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a b s t r a c t

It is difficult to address all of the direct environmental impacts of fisheries using conventional methods of
Life Cycle Assessment (LCA). A methodological framework was developed that calculates regionalised
characterisation factors for biomass uptake by fishing activities to assess impacts of biotic-resource
depletion at both species and ecosystem levels. These two levels were studied to include effects of
catch on the collapse of a particular stock of a given species and on total biomass availability in oceans.
Characterisation factors were calculated for 127 fish species and 88 marine provinces. The compatibility
of this method with other frameworks is discussed, as well as the methodological limitations. The
method was applied to two contrasting examples from fisheries (Northern Atlantic albacore tuna and
Northern Argentine anchovy). The impacts of one tonne of tuna on biotic natural resources were 4 and 14
times as high as those of anchovy at the ecosystem and species levels, respectively. The application
demonstrates that the method is relevant, as it addresses a topic of global interest and fills a gap in LCA
impact assessment to contrast impacts of removals of different fish species in terms of biotic natural
resource depletion.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Life Cycle Assessment (LCA) tends to be exhaustive for the range
of impacts it can assess, but as mentioned by Pelletier et al. (2007),
improvements are necessary to assess the impacts of seafood
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products. In seafood LCA case studies, most authors have deemed
necessary the addition of non-conventional indicators to (1) take
into account removal of fish from ecosystems and allow compari-
sons between terrestrial and aquatic food products, (2) assess
depletion of fish stocks and perturbation of ecosystems by unbal-
anced exploitation of trophic levels, and (3) assess seafloor damage.
With these objectives, they used, respectively, (1) indicators of Net
Primary Production use (NPPuse), which reflects the quantity of C
that fishing activities remove from an ecosystem; (2) small-sized
catch ratio, discard ratio, by-catch ratio and fishing-in-balance in-
dex (FiB); and (3) area of seafloor trawled (review in Avadi and
Fréon, 2013). Outside of LCA, two scarcity factors related to pro-
ductivity have been introduced to assess impacts of fishing activ-
ities by Halpern et al. (2008) and Libralato et al. (2008),
respectively. To harmonise these proposals, Langlois et al. (2011)
suggested creating a new impact category, called “sea use” by
analogy with “land use”, which could assess transformation and
occupation impacts in marine ecosystems. They suggested keeping
the most consensual framework of terrestrial land use (Milà i
Canals et al., 2007), i.e. defining a quality index whose values for
different uses could be compared and varying over time to reach a
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new steady state after a certain time of restoration. They suggested
the possibility of using an indicator expressing the life support
capacity of marine ecosystems.

In the case of biomass removal by fishing activities, impacts are
especially strong. First, one or more specific stocks of wild species
can be depleted by direct biomass removal, and their future use by
humans as a natural resource can be altered (i.e. impacts on Biotic
Natural Resources (BNR) at the species level). The fish stock concept
was developed for management purposes. Briefly, a fish stock is a
population or several subpopulations of a particular species of fish
for which the effects of immigration and emigration on its popu-
lation dynamics are considered to be insignificant. Second, the total
biomass available for ecosystem functioning is also diminished by
this removal, as is the functioning of the whole ecosystem (i.e.
impacts on Life Support Functions (LSF)). For marine ecosystems,
assessing LSF constitutes a challenging issue in the present context
of worldwide overfishing. Impacts on LSF can be assessed through
the primary biotic production remaining in the environment for
ecosystem functioning, as part of Ecosystem Services Damage
Assessment. These effects on biotic primary production availability
can also be related to the area of protection of natural resources,
because they induce a form of BNR depletion at the ecosystem level.
Biodiversity loss due to fishing can also be severe, in particular the
alpha biodiversity of benthic species due to trawling and dredging
on the seabed, with about 75% of global shelf area trawled world-
wide every year (Kaiser et al., 2002). Commercial and by-catch
species are also concerned due to a high intensity of direct cap-
ture (FAO, 2010).

As underlined by Udo de Haes et al. (2002), effects on BNR and
LSF have to be assessed separately in LCA when biomass removal
occurs. These authors explain in detail that there is no double
counting because two different areas of protection are considered
(natural resources and ecosystem quality, respectively), even if both
account for biomass removal. Concepts of scarcity play a role in
assessing damage on BNR, but not on LSF.

In this study, a distinction is made between the effects of
biomass removal on BNR at the species and ecosystem levels. Two
methods of impact assessment are proposed and detailed for BNR
at the species and ecosystem levels, respectively. This work details
and discusses methods to calculate characterisation factors (CFs)
for these two BNR-impact pathways related to fishing activities. By
definition, CFs are calculated during amethodological development
stage. They should allow practitioners to assess impacts merely by
multiplying CFs by inventory flows defined by the LCA practitioner
(depending on the aim of the LCA study).
Fig. 1. Impact pathways for biotic natural resource depletion due to biomass removal from
Adapted from Langlois et al. (accepted). (For interpretation of the references to colour in th
2. Methods

The perimeter of the study includes impact pathways from bi-
otic resource uptake to the area of protection of natural resources
(Fig. 1). One objective of the study was to provide results in com-
parable units.

