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Abstract

Purpose Integrated multi-trophic aquaculture (IMTA), grow-

ing different species in the same space, is a technology that

may help manage the environmental impacts of coastal aqua-

culture. Nutrient discharges to seawater from monoculture

aquaculture are conceptually minimized in IMTA, while

expanding the farm economic base. In this study, we investi-

gate the environmental trade-offs for a small-to-medium en-

terprise (SME) considering a shift from monoculture towards

IMTA production of marine fish.

Methods A comparative life cycle assessment (LCA), includ-

ing uncertainty analysis, was implemented for an aquaculture

SME in Italy. Quantification and simultaneous propagation of

uncertainty of inventory data and uncertainty due to the choice

of allocationmethod were combinedwith dependent sampling

to account for relative uncertainties and statistical testing and

interpretation to understand the uncertainty analysis results.

Monte Carlo simulations were used as a propagation method.

The environmental impacts per kilo of fish produced in mono-

culture and in IMTA were compared. Twelve impact catego-

ries were considered. The comparison is first made excluding

uncertainty (deterministic LCA) and then accounting for

uncertainties.

Results and discussion Deterministic LCA results evidence

marginal differences between the impacts of IMTA andmono-

culture fish production. IMTA performs better on all impacts

studied. However, statistical testing and interpretation of the

uncertainty analysis results showed that onlymean impacts for

climate change are significantly different for both productive

systems, favoring IMTA. For the case study, technical vari-

ables such as scales of production of the species from different

trophic levels, their integration (space and time), and the

choice of species determine the trade-offs. Also, LCA meth-

odological choices such as that for an allocation method and

the treatment of relative uncertainties were determinant in the

comparison of environmental trade-offs.

Conclusions The case study showed that environmental

trade-offs between monoculture and IMTA fish production

depend on technical variables and methodological choices.

The combination of statistical methods to quantify, propagate,

and interpret uncertainty was successfully tested. This ap-

proach supports more robust environmental trade-off assess-

ments between alternatives in LCAs with uncertainty analysis

by adding information on the significance of results. It was

difficult to establish whether IMTA does bring benefits given
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the scales of production in the case study. We recommend that

the methodology defined here is applied to fully industrialized

IMTA systems or bay-scale environments, to provide more

robust conclusions about the environmental benefits of this

aquaculture type in Europe.

Keywords Aquaculture . IMTA . LCA . Offshore

mariculture . SME . Uncertainty

1 Introduction

Marine aquaculture is not a zero waste activity and can be

problematic, with increased organic nutrient loads around

farms (Granada et al. 2015), in extremis potentially leading

to eutrophication, algae blooms (Chopin et al. 2007) plus sea-

bed impacts, for example. Marine culture of fish is an open

production system, and during fish growth, nutrients from

excess and uneaten feed and metabolic products, such as feces

and urine, are released to the sea. To mitigate some of these

issues, integrated multi-trophic aquaculture (IMTA) (Chopin

et al. 2001; Reid et al. 2009; Price and Morris 2013) is a

practice that could offset environmental impact and help with

the management of coastal ocean aquaculture. In open water

systems, IMTA typically involves production of a high-

trophic-level species of finfish around which lower-trophic-

level species of bivalves and/or seaweed are cultured

(Buschmann et al. 2001; Troell et al. 2003). Other combina-

tions of finfish or crustaceans with any filter-feeding organism

are also possible (Klinger and Naylor 2012; Cubillo et al.

2016). IMTA offers the possibility of bioremediation for nu-

trient discharges while broadening the economic base of aqua-

culture farms by means of product diversification (Granada

et al. 2015).

Research to understand the environmental benefits of

IMTA has taken place (Abreu et al. 2009; Reid et al. 2009;

Klinger and Naylor 2012) for ponds, tanks, and land-based

and marine-based setups (Buschmann et al. 2001; Troell et al.

2003), generally at experimental scales or through mathemat-

ical modeling (Ferreira et al. 2012; Cubillo et al. 2016).

Assessments focus on the productivity effects of co-

culturing species at different trophic levels, as well as the

potential of nutrient uptake or waste discharge reduction by

the different species mix. IMTA is potentially useful to elim-

inate waste and increase the productivity of the food produc-

tion system (Troell et al. 2003), while increasing the economic

and environmental performances of an industry or business

(Neori et al. 2004; Hughes and Black 2016). IMTA can, there-

fore, be considered in terms of eco-intensification, where the

productivity per unit input is increased (Amano and Ebihara

2005). What is lacking, however, is a better understanding of

the environmental benefits of IMTA at industrial scales of

production from a life cycle perspective.

Life cycle assessment (LCA) has been extensively applied

to aquaculture and fishery systems (Henriksson et al. 2012;

Vázquez-Rowe et al. 2012; Ziegler et al. 2016). LCA of aqua-

culture typically compares different techniques for production

of one species and/or assesses Bhot spots^ or main contribut-

ing activities to the total impact of production of one species

(Henriksson et al. 2012; Ziegler et al. 2016). Identifying prob-

lem shifting, for instance, the environmental impacts of the

effect of feeding wild caught fish to the farmed fish or of using

agricultural products to feed the fish (Pelletier and Tyedmers

2008), as well as identifying environmental trade-offs among

alternatives (e.g., Henriksson et al. 2015b), is two of the stron-

gest aspects of LCA applied to aquaculture systems.

Despite the usefulness of LCA to identify hot spots and

trade-offs of aquaculture production technologies, there are

various limitations to its application. One of the key chal-

lenges (see Ziegler et al. 2016 for more challenges) is the

necessity to go beyond point value estimates and to incorpo-

rate uncertainty in the calculations to produce more robust

outcomes. Uncertainty appears in many forms in LCA

(Björklund 2002), and in aquaculture LCAs, for instance, it

is present in inventory data, due to methodological choices,

and in impact assessment methods (Ziegler et al. 2016). Two

of these sources of uncertainty are expected to play a more

determinant role in the impacts of IMTA, namely variability in

the production data due to, for instance, unpredictable events

such as storms or disease outbreaks and uncertainty due to the

choice of allocation method because of the co-production of

species in one site.

