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ABSTRACT
Because direct environmental impacts of fisheries can hardly be assessed using conventional methods of Life Cycle Assessment
(LCA), we suggest building a new methodological framework to account for most of them. We propose a regionalized method of
calculation for characterisation factors dedicated to an uptake ofbiomass through fishing activities (biotic resources extraction impact
assessment). These characterisation factors are proposed for the assessment of impacts on biotic resources depletion and on life sup­
port functions of marine ecosystems. The method is applied on two examples offisheries, to demonstrate that it is relevant for com­
parisons between different fisheries, exploiting different fish species. A discussion on the compatibility of this method with other
frameworks is then performed
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1. Introduction
Life Cycle Assessment (LCA) tends to be exhaustive for the impacts it assesses, but as identified by

Pelletier et al., (2007), there is a need of improvement to assess impacts of seafood products. In seafood LCA
case studies, most authors deemed necessary to add non-conventional indicators (1) to take into account fish
removal from their ecosystem and allow comparisons between terrestrial and aquatic food products, (2) to
assess depletion offish stocks and perturbation of the ecosystem by imbalanced exploitation between trophic
levels, (3) to assess seafloor damage. To this aim, they used respective1y (1) indicators of net primary
production use, (2) small-size ratio oftarget catch, discard ratio, by-catch ratio and fishing-in-balance index,
(3) area of seafloor trawled. In order to harmonize these difIerent proposaIs, Langlois et al., (20 Il) suggested
the creation of a new impact category, called "sea use" by analogy with "land use", which could allow the
assessment of marine ecosystems transformation and occupation impacts. They suggested keeping the most
consensual framework of terrestrialland use (Mila i Canals et al., 2007), Le. defining a quality index whose
values could be compared from a use to another and varying according to time to reach a new steady state
af'ter a certain time of restoration. They quoted the possibility to use an indicator expressing the life support
capability of marine ecosystems.

In the case of biomass removal through 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 human as a
natural resource can be altered (impacts on Biotic Natural Resources (BNR)). Secondly, the total biomass
available for the ecosystem functioning is also decreased by this removal as well as the functioning of the
whole ecosystem (impacts on Life Support Functions (LSF)). The biodiversity loss due to fishing is also
severe, especially the alpha biodiversity for benthic species due to trawls dredging the seabed, with about
75% of the shelf areas trawled worldwide every year (Kaiser et al., 2002), as well as for commercial species
and by-catches, due to a high intensity of direct capture (FAO, 2010).

In marine ecosysterns, ecosystem production and biodiversity tend to display correlations (Libralato et al.,
2008) and assessing LSF constitute a challenging issue in the present context of worldwide overfishing.
Thus, the present study focuses only on the impact assessment of BNR extractions and ecosystem LSF
alteration due to fishing activity; the impacts of fishing on biodiversity loss were not considered here. As
underlined by Udo de Haes et al., (2002), both BNR and LSF have to be assessed. These authors explain in
detail that it does not consist in double counting because two difIerent areas of protection are considered
(natural resources and ecosystem quality respectively). This work details and discusses methods for
characterisation factors calculations for these two impact pathways. The method is presented in the section 2
and illustrated with an example of fishery in the section 3. Section 4 opens the way to a discussion on the
re1evance of the proposed methods and on their compatibility with other existing assessment methods.

2. Methods
Two methods of impact assessment are proposed and detailed for BNR and LSF in part 2.1 and 2.2

respectively. One of the constraints considered in this study was to provide sorne results in comparable unïts.
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2.1. Fishing activities and biotic resources extraction impact assessment
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The goal of biotic resources extraction impact assessment is to characterise to what extent the current bi­
otic extractions worsen the possibilities for human society to coyer future needs, due to stock reductions as
stated by Udo de Haes et al., (2002). One commonly used reference for fish stock status assessment is the
maximum sustainable yie1d (MSY). This is the highest yield in fish production that can be sustained in the
long term (Graham, 1935; Schaefer, 1954). It results from the assumptions that current catches at time t (Ct)
can be increased up to a certain level by increasing the fishing effort (E) because they are compensated by an
equivalent fish production. Above the MSY level and its corresponding EMSY level, the renewal of the re­
source (reproduction and body growth) cannot keep pace with the removal caused by fishing. In this case
further increases in exploitation leads to a reduction in yields (Fig. 1). The MSY can either be calculated
through different stock assessment methods or can be estimated empirically (Hilbom and Walters, 1992).
Rough stock assessments are performed by FAO but the most interesting database is the RAM Legacy Stock
Assessment Database, inc1uding biological reference points for over 200 stocks (Ricard et al., 2011).

