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Abstract: Overexploitation in wild-capture fisheries is a principal driver of marine biodiversity loss.
Currently, efforts are underway to improve the representation of marine damage indicators in Life
Cycle Impact Assessment (LCIA) methods. The recently operationalised fisheries impact pathway
has introduced fishing impacts on the marine system into the LCIA framework, and the current
work seeks to further develop this complex pathway. In total, 5000+ Characterisation Factors for
exploited marine organisms have been re-computed with updated fisheries production data (2018),
exploring temporal effects on dynamic, biotic resource impacts. An estimation of discarded unwanted
by-catch is incorporated into the characterisation. Regional to global scaling factors are tested for
the representation of species-specific vulnerability. The temporal and spatial variations in impacts
reflect the dynamic nature of real-world fisheries trends, global average impacts increased by 41%
(2015–2018). Discarding as an additive, regional estimate increases impacts, most notably for lower
impacted stocks. The retention of species-specific detail relating to species distributions is of particular
relevance to fisheries when computing global-scale impacts. Updating CFs improves the relevance of
the fisheries impact assessment, and continued periodic re-computation is recommended to maintain
relevance with real-world trends. Data availability remains a challenge to large-scale marine impact
assessment and the continued development of this emergent impact pathway is expected.

Keywords: target species; overexploitation; abundance; discards; characterisation factors; temporality

1. Introduction

The exploitation of marine species has intensified exponentially since the globalisation
and heavy commercialisation of fishing activity, aided by technological advancements
increasing the efficiency of fishing efforts [1]. Among the major drivers of marine biodi-
versity loss [2], the overexploitation of this vital biotic resource has left marine ecosystems
pervasively altered [3,4]. Globally, fisheries resources are simultaneously increasingly
sought-after and declining due to overexploitation, exacerbated by a range of other syner-
gistic factors [5]. Historically, commercial fishing has been perceived to have little impact
on target populations [6]; however, 35% of global stocks are assessed as overfished and, of
the remaining 65% still within biologically sustainable levels of exploitation, 57% are at the
threshold of overexploitation [7]; meanwhile, reconstructed global fisheries records reveal
that the declines are potentially even stronger than those reported [8]. Fish populations
provide vital ecosystem services [9] as a globally important source of nutrition, and have
socio-economic importance through food security and employment [7], as well as more
intrinsic ecological functions [10]. It is therefore imperative to be able to include fisheries in
environmental impact assessments and use this understanding to achieve the targets set
out by Sustainable Development Goal 14 [11].
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Life Cycle Assessment (LCA) is an internationally recognised and standardised [12]
decision-assisting tool available to quantify the environmental impacts of food systems [13].
Life Cycle Impact Assessment (LCIA) is the methodological phase of this framework
dedicated to quantifying the impacts of emission and extraction-based human interventions
associated with the inventory of a products’ lifecycle. Characterisation Factors (CFs)
provide the magnitude of a quantified impact associated with an inventory flow on the
relevant Area of Protection (AoP), with larger values signifying a greater impact. The
quantification of impacts in LCIA continues to develop, through the evolution of existing
impact pathways and the introduction of those previously unquantified.

Over the last decade, ocean-based environmental issues have become significantly
more evident, but also better understood. Despite this, many anthropogenic impacts on the
marine realm are not currently operational in LCIA [14] due to difficulties in untangling
complex and synergistic impacts, as well as the issues of data availability and reduced
visibility. In LCA studies, the impact of fishing activity has been approached from various
perspectives, primarily focused on the indirect climate impacts associated with vessel
construction, fuel, gear and processing [15]. However, the direct impacts on marine
biodiversity are missing from operational LCA. The critical state of global biodiversity, with
a particular focus on oceans that has been increasingly highlighted on the international
stage [2,16], provides strong impetus for increased focus on the incorporation of the factors
affecting marine biodiversity into the framework.

Some sea use impacts are already well defined in LCA [17]. Various midpoint indica-
tors have been proposed to quantify the removal of fished organisms in terms of resource
loss and the loss of primary production [18–20]; however, these are not considered opera-
tional within current LCIA guidelines [21] where damage to ecosystem quality is measured
though the loss of biodiversity. Current innovative efforts to improve the representation of
marine indicators address seabed damage [22], marine plastics [23,24], the entanglement
of marine species [25], ocean acidification [26], invasive species [27] and fisheries [28].
Discarding by fisheries has been previously addressed through complementary indicators
independent of the CF [29] and in small-scale, well-documented fisheries [30]. The novel
quantification of the impact of biomass extraction by fisheries on ecosystem quality pro-
posed by Helias et al. [28] is an expansion of a relationship originally introduced to assess
biotic resource depletion (BRD) [20]. The association between the inventory (quantity of
fish removed) and the impact (depleted stock fraction-DSF) is derived from the Schaefer
population model using dynamic system theory. Fisheries are renewable but exhaustible
fund resources [31] with discrete replenishment rates and strongly niched, intrinsic eco-
logical functions within naturally occurring communities. This enables a relationship to
be drawn between the depletion of this biotic resource [20] and the loss of biodiversity
in the exploited area. The depletion of significant portions of a community is known to
reduce ecosystem functioning [10], a cornerstone of healthy ecosystems, thus providing
the link from interventions in biotic resource extraction to the Ecosystem Quality Area of
Protection (AoP).

