In contrast, the Sea Around Us was specifically established to assess the impacts of fisheries at an
ecosystem level. The Sea Around Us has therefore developed tools and concepts to present available fisheries data
via half-degree spatial cells, which allows interpretation of the data at various spatial scales, including that of LMEs.
It is this place-based, rather than sector-based, approach that allows us to document fisheries impacts at the scale
of LMEs. The authors have also derived a standard set of indicators and graphical representations, presented here on
a global scale (for all currently defined LMEs combined). Although there are no scientifically defined thresholds for
most of the indicators in this study, the ranking system can be improved by taking into account the approaches for
selecting reference points (for example, by taking expert opinions) and inter-system comparisons that were used in
other studies (Shin et al. 2010).
The different indicators and graphs presented here allow comprehensive overviews of the general status of fisheries
and ecosystems of each LME, since they account for the characteristics of fisheries, biology, and ecology of the
exploited species and ecosystem. The global status of fisheries in each LME is mixed and no indicator or group
of indicators give a consistent message on LME status. The indicators of pressure or ecosystem degradation from
fisheries have high values or high risk levels in all the LMEs except the Laptev and Northern Bering-Chukchi Seas
LMEs in the Arctic, as well as in the WPWP. Although the number of collapsed stocks in LMEs is increasing, the
number of rebuilding stocks is also increasing, for example in the USA, an encouraging sign. Overall, 50 per cent of
global stocks within LMEs are deemed overexploited or collapsed, and only 30 per cent fully exploited. However,
the fully exploited stocks still provide 50 per cent of the globally reported landings, with the remainder produced by
overexploited and collapsed stocks.
All these indicators require accurate catch data rather than incomplete landings. Such data, however, are not available
for LMEs or for country EEZs, because, among other constraints, the fisheries statistics supplied from member countries
to the FAO usually fail to account for small-scale fisheries (artisanal, subsistence, and recreational). The methods we use
for re-expressing the FAO’s global reported landings data set on a spatial basis, here through LMEs, cannot compensate
for these limitations. Rather, it makes the limitations visible and emphasizes the need for catch reconstruction at the
national level (in the sense of Belhabib et al. 2014; Zeller et al. 2006, 2007, and 2011), from which accurate LME catch
time series can then be derived. Reconstructed catches by LME will be available from mid-2015 from the Sea Around
Us, and we hope that they will lead to a renewed phase of fisheries research at the LME scale.
Even with these limitations, the LME framework, populated with relevant and current catch and related fisheries
data, as has been done in this chapter, can provide the information needed to develop policies for ecosystembased fisheries management. It can, for example, provide data for identifying areas where management and/or
mitigation measures are particularly needed (Annex Table 6-A). The LME framework also provides a neutral platform
for jurisdictions (national and sub-national) to come together to discuss resource management issues within a single
ecological unit and evaluate the consequences of policies, irrespective of political boundaries.
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Although the LME framework is useful for research purposes and policy discussion, the responsibility for managing
the resources exploited by two or more states still resides with Regional Fisheries Bodies, according to the UN
Fish Stock Agreement and the FAO Code of Conduct. This LME-scale information and indicator evaluation can also
provide guidance on information gaps (for example, gaps in spatial effort data) and areas for research (for example
on large-scale fisheries-independent biomass estimation), so that ecosystem-based management of fisheries and
marine areas in many of the world’s coastal regions can be strengthened. The indicators presented in this chapter
can also be integrated with the policy guidance on ocean issues provided by Goal 14 of the UN Open Working Group
on Sustainable Development Goals to “conserve and sustainably use the oceans, seas and marine resources for
sustainable development” (United Nations Open Working Group 2014).

6.1.3.1 Confidence levels
The confidence levels for the indicators range from low to medium. As discussed in the main findings section,
uncertainty arises from different sources associated with the collection of catch data. These sources originate from
the identification of reported taxa, reporting countries, and the spatial locations of the catch. Since annual landings
are used as the primary data for most of the secondary indicators presented (including catch from bottom-impacting
gear, value of landings, fish stock status, MTI and FiB Index), the uncertainties associated with the landings would be
inherited by these secondary indicators.
The confidence level of the fishing effort data used in this chapter is low, since the current fishing effort database
used surrogates for data-poor EEZs. The confidence level of the potential fish catch associated with climate change is
medium because of the climate model uncertainty. Future studies should include multi-ensemble model comparisons
to address the uncertainty of the climate models.

6.1.4 Methodology and analysis
6.1.4.1 Reported catches (or landings) by species
Annual catch data were extracted from the Sea Around Us database from 1950 to 2006. The Sea Around Us
developed an algorithm using a rule-based approach that disaggregated reported catch data from 1950 to 2006
into 180 000, 30’ latitude x 30’ longitude spatial cells of the world ocean (Watson et al. 2004). The main sources of
catch data were fisheries statistics from the FAO (FAO 2014), which were replaced only where more appropriate data
were available, for example, for the Antarctic LME by Commission for the Conservation of Antarctic Marine Living
Resources (CCAMLR) data. This allocation process produced spatial time series of landings data from 1950 to 2006
that could be aggregated by the EEZs of maritime countries, or by LME, and that distinguished between landings by
foreign and domestic fleets.
Since the last allocation of data (to 2006), there has not been an update on global spatial landings from FAO. However,
the Sea Around Us has extended the catch series for the present study based on FAO catch data from 2007 to 2010.
This was first performed by comparing the complete list of taxa in the Sea Around Us catch database with a list of all
taxa occurring in the FAO data from 2007 to 2011. Next the proportions of each species in the Sea Around Us catch
database in LMEs were calculated. Finally, these proportions were used to allocate each taxon in the FAO catch to
LMEs within an FAO statistical area in which that taxon was caught. The results are catch time series for most species
that run from 2007 to 2010.
The cell-based catches and their surrogates for 2007 to 2010 were regrouped into LMEs and the WPWP, and the
resulting catch times series were then used to derive the nine indicators described here. Each indicator was used to
group the 64 assessed LMEs into five relative risk categories according to the relative level of potential degradation
or impacts of fisheries (Table 6.1). Ideally, the cut-off points for the five relative risk categories should be based on
set targets or reference points, but, in many cases, these do not exist. Since references on the cut-off points for each
category were not available, the 64 LMEs were divided evenly across the five risk categories, with each category
including either 13 or 14 LMEs. For most indicators, the LMEs were ranked from the lowest to highest value of the
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indicator. For the MTI and change in catch potential under climate change, LMEs were arranged from the highest
to the lowest value. The LMEs were then grouped into five categories according to the indicator values, with each
category represented by a risk level (from ‘lowest’ to ‘highest’ risk levels) (Table 6.1). Annex Table 6-A shows the
indicator values and corresponding risk category for each LME in the last decade (2000 to 2010).

6.1.4.2 Indicator 1. Ratio of capacity-enhancing subsidies to value of landed catch
The annual landed value by each fishing country in each LME is the sum of annual landed values for all taxa or
species groups caught by each fishing country. The landed values were estimated by multiplying the ex-vessel prices
(by fishing country and year) of each species in 2005 US$ (adjusted for inflation to year 2005 using consumer price
index data from the World Bank) (Swartz et al. 2013; Sumaila et al. 2007) by the average annual catch from the Sea
Around Us global catch database (Watson et al. 2004). Details on how the ex-vessel price database was developed
are presented in Sumaila et al. (2007 and Swartz et al. 2013). The subsidies derived from the studies described in
Sumaila et al. (2013 and 2010) (available on a per-country basis at www.seaaroundus.org) were used, together with
the catch values, to estimate the ratio of capacity-enhancing subsidies to landed values in the last decade (years
2000 to 2010). The value of this indicator ranges from 0 to 0.8, with higher values corresponding to greater potential
degradation (Table 6.1 and Annex Table 6-A).