2.1. Fishing activities and biotic-resource extraction impact
assessment at the species level

The goal of biotic-resource depletion impact assessment is to
estimate to what extent current biotic extractions decrease the
ability of human society to cover future needs, due to fish-stock
reductions (Udo de Haes et al., 2002). One commonly used refer-
ence to assess fish stocks is Maximum Sustainable Yield (MSY),
which is the highest fish catch that can be sustained in the long term
(Graham, 1935; Schaefer, 1954). MSY (in t yr�1 of wet weight), a
function of non-fished stock biomass and population growth rate,
results from the assumption that current yearly catches by the
fisheries exploiting the given stock at time t (Ct) can be increased up
to a maximum level by increasing the fishing effort (Et) because the
catches are compensated by an equivalent fish production. Above
the MSY and its corresponding EMSY, renewal of the resource
(reproduction and body growth) cannot keep pacewith the removal
caused by fishing and natural mortality. In this case, further in-
creases in exploitation lead to reduced yields (Fig. 2). MSY can be
estimated either with a variety of stock-assessment methods or
empirically (Hilborn and Walters, 1992). Rough stock assessments
are performed by the Food and Agriculture Organization (FAO), but
the most useful database is the RAM Legacy Stock Assessment
Database, which includes biological reference points for over 361
stocks, of which 138 have MSY values (Ricard et al., 2012).

We propose to assess the impacts of BNR depletion at the species
level (IBNR,sp) as a function of the uptake of a mass (m) of a given
marine species and itsMSY. The variablem is the inventory flow (t of
wet weight) for which LCA practitioners aim to assess impacts. As
part of the inventory data, it does not belong to the impact assess-
ment stage. This differentiates fish species according to the size of
their stocks and theproportion that canbe sustainably removed. The
environmental impact on BNR (IBNR,sp1) is thus calculated as:

IBNR;sp1 ¼ m� 1
MSY

(1)

where 1/MSY is the CF. Thus, impacts of biotic-resource extraction
are expressed as a maximum potential regeneration time (in years),
the sea (in bold and red) and their location in the global cause-effect chain of sea use.
is figure legend, the reader is referred to the web version of this article.)



Fig. 2. Trends in fish catch (Ct) as a function of fishing effort (Et) in cases of steady state (solid line) and non-equilibrium state (dashed line), when the temporal increase in E is so
rapid that it exceeds the Maximum Sustainable Yield (MSY) for a few years (return to equilibrium is usually obtained by a stable effort for several years).
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i.e. the time required to restore a given uptake of a particular spe-
cies assuming equilibrium conditions. This equation can assess
impacts of biotic extraction on stocks for which catch never exceeds
their MSY (i.e. they are underexploited, moderately exploited or
fully exploited (FAO, 2010)) (Fig. 2, left side). However, the FAO
estimates that 32% of stocks are overexploited, depleted or recov-
ering from depletion1 (FAO, 2010) (Fig. 2, right side). This corre-
sponds to cases where Ct is higher than MSY or smaller than MSY
with Et greater than EMSY.

In the case of overexploitation (Fig. 2, right side), the impacts of
BNR depletion at the species level IBNR,sp2 should express that the
capture of a given mass of an overexploited stock has higher impacts
than the capture of the same mass of a sustainably exploited stock
with the same MSY. To perform this, the IBNR,sp1 is multiplied by a
factor that reflects the gap between current fish catch and MSY for
overexploited or recovering stocks. A factor that is equal to the ratio of
MSYtoCt isproposed; it varies from1to infinity forcatchratesvarying
fromMSY to zero (i.e.when the stock is overexploited close toMSYor
when it is severely depleted, respectively). Thus, IBNR,sp becomes:

IBNR;sp2 ¼ m� 1
MSY

�MSY
Ct

¼ m� 1
Ct

(2)

where1/Ct is theCF,withCt representingmeanfishcatchesduring the
five years prior to impact assessment to approximate the equilibrium
1 FAO considers that overexploitation occurs when the fishery is being exploited
above a level that is believed to be sustainable in the long term, with no potential
room for further expansion and a higher risk of stock collapse, and that depletion
occurs when catches are well below historical levels, irrespective of the amount of
fishing effort exerted.
situation. In the specific case of a too-rapid increase in E resulting in
non-equilibrium and overexploitation, in which Ct remains greater
thanMSY, often on both sides of EMSY (Fig. 2), we suggest that impacts
be kept at IBNR,sp1. This choice avoids having to assess the effect of a
transient state in Eq. (1) when Et < EMSY or obtaining an unsuitably
diminished value of IBNR,sp2 if using Eq. (2) when Et > EMSY.

Eq. (2) should be applied instead of Eq. (1) if the status of the
given stock is overexploitation. This assessment can be based on
any of the three following approaches, according to data availability
(in decreasing order of priority):

1) the current ratio of the total biomass or spawning stock biomass
(SSB, individuals of the stock able to reproduce) to that at MSY
(BMSY) found in the RAM Legacy database (Ricard et al., 2012) is
less than one;

2) the dynamics of Ct strongly suggest that EMSY has been exceeded,
because Ct first increased up to (or above) the estimatedMSYand
then decreased and remained below MSY at the time of impact
assessment. Note that MSY is easier to estimate than biomass
time series, either with surplus production models using time
series of catch and fishing effort or with an empirical equation
basedonfishingmortalityatMSY (FMSY), naturalmortality (M), or
current total mortality (Zt ¼ Ft þ Mt)). MSY can even be roughly
estimatedwhendata are limited tooneyearof estimates for catch
and mean biomass or fishing effort, providing that such data are
available in areaswith contrasting levels of exploitation (reviews
in Spare and Venema (1998) and Garcia et al. (1989)).