To the authors’ knowledge, the work of Helias et al. [28] is the first endpoint opera-
tionalisation of the fisheries impact pathway towards the Ecosystem Quality AoP, introduc-
ing the quantification of the impact of biomass removal by fisheries on marine ecosystems.
As a new impact category characterising a complex system, ongoing development is nec-
essary to enhance this quantification, within the constraints of current data availability.
The aim of the present work is to update, extend and consolidate this initial proposal
considering three main improvements:

1. Re-computation of fish stock and species CFs with updated input (catch) data.

CFs generally do not contain temporal dynamism reflecting the variations in impact
that occur as a result of any number of drivers (climate change, changing trends in an-
thropogenic pressure, regulatory measures). The recalculation of fisheries CFs from Helias
et al. [28] has provided an opportunity to investigate the magnitude of the impact of updat-
ing input data on CFs. A series of comparisons are made between the original (2015) and
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updated (2018) CFs, including global trends and average variation per fishing region, to
better understand the significance of changing fisheries trends when integrated into the
LCA framework. This insight into the temporality of CFs opens discussion about the most
relevant timeframe of impact assessments, particularly in the context of exploited biotic
resources, and as a result, the potential need to periodically revise these factors to maintain
relevance with real-world impact trends.

2. Introduction of additional removal of fish biomass by discarding into characterisation.

Discarding is an element of fishing that contributes to the decline of fish stocks and
the subsequent degradation of marine ecosystems. As a portion of the biomass considered
as by-catch, it includes whole organisms (living or dead) that are thrown back over-board
at sea and not landed [32]. It is considered an unnecessary additional mortality for stocks
that are already approaching or over the limit of sustainable exploitation [33], which
annually removes an estimated 9.1 million tonnes of marine organisms [34]. The ecological
ramifications, a lack of visibility, legal obligations and sparse data records render this
activity an important but challenging aspect to integrate into the impact assessment of
fisheries, which has received limited attention in operational LCIA. The purpose of the
proposed approach is to integrate an estimation of discarding unwanted by-catch as an
additional impact within default CFs rather than as complementary indicators, as previous
efforts [29] propose, with a method that can be applied consistently at the global scale
within the current data constraints.

3. Retain species-specific vulnerability levels in the scaling of regional to global impacts.

Global CFs reflect the likelihood of an impact to cause species extinction. The con-
version permits the relative severity of a regional impact to be understood in terms of
contribution to permanent extinction at a global scale. Direct similarities can be drawn
between the vulnerability of a species to extinction and the species endemicity—the global
distribution of a species. The coherence and opportunities offered by three approaches
to this conversion are briefly explored, including the current LCIA recommended, aggre-
gated Global Extinction Probabilities (GEP) [35] and a biomass-derived measure of species
endemicity proposed by Helias et al. [28].

2. Material and Methods

The material and methods of the three elements outlined above are addressed sepa-
rately in the following section.

2.1. Updating Input Data for Endpoint CFs

According to Helias et al. [28], the fisheries characterisation model (Equation (1)) takes
the inverse of the growth rate of individual fish stocks K

rB as the time component fate factor
(FF), and the change in the depleted stock fraction C

rB2 produced by the dynamic population
modelling as the effect factor (EF). The CF is the product of the two:

CF =
K
rB

× C
rB2 =

CK
r2B3 (1)

With catch C in tonnes or individuals, the stock biomass B, the maximum intrinsic
growth rate per species r, and the carrying capacity K of a population in its habitat acting
as limiting factors on exponential population growth.

The original CFs were calculated based on the three-year central average for 2015
from the Global Capture Production dataset, aggregated by the FAO Major Fishing Area
as quantities of catch (tonnes or individuals) per fished stock (a species in a region). Ini-
tial stock biomasses were estimated using the CMSY algorithm [36], and the resulting
CFs are available in units species.yr/tonne of fish and PDF.yr/tonne of fish (Potentially
Disappeared Fraction of species) in order to be accessible for a range of LCA methodologies.

• The input data (C) have been comprehensively updated to 2018 (3-year average,
2017–2019) in the Global Capture Production dataset [37] (FishStatJ v. 2021.1.2).
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• The CMSY algorithm is a re-run (CMSY+ updated version) [36] to generate large-scale,
automated estimations of updated stock parameters, including initial biomasses based
on species-specific resilience to fishing and new values of catch data. As per Helias
et al. [20,28], scaled estimations are used for data-poor stocks.

• The fisheries characterisation model [28] is used to compute new CFs, to account for
the temporal update of input data for the following:

5575 FAO stocks (species in a region) regionalised by the FAO inland and marine
major fishing area.

1866 species (non-spatialised), biomass-weighted average of all regional values of a
given species.

These are available as regional and global-scale impacts, with and without an additive
estimation of the impact of discarding included, and are expressed in the following units:
species.years/tonne and PDF.year/tonne.

The updated CFs, plus the associated levels of uncertainty and metadata, are available
for download: (https://doi.org/10.57745/9YSDIV, accessed on 17 August 2023).

Stocks are classified by a confidence scale (Class I-IV) defined in detail by Helias
et al. [20], based on the level of aggregation of the available fisheries data to give a measure
of the hypothesised reliability of each stock CF (summarised in Table 1 and available in the
metadata of CFs), as well as the suitability for parameterisation by the CMSY+ algorithm.

Table 1. Summary of the number of marine stocks characterised and total stocks with a confidence
level able to be treated by the CMSY+ algorithm (Class I–II), where Class I is the highest confidence
level classification, as per [20].

Total Marine Stocks Class I–III Class I

4962 1472 1001

Initial modelling gives CFs in species.year/tonne of fish. CFs are converted to the
commonly applied endpoint metric PDF.yr by inverting the approach applied in the ReCiPe
guidelines [38]—dividing by a “global total” species richness value. Hanafiah et al. [39]
apply a similar unit conversion for freshwater species loss based on IUCN data. The
assumption that the depleted stocks are part of the wider ecosystem community of the
global ocean allows their relative loss to be expressed against a global marine species value.
Previously [28], the endpoint unit conversion from species.yr to PDF.yr was based on a
“total” accepted marine species (233,302) recorded under “Kingdom: Animalia” in the
WORMs database [40]. This value has since been adjusted (206,527 at time of computation,
2023) and the endpoint unit conversion has been updated to reflect this, ensuring a traceable
approach that can convert the unit of the modelled impact to the recommended PDF metric.