A critical question for IMTA is what are the environmental

trade-offs for a small (or medium) enterprise (small-to-medi-

um enterprise (SME)) considering in shifting its monoculture

aquaculture practice towards IMTA. For this study, there was

a need to (1) understand what are the environmental trade-offs

for a selected SME adopting IMTA and (2) test a method for

comparative LCAs with uncertainty analysis, dependent sam-

pling, and statistical testing, as proposed by Henriksson et al.

(2015a), while integrating the method outlined in Mendoza

Beltran et al. (2015) to propagate the uncertainty due to the

choice of allocation method and inventory data simultaneous-

ly. Thus, this study has a double aim: to assess the environ-

mental trade-offs for SMEs adopting IMTA, using an Italian

SME who has a fish farm site and has been experimenting

with fish/shellfish IMTA as a means to increase eco-efficien-

cy, and to assess a proposed method for comparative LCAs

with uncertainty analysis. The application of LCA to aquacul-

ture has been growing, but to our knowledge, it has been

applied only once (Czyrnek-Delêtre et al. 2017) to IMTA sys-

tems for comparative purposes, but not while simultaneously

dealing with two uncertainty sources (from here on referred to

as uncertainties). Czyrnek-Delêtre et al. (2017) assess the im-

plication of some modeling parameters via sensitivity scenar-

ios but do not assess the effect of methodological choices such
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as allocation and in addition assess an IMTA setup with sea-

weed and salmon.

2 Methods

2.1 LCA goal and scope

The goal of this LCA is to quantify the life cycle environmen-

tal impacts of the monoculture production of sea bass

(Dicentrarchus labrax) and sea bream (Sparus aurata) per

kilo of whole boxed and gutted packed finfish and compare

them to those of the production of the same fish in an IMTA

setup. We study both productive systems for Aqua Soc. Agr.

s.r.l., which is a SME with a fish production site located in the

Ligurian Sea near Genoa, Italy, and which uses submersible

cages to produce mixed cohorts of both fish species. In the

analysis, the total number of fish, from both species, is con-

sidered as the total production by the farm, without

distinguishing between species. The total production is further

packed or processed onsite in two final products: the first is

whole boxed fish and the second is gutted head-on packed

sealed fish (from here on referred to as gutted packed fish).

Both products are available at the farm gate. About 4% of total

production per year is gutted on site; before being packed

sealed for local distribution, the rest is packed whole with

ice in polystyrene boxes, also for local distribution. In a recent

demonstration pilot study, the company introduced Pacific

oyster (Crassostrea gigas) grown in lantern nets (see the

glossary in the supporting information for some aquaculture

terms) in proximity to the fish cages, under a concession of the

site license, to assess whether this fish/shellfish IMTA system

could be successful in reducing finfish impacts and enable the

company to diversify product lines. LCAwas used to compare

the impacts between fish produced in monoculture and IMTA

systems. The functional unit is the same for both systems: 1 kg

of whole boxed fish and gutted packed fish at farm gate. From

this kilo, 0.04 kg corresponds to gutted packed fish and

0.96 kg to whole boxed fish. Any processes performed after

the farm gate, including fish retail and human fish consump-

tion, is equivalent in both systems.

2.1.1 Monoculture and IMTA systems

Produced fish are humanely killed at harvest, processed, and

packed as explained. Flows and system boundaries of the

monoculture system were defined after consultation with the

SME (Fig. 1a) and consist of eight sub-systems: fry (juvenile

fish) production and transport to farm (S1), infrastructure con-

struction consisting of offshore and onshore infrastructure

(S2), feed production (S3), feed transport to farm (S4), main-

tenance of the farm (S5), growth (S6), harvest (S7), and pro-

cessing of the fish (S8). The farm feed conversion ratio (FCR)

oscillates depending on the size of the fish and time of year but

is a mean of 2.8, meaning that 2.8 kg of feed is required to

produce 1 kg of fish.

There are almost no changes required to the fish monocul-

ture site with the introduction of the oysters. Therefore, for the

LCA of the IMTA system, the monoculture system is the same

and the introduction of oysters was considered as an add-on

called BIMTA sub-system^ (Fig. 1b). Various tests were car-

ried out to define an appropriate layout at the site, but the

selected design in the IMTA sub-system consisted of longlines

attached to the existing fish cage mooring system to the north

and south, in line with the water flows through the site, with

lantern nets used to contain oysters while they underwent

growth (see Fig. S.1 in the Electronic Supplementary

Material for farm layout). The introduction of the IMTA

sub-system resulted in additional processes, some of which

were integrated within one or other of the eight monoculture

sub-systems. These processes included oyster seed produc-

tion, oyster seed transport to farm, construction of the IMTA

infrastructure (integrated in S2), seed transport to lantern nets,

management and grow-out of oysters (integrated with S6),

and maintenance of the IMTA sub-system (integrated in S5).

During the pilot, oysters were grown for 12months on site to a

degree in which they were ready for retail; however, it is

expected that in the industrial IMTA production, transport of

oysters to a different location for final fattening and condition-

ing could be required. Oyster fattening and conditioning are

not included in this analysis. The farm gate for the LCA for the

IMTA system was at the point where fish are ready for retail

and oysters are ready for conditioning.

2.2 Inventory

The inventory description provided here for both systems fo-

cuses on stochastic inputs calculated via horizontal averaging

of primary and secondary data (Henriksson et al. 2014).

Details about other inventory data flows for foreground and

background processes of both systems considered, their col-

lection, and implementation in the LCA software are provided

in the supporting information. For all calculations, the

CMLCA software version beta 5.2 was used. Full inventory

tables for both systems are also provided in the supporting

information. Data were collected over a full growth cycle for

the fish component of the IMTA system, being 22months, and

encompassed two production cycles of 12 months for the oys-

ters, after which all data were standardized to 1 year.

2.2.1 Foreground data

Foreground inventory data collection (see gray boxes in Fig.