Catch Ct
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Sustainable fishing Overfishing, depletion or recovering
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Figure 1. Trends in catches evolution according to fishing effort (in cases of equilibrium states).

We suggest an impact assessment of BNR depletion corresponding to the uptake of a mass (m) of a given
marine species using the MSY related points. This allows a differentiation between different fish species, in
relation with the size of their stock and the proportion that can be sustainably removed. The environmental
impact on biotic natural resources (lBNR,I) is thus calculated using the following formula:

m
/ =-­BNR,l MSY Eq.l

Thus, impacts of biotic extraction resources are here expressed in potential time of regeneration, i.e. in
time required to restore an uptake of a particular species assuming equilibrium conditions. This equation is
valid to assess impacts of biotic extractions as long as stocks are not overexploited (underexploited, moder­
ately exploited or fully exploited, following the typology provided by FAO), i.e. that their catch never ex­
ceeded the MSY value. These cases appear on the left side of the graph in Figure 1. Nevertheless, FAO esti­
mates that 32% of the stocks are not in this case, being either (l) overexploited, (2) depleted or (3) recover­
ing from depletion (FAO, 2010). This corresponds to cases where Ct is respectively (1) higher than the MSY
value, (2) smaller but decreasing because of previous overexploitation or (3) smaller and increasing. These
cases appear on the right side of Fig. 1.

IBNR should express that the uptake of one functional unit from an overexploited stock is worse than the
uptake of the same unit from a stock species having the same MSY value and being sustainably exploited.
Thus it appears important to multiply IBNR,1 by a factor depending on the gap between current catches and
MSY in the case of overexploited or recovering stocks. This factor should vary from 1 to infinite for values
of Ct varying from MSY to zero (when the stock is severely depleted). One of the easiest possibilities for this
factor is the ratio MSY over Ct. Thus IBNR,2 would become:

/ =~xMSY =.!!!..-
BNR,2 MSY C C

1 1

Eq.2

In the particular case of a recent and unsteady overexploitation, where Ct is higher than MSY (Fig. 1;
dashed line), we estimated that the impacts should be kept at IBNR,h to avoid minimizing IBNR and to avoid the
assessment of a transient state.
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2.2. Fishing activities and life support functions assessment

The consensual framework of land use (Mila i Canals et al., 2007) has been developed in a context of
intense agricultural and urban occupation as well as habitat transformation. Thus, parameters as time
occupation or restoration and area used or transformed were particularly important for this impact
assessment. In the case of marine activities were there is seldom continuous occupation and often slow
habitat transformation, one of the major issues is to assess the quantity ofbiomass the ecosystem is deprived
of (for fishing activities as well as for other uses, see in the discussion section). A quality index related to the
alteration of biomass production capability of the ecosystem could be expressed in free Net Production
(fNP). The tNP is the amount of biomass produced remaining in the ecosystem and usable for its own
functioning after humans have removed a part of it from the ocean. To account for the trophic level of the
biomass removed, we can use equivalence with the corresponding quantity of primary production that was
necessary to produce it. Thus the quality index could be expressed in free Net Primary Production equivalent
(fNPPeJ, being the Net Primary Production equivalent (NPPeJ produced by the ecosystem minus the Human
Appropriation of Net Primary Production equivalent (HANPPeJ. Both of them are expressed in kilogram of
organic carbon per tIf and per year. To fit the framework of (Mila i Canals et al., 2007), the impacts on LSF
in marine ecosystems (ILSF) would be the volume defined on Fig.2, expressed in kg of carbon (equivalent to
primary carbon which was necessary for its production). For fishing activities, this quantity of carbon the
ecosystem is deprived of, directly corresponds to the NPPuse, indicator (in kg CeJ used in sorne LCA studies
to quantify the impacts of seafood products, as described by Papatryphon et al., (2004).

toccupatioD
time
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Figure 2. Graphical presentation of sea use impacts on LSF, inspired from (Mila i Canals et al., 2007).