2.2. Including Discarding By-Catch in Impact Characterisation

Integrating the impact of discarding unwanted by-catch as an additional loss of
biomass in the characterisation of fishing activity is confronted with the challenge of sparse
and inconsistent data availability. A regional approach is thus proposed, based on FAO
estimations [34] of discards rates/major fishing area. These estimations are derived from
an approach proposed by Kelleher. [32] and the landing dataset available from the FishStat
J database [37], computed from a sample of 530 fisheries. Discards are incorporated into
the fisheries impact pathway as an additive impact within each CF following Equation (2):

CFwd,i,j = CFi,j + dj × CFj (2)

where CFwd,i,j (with discard) and CFi,j (without) are the CF of a fish stock (a species i in a
habitat j, i.e., FAO major fishing area in the present work) according to the fishing pressure
applied to that stock, dj is the FAO supplied discard rate for the corresponding FAO area,

https://doi.org/10.57745/9YSDIV
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and CFj is the weighted geometric mean according to the biomass of the stocks present in
the area.

Weighting by stock biomasses is introduced to manage the current pervasive absence
of species-specific data on discards. This weighting represents the likelihood of discarded
by-catch being proportional to the quantity of each (exploited) population present in
the system under the, albeit simplified, assumption that all species can be caught and
discarded equally.

No FAO estimation of discarding exists for Area 48 (Artic Sea) due to limited fisheries
data for this area. As it is currently unknown whether discarding activities are occurring
here, a global mean discard rate is calculated and applied to this region in order to maintain
a consistent approach and adhere to precautionary principles.

2.3. Global Scaling Factors

Typically, in LCA, two scales of impact are provided. Regional CFs are spatialised at a
defined scale of choice and quantify local, reversible species disappearance. Global CFs
assess the contribution of a local impact towards irreversible species extinction globally
and are computed via the application of a scaling factor to each regional CF. The scaling
factor can be seen to represent a species’ vulnerability to extinction. An approach—Global
Extinction Probabilities (GEP)—that defines scaling factor values per species groupings in
an ecosystem was proposed [35], based on the available global values of vulnerability to
extinction using the IUCN threat level classification.

Fishing impacts differ from other ecosystem quality pathways in that the impacts are
incurred directly on a species, meaning impact and Life Cycle Inventory flows are available
at the species level, rather than being area-based with the potential to impact any species
present [41]. It is therefore most relevant for fisheries impacts to be expressed per species.
The aggregation into groups by the GEP approach (e.g., ray-finned fish) does not permit
species or region-specific differences in vulnerability to be considered in the resulting
global CFs. Two alternative scaling factors are tested in order to explore the retention of the
species-level detail that is highly relevant from a fisheries perspective.

Three methods of regional to global conversion are considered and summarised.
In each case, the conversion factor conRG is applied as a multiplier to the regional CF
as follows:

CFGLO = CFREG × conRG

2.3.1. Relative Endemicity Factor

This scaling factor (Equation (3)) is proposed by Helias et al. [28] and gives a biomass-
based conversion factor per species i in region j:

conRG,i,j =
Bi,j

∑j Bi,j
(3)

The stocki biomass in regionj is presented relative to the total global biomass of that
species (∑ j). This gives a direct association to the species’ level of endemicity, according
to available data. The approach benefits from a minimal number of parameters, available
as outputs from the impact modelling. This method of scaling to global impacts can be
understood as a measure of relative endemicity, whereby CFreg = CFglo when a species is
present in only one region.

2.3.2. Global Extinction Probabilities

The GEP scaling factor proposed by [42] and recently updated and applied to terres-
trial, freshwater and marine realms [35] is the scaling approach adopted by the GLAM
Initiative. GEPj values combine the Area Ai,j,k, Occurrence Oi,j,k and Threat Level TLi (of
pixels k, in the area j, for species i) for groups of species in a region, as defined by the IUCN
database [43]. A conversion factor is available per aggregated species group g, at a defined
spatial scale j. The global sum of these regional GEP factors for any species group equals
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1, thereby representing global extinction if the species group is lost from every region of
occurrence.

conRG,i,j = GEPj =
∑i

∑k Ai,j,k×Oi,j,k×TLi
∑j,k Ai,j,k×Oi,j,k

∑i TLi
(4)

To apply aggregated GEP scaling factors to species-level fisheries CFs, the ISCAAP
grouping of each stock CF (provided in CF metadata) is used to aggregate species into
the seven GEP species groups currently available for the marine realm. This serves as a
consistent link between regional fisheries CFs, the most appropriate aggregated group and
its associated GEP value. The approach is applicable to marine regions only (not including
inland FAO areas 1–7). Where GEP group values are currently unavailable (cnidarians and
molluscs), an average GEP value, weighted by the number of species in each aggregated
group (available in [35]), is calculated and this “marine value” is applied.

2.3.3. Species-Specific Factor

The aggregation of fisheries CFs to groups, as applied with GEPj factors, masks species-
specific differences in vulnerabilities to extinction during the global scaling. The application
of the GEP concept at a per-stock, disaggregated scale is therefore explored (intermediary
equations for this factor can be found in Supplementary Materials).

The original GEPj [35] is interpreted as the average of the GEP of species groups in the
region. Each parameter of Equation (4) is replaced with proxies available from the stock
modelling and CMSY+ outputs that are considered equivalent in function to the elements
proposed in the original GEPj method, in the context of fish population dynamics.