3) no MSY estimate is available, although the history of catch data
and effort dynamics clearly show that EMSY was reached or
exceeded and that Et remains greater than EMSY at the time of
impact assessment, which is a common situation. Indeed, in the
vastmajorityoffisheries, E increases continuously until it exceeds
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EMSY. This is true to such an extent that a common practice in
global fisheries analyses consists of considering as overexploited
any stock for which catch time series show a decreasing trend,
even when the dynamics of E are unknown (e.g. Garcia and de
Leiva Moreno, 2003; Mullon et al., 2005). In such cases MSY can
be approximated by the maximum observed yearly catches.

When none of the above data is available in databases or in the
literature, no CF can be calculated for the corresponding stock. In
practice, the status of a largemajority of fish stocks, especially those
with significant economic importance, can be assessed using
approach 2 or 3. However, only the results of approach 1 have been
presented here to limit the size of the resulting table of CFs.
2.2. Fishing activities and biotic-resource depletion impact
assessment at the ecosystem level

In marine ecosystems, which face biotic depletion due to overf-
ishing (Botsford et al., 1997; Murawski, 2000; Jackson et al., 2001),
one major goal is to assess the amount of biomass removed by
fishing. A quality index related to the change in biomass-production
capacity of an ecosystem can be measured with NPPuse, taking into
account the trophic level of the biomass removed and estimating
the corresponding quantity of Net Primary Production (NPP) that
was necessary to produce it. This index has been used in previous
LCA studies to quantify the impact of the production of seafood
products on biotic resources (Aubin et al., 2006, 2009; Efole
Ewoukem et al., 2012; Jerbi et al., 2012), as initiated by
Papatryphon et al. (2004). It is especially useful for assessing im-
pacts of fishing activities. The NPP required to produce a given mass
of fish can be calculated from the trophic levels (TLs) of the fish
species removed, for which environmental impacts need to be
assessed, as well as the transfer efficiency between two TLs (TE, in
%). Updated TL values per species are available in the FishBase
database (Froese and Pauly, 2012) and updated TE values are avail-
able from Libralato et al. (2008) according to ecosystem type (e.g.
oceanic, upwelling, tropical shelf, non-tropical shelf, coastal, coral).
Based on these two parameters and a conservative 1:9 ratio of C to
wet weight, NPPuse (in t of organic C) for a given biomass uptake (m)
can be calculated according to Pauly and Christensen (1995):

NPPuse ¼ m
9
� TETL�1 (3)

The spatial dimension of this assessment needs to include more
than just regional TE values (which differ among coastal and coral
reefs, tropical or non-tropical shelves, and upwelling or oceanic
systems), as the potential impacts depend greatly on the areas
where they occur. Moreover, NPPuse quantifies how much C is
removed from an ecosystem but does not indicate the relative
importance of this uptake compared to the total amount of biomass
remaining within the ecosystem. Thus, this “classical” approach has
been improved to assess biomass uptake by adding a factor
expressing the scarcity of the biotic resource in the ecosystem, as
suggested byWeidema and Lindeijer (2001) and used byMichelsen
(2007) for land-use impact assessment. This factor expresses that,
for the same amount of biomass uptake, impacts increase with a
decreasing amount of biomass in the ecosystem. Two parameters
influence resource scarcity: ecosystem size (Aecosystem) and pro-
ductivity (NPPmean, ecosystem). NPPecosystem is calculated as the total
amount of NPP produced in a given ecosystem in one year:

NPPecosystem ¼ Aecosystem �NPPmean;ecosystem (4)

with NPPecosystem in t of organic C per year, Aecosystem in m2 and
NPPmean, ecosystem in t of organic C per m2 per year.
Halpern et al. (2008) and Libralato et al. (2008) calculated amean
fish catch rate or the production required to sustain a fishery, and
then normalised it by productivity. As in the present study, it was
done to highlight the fact that high catch rates in lower productivity
regions of the ocean have a higher impact than similar catch rates in
higher productivity regions. To assess the impact of BNR depletion at
the ecosystem level (IBNR,eco), this factor is proposed:

IBNR;eco ¼ NPPuse
NPPecosystem

¼ m� f
NPPecosystem

¼ m� TETL�1

9�NPPecosystem
(5)