6.1.4.3 Indicator 2. Primary production required
Since the degradation of marine ecosystems is determined mainly by the intensity of fisheries impacts, and since
these are captured by the PPR of the catch (expressed as a fraction of the observed primary production in the
area where the catch was taken), PPR/total PP (ecological footprint) can be used directly as an indicator, with high
values indicating a relatively high level of degradation (Table 6.1). PPR is measured as the ratio between the human
consumption or appropriation from that ecosystem and the ecological productivity of the ecosystem (Wackernagel
and Rees 1996). The landings data used to estimate ecological footprints (PPR/total PP) are those presented above.
PPR was calculated separately for each species (or group of species) for the fleets of all countries operating in the
LME in question, and expressed in terms of the primary production in that LME.
The ecological footprint of fisheries is estimated by calculating the PPR to sustain the ‘pyramid’ from which the
species that make up fisheries resources obtain their food. The PPR of fisheries thus depends on the catch of various
species and on their trophic level. The PPR to produce a given amount of a high trophic level fish (such as tuna)
is much higher than that required for the same amount of a low trophic level fish (such as sardines) because the
transfer efficiency from one trophic level to the next is low, usually 10 per cent (Ware 2000; Pauly and Christensen
1995). To compute the PPR for a given tonnage of fish catch, the catch and the mean trophic level (TL) of each taxon
in the catch, and an estimate of transfer efficiency (TE) were combined using the equation (Pauly and Christensen
1995):
1 TL-1
PPR = Catch . ( )
TE
Since we used a TE of 10 per cent, the equation becomes:
TL-1

PPR = Catch . 10

Global estimates of primary production were derived from remotely-sensed SeaWiFS data. The PPR of all species (or
groups of species) in each LME were then summed. The ecological footprint was then estimated by dividing the total
primary production required by the total observed primary production in each LME, with both catches and primary
production expressed in the same weight units.
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6.1.4.4 Indicator 3. Marine Trophic Index
The MTI is an indicator used by the Convention on Biological Diversity. It expresses the mean trophic level (mTL) of
the fisheries catches in an area. The indicator is linked to ‘fishing down the food web’ (Pauly et al. 1998; Christensen
1995; Christensen and Pauly 1993; Pauly and Christensen 1995). Its calculation requires careful examination of
specific conditions in LMEs. It is generally expected that a decline in MTI may indicate a decline in the biodiversity of
the top predators (linked to overexploitation). The MTI tracks changes in mTL, defined for year k as:
MTI = mTLk =

∑(Yik . TLi)
∑(Yik)

where Yik is the catch of species i in year k, and TLi the trophic level of species (or group) i, the latter usually obtained
from diet composition studies documented in FishBase (www.fishbase.org). The mean trophic level, and the MTI, for
all fisheries landings in each LME has been calculated.
The change in the value of MTI in the 2000s from that in the 1950s is used as the indicator. Its value ranges from -1.5
to 0.7 (Table 6.1 and Annex Table 6-A). Negative values represent a decrease in the mean trophic level in an LME.
Therefore, the lower the value of this indicator, the higher the risk category the LME is placed in, thus the LMEs with
the lowest MTI values are assigned to the ‘highest’ risk category, and those with the highest MTI values are assigned
to the ‘lowest’ risk category.

6.1.4.5 Indicator 4. Fishing-in-Balance Index
The effect of geographic expansion on the trophic level of catch was first analysed with an index called Fishing-inBalance (FiB) (Bhathal and Pauly 2008). This index was developed to capture the fact that as the abundance of top
predators declines, predation pressure on prey groups (notably forage fishes) is lowered and the biomass of those
groups may decline, which in turn can lead to increased catches at lower trophic levels (Pauly et al. 2000). If the process
is in balance, the FiB index will be constant, that is, the reduction of high Trophic Levels (TL) is balanced (when TLs are
considered) by a corresponding increase at low TLs (Pauly et al. 2000). The FiB Index is defined for any year k:
FiB = Log (Yk * (1/TE)TLk) - log(Y0 * (1/TE)TL0)
where Y is the catch, TL is the mTL in the catch, TE is the transfer efficiency between trophic levels, and 0 refers to
the year used as a baseline. The FiB is calculated from the geometric mean of each of the terms, thereby preserving
the relationship between ecologically equivalent amounts of fish at different trophic levels. This index may: 1) remain
constant (equal 0) if the fishery is ‘balanced’, that is, all trophic level changes are matched by ‘ecological equivalent’
changes in catch tonnage; 2) increase (positive index value) if there are (a) bottom-up effects (for example, increase
in primary productivity) or (b) geographic expansion of the fishery to new waters which, in effect, expands the
ecosystem exploited by the fishery; or 3) decrease (negative index value) if discarding occurs that is not represented
in the catch, or if the ecosystem functioning is impaired by the removal of excessive levels of biomass (Kleisner et al.
2011b).
The LMEs are categorized by the positive difference between the mean TL in the 2000 to 2010 period and the 1950s,
a larger difference being indicative of greater potential for ecosystem degradation (Table 6.1 and Annex Table 6-A).
Larger differences in this value imply that the fisheries expanded offshore in the LME in question.

6.1.4.6 Indicators 5 and 6. Stock status by number and catch biomass of exploited stocks
Stock status plots (SSPs) use catch time series to assign individual stocks to different development stages, based on
catch levels in relation to the maximum or peak catch of the time series (Pauly et al. 2008; Froese and Kesner-Reyes
2002). For example, the ‘overexploited’ stage occurs after the time series peak and for catch levels that are between
10 and 50 per cent of the peak catch, in contrast to the ‘collapsed’ stage, which also occurs after the peak of the time
series, but at catch levels lower than 10 per cent of the peak catch.
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The algorithm can be applied to numbers of stocks (species) and to catch tonnage per species to highlight the annual
proportions of stocks and total catch in a particular stage. Stocks that are classified as ‘overexploited’ or ‘collapsed’
are indicative of a lack of sustainability, especially when the bulk of the catch tonnage is from taxa with these
designations. Here, the percentage of the number of stocks in the collapsed and overexploited stages (based on the
total number of stocks), and the percentage of the catch biomass of stocks in the collapsed and overexploited stages
(based on the total catch biomass in the last decade) are used as indicators.
We defined a stock to be a taxon (at either species, genus, or family level of taxonomic assignment) that occurs in the
catch records for at least five consecutive years, over a minimum of a ten-year time span, and that has a total catch
in an area of at least 1 000 tonnes over the time span analysed. The number of stocks by status in a particular LME in
a given year can be estimated and presented as percentages.

6.1.4.7 Indicator 7. Catch from bottom-impacting gear types
Annual landings by bottom-impacting gear types, including dredges and bottom trawls, were extracted from the
Sea Around Us database for the period 1950 to 2006. The catch from bottom-impacting gear types is considered
as a proxy for habitat status. Since the Sea Around Us extended catch data from 2007 to 2010 are not aggregated
by gear type, the catch of bottom-impacting gear types (trawling and dredging gears) was estimated by calculating
the proportions of these gear types to the total catch by each fishing country and LME combination in 2006. These
proportions were then used to estimate the catch by bottom-impacting gear types from 2007 to 2010. The fraction
of catch from bottom-trawling gear to the total catch (obtained by pooling data from the countries involved) was
calculated for each LME. A ten-year average of the proportions was used to provide a single indicator value per LME
(Annex Table 6-A). The percentage of the catch from the bottom-impacting gear to the total catch (from 2000) is used
as an indicator.