The regional biomass of a species relative to its total global biomass (as applied in
2.5.1) represents the original Area and Occurrence parameters. Although ~7000 marine
species are assessed in the IUCN Red List, the Threat Level values were unable to be
matched to many commonly exploited species. This has been replaced by the relationship
of the current stock biomass (Bi,j) relative to its carrying capacity (theoretical population
maxima supported by the surrounding habitat) across all regions of occurrence (∑j Ki). The
global summation introduces the relationship of regional biomass to its largest hypothetical
“pristine” population size, completing the Threat Level proxy by giving an indication of the
relative depletion of the stock towards extinction. The final species-specific scaling factor,
defined by Equation (5), highlights the regional stock vulnerability relative to its global
unexploited presence.

conRG,i,j = GEPi,j =

Bi,j
∑j Bj

× Ki,j−Bi,j
Ki,j

∑i
Ki,j−Bi,j

Ki,j
n

(5)

2.3.4. Scaling Factor Case Study

A simple case study applying the three scaling factors is used to exemplify how
regional fishing pressure and species-specific characteristics, including relative endemic-
ity, can affect vulnerability at the species level, and is therefore relevant to making this
distinction available within CFs when scaling regional to global impacts.

3. Results and Discussion
3.1. Updated Regional CFs

Regionalised stock CFs (no discards) are distributed over eight orders of magnitude
(OM) between 4.53 × 10−13 PDF.yr/t (9.36 × 10−8 species.yr/t) and 3.16 × 10−6 PDF.yr/t
(6.52 × 10−1 species.yr/t), compared to 10 OM in Helias et al. [28], with a similar interquar-
tile range (2 OM). The median value is 1.55 × 10−10 PDF.yr/t (3.10 × 10−5 species.yr/t).

Commercially fished species are not distributed equally throughout the oceans, with
some regions receiving a much greater concentration of the global fishing effort (20% in
Area 61—0.005% in Area 88). Species-specific responses to exploitation also influence
the inter-regional variability of CFs. The total catches reported to the FAO in 2018 were
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3% higher than the time series considered by Helias et al. [28], but the regional catch
distribution remains in much the same proportions. The total global biomass assessed by
the approach fell by 15%. Figure 1 illustrates the distribution of regional CFs. Although
more precise fisheries data may exist in some seas, regionalisation by Major Fishing Area is
necessary due to the availability of a globally consistent dataset of reported fishing activity
at this scale.
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No strong distribution tendency is visible, but some areas show smaller interquartile
ranges, suggesting more coherent data values within these regions—e.g., Northwest At-
lantic (21), Eastern Central Atlantic (34) and Western Indian Ocean (51). The geometric
mean is calculated, weighted by catches in the region, and is generally a lower value than
the median (Figure 1); this is due to a more consistent performance over a wide data distri-
bution, with the majority within or at the extremity of the lower bound of the interquartile
range. Exceptions include Areas 18, 58, 81 and 88, where the geometric mean exceeds the
median, primarily explained by the limited data points in polar areas. Areas 27, 47, 48, 61
and 87 also display geometric means outside of the lower quartile.

The level of exploitation, accounted for through the catch weighting, alters the average
impacts, ranging between a maximum of 2.19 × 10−10 PDF.yr/t in Area 21 (North West
Atlantic) and minimum of 3.45 × 10−12 PDF.yr/t (7.13 × 10−7 species.yr/t) in Area 61
(Northwest Pacific). Higher average impacts are also present in the Pacific South West
(81), Eastern Indian (57), Atlantic Southwest (41) and Atlantic Western-Central (31) oceans.
The Southern Ocean (Areas 48, 88 and 58) also have high average CFs. In the Pacific
Antarctic (Area 88), although the average CF for this area suggests that high impacts exist
here (7.97 × 10−9 PDF.yr/t, 1.65 × 10−3 species.yr/t), this is based on only 1 Class I stock
(Antarctic toothfish, 83% of regional catch). Although high potential impacts from fishing
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activity are coherent with ecologically sensitive areas with highly adapted, slow-maturing,
long-lived species such as the polar seas, caution should be applied when interpreting
results from these areas, due to data limitations lowering the level of certitude.

3.2. Temporal Variation

When the 2018 CFs are compared with the 2015 values, the lower bound values show an
increase of 2 orders of magnitude in 2018 (1.56 × 10−15 PDF.yr/t to 4.53 × 10−13 PDF.yr/t);
however, the maximum values remain within the same magnitude (1.51 × 10−6 to 3.16 × 10−6).
The interquartile range has increased non-significantly, remaining within the same order of
magnitude (5.55 × 10−9 PDF.yr/t–8.62 × 10−9 PDF.yr/t). The median impact has increased
from 8.42 × 10−10 PDF.yr/t in 2015 to 1.36 × 10−9 PDF.yr/t in 2018.

To understand the general trends in temporal change between the two comparison
years, Figure 2 plots all Stock CFs (Class I–III) for the comparison years 2015 and 2018. The
shape of the trend remains consistent, with a noticeable shift towards values above (left of)
the first bisector, corresponding to the presence of larger impact values in 2018 CFs.
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Figure 2. Distribution of species (non-spatialised) Characterisation Factors (CFs) computed using
2015 and 2018 fisheries input data [37]. CFs computed by authors following the approach of Helias
et al. [28]. Skewing of data points above the first bisector indicates that impact values have increased
in 2018 compared to 2015. Species values are the biomass-weighted average of all regional CFs of the
same species, intended for use in LCA studies if the location of the inventory extraction is unknown.