1) took place in two steps: (1) for the monoculture system and

(2) for the IMTA sub-system, which was subsequently inte-

grated with the monoculture.
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For the monoculture inventory, production data were col-

lected over the period 2012 to 2014 (Table 1) and used as a

basis for estimating the stochastic inputs for the inventory of

fish management and grow-out and fish processing.

Following Henriksson et al. (2014), the data for the 3 years

was horizontally averaged (Table 1) leading to weighted av-

erages, lognormal distributions, and an overall dispersion pa-

rameter Phi, used in the LCA software (Heijungs and

Frischknecht 2005). Inherent uncertainties due to measure-

ment or calculation imprecision are estimated using basic un-

certainties (Henriksson et al. 2014) for semi-finished products

(Frischknecht et al. 2007), and data representativeness for the

case study and spread due to variability in the yearly produc-

tion were reflected from the 3-year production data and their

representativeness for the case. Data for other foreground pro-

cesses (including fuel use by boats, major onshore and off-

shore infrastructure including the production of component

materials, chemicals use, and so on) were collected for the

2012 fish production cycle and standardized to 1 year. Data

were presented as point values per year without uncertainty

estimates. Therefore, for the deterministic LCA calculations

(excluding uncertainties), point values and the weighted aver-

ages for flows with stochastic estimates were used as the fore-

ground inventory. For the uncertainty calculations, the sto-

chastic inputs for fish growth and fish processing with point

values for the rest of the foreground inventory were used. For

fish growth, an important flow that does not include uncer-

tainty estimates is mortality of fish. Mortality is considered to

be any reason for fish loss from the farm and includes losses

from disease, which can be assessed, and escapees which can-

not be assessed until after the harvest is completed and fish

counted. Overall mortality was 30% of the fry seeded in 2012,

due almost exclusively to escapees (Table 1). Fish loss is re-

ported as an emission to marine water, but it is not classified in

any specific impact.

Under IMTA, it was assumed that there were two sub-sys-

tems: the monoculture sub-system, for which data

corresponded to that described above except for a few adap-

tations required (i.e., red processes in Fig. 1b), and the IMTA

sub-system for which IMTA pilot-scale data were collected

and further up-scaled. Foreground data were collected for oys-

ters grown on site for 1 year (2014–2015) at an initial pilot

scale of production. During the pilot, around 1400 individual

oysters were delivered to site and cultivated in three lantern

nets (with 10 layers and 45-cm diameter) placed west of the

farm, downstream relative to the main flow from the fish

cages. Data for infrastructure, grow-out, maintenance, harvest,

and transport of the oysters were collected. In the pilot, oysters

reached an average shell-on wet weight of 68 g. Mortality was

Table 1 Monoculture production data for 2012, 2013, and 2014 including both sea bream and sea bass for our case SME

Unit process Input/output [NUSAP scores (Weidema and

Wesnæs 1996)]

Unit 2012 2013 2014 Protocol (Henriksson

et al. 2014)a

Fish growth Inputs

Fry, at cages [3,1,1,1,1,4] fry/year 850,000 940,000 1,045,000 945,000 [L(0.134)]

Fish feed, at farm [1,1,1,1,1,4] kg/year 589,000 719,050 841,750 717,000 [L(0.189)]

Outputs

Grown life at farmb [3,1,1,1,1,4] kg/year 240,000 223,328 295,776 253,000 [L(0.172)]

Mortality kg/year 255,000 n.c. n.c. 255,000

Fish processing Outputs

Whole boxed fish at plant [1,1,1,1,1,4] kg/year 230,400 214,760 281,700 242,000 [L(0.16)]

Gutted packed fish at plant [1,1,1,1,1,4] kg/year 8400 7450 12,240 9360 [L(0.275)]

Fish guts at plantc [3,1,1,1,1,4] kg/year 1200 1117.5 1836 1380 [L(0.291)]

n.c. not calculated; fish were still located in cages and mortality can only be measured after harvest
aThe results of the horizontal averaging protocol from Henriksson et al. (2014) correspond to weighted means for the 3-year data, as well as lognormal

distribution [L] and an overall dispersion parameter Phi (in parenthesis)
bCalculated as the sum of whole boxed fish, gutted fish, and guts
cCalculated as the 15% of the weight of gutted fish

�Fig. 1 Flow diagrams of a the monoculture (mono) system and b the

integrated multi-trophic aquaculture (IMTA) system. Gray boxes repre-

sent the foreground processes for which primary data were collected, and

white boxes represent background processes for which secondary data

were used. Processes highlighted in red are processes that changed in

the IMTA system compared to the monoculture system due to introduc-

tion the oyster add-on
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20% of the oysters seeded. These pilot data from the IMTA

sub-system were up-scaled to a more representative industrial

level of production for the LCA assessment, based on a linear

extrapolation with expert assessment. Experts confirmed the

plausibility of these data as a good average representation of

the oyster add-on despite of the different configurations be-

tween the pilot and the considered up-scaled IMTA system. It

was assumed that the same oyster growth behavior, mortality,

and managing activities, developed under the pilot, apply to

the industrial-scale IMTA sub-system. Oyster seed input at the

industrial scale was 77,000 individuals based on the stocking

density per lantern determined through the pilot study (around

480 individual oysters per lantern net) and the projected use of

160 lantern nets. Assuming the growth of oysters under the

pilot, the yearly production of oysters at the industrial-scale

IMTA system was calculated to be approximately 4.2 t shell-

on wet weight (Eq. (1)).

Oyster productionIndustrial scale
¼ individual oyster average weight at harvestpilot scale
* number of oyster seedIndustrial scaleð

− number of oyster mortalitypilot scale

�

ð1Þ

For the analysis, oyster growth was considered to be an

integrated part of fish production (S6), and therefore, the

grow-out and management process in the monoculture sys-

tems (Fig. 1a) becomes a multi-functional process growing

both fish and oysters in the IMTA system (Fig. 1b). Other data

on foreground processes of the IMTA sub-system (including

transport, additional maintenance, and infrastructure) were

collected for the pilot scale and up-scaled to the industrial

production scale and integrated in the farm construction pro-

cess (S2) and farm maintenance process (S5, see supporting

information for details). These data correspond to point values

per year without uncertainty estimates as these were not

available.