6.1.4.8 Indicator 8. Fishing effort
Fishing effort data for the period 1950 to 2006 were obtained from the FAO, the European Union, the Regional
Fisheries Management Organizations managing tuna stocks, and CCAMLR (Watson et al. 2013; Anticamara et al.
2011). Data from these different sources were standardized based on engine power (watts) and fishing days. Fishing
effort was then estimated by country, vessel gross registered tonnage class, and vessel/gear types from the sources
mentioned above. Non-fishing vessels such as patrol ships, research vessels, and mother-ships/carrier vessels were
excluded from the analysis. Gaps in the database, which involved mainly countries with small catches and fleets,
were filled by using effort data from EEZs with similar catch profiles, which acted as surrogates for data-poor EEZs
(Anticamara et al 2011).
This global fishing effort database is being updated and improved in terms of data quality and transparency. In
addition, the fishing effort data in the updated version are assigned to different fisheries sectors and made
independent of catch data. In order to implement these changes and generate a database of global fishing effort, the
raw data originally collected by Anticamara et al. (2011) have been improved by deepening the literature search by
country and estimating effort (in kilowatt days) for individual fleets. However, since this work was not completed at
the time of writing, the updated database was not used for this chapter.
An indicator of ecosystem degradation can be computed as the rate of change in effort from the mean of the 1980s
to the mean of the 2000s, with higher rates of change implying greater potential for degradation of natural living
resources or ecosystems. The rate of change in the total effective effort in the last decade is used as the indicator.
Values range from -1 600 000 to 129 000 000 kilowatt days per year (Annex Table 6-A).
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6.1.4.9 Indicator 9. Change in catch potential under global climate change
The catch potential of all pelagic and demersal species in the LME was projected using the Dynamic Bioclimate
Envelope Model (DBEM) under the Intergovernmental Panel on Climate Change (IPCC) Special Report Emission
Scenario (SRES) A2 scenario (Nakicenovic and Swart 2000). We used a combination of models to project future
fisheries catch potential and landings in each LME. Basically, there are two major steps in projecting future maximum
catch potential of species: 1) projecting future species distribution ranges under a climate change scenario using a
simulation model approach; 2) calculating maximum catch potential using an empirical model. The final result is the
projected change in catch potential (in percentage) in each of the half-degree by half-degree grid cells in the ocean
in the 2050s. The percentage change (in each LME) in catch potential under climate change in the 2050s from the
current status is used as an indicator (Table 6.1 and Annex Table 6-A). LMEs with the greatest negative change in
catch potential may have the highest risk, those with the most positive change in catch potential may have the lowest
risk. For details on the method used to project the change in catch potential under climate change see Cheung et al
(2008a, 2008b, and 2010).

6.1.5 The Western Pacific Warm Pool
Longhurst’s system of oceanographic provinces (Longhurst 1998 and 2010) is an alternative system for partitioning
the oceans. Like the system of LMEs, it is based on ecological considerations (Watson et al. 2003; Pauly et al. 2000;
Pauly 1999). Thus, some of these provinces can replace LMEs in parts of the oceans where no LME has been defined.
This applies particularly to the Western Pacific Warm Pool province, which covers an area of 12.8 million km2 in the
Central Western Pacific (Figure 6.8). The WPWP fisheries consist of two radically different sets of activities: 1) coastal,
mainly coral-reef-based small-scale fisheries around the volcanic islands and the atolls that characterize the region;
2) industrial-scale fisheries for tuna and other large pelagic fishes in the deep waters between these islands and
atolls.
Figure 6.8 The Western Pacific Warm Pool and the EEZs of the countries that it includes
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The WPWP overlaps with the EEZ of 17 island states (or territories). Three of these (Papua New Guinea, Indonesia,
and the Philippines) are relatively large states, but have only small areas that overlap with the WPWP. The others are
12 small island states and one US territory. Of these states and territory, only seven have their main islands included
in the WPWP and have domestic fisheries based on these islands. Thus, coastal (coral-reef) fisheries catches are
included for only these seven island groups. The rest of WPWP fisheries are for large pelagic fish. Both the coastal
catches within the EEZs and the catch of the large pelagic fish shown in Figure 6.9 were extracted from the halfdegree cells comprising the WPWP, as described in the main text for LMEs. These catch data are from FAO.
Figure 6.9 Reported landings in the WPWP from 1950 to 2010, based on FAO data spatially allocated. 7KHFDWFKHVIURPWR
DUHHVWLPDWHGXVLQJWKHDYHUDJHYDOXHVIURPDQGZKLOHWKHFDWFKHVRIODUJHSHODJLFȨVKVSHFLHVDUHHVWLPDWHG
EDVHGRQFKDQJHVLQDJJUHJDWHGFDWFKUHSRUWHGE\WKH)$2IRUWRXVLQJWKHPHWKRGVGHVFULEHGLQWKHWH[W
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The indicators derived from the catch in Figure 6.9 are presented in Table 6.2, and the trends for each indicator are
shown in Figure 6.10.
Table 6.2 Fisheries-based indicators of the WPWP compared to those of the LMEs
Indicators

WPWP

LME (mean value of each indicator)

*

0.22

2. Primary production required (PPR) as fraction of primary productivity (PP) for
2000 to 2010

0.2

0.2

3. Difference in Marine Trophic Index (MTI) in the 2000s from that in the 1950s

0.10

-0.16

1. Ratio of capacity-enhancing subsidy to the total landed value

4. Difference in Fishing-in-Balance (FiB) Index in the 2000s from that in the 1950s

3.25

0.39

5. Stock status (percentage of number of collapsed and overexploited status
stocks in the 2000s)

39%

48%

6. Stock status (percentage of catch of collapsed and overexploited status stocks)
in the 2000s

1.6%

29%

7. Percentage of catch from bottom-impacting gear in the 2000s

2.6%

22%

8. Slope of effective effort (million kW days per year)

154

9.4

-7.0%

9.3%

9. Percentage change in catch potential under climate change in the 2050s

*Subsidies cannot be computed for the WPWP because the bulk of the catch (tuna and other large pelagic fishes) is caught by distantwater fleets subsidized by their home countries.
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Figure 6.10 Fisheries-related indicators for the WPWP, 1950–2010. 7KHFDWFKDQGYDOXHVRIDOOWKHLQGLFDWRUVIURPWR
DUHHVWLPDWHGXVLQJWKHDYHUDJHYDOXHVRIDQG
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The above fisheries-related indicators can be used to compare the WPWP with the LMEs.
The fraction of primary production required to sustain the landings reported by countries within the WPWP is 0.2;
the mean ecological footprint of all other LMEs is also 0.2. Both the MTI and FiB Index of the WPWP show increasing
trends from the 1950s to the 2000s. This indicates that ecosystem degradation is increasing and the fisheries are
expanding geographically in this region. The number and catch biomass of overexploited and collapsed stocks are 39
per cent and 1.6 per cent of total stock numbers and biomass, respectively. From Figure 6.10 (e) and (f), we can see
that the impact of fisheries on the biodiversity of the catch is greater than that on the magnitude of the catch, and
that this effect is also found in many LMEs. Finally, the percentage of catch from bottom-impacting gear types is only
2.6 per cent, which is low compared with the average value for all LMEs (22 per cent). The effective fishing effort in
the WPWP increased at a rate of 154 million kilowatt days per year from the 1990s to the 2000s. This value is much
higher than the mean change in effective effort of LMEs (9.4 million kW days). Under a climate change scenario, the
total catch potential in this region is projected to fall by 7 per cent, and the projected average catch potential in all
LMEs is projected to increase by 9.3 per cent by the 2050s.
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6.1.6 Annex
Ecological footprint (PPR/
PP)

MTI

FiB Index

Stock status (number) in
percentage

Stock status (biomass) in
percentage

Per cent catch from
bottom-impacting gear

Rate of change of effective
fishing effort (kW days per
year)