Fifteen-year time series are available for all CFs as an output of the characterisation
modelling, showing the evolution of the impact over time. The temporal relationship
between the stock biomass, fishing pressure and impact is an interesting additional re-
source that allows a deeper interrogation of the biotic response to fishing. At the global
scale, temporal CF evolution reveals a clear increase in impact magnitude; non-spatialised
(species) impacts have increased by 63% over the last 15 years, with a median increase of
41% during the three-year period (2015–2018). Figure 3 shows the percentage change in the
catch-weighted geometric regional mean CF (Class I) between 2015 and 2018.
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Figure 3. Percentage change (2015–2018) in catch-weighted geometric mean regional impact—Class I
stock CFs in FAO marine Major Fishing Areas. The result of computing impact values from more
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Almost all regions have experienced an increase in average impacts between 2015 and
2018, ranging between 2 and 420%, with only Areas 37, 41 and 87 experiencing reductions.
Weighting the average by the reported catch allows the most relevant information to be
taken into account. Despite catches remaining stable (−1.5%) in Area 47, a large average
impact increase and 35% assessed biomass reduction suggest the potential degradation of
stocks, although the unavailability of comprehensive stock assessments makes this difficult
to validate [44] and the impacts remain low relative to other areas. Similar trends are found
in Area 51 where an increasing catch (16%) and reduced assessed biomass (−19%) drive
rising impacts. Consistent increases in relatively high impacts are noted across the Southern
Ocean (88, 58), although limited data for this area lowers the confidence of these results.

The Mediterranean and Black Sea (37) is an area with historically high levels of
overexploitation [45], and the average impact remains relatively high compared to other
regions, particularly when considering its size. Recently, however, significant efforts
have been employed to combat this extreme depletion [46], and as a preliminary sign of
improvement between 2016 and 2018, the percentage of over-exploited stocks fell by a
reported 10% [45–47], whilst simultaneous increases in the biomass of assessed stocks was
reported [47]. Area 87 (Pacific Southeast) is dominated by Peruvian anchoveta (Engraulis
ringens), the single largest fishery in the region (60% of catches). The region has one of the
lowest average regional impacts, despite also being the most exploited fishery in the world
(9% global catches), due to the stock’s large biomass, rapid reproductive rate [48], and
improved management [49]. The reduction in the average regional CF in Area 87 (−25%)
and to a lesser extent Area 41 (−11%) may be a possible link to the influence of external
climatic patterns (such as ENSO) on fish populations during this period [50,51], although
this is outside the scope of this impact assessment.

The pressure exerted on fisheries is inherently dynamic, influenced by a vast range
of environmental and biological characteristics as well as highly variable trends in anthro-
pogenic demand. Most regional impacts logically follow the rises and falls in production
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trends in their respective area over the last 20 years [52], e.g., Area 41 (−18% catch, −10%
biomass, −11% CF). Areas exhibiting increases in impact despite reduced catches (e.g., Area
81 −10% catch, −15% biomass, +22% CF) are of greater cause for concern, suggesting the
potential for severe declines in stocks in the area.

When the temporal variation in the regional average impacts is considered, the major-
ity have increased, but often not by significant orders of magnitude. This, when compared
with the magnitude of changes between individual stocks, suggests that a level of com-
pensation operates within regions, whereby some stocks are being depleted, whilst others
are more stable. This is logical when considering that not all stocks are at the brink of
extinction, but does not diminish the severity of the impacts occurring within stocks.

The re-computation of CFs provides a rare opportunity to explore how updating the
Effect Factor in line with the trends in a given pressure can influence the magnitude of the
impact. Although dynamism in LCA is an active area of discussion, CFs are typically a static,
aggregated representation of dynamic impacts, limiting their ability to represent system
variability [53]. A consistent inter-annual increase in global impacts provoked by variable
fisheries trends (2015–2018) is considered a strong argument for the periodic revision of
default fisheries CFs. This is particularly relevant for wild, biotic resources with reactive
system characteristics, such as fisheries, as the balance of internal non-linear responses
to external pressures, including exploitation, can cause rapid changes in the degree of
impact, through extreme depletion or (positive or negative) changes in stock management.
Five years represents a compromise between re-computational effort and the importance
of capturing the real-time changes occurring in fish stocks to improve the relevance of
impact assessments in line with fish stock dynamics, as they are influenced by management
shifts, changing consumption trends and stock health. Similar considerations have been
made in other impact categories such as Abiotic Resource Depletion [54], where the use of
up-to-date factors is recommended, to the most recent 5-year period. The re-calculation of
CFs with more precise fisheries indicators is also able to provide a more precise, finer-scale
impact assessment, as accomplished by [55], depending on data availability.

3.3. Discards: An Addition Source of Biomass Loss

The addition of discards to the characterisation of the impacts of fishing elicits a
logical increase in their magnitude as a function of both the rate per area and the respective
biomass of stocks in the region. CFs including discards (Class 1) span six orders of magni-
tude between 2.09 × 10−12 PDF.yr/t (4.31 × 10−7 species.yr/t) and 1.22 × 10−6 PDF.yr/t
(2.53 × 10−1 species.yr/t). As this approach is based on a per region rate, the impact is
spatially variable. The inclusion of discards is an additive impact with a median regional
CF increase between 2% and 30% (Figure 4).

The median regional impacts consistently increase (Figure 4) but remain within the
same order of magnitude (10−10). There is a marked effect on lower-impact CFs, with the
lower regional distribution increasing; there are particularly prominent effects in many
fishing regions, including 27, 34, 51 and 67.

The inclusion of discards in the characterisation can have significant effects on species
CFs, emphasising the importance of this factor’s inclusion within fisheries impact as-
sessment. Figure 5 illustrates the distribution of non-spatialised species CFs, including
and excluding discards, with values for Gadus morhua highlighted. The addition of an
estimate of the assumed discards associated with the removal of Atlantic Cod increases
the impact by approximately one order of magnitude (omfr 4.75 × 10−12 PDF.yr/t to
3.09 × 10−11 PDF.yr/t).
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Discarding occurs throughout the global ocean for a variety of reasons, including
high-grading and regulatory limits such as the minimum catch size [56], type of fishing
gear, as well as the accidental capture of non-target, protected or endangered species [34].
The nature of this activity means that few consistent data (species, quantities or subsequent
mortality rates) are reported. Although a portion of discarded organisms may survive and
re-join reproducing populations, the survival probability can be dramatically reduced by
stress and injuries sustained during extraction and opportunistic predation [57]. Therefore,
despite species-specific differences in susceptibility [33], 100% mortality is assumed [58],
i.e., that discarding leads to the removal of that portion of biomass from the reproductive
population; this is in order to deal with the data limitations of this portion of “unaccounted”
fishing mortality.