A key inventory flow for both systems is the net emission

of particulate and dissolved nutrients to the sea during the

cultivation period. Carbon emissions are not included as these

mostly lead to carbon enrichment of the benthic layer. This is

an impact rarely accounted for in aquaculture LCAs given the

recent development of this impact within the LCA framework

(Langlois et al. 2015). In this study, we focused on nitrogen

and phosphorus emissions because of their potential to cause

environmental damage in aquatic environments and their ac-

countability in LCA impact categories such as eutrophication.

In the monoculture system, fish were fed a pelleted feed and,

when ready, they were harvested at the end of the production

cycle, thus removing some added nutrients as harvestable

product. Losses to the environment consisted of excretory

products from fish metabolism (urine and feces) and uneaten

feed. Under the IMTA system, emissions from the fish

component were the same as those under monoculture, with

no impact of co-cultivation on fish growth. Oysters remove

phytoplankton and other detritus from the water column, con-

vert this to tissue growth, and emit both phosphorus and ni-

trogen in particulate waste and through nitrogen excretion.

There is no direct consideration of a coupling between fish

wastes being taken up by the oysters, simply the net change

when both species are grown in the same space, although it is

likely that at least a part of the detrital material ingested by the

oysters will contain fish feed waste and fecal material (Reid

et al. 2013).

Emissions were predicted using the Farm Aquaculture

Resource Management (FARM) model (Ferreira et al. 2012;

Cubillo et al. 2016) for the fish component (monoculture sys-

tem) and for the fish and oyster component run simultaneous-

ly (IMTA system) to define the net emissions. Setup of the

FARMmodel is described by Cubillo et al. (2016), and model

runs were completed using environmental driver data collect-

ed at the SME farm and based on the culture practices used

(e.g., stocking density, seed, harvest weights, and cultivation

period). FARM models the outputs generated by species

growth processes as nitrogen and phosphorus emissions to

sea water, used as the inventory data for the monoculture

system, being 62.4 t N year−1 and 2.4 t P year−1. For the

IMTA system, the inventory data are the net nutrient emis-

sions from fish growth minus the net nutrient uptake by oys-

ters (0.1152 t N year−1 and 0.0091 t P year−1), thus being

62.285 t N year−1 and 2.391 t P year−1. The FARM model

reports outputs in kilogram per year, converted to tons per

year−1 to retain the same units throughout.

2.2.2 Background data

Background data for monoculture and IMTA fish production

correspond to the sub-systems outlined in Fig. 1. Each fore-

ground flow is linked to background processes from the

ecoinvent V2.2 database (Swiss Centre For Life Cycle

Inventories 2007) for most inputs. The exception was the feed

production sub-system where horizontal averaging

(Henriksson et al. 2014) of various secondary sources for the

feed mills (see supporting information) and data from the

SEAT project (Henriksson et al. 2015b) for agricultural and

capture fisheries were used. Ecoinvent v2.2. includes uncer-

tainty estimates based on the NUSAP pedigree scores

(Weidema and Wesnæs 1996), and despite this not being the

most optimal quantification of uncertainty for background

processes, it was the best available information.

2.2.3 Allocation

Multi-functionality takes place in two foreground processes of

the IMTA system: (1) the fish and oyster management and

grow-out and (2) the fish processing (also part of the
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monoculture system). According to the International

Organization for Standardization 14044 guidelines, the allo-

cation method choice involves a stepwise procedure (ISO

2006), being to (1a) avoid allocation by dividing multi-

functional unit processes, (1b) avoid allocation by expanding

the system, (2) divide the system (partitioning) using physical

relations between products, and (3) divide the system

(partitioning) by other product relations. During the data col-

lection for both systems, it became evident that avoiding allo-

cation for the grow-out process in the IMTA system was not

possible, as this process will simultaneously grow fish and

oysters, making it difficult to allocate inputs and outputs of

this joint activity to individual processes for each species.

System expansion was similar, and no data were available

for the monoculture system expansion to include the

Bmonoculture^ production of oysters in a similar location with

a similar technology. Substitution was also not possible as the

substituted products resulting from oyster production could

not be determined. Therefore, allocation based on partitioning

was applied in both processes. For the deterministic LCA

results, mass-adjusted economic allocation (from here on re-

ferred as economic allocation) and mass partitioning were

used in both processes. When uncertainty was included, we

applied the pseudo-statistical method described by Mendoza

Beltran et al. (2015). This method uses the so-called

Bmethodological preference^ per partitioning method to prop-

agate choice uncertainty simultaneously with inventory data

uncertainty to the LCA results. Table 2 describes the princi-

ples, allocation factors used, and the methodological prefer-

ence applied to each partitioning method, which corresponds

to equal preference. In both type of calculations, i.e., the de-

terministic and the uncertainty LCA calculations, all

environmental flows are allocated between the fish and the

oysters. For background multi-functional processes, we use

the allocation defined in ecoinvent 2.2 and mass allocation

for the processes derived from the SEAT project. The

pseudo-statistical method to propagate uncertainty due to the

choice of allocation method is therefore not applied to multi-

functional processes in the background.

2.3 Life cycle impact assessment

Impacts were considered at the midpoint level .

Characterization factors and impact categories were imple-

mented according to the CML-IA database (CML-

Department of Industrial Ecology 2016). The impact catego-

ries used were abiotic resource depletion—elements, abiotic

resource depletion —fossil fuels, global warming for a 100-

year time horizon, (stratospheric) ozone depletion, human tox-

icity, photochemical oxidation, acidification (land and water),

and eutrophication (land and water). Ecotoxicity for marine

ecosystems has not been included as an impact category, fol-

lowing advice in the Declara t ion of Apeldoorn

(UNEP/SETAC Life Cycle Initiative 2004). We also consid-

ered four additional categories from other sources: human

toxicity and freshwater ecotoxicity according to the USEtox

model (Rosenbaum et al. 2008). For freshwater use, the Bblue

water footprint^ concept (Mekonnen and Hoekstra 2011) was

applied. Where freshwater is required to supply the functional

unit throughout the supply chain, use is accounted for, al-

though no explicit reference to specific water sources is made.