Per cent change in catch
potential in the 2050s

1

East Bering Sea

0.27

0.17

-0.13

1.17

46.25

29.33

11.15

1 743 026

36.81

2

Gulf of Alaska

0.15

0.14

0.07

1.16

47.87

28.03

14.46

8 381 743

-15.32

3

California Current

0.12

0.13

0.13

1.64

52.39

11.49

7.50

9 799 772

-13.66

4

Gulf of California

0.14

0.04

-0.05

1.93

46.15

6.95

10.38

803 921

-8.34

5

Gulf of Mexico

0.11

0.06

0.06

0.67

50.59

44.21

27.46

9 651 794

-5.09

6

Southeast US Continental Shelf

0.08

0.03

-0.07

-0.25

52.32

31.12

69.98

861 407

-14.51

7

Northeast US Continental Shelf

0.10

0.18

-0.11

-0.32

70.60

47.86

50.67

15 978 532

-15.56

8

Scotian Shelf

0.29

0.07

-1.07

-2.33

64.44

47.33

20.04

15 755 009

1.55

9

Newfoundland-Labrador Shelf

0.17

0.09

-1.26

-3.41

59.55

28.04

53.33

1 319 182

19.50

10

Insular Pacific-Hawaiian

0.16

0.01

-0.48

-2.36

73.93

68.56

12.57

3 060 644

19.86

11

Pacific Central-American Coastal

0.09

0.05

-0.14

2.46

51.31

34.03

6.45

5 609 491

-3.57

12

Caribbean Sea

0.09

0.03

-0.37

0.38

53.97

25.27

19.56

8 419 253

-1.45

13

Humboldt Current

0.03

0.19

-0.58

1.87

56.68

9.67

1.79

8 218 267

-6.44

14

Patagonian Shelf

0.25

0.20

0.28

3.40

49.26

21.99

62.25

6 315 226

-5.63

15

South Brazil Shelf

0.29

0.05

0.24

1.80

37.15

31.89

47.60

3 782 796

-4.55

16

East Brazil Shelf

0.31

0.06

0.19

1.40

36.82

18.17

19.99

2 414 615

3.58

17

North Brazil Shelf

0.24

0.04

-0.02

1.48

37.80

14.39

43.12

4 244 746

-10.67

18

Canadian Eastern Arctic-West
Greenland

0.06

0.11

-1.18

-2.66

60.11

12.10

65.72

5 690 151

10.87

19

Greenland Sea

0.57

0.92

-0.46

-0.85

60.85

51.64

17.16

-310 126

41.78

22

North Sea

0.19

0.41

-0.06

-0.18

61.11

39.06

37.56

10 816 970

7.55

23

Baltic Sea

0.75

0.17

-0.41

-0.20

56.92

3.88

2.34

22 776 902

11.40

24

Celtic-Biscay Shelf

0.17

0.31

-0.13

0.58

54.47

48.42

32.21

44 691 104

-0.92

25

Iberian Coastal

0.24

0.31

-0.01

-0.35

60.20

59.42

17.44

6 738 559

-6.59

26

Mediterranean

0.14

0.14

-0.04

0.68

32.28

10.89

18.20

33 725 342

-14.53

27

Canary Current

0.17

0.18

-0.02

2.41

49.50

18.23

9.15

6 033 983

-4.30

28

Guinea Current

0.10

0.06

-0.03

1.72

40.83

17.98

15.63

15 474 117

-4.38

29

Benguela Current

0.19

0.13

0.43

1.81

51.88

60.05

11.00

-1 557 565

-0.01

30

Agulhas Current

0.11

0.06

0.58

1.81

50.77

15.01

13.24

10 971 939

11.64

31

Somali Coastal Current

0.08

0.01

0.07

0.92

52.81

22.94

4.13

3 756 822

14.60

32

Arabian Sea

0.31

0.17

0.03

1.78

32.06

10.50

17.11

24 329 676

-4.99

33

Red Sea

0.20

0.11

0.26

2.29

32.52

17.67

22.80

3 982 575

-7.65

34

Bay of Bengal

0.14

0.25

-0.03

2.13

23.53

7.04

11.63

128 945 675

2.43

35

Gulf of Thailand

0.17

0.46

0.41

2.55

23.54

7.68

25.51

7 759 858

-12.72

36

South China Sea

0.22

0.69

-0.02

1.65

35.80

9.04

22.22

10 415 054

-12.09

37

Sulu-Celebes Sea

0.31

0.44

-0.12

1.90

27.32

4.21

17.09

61 822 343

-6.11
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LME name

LME number

Subsidy to landed value

Annex Table 6-A Classifying the 64 assessed LMEs into 5 relative risk categories for each fisheries-related indicator

FiB Index

Stock status (number) in
percentage

Stock status (biomass) in
percentage

Per cent catch from
bottom-impacting gear

Rate of change of effective
fishing effort (kW days per
year)

Per cent change in catch
potential in the 2050s

2.10

26.87

5.81

17.97

49 883 233

-26.75

-0.31

0.89

30.17

20.79

36.21

297 907

-6.02

-0.43

-0.50

51.47

56.97

20.23

624 483

6.04

0.01

-0.01

0.66

60.92

51.68

29.64

-1 404

21.61

0.01

-0.18

1.15

47.69

17.52

36.41

1 861 609

6.53

0.22

0.01

-0.43

0.53

36.82

15.81

29.46

1 284 043

15.77

0.22

0.01

0.19

1.51

42.82

14.62

17.22

61 366

0.65

Northwest Australian Shelf

0.21

0.03

-0.10

1.84

31.01

11.10

25.88

585 995

3.06

New Zealand Shelf

0.02

0.26

0.72

4.10

53.63

33.33

58.00

1 507 816

-6.58

47

East China Sea

0.31

1.24

-0.08

0.86

48.56

15.26

33.51

5 848 689

-15.90

48

Yellow Sea

0.26

0.95

-0.14

0.89

46.29

8.43

32.18

2 005 531

2.97

49

Kuroshio Current

0.48

0.23

-0.12

-0.20

54.15

60.35

24.03

9 498 713

2.32

50

Sea of Japan

0.38

0.35

-0.10

0.18

40.84

43.58

17.63

6 206 344

-5.88

51

Oyashio Current

0.42

0.23

-0.15

0.38

30.29

36.42

11.72

607 927

5.41

52

Sea of Okhotsk

0.42

0.30

-0.14

0.73

30.71

47.78

11.51

2 038 986

21.61

53

West Bering Sea

0.38

0.10

-0.12

0.52

36.97

43.31

9.24

546 502

29.38

54

Northern Bering-Chukchi Seas

0.00

0.00

-0.01

-1.13

41.94

28.89

11.20

1 393 584

292.50

55

Beaufort Sea

0.03

0.00

0.02

-1.84

37.50

20.38

9.38

0

-20.75

56

East Siberian Sea

0.00

0.00

-0.03

0.43

33.33

22.61

2.50

0

-27.42

38

Indonesian Sea

0.18

0.23

39

North Australian Shelf

0.22

0.02

40

Northeast Australian Shelf

0.36

0.02

41

East-Central Australian Shelf

0.22

42

Southeast Australian Shelf

0.22

43

Southwest Australian Shelf

44

West-Central Australian Shelf

45
46

LME name

LME number

Ecological footprint (PPR/
PP)

0.03

Subsidy to landed value
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Laptev Sea