Regional discard rates are applied for consistency in the regionalised characterisation
approach and in the strong influence of regional biodiversity patterns on the composition
of discarded taxa [58], whilst remaining applicable at the global scale. Additional FAO
discard rates are available for the fishing gear type and species groupings [34]. As FAO
catch data are highly aggregated, the proportions of catch by gear type are unavailable, and
it is therefore unfeasible to apply rates by gear type, despite the additional influence this
is known to have on the species and quantities ultimately discarded [32]. The quality of
estimates by species group are highly variable due to data availability and the extensive use
of “misc. marine fish” in recorded taxonomic identification. These considerations therefore
lead to the application of regional rate estimates. Unless it is known to the practitioner that
no discarding occurs in the fishery, the current estimation approach is considered preferable
to its omission from the impact assessment.

3.4. Regional to Global Scaling

The results have so far focused on regional-scale impacts. Global CFs broaden the
perspective of the impact assessment, to give an indication of the relative contribution
of a local-scale impact to the potential permanent extinction of a species. A level of
conformity is found between the median values of CFs converted using the three scaling
factors, particularly for relative endemicity (4.45 × 10−10 PDF.yr/t) and species-specific
(4.27 × 10−10 PDF.yr/t) factors, with some non-significant variation (1 order of magnitude)
exhibited by the GEP (4.69 × 10−11 PDF.yr/t). Figure 6 illustrates the relationship between
the three methods used to perform regional to global scaling.

The two alternative factors share an important level of correlation (R = 1) due to the
strong influence of the biomass parameter present in both. All factors have a near-identical
level of correlation to regional-scale CFs (RE and SS R = 0.85, GEP R = 0.84). The scattering
of data below the first bisector (Figure 6) highlights that, in general, global impacts are
smaller than at the regional scale as expected, with the exception of endemic species.
Between the two alternative factors, there is no significant difference in performance. It
is noted that the two alternatives do not share the characteristic of the GEP where the
species group GEP values sum to 1 globally; this relationship is instead embedded in the
computation of the scaling factor.

Regional to Global Scaling: Case Study

To demonstrate the differences that result from the use of alternative regional to
global scaling factors, two exploited coastal species in Area 27 (North-east Atlantic) are
presented. Eelpout (Zoarces viviparus) is considered endemic to Area 27 due to a continuous
record of exploitation only in this area. It is a small species of minor commercial value,
but is of greater ecological importance as a food item for other larger predators [59]; it is
therefore listed as of Least Concern [60]. The Atlantic bonito (Sarda sarda) is a species of
high commercial interest, evaluated by the IUCN in 2010 as of Least Concern [61], with a
widespread distribution along the coastal extents of the Atlantic Ocean and Mediterranean
Sea. Figure 7 demonstrates the difference in performance of the three regional to global
scaling factors used in the computation of global CFs for these two species.



Sustainability 2024, 16, 3870 13 of 19

Sustainability 2024, 16, x FOR PEER REVIEW 14 of 20 
 

3.4. Regional to Global Scaling 
The results have so far focused on regional-scale impacts. Global CFs broaden the 

perspective of the impact assessment, to give an indication of the relative contribution of 
a local-scale impact to the potential permanent extinction of a species. A level of conform-
ity is found between the median values of CFs converted using the three scaling factors, 
particularly for relative endemicity (4.45 × 10−10 PDF.yr/t) and species-specific (4.27 × 10−10 
PDF.yr/t) factors, with some non-significant variation (1 order of magnitude) exhibited by 
the GEP (4.69 × 10−11 PDF.yr/t). Figure 6 illustrates the relationship between the three meth-
ods used to perform regional to global scaling. 

 
Figure 6. Relationship between regional and global-scale CFs (Class 1 stocks) from 2018 input data, 
converted using three regional to global scaling factor methods (GEP, relative endemicity and spe-
cies-specific). R values in log scale. 

The two alternative factors share an important level of correlation (R = 1) due to the 
strong influence of the biomass parameter present in both. All factors have a near-identical 
level of correlation to regional-scale CFs (RE and SS R = 0.85, GEP R = 0.84). The scattering 
of data below the first bisector (Figure 6) highlights that, in general, global impacts are 
smaller than at the regional scale as expected, with the exception of endemic species. Be-
tween the two alternative factors, there is no significant difference in performance. It is 
noted that the two alternatives do not share the characteristic of the GEP where the species 
group GEP values sum to 1 globally; this relationship is instead embedded in the compu-
tation of the scaling factor. 

Regional to Global Scaling: Case Study 
To demonstrate the differences that result from the use of alternative regional to 

global scaling factors, two exploited coastal species in Area 27 (North-east Atlantic) are 
presented. Eelpout (Zoarces viviparus) is considered endemic to Area 27 due to a continu-
ous record of exploitation only in this area. It is a small species of minor commercial value, 

Figure 6. Relationship between regional and global-scale CFs (Class 1 stocks) from 2018 input
data, converted using three regional to global scaling factor methods (GEP, relative endemicity and
species-specific). R values in log scale.