For land use, physical land occupation data (m2) were added

without specific characterization factors (or in other words

Table 2 Allocation factors used for the SME monoculture and IMTA systems

Multi-functional process Partitioning principle Co-product Partitioning

factor

Mendoza Beltran et al. (2015)

Methodological preference

Fish processinga Mass partitioning Whole boxed fish 0.958 50

Gutted fish 0.037

Guts 0.005

Mass-adjusted economic allocation Whole boxed fish 0.95 50

Gutted fish 0.05

Guts 0

Fish and oyster management

and grow-outb
Mass partitioning Sea bass and sea bream at cages 0.98 50

Oysters at lanterns 0.02

Mass-adjusted economic allocation Sea bass and sea bream at cages 0.992 50

Oysters at lanterns 0.008

Protein contentc Sea bass and sea bream at cages 0.99 –

Oysters at lanterns 0.01

aApplied in both monoculture and IMTA systems
bApplied in IMTA system only
c Protein content partitioning was not considered as a physical allocation principle as the allocation factors are very similar to those of economic

allocation, but it is shown here for indication
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was equal to one), for each process of the value chains ana-

lyzed. Finally, no normalization or weighting was undertaken.

2.4 Interpretation

2.4.1 Uncertainty analysis

Using the stochastic inventory data for the foreground and

background processes of both systems, and the equal method-

ological preference for allocationmethods in both systems, we

simulated 1000 Monte Carlo (MC) runs to propagate these

uncertainties to the characterized LCA results per impact cat-

egory per alternative. Relative uncertainties between alterna-

tives are captured by applying two techniques: first, dependent

sampling and, second, subtracting the characterization result

between both systems for each MC run (Henriksson et al.

2015a). Dependent sampling implies that the characterized

results for both systems are based upon the same parameter

values randomly drawn in eachMC run for the shared process

on the background. Suppose that both the IMTA and the

monoculture system share the same electricity production pro-

cess in their backgrounds. As a result of dependent sampling,

the characterized results per MC run for both alternatives are

based on the same parameter values for electricity production.

In fact, the full technology matrix and the environmental ex-

tensions matrix are equal for both alternatives in eachMC run.

Subtracting the characterization result for IMTA from that of

the monoculture system for eachMC run serves to account for

the comparative difference between the systems. Failing to

look at the difference between systems, for instance, by com-

paring the distribution of the 1000 MC runs per alternative,

would be like comparing independent results for each alterna-

tive, i.e., without accounting for the shared processes on the

background. Therefore, for comparative LCAs, dependent

sampling with subtraction of results between alternatives is

the only relevant option for the purpose of finding the statis-

tical significance of the difference of performance of the alter-

natives; independent sampling disregards relative uncer-

tainties in comparative LCA and therefore would be pointless

for such purpose (Heijungs et al. 2017).

In order to test the significance of the difference of the

impacts between both alternatives considered here, a null hy-

pothesis was defined as the fish produced in IMTA and in

monoculture systems have equal environmental impacts per

kilo of fish. A paired t test was used to determine statistical

significance of the difference of environmental impacts be-

tween both systems. This method corresponds to the results

of the null hypothesis significance testing (NHST) proposed

by Henriksson et al. (2015a). The choice for this statistical test

has two reasons: (1) the mean difference between the charac-

terized results for IMTA and monoculture follow a normal

distribution, according to normality test applied in SPSS v23

(i.e., Kolmogorov-Smirnov and Shapiro-Wilk) except for

freshwater ecotoxicity, ozone depletion, human toxicity—

USEtox, photochemical oxidation, and water use and (2) the

number of runs is large enough (1000 MC runs) to apply a

parametric test, as the distribution of means of the difference

between the characterized results for IMTA and monoculture

will be approximately normally distributed (Agresti and

Franklin 2007).

2.4.2 Other methods for uncertainty statistics of comparative

LCAs

To further understand the environmental trade-offs between

fish monoculture and the IMTA system, and to compare out-

comes of different interpretation approaches, we also imple-

mented three statistical methods, in addition to NHST, for

advanced uncertainty result interpretation in the comparative

LCA. They are (1) the overlap area (Prado-Lopez et al. 2016)

that shows the common area between the probability distribu-

tions of the alternative results (i.e., IMTA and monoculture)

per impact, where the closer to one, the more equal the distri-

butions are and the closer to zero, the more separate the dis-

tributions are and (2) the discernibility analysis (Heijungs and

Kleijn 2001) shows how often in percentage of total MC runs,

one alternative has a higher result than the other. A 100%

result means that for all MC runs, one alternative scores higher

than the other. The closer the result to 50%, the more likely the

two alternatives are to have the same result, thus the less

discernible they are for that impact, and (3) the modified

NHST (Heijungs et al. 2016) shows the statistical significance

of the null hypothesis in which the results of one alternative

are Bat least^ a certain factord0 different from the results of the

other alternatives. Thus, d0 is a dimensionless indicator for the

acceptable threshold for the difference between the means of

the two alternatives (so-called BCohen’s d^ as explained by

Heijungs et al. 2016). All methods were implemented in a

common excel file as described by Mendoza Beltran et al.

(2017).1

3 Results

Figure 2 shows the characterized LCA results for the deter-

ministic calculations per impact category. According to these

outcomes (Fig. 2a), the IMTA system generally performs bet-

ter than the monoculture system for all categories per kilo of

fish produced for both allocation methods used.

Eutrophication is the impact category showing the highest

improvement although not more than about 2% in the case

of mass partitioning allocation. Figure 2b shows each sub-

system contribution to the total impacts of both alternatives.

Almost no difference is observed between both alternatives.

1
Available on request to the corresponding author.
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As expected, feed production had the highest impacts for all

categories considered except for eutrophication impacts for

which the on-site emissions to sea dominate. Also, infrastruc-

ture is responsible for about 60% of the impacts for abiotic

resource depletion and plays an important role in human tox-

icity and freshwater ecotoxicity. These results hold for both

types of partitioning considered.

Table 3 compares the deterministic LCA results in Fig. 2a

against the outcomes of other uncertainty statistics methods.