where the first member m is the functional unit and the second
member is the CF. The factor f converts m in t of wet weight to t of
organic matter to express the results in t of primary C equivalents.
Thus, IBNR,eco expresses the time (in years) required to regenerate the
amount of biomass removed from the sea at the ecosystem level. In
this study, theprovince levelwas chosen, and a classification based on
MarineEcoregionsOf theWorld (MEOW),developedbySpaldinget al.
(2007)andrecommended for land-use impactassessmentbyKoellner
et al. (2013),wasused. This classification is especially useful to express
scarcity, as it is biogeographical and based on biodiversity parameters
at the ecosystem level. MEOW’s maps are available at the ecoregion
level (subdivisions of the province level) through a Geographical In-
formation System (GIS). However, as coastal areas are narrow, they
were extended to the edge of the exclusive economic zone onone side
(322 kmoffshore) and 322 km inland on the other side. Thismapping
extensionwas performed by Spalding et al. (2007) to provide a better
overview of the ecoregions. Nevertheless, it did not correspond to the
exact delimitation of the ecoregions, which are defined by the 200-m
isobath onone side and the coastline on theother side, as emphasised
by theauthors themselves (Spaldinget al., 2007).Datawereprocessed
using GIS, cutting out polygons using the 200-m isobath (British
Oceanographic Data Centre, 2003) and coastlines (Wessel, 2012) and
combining ecoregions belonging to the same province. As MEOW’s
classification only deals with coastal provinces, MEOW’s data at the
province level were merged with another classification database of
deep ocean provinces: the Global Open Oceans and Deep Seabeds
(GOODS) developed by Briones et al. (2009). These two classifications
weredevelopedwith theaimtobecompatiblewithoneanother. Since
the province boundaries of GOODS and MEOW did not match
perfectly, we retained those of MEOWwhen they overlapped.

World maps of NPP by month (2003e2011) (Oregon State
University, 2010) were used to calculate a map of mean annual
marine productivity of the oceans, which was then combined with
the province map obtained previously to calculate NPPecosystem for
each marine province. The choice to work at the province level was
a trade-off between a smaller level (allowing more precise assess-
ment) and data availability for the classifications, as the GOODS
classification can only provide data at the province level.

3. Results

3.1. Characterisation factors for biotic-resource depletion at the
species level

CFs for 58 depleted or overexploited stocks and 69 sustainably
fished stocks were calculated (Table 1).

3.2. Characterisation factors for biotic-resource depletion at the
ecosystem level

The conversion factor f was calculated for groups of the most
common species in different types of ecosystems, following the



Table 1
Characterisation factors (CF) for biotic-resource depletion at the species level for species (stocks) in the RAM Legacy database.