Sustainability 2024, 16, x FOR PEER REVIEW 15 of 20 
 

but is of greater ecological importance as a food item for other larger predators [59]; it is 
therefore listed as of Least Concern [60]. The Atlantic bonito (Sarda sarda) is a species of 
high commercial interest, evaluated by the IUCN in 2010 as of Least Concern [61], with a 
widespread distribution along the coastal extents of the Atlantic Ocean and Mediterra-
nean Sea. Figure 7 demonstrates the difference in performance of the three regional to 
global scaling factors used in the computation of global CFs for these two species. 

 
Figure 7. Performative differences between three regional to global scaling factors for the global 
characterisation of two fished species (Sarda sarda and Zoarces viviparus) in the FAO Major Fishing 
Area 27. There are regionally similar magnitude of impacts, but due to the occurrence of Zoarces 
viviparus only in Area 27, this impact should be considered a greater contribution to potential species 
extinction at the global scale, as shown by the relative endemicity and species-specific scaling ap-
proaches. 

The stocks exhibit almost identical regional CFs, motivating their selection for the 
case study. The GEP factor generates near identical global CFs (1.42 × 10−8 PDF.yr/1.88 × 
10−8 PDF.yr), as both species are aggregated to the species group “Ray-finned fish” so 
share the same scaling factor. When the alternative scaling factors are applied, considera-
ble inter-species differences (2 orders of magnitude) appear in the impact exhibited by the 
two species. Differences are also noted for the same species between scaling factors, ex-
hibiting one and three orders of magnitude greater impacts for Sarda sarda and Zorarces 
viviparus, respectively, when compared to the GEP values. 

From an ecological perspective, endemic species should have a higher global CF, as 
the depletion of a species occurring in only one area represents a higher likelihood of ex-
tinction than the local depletion of a cosmopolitan species, due to the inability to be re-
populated by an external population [62]. This is demonstrated by the visible variation in 
the impact magnitude between the endemic (Zorarces viviparus) and cosmopolitan (Sarda 
sarda) species with the application of the alternative scaling factors, an effect that is hidden 
by the aggregation of vulnerability to a single value in the GEP approach. Differences both 
in the magnitude of impact and between species demonstrates the importance of differ-
entiating between species at the global scale, which is of direct interest in the context of 
fisheries management. 

The computational differences of the global conversion factors explored in this paper 
may put their use outside of the current operational scope of LCA methodologies such as 
GLAM. However, the value of retaining the species level at the global level motivates the 
exploration of alternative approaches to regional to global scaling. This methodological 
point is currently pertinent to fisheries in the context of Ecosystem Quality due to the 
availability of species-level impact data, which are less common for terrestrial taxa [63]; 
however, this also serves to open discussions for the potential future development of other 
impact pathways, as more species-level data become available. 

Figure 7. Performative differences between three regional to global scaling factors for the global
characterisation of two fished species (Sarda sarda and Zoarces viviparus) in the FAO Major Fishing Area
27. There are regionally similar magnitude of impacts, but due to the occurrence of Zoarces viviparus
only in Area 27, this impact should be considered a greater contribution to potential species extinction
at the global scale, as shown by the relative endemicity and species-specific scaling approaches.

The stocks exhibit almost identical regional CFs, motivating their selection for the case study.
The GEP factor generates near identical global CFs (1.42 × 10−8 PDF.yr/1.88 × 10−8 PDF.yr),
as both species are aggregated to the species group “Ray-finned fish” so share the same
scaling factor. When the alternative scaling factors are applied, considerable inter-species
differences (2 orders of magnitude) appear in the impact exhibited by the two species.
Differences are also noted for the same species between scaling factors, exhibiting one and
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three orders of magnitude greater impacts for Sarda sarda and Zorarces viviparus, respectively,
when compared to the GEP values.

From an ecological perspective, endemic species should have a higher global CF, as
the depletion of a species occurring in only one area represents a higher likelihood of
extinction than the local depletion of a cosmopolitan species, due to the inability to be
repopulated by an external population [62]. This is demonstrated by the visible variation
in the impact magnitude between the endemic (Zorarces viviparus) and cosmopolitan (Sarda
sarda) species with the application of the alternative scaling factors, an effect that is hidden
by the aggregation of vulnerability to a single value in the GEP approach. Differences
both in the magnitude of impact and between species demonstrates the importance of
differentiating between species at the global scale, which is of direct interest in the context
of fisheries management.

The computational differences of the global conversion factors explored in this paper
may put their use outside of the current operational scope of LCA methodologies such as
GLAM. However, the value of retaining the species level at the global level motivates the
exploration of alternative approaches to regional to global scaling. This methodological
point is currently pertinent to fisheries in the context of Ecosystem Quality due to the
availability of species-level impact data, which are less common for terrestrial taxa [63];
however, this also serves to open discussions for the potential future development of other
impact pathways, as more species-level data become available.

3.5. Uncertainty

Two types of quantifiable uncertainty accompany the resulting CFs. Quantitative
uncertainty is propagated through the approach according to computation, stemming from
FAO input data giving upper/lower 95% confidence intervals for all CFs, separated by an
average of two orders of magnitude (OM). Although large, when considered with a spread
of data over eight OM, this is considered reasonable, and in line with other emerging impact
pathways such as micro-plastics [24]. Qualitative uncertainty is characterised according to
data availability, derived from several factors including algorithm non-convergence due
to short catch time-series and multi-species stocks or non-fish species, for which the data
are less certain or require estimations. The classification of each CF (I–V), as per Helias
et al. [20], is available in the CF metadata. The presence of uncertainty in such an approach
is inevitable and should not dissuade against use, but simply provide a margin to guide the
interpretation of subsequent results. When considering the temporal variation in CFs, the
uncertainty remains reasonably high (2 OM) as an artefact of multiple layers of estimation
and the data inputs required by the modelling process, and does not detract from the
relevance of periodically updating CFs.