The equivalences between fish masses and primary carbon required to sustain its production can be
ca1culated, considering trophic levels (TL) of the uptake and the transfer efficiency between two trophic
levels (TE). Updated values of TL are available per species in the fishbase database (Froese and Pauly, 2012)
and updated TE values provided by Libralato et al., (2008) according to the types of ecosystems (i.e. oceanic
systems, upwelling systems, tropical shelves, non-tropical shelves, coastal and coral systems). Based on
these two parameters and a conservative 1:9 ratio of carbon to wet weight, NPPuse for a biomass uptake (m)
in kg ofwet weight can be ca1culated in kg of carbon as proposed by Pauly and Christensen (1995):

mNPP =_xTETL•J

lUe 9 Eq. 3

This assessment has to be regionalised beyond the regionalisation of TE because the impacts are highly
depending on the area where it takes place. Moreover, the value of NPPuse allows quantifying how much
carbon the ecosystem is deprived of, but it does not provide any information about the relative importance of
this uptake relative to the total value of free biomass remaining within the ecosystem. Thus, this "classical"
way to assess occupation and transformation impacts can be improved, by adding a factor expressing the
scarcity of the biotic resource in the ecosystem. This was suggested by Weidema and Lindeijer (2001) and
used by Michelsen (2007) for land use impact assessment. The goal of the factor is to express that for the
same amount of biomass removed from the sea, if it is fished in an ecosystem where biomass is scarce, the
impacts on ecosystem are worse than if biomass is fished in a fertile one. Two parameters play a role to
determine the scarcity of the resource: the ecosystem size (Aecozone) and its productivity (NPPmean,ecozone)' We
defined NPPecozone as the total amount ofNPP produced in a given ecozone for a year:
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NPP.cozone =Aecozone X NPPmean,ecozone Eq.4
Apart from LCA, this parameter was also introduced for fishing activities impact assessment by Halpern

et al., (2008) and Libralato et al., (2008). For the ca1culation of the impacts due to sea use on life support
functions (hSF), we suggest the introduction ofthis factor.

1 = NPPuse
LSF

NPP.cozone
Eq.5

Thus ILSF expressed the time required to regenerate the amount of biomass removed from the sea. The
classification of the zones is based on the Marine Ecoregions Of the World., deve10ped by Spalding et al.,
(2007) and recommended for land use impact assessment by Koellner et al., (2012). World maps of NPP
values for year 2010 are also available (Oregon State University, 2010). These two types of data were
merged in a Geographical Information System software to compute NPPecozone, also using the 200m-isobath
(British Oceanographic Data Centre, 2003) and the coastlines (Wessel, 2012).

3. Results
The methods developed in the previous section were applied to two simple case-studies of fisheries. The

frrst one is the fishing of 1 kg of Atlantic cod and the second one of 1 kg of herring. They are both fished
along the coastal area of the USA (Gulf of Maine). Data used for this assessment as well as the resulting
Characterisation Factors (CF) and impacts are detailed in Table 1.

Table 1. Data used for characterisation factors ca1culation and results obtained.

Inventory data

Data used for Characterisation
Factors (CF) calculation

CF

Impact

Type of data [un;tl
m[kgww)a
Ecozone
Species
Stock status (2004)
Catch [kg ww.yr-1

) a
MSyd [kg ww.yr-1

) a
TL
TE(%)
NPPuse [kg CeJ
Aecozone [m1j
NPP<cozone [kg Cyr-1

)

CFBNR [yr.kg ww -1) a
CFLSF [yr.kg Cl)
IBNR [yr)
hSF [yrl

Fishery 1
1
Gulf of Maine
Atlantic herring
Recovering from depletion
114090b

194000
3
14
22
136 E9
6.8 ElO
8.8E-15
3.2 E-IO
8.8 E-15
3.2 E-IO

Fishery 2
1
Gulf ofMaine
Atlantic cod
Depleted
4950 c

31 159
3.8
14
180
136 E9
6.8 EIO
2.0 E-13
2.6 E-9
2.0 E-13
2.6 E-9

a ww: wet weight
b Average values from 2001 to 2005
c Average values from 2003 to 2007
d Informative data (not used for these particular assessments).

Both in the case of biotic natural resources extraction impacts and of life support functions, impacts of
Atlantic cod fishing are higher than for Atlantic herring. This is due to a previous severe depletion of the cod
stock, a relative1y small value of its MSY and its higher trophic compared to herring.