Depleted or overexploited stocks Sustainably fished stocks

Species ID Common name CF Species ID Common name CF

ACADREDGOMGB Acadian redfish 1.1E-9 ALBASPAC Albacore tuna 1.6E-11
ALBANATL Albacore tuna 3.3E-11 ATOOTHFISHRS Antarctic toothfish 3.2E-10
AMPL5YZ American Plaice 7.8E-10 ARGANCHONARG Argentine anchovy 2.4E-12
ANCHOVYKILKACS Anchovy kilka 6.5E-10 ARGANCHOSARG Argentine anchovy 3.5E-12
ARGHAKESARG Argentine hake 3.5E-12 ARFLOUNDPCOAST Arrowtooth flounder 1.7E-10
ARGHAKENARG Argentine hake 1.9E-11 AUSSALMONNZ Australian salmon 3.0E-10
ATBTUNAEATL Atlantic bluefin tuna 1.8E-11 BIGEYEIO Bigeye tuna 9.0E-12
ATBTUNAWATL Atlantic bluefin tuna 5.8E-10 BIGEYEWPO Bigeye tuna 1.5E-11
BUTTERGOMCHATT Atlantic butterfish 4.5E-10 BLACKROCKSPCOAST Black rockfish 9.4E-10
CODGB Atlantic cod 2.3E-10 BLACKROCKNPCOAST Black rockfish 1.4E-9
CODGOM Atlantic cod 2.9E-10 BGROCKPCOAST Blackgill rockfish 4.5E-9
ATHAL5YZ Atlantic Halibut 1.6E-8 BLUEFISHATLC Bluefish 6.4E-11
BIGEYEATL Bigeye tuna 1.3E-11 CABEZNCAL Cabezon 8.4E-9
BLACKOREOWECR Black oreo 5.5E-10 CHILISPCOAST Chilipepper 4.6E-10
BSBASSMATLC Black sea bass 3.6E-10 GEMFISHNZ common gemfish 7.0E-10
BTIPSHARATL Blacktip shark 3.1E-11 DSOLEPCOAST Dover sole 6.1E-11
BLUEROCKCAL Blue rockfish 3.3E-9 ESOLEPCOAST English sole 2.4E-10
BOCACCSPCOAST Bocaccio 1.5E-8 FLSOLEBSAI Flathead sole 8.2E-12
CROCKPCOAST Canary rockfish 2.0E-8 GOPHERSPCOAST Gopher rockfish 9.9E-9
DKROCKPCOAST Darkblotched rockfish 8.8E-9 GTRIGGM Grey triggerfish 1.3E-9
DEEPCHAKESA Deep-water cape hake 9.1E-12 GRAMBERSATLC Greater amberjack 1.1E-9
GAGGM Gag 2.5E-10 HADGB Haddock 3.1E-11
GRAMBERGM Greater amberjack 6.3E-10 HERRNWATLC Herring 5.2E-12
HAD5Y Haddock 7.9E-10 KELPGREENLINGORECOAST Kelp greenling 1.2E-8
KMACKGM King Mackerel 2.9E-10 KMACKSATLC King Mackerel 3.9E-10
NZSNAPNZ8 New Zealand snapper 5.0E-10 KINGKLIPSA Kingklip 1.5E-11
CMACKPCOAST Pacific chub mackerel 6.9E-11 NZLINGLIN5-6 Ling 4.9E-11
PCODBSAI Pacific cod 5.5E-12 NZLINGLIN3-4 Ling 1.0E-10
PCODGA Pacific cod 2.0E-11 NZLINGLIN7WC Ling 1.6E-10
POPERCHPCOAST Pacific ocean perch 1.2E-8 NZLINGLIN6b Ling 1.1E-9
PTOOTHFISHMI Patagonian toothfish 4.7E-9 NZLINGLIN72 Ling 1.9E-9
POLL5YZ Pollock 1.2E-10 LNOSESKAPCOAST Longnose skate 7.9E-10
RGROUPGM Red grouper 2.5E-10 LSTHORNHPCOAST Longspine thornyhead 2.7E-10
RPORGYSATLC Red porgy 1.1E-8 MACKGOMCHATT Mackerel 1.1E-11
RSNAPEGM Red snapper 6.3E-10 MONKGOMNGB Monkfish 2.9E-10
SNOWCRABBS Snow crab 4.0E-11 MUTSNAPSATLCGM Mutton snapper 1.5E-9
SNOWGROUPSATLC Snowy grouper 6.3E-9 NRSOLEEBSAI Northern rock sole 3.3E-12
SBT Southern bluefin tuna 8.9E-11 OROUGHYNZMEC Orange roughy 3.8E-10
SPANMACKSATLC Spanish mackerel 4.3E-10 CMACKPCOAST Pacific chub mackerel 4.3E-11
STMARLINSWPO Striped marlin 5.0E-10 PHAKEPCOAST Pacific hake 2.1E-12
SWORDMED Swordfish 7.0E-11 POPERCHGA Pacific ocean perch 4.9E-11
SWORDNATL Swordfish 8.4E-11 PATGRENADIERSARG Patagonian grenadier 7.6E-12
TANNERCRABBSAI Tanner crab 2.9E-9 PTOOTHFISHPEI Patagonian toothfish 4.2E-10
TAUTOGRI Tautog 4.9E-9 PSOLENPCOAST Petrale sole 5.7E-10
VSNAPSATLC Vermilion snapper 2.4E-9 PSOLESPCOAST Petrale sole 7.1E-10
WPOLLEBS Walleye pollock 7.8E-13 REDFISHSPP3LN Redfish species 4.1E-11
WPOLLGA Walleye pollock 1.6E-11 SABLEFEBSAIGA Sablefish 5.3E-11
WPOLLAI Walleye pollock 4.7E-10 SABLEFPCOAST Sablefish 1.6E-10
WHAKEGBGOM White hake 4.5E-10 CHAKESA Shallow-water cape hake 1.2E-11
WINDOWGOMGB Windowpane 1.2E-9 SSTHORNHPCOAST Shortspine thornyhead 5.8E-10
WINDOWSNEMATL Windowpane 2.3E-9 SKJCWPAC Skipjack tuna 7.8E-13
WINFLOUNSNEMATL Winter Flounder 5.2E-10 SKJEATL Skipjack tuna 4.4E-12
WINFLOUN5Z Winter Flounder 1.0E-9 SKJWATL Skipjack tuna 1.7E-11
WITFLOUN5Y Witch Flounder 6.4E-10 SMOOTHOREOCR Smooth oreo 1.9E-10
YEYEROCKPCOAST Yelloweye rockfish 6.9E-8 SMOOTHOREOWECR Smooth oreo 4.5E-10
YELLGB Yellowtail flounder 5.2E-10 SBWHITACIR Southern blue whiting 5.2E-11
YELLCCODGOM Yellowtail flounder 1.6E-9 SOUTHHAKESA Southern hake 1.7E-10
YELLSNEMATL Yellowtail Flounder 2.6E-9 SOUTHHAKECR Southern hake 3.3E-10

STFLOUNNPCOAST Starry flounder 1.2E-9
STFLOUNSPCOAST Starry flounder 2.5E-9
SWORDSATL Swordfish 6.0E-11
TREVALLYTRE7 Trevally 4.6E-10
VSNAPGM Vermilion snapper 3.0E-10
WPOLLNSO Walleye pollock 4.8E-13
YFINCWPAC Yellowfin tuna 2.5E-12
YFINATL Yellowfin tuna 7.7E-12
YELL3LNO Yellowtail Flounder 5.3E-11
YTROCKNPCOAST Yellowtail rockfish 2.1E-10
YTSNAPSATLC Yellowtail snapper 7.3E-10
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classification proposed by Pauly and Christensen (1995). Values of f
are provided in Table 2, as well as the values of TL and TE, used for
their calculation.

The conversion factor f ranges from 0.1 to 315.6 for seaweed and
for tunas, bonitos and billfishes, respectively, with a non-weighted
mean value of 42.15. These data are driven mostly by the TL of the
organisms due to the exponential position of TL in Eq. (5).

The values of NPPecosystem (used to calculate CFs in Eq. (4)) are
summarised in a world map (Fig. 3) and a table (Supplementary
Data).