Regionalised estimation for discards is acknowledged to be an over-simplification of
reality [34], leading to potential over or under estimation for certain stocks. This assumption
is necessary, however, to enable a globally consistent method of inclusion within the current
data constraints, without introducing more assumptions for which comprehensive data
are currently unavailable. Similarly, a biomass weighting is introduced to manage the
lack of precise taxonomic data pertaining to this activity. The assumption is taken that all
species have a likelihood of being caught and therefore also discarded, proportional to
their frequency of occurrence within a region. The current approach only includes species
reported as catch, although discarded items can also include significant quantities of non-
commercial species such as turtles and dolphins [34]. Until sufficient data become available,
this first incorporation is a generic inclusion to represent the mass of additional biomass
that is also removed during fishing activity but otherwise unaccounted for. Although
confidence intervals are available with the FAO discard rate estimations, these are not
included in the quantification of uncertainty, as the resulting uncertainty is considerably
diminished by the introduction of the impact over an averaged regional CF.

A general level of uncertainty is related to the scaling of regional to global impacts.
The GEP factor increases the granularity of global CFs due to aggregation. The algorithm-
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generated biomasses used in the Relative Endemicity factor present a source of uncertainty
that is taken into account throughout the approach. The alternative species-specific scaling
factor is an exploratory approach based on proxy parameters, whose confidence levels are
also accounted for within the uncertainty bounds.

3.6. Operationalisation, Recommendations and Perspectives
3.6.1. Operationalisation

The UN Environment Programme-supported Global Life Cycle Impact Assessment
Method (GLAM) is a Life Cycle Initiative project improving the methodological robustness
and harmonisation of LCIA. This development was prepared in accordance with the re-
quirements of the methodology-building Phase 3 (2019–2023), for the fisheries working
group of the Ecosystem Quality Task Force. It is one of several new impact pathways
focussed on quantifying impacts on biodiversity [64]. Although prepared in the context of
GLAM, the characteristics that are currently unique to fisheries impact assessment mean
that an abundance-based approach is most relevant for quantifying the impact of the re-
moval of portions of stocks during fishing. This raises questions regarding its compatibility
with the current status-quo endpoint indicator, requiring that the first operationalisation of
the GLAM method will not include fisheries impacts. Incorporation into the Impact World+
methodology is expected following a unit conversion to incorporate the impacts over a
spatial scale (m2).

3.6.2. Recommendations

• The periodic re-computation of default CFs with updated stressor data is considered
highly relevant for reactive, dynamic biotic resources such as fisheries. Five-year
intervals are recommended as an acceptable compromise between computational
effort and the magnitude of potential change.

• LCA practitioners are recommended to include discards as additional inventory, using
study-specific data (species and quantities) where available, and using CFs without
additive discard impact (CFi,j). As this is often not the case, CFs with a weighted
regional discard estimation are available and recommended for implementation as the
unspecified, default CF, unless discarding is known to not take place. Online expert
workshops in the context of GLAM further recommended that the “unspecified”
CF in an LCA software should include discards by default, with the regular CF
“without discards” available as a sub-compartment. As more data become available,
the approach should develop simultaneously to reflect these improvements.

• The goal and scope of this study should inform the choice of regional to global scaling
factors. For studies comparing multiple impact pathways, GEPs should be applied
to maintain endpoint consistency and comparability. If the study focuses on fisheries
impacts, it would be beneficial to assess stock-specific global impacts. In this case, the
Relative Endemicity Factor [28] is recommended due to the relative maturity of the
method and minimal data requirements.

3.6.3. Perspectives

The endpoint unit conversion to PDF is currently applied to both global and regional
CFs, despite causing an over-representation at the regional scale. An improvement on
regional unit conversion would be the use of a regional total species richness value; however,
due to data availability, this is not currently operational and remains a point for future
improvement. The abundance-based nature of this impact assessment raises discussion
around the interpretation of the PDF metric for representing biodiversity impacts. The
development of complementary indicators assessing other facets of biodiversity loss is an
important future development for representing ecosystem damage in LCIA.

Marine ecosystems are more complex than the sum of their fished populations, and
the repercussions of fishing reach further than commercially targeted species. The next
developmental stage of the impact pathway should build upon the stock-based approach,
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introducing an ecosystem-scale assessment to the characterisation. Taking ecosystem dy-
namics into account alongside direct removals will further increase the comprehensiveness
of fisheries impact assessment on marine biodiversity.

4. Conclusions

An updated, comprehensive set of operational, default CFs for exploited marine
species is now available to LCA practitioners, for stocks (per FAO area) and non-spatialised
species, at regional and global scales and including or excluding the estimated impact
of discarding unwanted by-catch. The re-calculation of CFs with more precise fisheries
indicators can increase the relevance of the assessment to a specific area. Otherwise,
practitioners should make the most appropriate choice of default CF given the inventory
and study scope.

Regional differences in fisheries impact trends highlight the importance of regionalisa-
tion in impact assessment. Retaining species-specific detail when scaling regional to global
impacts is shown to be relevant for fish stocks, particularly endemic species. Long and
short-term increases in the impact of fishing are revealed as fishing trends and the state
of stocks vary, suggesting that the periodic re-computation of CFs for biotic resources is
beneficial to maintain the relevance of the assessment. A regional estimation of discarding
is now able to be included directly in the characterisation of fisheries in LCIA.

This work provides both a temporal revision of CF values and the methodological
development of an original impact pathway towards the more representative quantification
of the direct impact of fishing activity on the marine ecosystem. Investigating the effects of
dynamic pressure trends on CFs makes a case for the further discussion of the temporality
of CFs, which are relevant for both fisheries and LCIA more generally. As an emergent
impact pathway, elements of the approach that are currently based on estimations are
expected to develop as more precise data become available.
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