0.00

0.00

-0.02

-0.10

0.00

5.34

4.42

0

14.71

58

Kara Sea

0.73

0.00

-0.33

-3.45

60.94

54.64

36.37

77

14.64

59

Iceland Shelf and Sea

0.44

0.07

-0.49

-0.88

71.32

52.08

13.48

4 317 762

14.34

60

Faroe Plateau

0.09

1.28

-0.06

0.76

44.39

8.33

19.80

2 904

4.50

61

Antarctic

0.22

0.00

-1.20

1.18

65.52

0.08

0.99

119 245

7.24

62

Black Sea

0.12

0.06

-0.14

0.17

48.43

36.27

11.37

17 186 030

-0.10

63

Hudson Bay Complex

0.29

0.00

-0.12

-1.71

100.00

100.00

8.76

-76

-2.15

64

Central Arctic

0.00

0.00

-0.20

-1.82

87.50

62.57

32.19

1 036

0.12

65

Aleutian Islands

0.00

0.00

-0.99

-4.59

45.16

31.69

10.77

448 593

-8.63

66

Canadian High Arctic-North
Greenland

0.00

0.02

-1.48

-4.96

58.33

61.56

32.59

305

4.73
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6.2 Fishery production potential of large marine ecosystems: a
prototype analysis
SuMMary
Global consumption of aquatic food products has increased steadily in recent years, but regional differences in
availability and utilization of marine resources between developed and developing countries signal an important
issue in global food security. Understanding the prospects for sustainable production potential from the seas
is particularly important, given the likelihood of increasing demands for animal protein to meet the needs of a
burgeoning human population. In this chapter, updated estimates of global fishery production potential from marine
fisheries are provided to place the prospects for meeting human needs for protein and essential micronutrients into
context.
Satellite-based estimates of primary productivity by plankton size classes, and a more complete food web than in
earlier approaches, were used to estimate marine ecosystem productivity. LMEs were designated as strata for the
analyses. Inland seas and high-latitude LMEs were excluded from the study. Production estimates for the major
functional groups that are important for current or potential fisheries are provided for each LME.
Results showed an overall fishery production potential of 180 million tonnes per year and an additional 50 million
tonnes per year of benthos for the LMEs included in the analysis. This prototype analysis is illustrative and further
work is needed to refine these figures.

Key Messages
1.

2.

3.

As a rule of thumb based on our preliminary analysis and the literature, fisheries exploitation rates
should not exceed 25 per cent of available production in order to be sustainable, and in some systems
even lower rates are warranted. The determination of a harvest reference level is critical for estimating
fishery production potential. In the past, assumptions that 50 to 70 per cent of production at a defined
mean trophic level could be extracted led to risk-prone decisions. Standard reference points have not
been fully established to guide overall policies for marine ecosystems.
Ecosystem exploitation rates vary among functional groups and are highest for fish at high trophic
levels. Exploitation rates for benthos (bottom-dwelling organisms) are uniformly low. This reflects the
generally low level of landings reported for benthos relative to other ecosystem components. Species
that prey on benthos and those that eat plankton exhibit generally low to moderate exploitation rates,
typically less than 20 per cent of estimated production. Relatively high exploitation rates were observed
for species that prey on fish, in some cases exceeding the estimated level of available production.
Great caution is needed in interpreting figures for fishery production potential as exploitable biomass.
Increased exploitation of large components of this production is likely to have serious ecosystem-wide
negative consequences and other problems.

6.2.1 Introduction
Attempts to define the fishery production potential of marine systems based on energy transfer through the marine
food web have an extensive history (Moiseev 1994; Gulland 1970 and 1971; Moiseev 1969; Ricker 1969; Ryther
1969; Schaefer 1965; Graham and Edwards 1962; Kestevan and Holt 1955). Bottom-up control of fish production
has now been demonstrated in many regions of the world ocean (Ware 2000), supporting the general approach of
tracing pathways involved in the translation of primary production to fishery yields. Our ability to estimate primary
production was revolutionized by Steeman-Nielsen’s (1951) development and application of the carbon-14 method,
which measures the rate at which inorganic carbon is taken up by phytoplankton and uses this to estimate the rate
of photosynthetic production of organic matter. Introduction of this method paved the way for elaboration of simple
models of transfer of energy from the base of the food web through fish production.
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Earlier estimates of fishery production potential based on energy transfer were based on estimates of primary
production over all phytoplankton size classes, inferred ecological transfer efficiencies from laboratory experiments
and other observations, and observed or assumed levels of the mean trophic level of the catch. The general strategy
was laid out by Kestevan and Holt (1955). Graham and Edwards (1962) provided an estimate of potential global fish
yield of 115 million tonnes per year for bony (teleost) fish supporting ‘conventional’ fisheries, using this method.
In contrast, their estimate of potential yield based on extrapolations of catch histories in space and time was less
than half this value, at 55 million tonnes per year. Schaefer (1965), applying somewhat higher estimates of transfer
efficiencies, estimated the annual potential yield to be on the order of 200 million tonnes. Ricker (1969) followed with
a projection of approximately 150 million tonnes. In a widely cited evaluation, Ryther (1969) estimated the annual
world fish production potential to be of the order of 100 million tonnes, and was the first to apply a partitioning
of fishery production potential among different oceanic domains, including coastal, offshore, upwelling, and open
ocean systems. Ryther (1969) further applied different estimates of food chain length in these different system types
to reflect fundamental differences in ecosystem structure and patterns of energy flow. An overall reliance on key
elements of the analysis, such as transfer efficiencies and mean trophic level of the catch, characterized by high levels
of uncertainty in food-web-based analyses, led Pauly (1996) to infer that the agreement of Ryther’s estimates (1969)
with current observations may mainly reflect countervailing errors, meaning that the answers may be ‘right’, for the
wrong reasons (Pauly 1996).
Here we describe elements of a prototype fishery production analysis for large marine ecosystems around the world,
developed as part of a study commissioned by the Fisheries and Aquaculture Department of the FAO. This project,
Developing New Approaches to Global Stock Status Assessment and Fishery Production Potential of the Seas, was
designed to explore new approaches to (1) determining single-stock status with particular reference to assessments
in data-limited situations, (2) developing estimates of ecosystem-level production potential. To meet the second
objective, we have developed a prototype model of energy flow in fishery systems that expands the basic food chain
models underlying earlier fishery production potential models to a simple food web architecture.

6.2.2 Methods and data sources
Ecosystem network models have now been applied for all the LMEs considered in this report, using the well-known
Ecopath with Ecosim (EwE; Christensen et al. 2009 and 2008) formulation based on the original developments by
Christensen and Pauly (1992) and Polovina (1984). Here, we seek to complement these analyses using a simple and
broadly applicable characterization of fishery production systems.
Our approach entails projections of available production at different trophic levels, given information on estimates
of primary production. This method is therefore in keeping with the earlier analyses noted above (Ricker 1969;
Ryther 1969; Schaefer 1965; Graham and Edwards 1962). We have expanded the implicit food chain approach in
these analyses to a very simple, but broadly applicable, food web model. We have specified removals from discrete
ecosystem components, including benthos, planktivores, benthivores, and piscivores (Table 6.3), to more fully
characterize fishery dynamics directed at different functional groups, often by different fleet sectors. However, we
have ignored potential production coming from detrital or demersal primary production, as it was not possible to
obtain global estimates of these. Nor have we explicitly accounted for recycling in our estimates of production. We
acknowledge that in systems where these elements collectively are a significant proportion of the primary basal
resources, our estimates will be conservative.
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Table 6.3 Definitions of functional groups for this analysis
Functional group