NPPecosystem is smaller for coastal provinces, whose smaller size
yields lower production. For coastal provinces, themean totalflow is
1.5 E11�1.9 E11 kg Corg yr�1, although it reaches aweightedmean of
1.1 E12 � 1.0 E11 kg Corg yr�1 for deep-sea provinces. Coastal prov-
inces only have NPPecosystem as high as those of deep-sea provinces
when the coastal shelf is particularly wide (e.g. the Arctic or
Northern European seas). Although total flows of biotic production
tend tobehigher indeep-seaprovincesdue to larger areas, this is not
always the case (e.g. theRedSeahas a relatively lowtotal production,
in the same order of magnitude as that of coastal provinces).
3.3. Application to case studies

The methods developed in the previous section were applied to
two simple case studies of fisheries to compare environmental im-
pacts of 1 t of Northern Atlantic albacore tuna and of Northern Argen
tine anchovy.Dataused for this assessment aswell as the resultingCFs
and impacts are detailed in Table 3. We chose to contrast the impacts
of removals of these two species, since it is interesting to compare
environmental impactsofobtainingfishprotein. Proteins fromfishare
Table 2
Trophic levels (TL), Transfer Efficiencies (TE) and conversion factors (f) for impact
assessment of biotic-resource depletion at the ecosystem level due to biomass
removal from the sea.

Ecosystem type Groups of species TL TE f

Oceanic (gyre) systems Tunas, bonitos, billfishes 4.2 12 315.6
Krill 2.2 12 2.2

Upwelling systems Anchovies, sardines 2.6 5 1.5
Jacks 3.2 5 3.8
Mackerels 3.3 5 4.5
Squids 3.2 5 3.8

Tropical shelves Small pelagics 2.8 10 7.0
Miscellaneous teleosteans 3.5 10 35.1
Jacks, mackerels 3.3 10 22.2
Tunas, bonitos, billfishes 4 10 111.1
Squids, cuttlefishes, octopuses 3.2 10 17.6
Shrimps, prawns 2.7 10 5.6
Lobster, crabs and other invertebrates 2.6 10 4.4
Sharks, rays, chimaeras 3.6 10 44.2

Non-tropical shelves Cods, hakes, haddocks 3.8 14 179.9
Redfishes, basses, congers 3.4 14 62.6
Miscellaneous marine fishes 3.2 14 36.9
Jacks, mullets, sauries 3.8 14 179.9
Herrings, sardines, anchovies 3.0 14 21.8
Shrimps and other crustaceans 2.3 14 3.4
Squids, cuttlefishes, octopuses 3.2 14 36.9
Flounders, halibuts, soles 2.9 14 16.7
Mackerels, cutlassfishes 3.4 14 62.6
Diadromous fishes 2.4 14 4.5
Sharks, rays, chimaeras 3.7 14 138.1

Coastal and coral reefs Bivalves and other molluscs 2.1 13 1.9
Miscellaneous marine fishes 2.8 13 11.2
Herrings, sardines, anchovies 3.2 13 31.4
Seaweeds 1.0 13 0.1
Jacks, mackerels 3.3 13 40.5
Diadromous fishes 2.8 13 11.2
Shrimps, prawns 2.6 13 6.7
Crustaceans and other invertebrates 2.4 13 4.0
Turtles 2.4 13 4.0
interest for nutritional concerns; fish contain fewer saturated fatty
acids than meat, and this is particularly true for the two species
selected, which are rich in omega-3 despite their difference in TL.

The inventory data used include the mass of fish considered, the
species name, and the name of the province where fishing occurred.
The provinces were the North Central Atlantic Gyre for tuna and
Warm temperate South-western Atlantic for anchovy. CFs are
calculated using stock status, MSY, TE and TL (Tables 1 and 2). For
albacore tuna, the stock is overexploited: B2005/BMSY is 0.813. More-
over, their mean yearly catch exceeds MSY, leading to the use of Eq.
(1). In contrast, the stock of anchovy is sustainably fished: SSB2007/
SSBMSY is 1.370, B2007/BMSY is 1.089, and their mean yearly catch is
smaller than their MSY. For anchovies also, Eq. (1) was used to
calculate CFBNR,sp. To calculate CFBNR,eco, TE values of 12% for oceanic
gyres and 14% for non-tropical shelves for tuna and anchovies,
respectively,were used, aswere TL values of 4.2 and3.0, respectively.

Multiplyingm by CFBNR,sp resulted in IBNR,sp of 3.3 E-11 and 2.4 E-
12 for tuna and anchovy, respectively. Multiplying m by CFBNR,eco
resulted in IBNR,eco of 2.6 E-7 and 6.8 E-8 for tuna and anchovy,
respectively. For both levels (species and ecosystem), impacts on
biotic natural resources are higher due to fishing of 1 t of tuna than
fishing of 1 t of anchovy: 14 times as high at the species level and 4
times as high at the ecosystem level.

The higher impact resulting from fishing 1 t of tuna compared to
1 t of anchovy at the species level is duemostly to the much smaller
size of tuna stocks. Tuna’s higher impact at the ecosystem level is
duemostly to its higher TL, despite a higher total productivity in the
province where tuna grows (North Central Atlantic Gyre) compared
to the coastal province where anchovy grows (Warm temperate
South-western Atlantic).