From left to right, Table 3 first shows the deterministic results,

based on point values, in which IMTA impacts are lower for

all impact categories considered per fish kilo. Also, the

percentage of decrease of impacts in the IMTA system com-

pared to monoculture is shown for the deterministic results.

Second, the overlap area shows that the least overlapping cat-

egories are climate change and eutrophication, and for the

other impacts, the overlap area is about one. Discernibility

shows that for almost all impacts, both IMTA and monocul-

ture results are around 0.5. This indicates that both alternatives

are likely to get the same result for all impacts. NHST shows

that for all impact categories, LCA results are not significantly

different between the two alternatives except for climate

change. This impact category is significantly different for fish

produced in IMTA and inmonoculture. Thus, fish produced in

Fig. 2 a Deterministic LCA results for the IMTA and monoculture

alternatives (scaled to the largest results per category) both calculated

with economic allocation and mass partitioning for multi-functional

processes in the foreground and b contribution results for both

alternatives and sub-systems as described in Fig. 1 and calculated with

economic allocation (results are equal for mass partitioning). The impact

categories are climate change (CC), eutrophication (Eutr), photochemical

oxidation (POC), abiotic resource depletion—elements (ARD), acidifica-

tion (Acid), (stratospheric) ozone depletion (SOD), USEtox

ecotoxicity—freshwater (FWET-USEtox), USEtox human toxicity (HT-

USEtox), abiotic resource depletion—fossil fuels (ARD-ff), human tox-

icity (HT), Land use (LU) and water use (WU). S1–S8: as shown in Fig. 1
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IMTA leads to lower emissions in CO2eq per fish kilo than

monoculture production. Finally, modified NHST results

show that no impact, including climate change, is at least

d0 = 0.2 significantly different between these two systems.

This indicates that despite that the means for climate change

are significantly different (according to NHST), they are very

close to each other, i.e., less than the threshold of 0.2 units.

The chance of finding statistical significance is increased for

large sample datasets (such that from simulation models), and

modified NHST was proposed as a way to deal with such

limitation of significance tests (Heijungs et al. 2016).

4 Discussion

We discuss the results in the light of the two aims of this study:

to assess the environmental trade-offs for SMEs adopting

IMTA and to assess a proposed method for comparative

LCAs with uncertainty analysis.

4.1 Case study

Monoculture fish production leads to nutrient emissions that

are expected to be reduced in IMTA fish production.

Deterministic results show that IMTA performs better than

monoculture for all impacts per kilo of fish produced and

eutrophication is the impact category with the largest im-

provement. On the other hand, uncertainty results and specif-

ically NHST results showed that impacts are not significantly

different for both technologies, except for climate change,

which was found to be significantly lower under the IMTA

system per kilo of fish produced. In addition, the overlap area

between IMTA and monoculture distributions for all impact

categories is very close to one, and discernibility results favor

IMTA and monoculture each in around 50% of the cases for

all impact categories as well. Therefore, deterministic results

are oversimplified outcomes. To further understand the differ-

ence between deterministic and uncertainty results, Fig. 3 il-

lustratively presents the histograms for the MC runs for both

Table 3 Results of deterministic LCA and four statistical methods to interpret the uncertainty analysis for the comparison between IMTA and

monoculture (mono) produced fish

Impact

category

Deterministic LCA (point values) Overlap area Discernibility NHST Modified

NHST

Criteria

evaluated

Mono >

IMTA

(yes, no)

Percentage

decrease (mono-

IMTA/mono)

economic

partitioning (%)

Percentage

decrease (mono-

IMTA/mono)

mass partitioning

(%)

Overlap of

distributions

(from 0 to 1)

Mono > IMTA

(% of total MC

runs) (%)

IMTA > mono

(% of total

MC runs) (%)

H0:

mono = IMTA

p < 0.05 = yes

(significantly

different)

p > 0.05 = no

(not

significantly

different)

H0: mono-

IMTA <= 0.2

p < 0.05 = yes

(significantly

different)

p > 0.05 = no

(not

significantly

different)

Climate change Yes 0.4 0.9 0.96 47 53 Yes No

Eutrophication Yes 1.0 1.8 0.96 50 50 No No

Photochemical

oxidation

Yes 0.4 1.0 0.99 50 50 No No

Abiotic

resource

depletion

Yes 0.8 1.2 0.98 51 49 No No

Acidification Yes 0.5 1.3 0.99 48 52 No No

Ozone

depletion

Yes 0.4 1.0 0.97 50 50 No No

USEtox

ecotoxicity

freshwater

Yes 0.7 1.4 0.97 49 51 No No

USEtox human

toxicity

Yes 0.7 1.4 0.98 48 52 No No

Abiotic

resource

depletion

fossil fuels

Yes 0.3 0.7 1.00 51 50 No No

Human toxicity Yes 0.6 1.4 0.97 47 53 No No

Land use Yes 0.8 1.6 0.99 50 50 No No

Freshwater use Yes 1.0 1.2 0.99 51 49 No No

Each method displays different results according to the evaluated criteria specified on the second row of the table
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alternatives for climate change and eutrophication.

Deterministic results are based on the mean of the distribu-

tions, which is marginally lower for the IMTA system for both

impact categories, i.e., 0.4% for climate change and 1% for

eutrophication. However, there is a larger difference between

the means of both alternatives for climate change than for

eutrophication (as confirmed by modified NHST results),

while the dispersion of the difference between monoculture

and IMTA is larger for eutrophication (the quartile coefficient

of dispersion (Q3 − Q1/Q3 + Q1) of eutrophication is 2.1

times larger than for climate change). The bottom panels of

Fig. 3 show the difference between monoculture and IMTA

per MC run for both impact categories. The top panels of

Fig. 3 show the results for each individual alternative while

the bottom panels display the results accounting for relative

uncertainties. Moreover, according to Mendoza Beltran et al.

(2015), the effect of the choice of allocation method would be

visible as peaks (separate peaks for each allocation method) of

frequency of results in the top panels. Figure 3 shows only one

peak per distribution for both impacts, suggesting that inven-

tory data uncertainty is responsible for most of the uncertainty.