Definition

Piscivores

Marine organisms that feed on fish

Benthivores

Marine organisms that feed on benthos

Benthos

Organisms living on, in, or near the seabed

Planktivores

Marine organisms that feed on plankton

Mesozooplankton

Plankton that graze on microplankton

Microzooplankton

Plankton cells > 20 micrometres that feed on bacteria

Microplankton

Plankton cells > 20 micrometres: principally diatoms and large dinoflagellates

Bacteria

Bacteria (microscopic one-celled organisms) that feed on nano-picoplankton

Nano-picoplankton

Combined nanoplankton and picoplankton production

Nanoplankton

Plankton cells 2 to 20 micrometres

Picoplankton

Plankton cells 0.2 to < 2 micrometres

In our analysis, we recognize two pathways for transfer of primary production in the system (see Table 6.3 for
definitions of functional groups and Figure 6.11 for food web structure): (1) the classical grazing food web tracing
the fate of production of microplankton, and (2) production involving transfer through the microbial food web,
originating with combined nanoplankton and picoplankton production (nano-picoplankton). The first pathway
involves grazing by mesozooplankton and filtering of diatom production by benthic invertebrates, particularly
bivalves. The second pathway entails consumption of nano-picoplankton by heterotrophic bacteria (bacteria that rely
on organic compounds for carbon and energy) and feeding of microzooplankton on bacteria. In this representation,
carnivorous zooplankton (mesozooplankton) prey on microzooplankton. The microbial pathway, therefore, involves
two or more trophic transfer steps before reaching mesozooplankton as a bridge to higher trophic levels. We note
that the functional groups represented in the upper food web depicted in Figure 6.11 do not strictly correspond to
taxonomic groups. Individual taxa may feed at multiple trophic levels, reflecting both ontogenetic shifts in diet (shifts
in diet as organisms grow and mature) and generalist feeding strategies with life stages.
Figure 6.11 Food-web structure employed in this analysis. 7KLV VWUXFWXUH VSHFLȨFDOO\ LQFRUSRUDWHV GLVFUHWH FRPSRQHQWV RI
PHVRPLFURDQGQDQRSLFRSODQNWRQDQGEDFWHULD1DQRSLFRSODQNWRQEDFWHULDDQGPLFUR]RRSODQNWRQPDNHXSWKHPLFURELDO
IRRGZHE7KLVGLȧHUVIURPFODVVLFDOUHSUHVHQWDWLRQVWKDWIRFXVRQPLFURSODQNWRQb7KHFODVVLFDOJUD]LQJIRRGZHELVIXHOOHGE\
PLFURSODQNWRQSURGXFWLRQ6SHFLHVWKDWVKLIWWKHLUGLHWVRYHUDQRUJDQLVPǧVOLIHVSDQDQGVSHFLHVZLWKPL[HGIHHGLQJVWUDWHJLHV
FDQRFFXS\PXOWLSOHFRPSDUWPHQWVLQWKLVUHSUHVHQWDWLRQ

Piscivores

Planktivores

Benthivores

Mesozooplankton

Benthos

Microzooplankton
Microplankton
Bacteria

Nano-picoplankton
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For this analysis we have used designated LMEs as strata. LMEs are differentiated by similar physical and ecological
features, such as hydrography, productivity, and trophically dependent populations (Sherman 1991; Sherman and
Alexander 1986). They were estimated to account for approximately 80 to 90 per cent of the global fisheries catch
(Christensen et al. 2008), but a more recent estimate from the Sea Around Us is 73 to 76 per cent of global fisheries catch,
reflecting improvements in estimation methodology and declines of recent decades (see Chapter 6.1). To account for
some of the near-shore versus offshore variability in production within some regions, each LME was subdivided using
the 300 m isobaths (depth contours). The sub-areas at depths shallower than 300 m included the characteristically more
productive continental shelf areas and the near-shore areas of the upwelling regions. In general, the sub-areas deeper
than 300 m were characterized by lower overall levels of production by microplankton. Inland seas and high latitude
regions, including Hudson Bay Complex, Black Sea, Arctic Ocean, Kara Sea, Laptev Sea, East Siberian Sea, Beaufort Sea,
Northern Bering-Chukchi Seas, and Antarctic LMEs, were not included in this analysis due to the seasonal effects of
cloud cover and high solar zenith angles on estimates derived from satellite coverage in these regions.

6.2.2.1 Primary production
Ocean-colour remote sensors provide an unprecedented view of the global ocean and are the only means to obtain
basin-scale, synoptic high-frequency measurements of global primary production. Annual estimates of primary
production were calculated using data from the Sea-viewing Wide Field-of-View Sensor (SeaWiFS, NASA) and a
modified version of the Vertically Generalized Productivity Model (VGPM; Behrenfeld and Falkowski 1997). This
modified VGPM model replaces the original temperature-dependent description of photosynthetic efficiencies with
the exponential Eppley function (Eppley 1972), which was modified by Morel (1991).
To estimate the proportion of primary production attributed to the microplankton component, we first estimated
the microplankton total chlorophyll a (biomass) fraction, and then used an empirical relationship to calculate
the percentage of microplankton production. Recent advances in ocean-colour remote sensing have led to the
development of several Phytoplankton Size Classes (PSC) and Phytoplankton Functional Type (PFT) models. The
diatom and dinoflagellate biomasses were combined to represent the microplankton fraction, and the remaining
functional groups were combined in the nano-picoplankton group (Vidussi et al. 2001).

6.2.2.2 Transfer efficiencies
To objectively assess trophic transfer efficiencies throughout our generic food web, we evaluated estimates of transfer
efficiencies derived from 240 published EwE models. Rather than assume or assign trophic transfer efficiencies at
different steps in the food web for the models for each LME, we used these model estimates to define probability
distributions characterizing transfer probabilities at different steps in the food web. Our characterization of transfer
efficiencies between discrete trophic levels based on these Ecopath models followed the approach of Ulanowicz (1993).

6.2.2.3 Ecosystem reference points
As noted earlier, the estimates of fishery production potential described above typically assumed that 50 to 70 per
cent of production at a defined mean trophic level could be extracted as catch (Moiseev 1994; Ricker 1969; Ryther
1969; Schaefer 1965; Graham and Edwards 1962). These proposed extraction rates were predicated on prevailing singlespecies recommendations based on the assumption that fishing mortality rates could equal natural mortality for the
stock (Pauly and Christensen 1995). It is now recognized that these earlier target levels for single-species management
were too high and led to risk-prone decisions (Pauly and Christensen 1995). Standard reference points have not been
fully established to guide overall extraction policies for marine ecosystems. Iverson (1990) proposed that exploitation
rates should not exceed the f-ratio (the ratio of new primary production to total primary production) in marine systems.
This suggestion is based on the underlying recognition that new production (primarily by larger phytoplankton species) is
more readily available to fuel production at the higher trophic levels of principal economic interest, while the production
derived from the nano-picoplankton is mainly, but not exclusively, consumed within the microbial food web. Although
direct estimates of the f-ratio are not broadly available for large marine ecosystems throughout the world’s oceans, we
can take the ratio of microplankton production to total primary production as a first-order approximation.
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6.2.3 Results
6.2.3.1 Primary production
Chlorophyll concentration and primary production are highest in coastal locations characterized by important
inputs of nutrients from land and strong mixing processes driven by winds and tides (Figure 6.12). High levels of
chlorophyll and production are concentrated in upwelling regions. Overall, primary production is dominated by
Figure 6.12 Distribution patterns for total chlorophyll a and primary production. &KORURSK\OOaDQGSULPDU\SURGXFWLRQHVWLPDWHV
DUHVKRZQȨUVWLQWRWDODQGWKHQEURNHQRXWLQWRWKHPLFURSODQNWRQDQGQDQRSLFRSODQNWRQSURGXFWLRQHVWLPDWHV7KHVHHVWLPDWHV
RISULPDU\SURGXFWLRQHQDEOHHVWLPDWHVRIKLJKWURSKLFOHYHOSURGXFWLRQWREHPRGHOOHGDVWKHEDVLVIRUXQGHUVWDQGLQJȨVKHU\
SURGXFWLYLW\ +LJK SURGXFWLYLW\ LV FRQFHQWUDWHG LQ XSZHOOLQJ UHJLRQV 3ULPDU\ SURGXFWLRQ LV GRPLQDWHG E\ QDQRSLFRSODQNWRQ
SURGXFWLRQHVSHFLDOO\LQWKHGHHSHUUHJLRQV
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Values shown are means, based on satellite ocean colour data; LME boundaries are outlined in black.
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nano-picoplankton production, especially in the deeper coastal locations and the ocean basins. Within the 300 m
isobath, microplankton production accounted for 25.1 per cent of the total production, on average. For deeper water
components (deeper than 300 m) within individual LMEs, microplankton production accounted for 20.1 per cent of
the total production. As expected, the microplankton contribution to production was smallest (14.2 per cent) in the
open ocean regions outside LME boundaries.