4. Discussion

An impact category is defined as “any change to the environ-
ment, whether adverse or beneficial, wholly or partially resulting
from an organization’s activities, products or services” (ISO/TR
14062). Thus, it assesses the impacts of an environmental change.
However, in the case of natural resource impact assessment in LCA,
not only environmental changes are accounted for, but also stock
assessment, as a human-oriented approach (in contrast with
impact categories dealing with the ecosystem area of protection).
This is the case of the CML 2002 method, recommended by the
European Commission for abiotic resource depletion assessment
(European Commission, 2011). Becausewe are in the case of natural
resource depletion impact assessment too, we also decided to base
our indicator on stock assessment methods. Thus, the BNR-
depletion impact category fits into LCA methodology in parallel
with the category dealing with abiotic resource depletion. It has
been specifically created for stock assessment in fisheries. For LCA
of fisheries, it is particularly useful because it allows for comparison
of fish species from around the world, based on stock characteris-
tics and geographic location. Regionalisation follows the rules
recommended for land-use impact assessment. As boundaries be-
tween BNR and land (or sea) use are not always clear (at a large
level, biotic resources can be considered ecosystems, e.g. forests in a
terrestrial context), consistency between them is important. As
impacts are expressed in a unit of time (potential regeneration
time), the same kind of indicator can be calculated for other biotic
resources. Extending this method to terrestrial resources would be
of particular interest to allow terrestrial and marine resources to be
compared.

The significance of MSY-related biological reference points has
beenwidely debated. First, this is because these points are based on
equilibrium conditions or steady-state periods that are not always
observed. Second, it is because the assumption that production in



Fig. 3. World map of mean annual Net Primary Production (NPP) in marine provinces.
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the ecosystem can reach a stable and unique maximum is not a
given (mostly due to a fluctuating environmental impact). Third, it
does not take age structure into account (Larkin, 1977). Further-
more, single-species stock assessment methods do not seem ac-
curate enough for sustainable management of marine resources,
ecosystem-based management being preferred (Botsford et al.,
1997). Therefore MSY must always be used with caution, and
even more so when low-quality data are used to estimate it.
However, MSY-related reference points still remain by far the most
commonly used biological reference point, even if not used by all
management agencies (Ricard et al., 2012). The biomass reference
point BMSY is the internationally agreed and legally binding refer-
ence point for managed fisheries in the United Nations Convention
on the Law of the Sea and the United Nations Fish Stock Agreement,
and it provides a useful basis for comparing stocks (Ricard et al.,
2012). Direct estimation of biomass (e.g. using acoustic surveys)
Table 3
Data used to calculate characterisation factors (CFs) and impact assessment results.

Type of data [unit] Fishery 1 Fishery 2

Inventory data m [t ww]a 1 1
Ecosystem Atlantic high seas Patagonian shelf
Province North Central

Atlantic Gyre
Warm temperate
South-western Atlantic

Species Northern Atlantic
albacore tuna
(ALBANATL)

Northern Argentina
anchovy
(ARGANCHONARG)

Data used to
calculate CFs

Biomass ratio B2005/BMSY: 0.813 SSB2007/SSBMSY:
1.089
B2007/BMSY: 1.370

Stock status Overexploited Sustainably fished
Catch
[t ww yr�1]a

32,000 E6 3850 E6

MSYd

[t ww yr�1]a
30,230 E6 424,027 E6

TL 4.2 3.0
TE (%) 12 14
f 315.6 21.8
NPPecosystem
[t C yr�1]

1.20 E9 3.19 E8

CFs CFBNR,sp
[yr t ww�1]a

3.3 E-11 2.4 E-12

CFBNR,eco
[yr t ww�1]a

2.6 E-7 6.8 E-8

Impact IBNR,sp [yr] 3.3 E-11 2.4 E-12
IBNR,eco [yr] 2.6 E-7 6.8 E-8

a ww: wet weight.
or structural models taking into account age structure (mostly
derived from Virtual Population Analysis) allow estimation of cur-
rent biomass and indirectly BMSY. The expression of CF in the IBNR,sp2
equation as the inverse of mean annual fish catches can appear to
be a loss of information due to the exclusion of MSY from Eq. (2).
Nonetheless, since this assessment is applied to the BMSY � B0
biomass interval and Ct is roughly bounded by MSY, MSY is still
indirectly taken into account in this assessment. In addition, it
would be difficult to provide a more precise and simple assessment
because the impacts induced by fishing on overexploited stocks are
hardly predictable. Therefore, it is awkward to assess these impacts
using any simple indicator, except for stocks for which information
about the current biomass stock (Bt) and the biomass stock at MSY
(BMSY) would be available. In these cases, the ratio of Bt to BMSY
could provide relevant information on the severity of the impact. In
the RAM-Legacy database, MSY values are available for 138 stocks.
Within them, Bt-to-BMSY ratios are available for only 36 stocks.
Another proposed ratio, an excellent proxy of the Bt-to-BMSY ratio, is
the SSB-to-BMSY ratio and is available for 105 stocks in the RAM-
Legacy database (for which 11 stocks also have Bt-to-BMSY ratios).
Using one of these ratios as a CF would have decreased the number
of CF, which could have been calculated using one of the three
approaches proposed to estimate overexploitation. For this reason,
we chose to keep the formulae proposed in the methods section,
using either MSY or Ct to calculate CFs for the assessment of BNR
depletion at the species level. Ongoing work by our team on more
sophisticated approaches to develop equations for CF and IBNR,sp for
fish catch at equilibrium that increase with fishing effort will be
published in a future article.