4. Discussion
The MSY-related biological reference points have been widely debated., frrst because they are based on

equilibrium conditions or steady states periods not always observed and on the assumption that production in
the ecosystem can reach a stable and unique maximum (Larkin, 1977). Furthermore, single species stock
assessment methods do not seem accurate for a sustainable management of marine resources and an ecosys­
tem-based management is preferred (Botsford et al., 1997). However, these reference points are still the most
commonly used to compare multiple stocks, even if not used by all management agencies (Ricard et al.,
20 Il). The biomass reference point BMSY is the internationally agreed and legally binding reference point for
managed fisheries in the United Nations Convention on the Law of the Sea and the United Nations Fish
Stock Agreement and provides a useful basis for comparing stocks (Ricard et al., 2011). The expression of
IBNR,2 as the inverse of CUITent yearly catches can appear as a loss of the information due to the exclusion of
MSY. Nonetheless, since this assessment is applied for the interval MSY-extinction of the stock, and Ct is
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bounded to MSY, MSY is still indirectly taken into account in this assessment. Furthermore it would be dif­
ficult to provide a more precise and simple assessment because the impacts induced by fishing on overex­
ploited stocks are hardly predictable. Thus, it is hard to assess these impacts using any simple indicator, ex­
cept for stocks where information about the current stock biomass (Bt) and the stock biomass at MSY (BMSY)

would be available. In these cases, the gap between Bt and BMSY could provide a relevant information on the
severity of the impact.

NPPuse allows the assessment of impacts due to biomass removal for the biomass landed as weil as for the
discards, within the same impact category. It should be noted that the calculation of oceanic NPP at a global
scale using remote sensing and global models is not very accurate: a factor two exists for resulting NPP val­
ues, depending on the methods used for the calculation (Carr et al., 2006). It is mainly due to the integration
of the vertical dimension of the sea. This assessment is especially uncertain in coastal areas, due to a high
level of sediments in the water colurnn, and in sorne deep oceanic waters where a chlorophyll deep maxi­
mum layer is observed Moreover, the indicator NPPuse also presents sorne limits: it does not allow the rec­
ognition of an imbalance induced by fishing activities. The new impact category we propose encourages the
catches in lower trophic level. This could be detrimental if this practice would become excessive.

To allow a good consistency between the different impact categories, BNR and LSF impact assessment
must fit existing frameworks. For BNR, the framework is neither weil defined nor consensual yet, as no
operational methods has been developed in LCA. Udo de Haes et al., (2002) reviewed sorne suggestions for
the operationalisation of BNR assessment, using the balance of exploited biomass for every species, accord­
ing to its worldwide use and natural replenishrnent (in kg per year). This balance of overexploited biomass is
bounded on zero if the use is smaller than the replenishrnent. It is then divided by the worldwide stock ofthis
species or its squared value according to the authors. The resulting ratio (Q) is the inverse of the time re­
quired to destroy the stock for this species. Udo de Haes et al., (2002) suggested the use of the Red list data­
base edited by the International Union for Conservation ofNature. It provides a level of endangerrnent of the
species, which can be converted to coarse values of (Q), but this method of calculation does not allow a pre­
cise differentiation between species (especiaUy for those used below their rate of replenishrnent). One of the
major advantages of our method is that it sidesteps these limitations.

Regarding the applicability of the frarnework developed for LSF impact assessment to other marine ac­
tivities, tNPP appears particularly relevant as quality index: in the case of shading impacts due to construc­
tions, or in the case of seafloor destruction due to constructions or destructive fishing, tNPP is also de­
creased. Thus, both indicator and methodology would be relevant (Langlois et al., in preparation). Moreover,
ILSF is compatible with terrestrial land use impact assessment, as the same types of data are also available for
terrestrial ecosysterns (availability for values ofNPPuse or LltNPPeq by type ofuse, biogeographical classifica­
tions and maps ofNPP).

5. Conclusion
Thanks to these two new impact categories, both impacts on production capability (ILSF) and stock status

(IBNR) can be assessed using the same unit (time), which could quite easily be extended to other impact path­
ways linked with land or sea use. Data required for the I BNR calculation were easily available, and this would
be the case for most exploited stocks. The same advantage can be underlined for ILsF. Thus, the methodology
proposed for biomass removal from the ocean seerns promissing.

Alterations of habitat by biodiversity damage have been excluded, as weil as damage of benthic habitats
due to trawls. This should constitute the next step of methodological improvement for this impact assess­
ment.
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