6.2.3.2 Production by functional group
Production estimates for the major functional groups of potential or realized importance to harvesting are provided
in Figure 6.13 by LME. Individual species can be represented in more than one trophic level compartment, reflecting
both ontogenetic shifts in diet, and mixed or omnivorous feeding strategies. Characteristically high production levels
for these groups are found in the dominant upwelling regions of the world’s oceans, and in regions where at least
seasonal upwelling patterns are important (for example, the Arabian Sea). Western boundary current regions are
characterized by moderately high production levels (for example, Oyashio and Kuroshio Current systems, Northwest
Atlantic LMEs, and Agulhas Current region). Intermittent and localized upwelling patterns in these regions, coupled
with high nutrient concentrations in several of these systems, contribute to relatively high production levels.

Figure 6.13 Estimated production levels in the absence of exploitation, by functional group, for LMEs represented in this study.
These estimates rely on modelled food web and transfer eﬃciencies as described in this chapter. 7KHSURGXFWLRQFRPSRQHQWV
FRUUHVSRQG WR WKH IRRG ZHE WR LQFOXGH EHQWKRV SODQNWLYRUHV EHQWKLYRUHV DQG SLVFLYRUHV +LJK SURGXFWLYLW\ SDUWLFXODUO\ IRU
VSHFLHVZLWKRPQLYRURXVIHHGLQJVWUDWHJLHVDUHIRXQGLQWKHGRPLQDQWXSZHOOLQJUHJLRQVRIWKHRFHDQ
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6.2.3.3 Fishery production potential
Estimates of fishery production potential depend on the available production at different trophic levels, the
proportion of the production comprising species suitable for harvest (including considerations of species
composition, marketability, and economic efficiency of harvesting operations), and the determination of sustainable
exploitation levels. We have provided estimates of the overall available production by ecotype and functional group
for potentially harvestable components of the LMEs considered in this report. In the following discussion, we apply
the proposed limiting exploitation level set by the fraction of microplankton production. In Figure 6.14 we show the
current landings as a proportion of production of microplankton and microplankton plus picoplankton for reference.
Figure 6.14 Ratio of landings to phytoplankton primary production.,QFOXVLRQRIQDQRSLFRSODQNWRQSURGXFWLRQDGGVVLJQLȨFDQWO\
WRRYHUDOOSULPDU\SURGXFWLRQDQGJLYHVDEHWWHUSLFWXUHRIRYHUDOOSURGXFWLRQUHODWLYHWRȨVKHU\ODQGLQJV$KDUYHVWRIXSWRSHU
FHQWRISURGXFWLRQZRXOG\LHOGǣPLOOLRQWRQQHVRIEHQWKLYRUHSODQNWLYRUHDQGSLVFLYRUHSURGXFWLRQDQGDQDGGLWLRQDO
PLOOLRQWRQQHVRIEHQWKLFRUJDQLVPV+RZHYHUPXFKRIWKLVSURGXFWLYLW\LVQRWDYDLODEOHRUPDUNHWDEOHQRUDUHWKHHFRV\VWHP
OHYHOLPSDFWVZKLFKDUHOLNHO\WREHVHYHUHHVWLPDWHGKHUH
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Under this set of assumptions, we estimate an overall potential annual yield of approximately 140 to 180 million
tonnes for the benthivore, planktivore, and piscivore functional groups for the LMEs considered here, and
approximately 50 million tonnes of benthic organisms if up to 10 per cent of the benthic production is suitable for
harvest. Although this level of benthic fishery yield may not be fully attainable by capture fisheries under current
market preferences and economic conditions, we note that the energetic pathways supporting natural benthic
production could also potentially support enhanced mariculture production, for molluscs in particular. Aquaculture
production has been increasing rapidly (FAO 2012). Although freshwater aquaculture remains dominant, important
increases in mariculture are possible, but would, of course, require adequate environmental controls.

6.2.4 Discussion
Understanding the prospects for sustainable production potential from the seas assumes particular importance
in the light of the probable demands for animal protein to meet the needs of a burgeoning human population.
Currently, 3 billion people obtain nearly 20 per cent of their dietary animal protein needs from aquatic sources,
and 4.3 billion obtain approximately 15 per cent of these requirements from fishery and aquaculture products (FAO
2012). Global per capita consumption of aquatic food products has increased steadily in recent years (FAO 2012),
but sharp regional differences in availability and utilization between developed and developing countries signal an
important issue in global food security. Here, updated earlier estimates of global fishery production potential from
marine capture fisheries are provided to put the prospects for meeting human protein and essential micronutrients
into context.
We have developed and provided a first application of a new approach to estimating fishery production potential.
Earlier fishery production potential analyses (Gulland 1970 and 71; Ricker 1969; Ryther 1969; Schaefer 1965; Graham
and Edwards 1962) relied on a combination of methods including temporal and spatial extrapolations of catch trends
and simple food-chain models. The latter entailed consideration of overall phytoplankton primary production,
ecological transfer efficiencies (typically a single value applied to all trophic levels), and the designation of a single
mean trophic level at which catch is extracted. Our approach broadens the consideration of energetic pathways
through the classical grazing and microbial food webs. We allow for differential ecological transfer efficiencies for
different trophic levels and for extraction of catches at multiple levels in the food web. We attempt to strike a balance
between these simple earlier models and more complex ecological network models that often require specification
of parameter estimates for a large number of nodes representing different species or species groups. The model
involves a projection through this simplified food web, starting with phytoplankton production. It explicitly considers
bottom-up forcing of the food web to be the dominant factor in the production dynamics of these systems. We
recognize that the interplay between bottom-up and top-down controls can be important in many food webs.
Ryther (1969), in his analysis of simple food-chain models, was the first to partition ocean provinces into fishery
production domains. The approach adopted here expands this approach using LMEs as strata (Christensen et al. 2009
and 2008). Pauly (1995) suggested that drawing on multiple methods of estimation and spatial domains can help
provide more robust overall determinations of fishery production potential. In the absence of other information, we
have assumed that the inputs and outflows of energy and organisms within each LME are in balance. We implicitly
assume that the overall analysis captures these dynamics when we integrate over LMEs to generate estimates over
broader geographical scales.
The determination of a harvest reference level is critical in estimating fishery production potential. We have
proposed linking the ecosystem harvest rate to the fraction of microplankton production in the system. This provides
estimates centred around 20 per cent. Moiseev (1994) suggested that exploitation rates should not exceed 20 to
25 per cent, although the exact rationale for this level was not specified. However, Moiseev’s recommendation is
broadly consistent with the microplankton production reference level for the LMEs considered in this report. Direct
consideration of the energetic requirements of other ecosystem components must also be made. Cury et al (2011)
noted that when pelagic prey items of seabirds were reduced to below one-third of their presumed maximum levels,
fledging success was significantly impaired. In a consideration of forage-fish management to meet the needs of a
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broad suite of predators, including mammals and seabirds, Pikitch et al (2012) recommended the establishment
of precautionary exploitation rates that halve the values assigned under conventional single-species management.
Simulations that considered a 25 per cent harvest rate resulted in increased overall economic returns and reduced
impacts on upper trophic level predators (Pikitch et al. 2012). Christensen (1996) had earlier noted that estimates of
the consumption of groundfish are often higher by a factor of three, relative to catches. The early estimates of fishery
production potential were based, implicitly or explicitly, on an assumption that the fishing mortality rate and natural
mortality rate of the harvested species were equal at the recommended reference point, implying that half the
production could be taken as yield. The observations on the actual consumption by natural predators make clear that
the harvest rate should be substantially lower. Collectively, these independent recommendations and observations
suggest that exploitation rates generally should not exceed 25 per cent of available production, which is consistent
with our recommendation for a reference point.
Our first-order estimates of fishery production potential, based on this new approach, suggest a potential annual
yield of approximately 140 to 180 million tonnes for planktonic (drifting) and nektonic (swimming) organisms
within the LMEs considered here. Our estimate of the annual fishery production potential for benthic organisms is
approximately 50 million tonnes, if up to 10 per cent of the benthic production is suitable for harvest. Perhaps a more
likely scenario for benthic production would entail a combination of expanded capture fisheries and some form of
sustainable mariculture, principally for molluscs.
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If these potential yields are to be realized, an overall diversification of the complex of harvested species will have to
be achieved, together with a reduction of rates of exploitation of overfished species. It is clear that the best prospect
for potential increase in fish yield is for planktivorous species. If this expansion is to occur, it must be undertaken with
consideration of the forage needs of other species in the system. It must also be recognized that many of the species
that can potentially support such an increase (for example, mesopelagic fish that live mainly at depths below 200
m, often migrating to surface waters at night) will be processed for fish meal and oils and not used for direct human
consumption. Such species can contribute to an expansion of mariculture for upper trophic level species and as food
supplies for farmed animals.
Moiseev (1994) estimated global annual fishery production potential of 120 to 150 million tonnes for conventionally
harvested species, and an additional 60 to 80 million tonnes for lower trophic level species including krill, deep
sea squids, and mesopelagic species. Moiseev (1994) departed from previous estimates of potential yield in
recommending that ecosystem exploitation rates not exceed 20 to 25 per cent. In this study we have provided firstorder estimates with the recognition that inputs to the analysis will be continually refined.
Significant advances in satellite oceanography are being made that will improve our estimates of size-fractionated
chlorophyll concentrations. Attempts to correct for potential biases in chlorophyll concentration in near-shore waters
due to particulate matter other than phytoplankton in the surface layer are under constant development, resulting
in improved estimates. Our estimates of trophic transfer efficiency and energetic pathways through the benthos and
mesozooplankton can be re-evaluated with examination of additional food webs constructed for marine systems. A
critically important need is to refine the estimation of the harvestable component of the benthic and planktivorous
compartments of the food web.