Concerning BNR depletion at the ecosystem level, the use of
NPPuse as the numerator of the CF provides several advantages. It
has already been used for LCA of fisheries or aquaculture products,
as it allows a comparison for these two types of products. Moreover,
it assesses impacts due to landed biomass as well as discards. The
NPPuse indicator has certain limits, however: it does not recognise
imbalances in TL distribution within the ecosystem induced by
fishing activities, whereas the proposed new impact category en-
courages catching fish from lower trophic levels, which could
become detrimental if performed to excess. The use of the mean
trophic level of catches was not retained because it is only appro-
priate for assessing multispecies catches (e.g. by-catches) at a given
time. Similarly, the FiB index was not considered because it de-
pends on all the catches and by-catches performed in the
ecosystem by all the fisheries exploiting it. The use of NPPecosystem
as the denominator, expressing scarcity of the biomass in the
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ecosystem where biomass is removed allows quantification of the
impact at the ecosystem level. It should be noted that the calcula-
tion of oceanic NPP at a global level using remote sensing and
global models is not very accurate: depending on themethods used
for the calculation, resulting NPP values may differ by a factor of
two (Carr et al., 2006) due mainly to integrating the vertical
dimension of the sea. This assessment is especially uncertain in
coastal areas, due to a high level of sediments in the water column,
and in certain deep oceanic waters where a deep chlorophyll
maximum layer is observed.

The choice to work at the province level to calculate impacts at
the ecosystem level affects the resulting values of the impact. The
larger the area assessed, the smaller the impact. As deep open
ocean provinces are defined as large areas, the primary resource
within them is considered to be of lesser importance with the
impact assessment method proposed at the ecosystem level. For
example, the Central Atlantic is considered as one unit, meaning
that for a given uptake of biomass, impacts at the ecosystem level
will be the same in the Gulf of Guinea and along the coast of Brazil,
despite the long distance between them. In contrast, uptake of a
given mass of stock will have lower impacts at the ecosystem level
if taken from the Central Atlantic than from a coastal Atlantic area
because the former province accumulates a high amount of total
NPP. However, there is as yet no clear idea about the natural
transfer and redistribution of primary production by oceanic cur-
rents at this large level or about the foraging area covered by
oceanic fish species and their prey, which ultimately may deter-
mine how NPPuse is distributed (Longhurst, 2010). Nonetheless, it is
likely that for highly migratory species such as most tunas, the
province level is appropriate (Reygondeau et al., 2012), though this
is obviously not the case for sedentary or short-range-migration
oceanic species, which are less often exploited by fisheries. The
important point is that the same level should be used for all oceans
to ensure consistency of impacts at the ecosystem level. As
underlined in the methods section, this choice is a trade-off, mainly
due to data availability. The choice of the eco-region level would
have been the most relevant. Nevertheless, data with the same
resolution were not available for deep oceanic waters in a
compatible manner with other marine areas.

Consistency between impacts calculated at the species and
ecosystem levels cannot be directly ensured. First, results at the
ecosystem level depend fully on the level chosen for the ecosystem
classification. Second, the size of fish stocks and their levels are
species-dependant. There is no link between these levels and the
level chosen for the ecosystem classification. Only the use of a
weighting factorwould be appropriate to compare the two levels. To
allow for consistency between the different impact categories, BNR
depletion impact assessment at the species and ecosystem levels
need to fit existing frameworks. However, the framework is neither
well defined nor consensual yet for BNR depletion, as no operational
methods have been developed in LCA. Udo de Haes et al. (2002)
reviewed some suggestions to render BNR depletion assessment
operational, using the balance of exploited biomass for every spe-
cies, according to its worldwide use and natural replenishment (in
kg per year). This balance of overexploited biomass is bounded on
zero if the use is smaller than the replenishment. It is then divided
by the worldwide stock of this species or its squared value, ac-
cording to the authors. The resulting ratio (R) is the inverse of the
time required to destroy the stock of this species. Udo de Haes et al.
(2002) suggested the use of the Red List database edited by the
International Union for Conservation of Nature. It provides a level of
endangerment of the species, which can be converted into coarse
values of (R), although this method of calculation does not allow a
precise differentiation between species (especially for those used
below their rate of replenishment). One of the major advantages of
the present method is that it sidesteps this limitation by differen-
tiating CFs between species, even if they are not overexploited.

We have excluded assessing alterations of habitat due to
biodiversity damage and the damage of benthic habitats due to
trawling, since they are part of other pathways. This should
constitute the next step of methodological improvement for fish-
eries impact assessment.

5. Conclusion

Thanks to these two new pathways, both impacts on biomass
scarcity at the ecosystem level (IBNR,eco) and stock status (IBNR,sp)
can be assessed using the same unit (time), which could be
extended to other kinds of BNR depletion assessments (e.g. due to
land use). Data required for the IBNR,sp and IBNR,eco calculation were
easily available, allowing impact assessment for most exploited
stocks. Results should be usedwith caution, if some data used in the
assessment (e.g. MSY and TL) are not reliable. However, the meth-
odology proposed for assessing biomass removal from the ocean
seems promising and could be made operational by calculating the
CFs proposed in the present work.
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