This finding is supported by the marginal difference in allo-

cation factors for the allocation methods considered in this

case study. To confirm which source of uncertainty in the

inputs is responsible of uncertainty in the outcomes, global

sensitivity analysis should accompany the method proposed

Fig. 3 Top panels display the histogram for 1000 MC runs and 200 bins

for eutrophication (top left panel) and climate change (top right panel) for

the monoculture and IMTA systems. Bottom panels show the histograms

for the difference between monoculture and IMTA per MC run for 1000

MC runs and 200 bins for eutrophication (bottom left panel) and climate

change (bottom right panel)
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here. This is, however, out of the scope of this research and a

point for further research.

The lack of significance and differences between both sys-

tems can in part be explained by the scale of production of

fish/shellfish species. Production of 4 t of oysters annually is

not small, but remains insignificant in relation to the 240 t of

fish produced annually. Therefore, the result is a marginal

intensification of the farm’s production which in turn leads

to approximately equal impacts of the two systems studied.

What also must be factored in is the effect of additional envi-

ronmental impacts originating from activities to construct and

manage the IMTA sub-system. These are not visible in the

results per se due to the effect of respective production scales.

Moreover, as no uncertainty estimates were available for the

IMTA sub-system, the effect of the dispersion of these data

could not be included. Accounting for it on the oyster add-on

would affect the results, as this sub-system corresponds to the

differential part between the monoculture and IMTA systems.

This quantification remains a question for the future when

industrial-scale IMTA systems are established and data uncer-

tainty for all components of the IMTA system becomes

available.

Moreover, there is also an integration effect, which refers to

the alignment of IMTA processes within the already existing

monoculture production processes. These additional process-

es are essential to determine the magnitude of the impact in-

crease of the IMTA system compared to the monoculture sys-

tem. For instance, additional fuel use and its associated emis-

sions will largely depend on the synchronization of boat use

for maintenance, harvest, and grow-out activities of both fish

and oysters, and the difference was not large under the current

IMTA system. Moreover, the production, use, and disposal of

the add-on infrastructure required for the species added to the

site cause additional environmental impacts, the magnitude of

which depends on the way in which species integration phys-

ically occurs and on the species choice by the farm. In the case

study, oyster growth, management, and harvest demanded on-

ly a few additional inputs due to the synchrony between

tending to both stocks, which could be completed during the

normal course of site management activity.

A big challenge for any IMTA system is spatial proximity

and temporal synchronization of the species productive

cycles. Cranford et al. (2013) have shown that shellfish ability

to intercept waste particulates from fish cages diminishes very

quickly with distance from the fish site. Also, species consid-

ered for IMTA systems have specific growth periods that are

not equal and may not overlap to any significant extent. In this

study, however, there was a relatively high level of synchro-

nicity. Shellfish were deployed within the existing fish moor-

ing system, and fish were produced over approximately

22 months and oysters for 12 months, and because the oysters

came from a hatchery, the farmmanager had power over when

to deploy the oysters to sea. This is not always the case (Handå

et al. 2012) if the IMTA system relies on natural settlement for

seed collection (e.g., mussels). In the end, the lack of differ-

ence in the impacts of the systems studied in the case study

mostly came from differences in production scales between

the species. In general, variability between production scales

of the species grown in the IMTA system, integration of pro-

duction in time and space, and the choice of species deter-

mine, to a large extent, the trade-offs between implementing

monoculture and IMTA systems.

There are some additional impacts that were not included in

the current study despite indicators of such impacts being

informative of the environmental performance of aquaculture

farms. They do not currently correspond to developed LCA

impact categories or lack characterization factors. For in-

stance, disease treatment is one activity causing impacts mea-

sured by indicators such as the number of disease outbreaks.

However, this indicator cannot yet be translated into impacts

that are accountable throughout the life cycle of marine off-

shore aquaculture systems within the LCA methodology (see

Rico et al. 2013 for other types of aquaculture), and this is an

area where IMTA can have a positive impact (Ford et al.

2012). The presence of shellfish, filtering significant quanti-

ties of water to remove particulates, can have beneficial effects

in potentially removing parasites, such as sea lice (Chopin

et al. 2012), thus reducing infection potential. Moreover, for

monoculture and IMTA, there is often a lack of evidence of

environmental improvement in the nutrient discharges be-

cause of difficulty in directly measuring changes in the envi-

ronment (Pecorino et al. 2016). This is a major limitation for

the proper assessment of the benefits of IMTA in LCA. Water

quality around fish farms is intrinsically impacted by the pres-

ence of fish farms. However, it is often not measurable be-

cause of chemical transformations and mopping up of excess

nutrients by other species, such as microalgae. Similarly, al-

though particles are being removed from the water column by

the addition of shellfish at the farm, they also produce partic-

ulate wastes, so have the potential to increase impacts (Troell

and Norberg 1998) or at the very least have no positive change

in sediment conditions.

In the case of life cycle impacts such as sea use and biotic

resource use (Langlois et al. 2015), the study did not assess

these impacts, as data gaps were encountered particularly in

background processes such as wild fisheries. Recent work by

Avadi et al. (2014) and by Fréon et al. (2014, 2017) on

Peruvian anchoveta fishing and reduction, and by Samuel-

Fitwi et al. (2013) and Parker and Tyedmers (2012) for other

aquaculture feed ingredients such as Atlantic krill, should be

coupled to the assessment of European aquaculture technolo-

gies to achieve a good representation of wild fisheries in the

supply chain. However, as argued by Henriksson et al.

(2015a) and by Heijungs et al. (2017), only relative uncer-

tainties matter for comparative LCAs, and since the feed sys-

tem remains the same, given that no additional feed is required
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for the oyster growth, these inventory gaps affect the absolute

magnitude of the impact but not the comparison itself.

4.2 Comparative LCAs with uncertainty analysis

We implemented two methods to quantify, propagate, and

interpret results including uncertainties in comparative LCA.