148

FISH AND FISHERIES

References
Behrenfeld, M.J. and Falkowski, P.G. (1997). Photosynthetic rates
derived from satellite-based chlorophyll concentration.
Limnology and Oceanography 42, 1-20
Christensen, V., Walters, C.J., Ahrens, R. and others (2008). Models of
the world’s large marine ecosystems. IOC Technical Series 80
Christensen, V., Walters, C.J., Ahrens, R. and others (2009). Databasedriven models of the world’s Large Marine Ecosystems.
Ecological Modelling, 220 (17), 1984-1996
Christensen, V. (1996). Managing fisheries involving predator and
prey species. Review of Fish Biology and Fisheries 6, 417-443
Christensen, V. and Pauly, D. (1992). ECOPATH II – a software for
balancing steady-state ecosystem models and calculating
network characteristics. Ecological Modelling 61, 169-185
Cury, P.M., Boyd, I.L., Bonhommeau, S. and others (2011). Global
seabird response to forage fish depletion-one-third for the
birds. Science 334 (6063), 1703-1706
Eppley, R.W. (1972). Temperature and phytoplankton growth in the
sea. Fishery Bulletin 70, 1063-1085
FAO (2012). The State of World Fisheries and Aquaculture 2012. Food
and Agriculture Organization, Rome
Graham, H.W. and Edwards, R.L. (1962). The world biomass of marine
fishes. In Fish in Nutrition (eds. Heen, E. and Kreuzer, R.). Fishing
News Books, London
Gulland, J.A. (1970). The state of the world resources. FAO Fisheries
Technical Paper 97, 425.
Gulland, J.A. (1971). The fish resources of the ocean. Fishing News
Books, West Byfleet, Surrey, England
Iverson, R.L. (1990). Control of marine fish production, Limnology
and Oceanography 35, 1593-1604
Kestevan, G.K. and Holt, S.J. (1955). A note on the fisheries resources
of the Northwest Atlantic. FAO Fisheries Paper 7
Moiseev, P.A. (1969). The living resources of the world ocean.
Pishchevaiia prmyshlannost. Moskva, 338 pages. Israel Program
for Scientific Translations, Jerusalem
Moiseev, P.A. (1994). Present fish productivity and bioproduction
potential of the world aquatic habitats. In The State of the
World’s Fisheries (ed. Voigtlander, C.W.). Proceedings of the
World Fisheries Congress, Oxford and IBH, New Delhi

Morel, A. (1991). Light and marine photosynthesis: a spectral model
with geochemical and climatological implications. Progress in
Oceanography 96, 263-306
Pauly, D. (1995). Anecdotes and the shifting baseline syndrome of
fisheries. Trends in Ecology and Evolution 10 (10), 430
Pauly, D. (1996). One hundred million tonnes of fish, and fisheries
research. Fisheries Research 25, 25-38
Pauly, D. and Christensen, V. (1995). Primary production required to
sustain global fisheries, Nature, 376 (6537), 279-279
Pikitch, E.K., Rountos, K.J., Essington T.E. and others (2012). The
global contribution of forage fish to marine fisheries and
ecosystems. Fish and Fisheries 15, 43-64
Polovina, J.J. (1984). Model of a coral-reef ecosystem. 1. The Ecopath
model and its application to French Frigate Shoals, Coral Reefs
3, 1-11
Ricker, W.E. (1969). Food from the sea. In: Resources and Man, U.S.
National Academy of Sciences. W.H. Freeman, San Francisco
Ryther, J.H. (1969). Photosynthesis and fish production from the sea.
Science 166, 72
Schaefer, M.B. (1965). The potential harvest of the sea. Transactions
of the American Fisheries Society 94, 123
Sherman, K. (1991). The large marine ecosystem concept – research
and management strategy for living marine resources.
Ecological Applications 1, 349-360
Sherman, K. and Alexander, L. (1986). Variability and management
of large marine ecosystems. Westview Press, Inc., Boulder, CO,
United States
Steeman-Nielsen, E. (1951). Measurement of production of organic
matter in sea by means of carbon-14. Nature 267, 684-685
Ulanowicz, R.E. (1993). Ecosystem trophic foundation: Lindeman
exonerate. In: Complex Ecology (eds. Patten, B.C. and
Jorgensen, S.E.). Prentice-Hall, Englewood Cliffs, New Jersey
Vidussi, F., Claustre, H., Manca, B.B. and others (2001).
Phytoplankton pigment distribution in relation to upper
thermocline circulation in the eastern Mediterranean Sea
during winter. Journal of Geophysical Research 106 (C9), 1993919956
Ware, D.M. (2000). Aquatic ecosystems: properties and models. In
Fisheries Oceanography: An Integrative Approach to Fisheries
and Ecology and Management (eds. Harrison, P.J. and Parsons,
T.R.). Blackwell Science, Oxford

149