The first method relates to simultaneous propagation of inven-

tory data uncertainty and the choice of allocation method

(Mendoza Beltran et al. 2015). The second uses relative sam-

pling and statistical testing to interpret the results of the un-

certainty analysis (Henriksson et al. 2015a). Simultaneous im-

plementation of these methods tackles two main sources of

uncertainty in LCAs in a comparative context and helps inter-

pret the results by means of statistical theory. Allocation

methods were applied to foreground processes as they are

fundamental in the comparison of monoculture and IMTA

systems. We applied partitioning and allocation methods only.

It is possible to use the pseudo-statistical propagation with

substitution too if data were available (Mendoza Beltran

et al. 2015). Combination of these methods increases the con-

clusions’ robustness as the uncertainty due to the allocation

choice, together with the uncertainty of inventory data, can be

treated from a statistical perspective instead of using one-at-a-

time scenarios determined by the practitioner. The results

showed that using economic allocation or mass partitioning,

as in the deterministic LCA, one alternative (IMTA) performs

better than the other (monoculture) for all impacts. However,

taking into account the two sources of uncertainty and propa-

gating them to the results together with relative sampling

showed that there are no statistically significant differences

between alternatives for all impacts, except for climate

change. Deterministic results lead to oversimplified compari-

sons and exclude significance information. Therefore, uncer-

tainty results based on the comparative methodology pro-

posed in this study are more robust than deterministic results

for comparative LCAs.

An important goal in uncertainty analysis of LCAs should

be to treat background processes’ multi-functionality, for in-

stance, from the ecoinvent database, in the same way as

treating multi-functionality in the foreground processes by

taking into account all the possible allocation methods for

solving multi-functionality while accounting for inventory da-

ta uncertainty too. This study is a step forward in this goal as it

shows how to apply a pseudo-statistical propagation method

to foreground multi-functional processes of an LCA simulta-

neously with inventory data uncertainty. Applying the same

method to multi-functional background processes would lead

to much more robust LCA results because different configu-

rations of the systems on the background would be accounted.

For instance, in our case, agricultural processes and wild fish-

eries could be allocated with multiple methods. This is partic-

ularly important as many economies strive towards circularity,

where LCA systems will encounter more often multi-

functional processes (Mendoza Beltran et al. 2015). Despite

some other studies treating uncertainty sources such as meth-

odological choices, modeling assumptions, and inventory data

uncer t a in ty, by means o f d i f f e r en t app roaches

(Andrianandraina et al. 2015; Gregory et al. 2016), we are

not aware of any study so far treating uncertainty due to the

choice of allocation method for all multi-functional back-

ground processes.

Finally, an important limitation of the method proposed in

this study is the management of correlations. We do not ac-

count for correlation between inputs and outputs in unit

processes. For instance, in our LCA, there is no correlation

between fish produced and feed used. This means that the

weighted averages and lognormal distributions determine,

per MC simulation, how feed use and fish production

correlate. This could lead to unrealistic FRCs for the farm

under study. This point requires further development.

Theories such as the one described by Groen and Heijungs

(2017) may constitute a good basis for such further research in

this area.

5 Conclusions

IMTA is a potentially innovative form of aquaculture in

Europe, producing multiple species from different trophic

levels within the same location, with lower trophic species

utilizing the wastes from the higher trophic species, thus

encouraging reuse of materials. In this sense, it is

regarded as an environmentally beneficial form of aqua-

culture farming in comparison to traditional monoculture.

This study implemented a comparative LCA with uncer-

tainty analysis to understand the trade-offs between IMTA

and monoculture fish production for a specific SME and

concluded that the integration of fish and oyster culture

led to marginal environmental benefits in comparison with

the monoculture operation to produce fish. We found that

the choice of allocation method had an influence on the

magnitude of the benefits of IMTA production of fish.

However, calculation of the same impacts including rela-

tive uncertainties due to inventory data and due to the

choice of allocation method showed that there was no

significant difference between the impacts of the systems,

primarily due to the different scales of production be-

tween the two species. An increase in oyster seeding vol-

ume may well provide a more robust statistically provable

benefit.

Moreover, statistical significance of the difference of

the impacts between both systems could be determined

because relative uncertainties were taken into account.

Thus, processes that were common to both systems were

sampled using the same inventory data values and
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allocation method choice as well as the difference per MC

run was calculated for the characterized results. Failing to

use such an experimental setup would lead to LCA results

that cannot be used as a base to establish statistical sig-

nif icance and should not be compared. Despi te

succeeding in the application of this comparative method-

ology including various uncertainties, what would be

more useful is to apply it to a significantly larger, fully

industrialized IMTA system or at a bay scale. Such scale,

where the totality of production of different species is

considered as a broad-scale IMTA system, thus individual

farm integration is less relevant, and where uncertainty

estimates are available for the IMTA sub-system invento-

ry data, would provide more robust conclusions about the

environmental benefits of this type of aquaculture in

Europe and elsewhere.

Moreover, to explain the output variability in terms of the

input variability or to identify whether uncertainty due to

methodological choices or inventory data uncertainty are re-

sponsible for uncertainty in the outcomes, the method applied

here would have to be combined with global sensitivity anal-

ysis. Nonetheless, it was shown that for our case, most uncer-

tainty in the results is probably due to inventory data disper-

sion and not due to the choice of allocation method, particu-

larly given the small differences in the allocation factors for

the allocation methods considered.

This case study provided a useful means to test a novel

method of dealing with two major sources of uncertainty in

LCA, namely inventory data and allocation choice. Both play

a key role in determining the impacts of monoculture and

IMTA fish production. When not accounting for uncertainties

(deterministic LCA results), IMTA was the best performing

option for all impacts considered here, and when accounting

for uncertainties, both options performed statistically equal for

all impacts, except climate change. The comparative method-

ology including various uncertainties used here is a novel

technique that can contribute to the robustness of conclusions

as it adds information about the significance of results in a

comparison between technologies, fish production in this

case. Further research is required to extend this method to

include other sources of uncertainty as well as other allocation

choices, including, for example, substitution or system expan-

sion. Further research is also required to more fully treat back-

ground multi-functional processes as was done with fore-

ground multi-functional processes in this study and include

correlations where relevant.
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