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a b s t r a c t

This study applied life cycle assessment (LCA) to evaluate and compare environmental impacts of
monoculture and polyculture systems in freshwater ponds. Two omnivorous native Brazilian species
were used: the fish tambaqui (Colossoma macropomum) and the Amazon River prawn (Macrobrachium
amazonicum). Four semi-intensive aquaculture systems (at an experimental level) were established and
studied: monoculture of C. macropomum (MM), monoculture of M. amazonicum (MA), polyculture in
which both species were free in the pond (PF), and polyculture in which C. macropomum was reared in a
hapa cage and M. amazonicumwas free in the pond (PH). The MM, PF and PH systems were fed fish feed,
while MA was fed shrimp feed. Water was not renewed, but added only to replace losses from evapo-
ration and seepage. Seven impact categories were analyzed: climate change, eutrophication, cumulative
energy demand, land occupation, acidification, net primary production use and water dependence. Po-
tential impacts of 1 kg of animal biomass produced by the systems were calculated, as was uncertainty in
predictions based on uncertainty in data for the systems. Environmental impacts of each species in the
polyculture systems were estimated using system expansion and different allocation approach: mass,
energy and economic. PF and MM had the lowest impacts in all impact categories, while MA had the
highest. When economic allocation was used, PF had lower impacts than MM per kg of C. macropomum.
The rearing stage itself was the main contributor to eutrophication, land occupation and water depen-
dence. However, feed was the main contributor to acidification and net primary production use in all
systems. Only for PH was feed not the most significant contributor to climate change. Productivity and
feed conversation ratio were key factors that defined the most efficient system from an environmental
viewpoint. Our study demonstrated the advantage of rearingM. amazonicum in a polyculture instead of a
monoculture, while no difference was found for C. macropomum. Changing the allocation approach
revealed that aquaculture of M. amazonicum has lower impacts when the species is reared in polyculture
systems. Moreover, aquaculture of native species remains in the early stages, and further development of
its production chain may decrease its environmental impacts.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Fed aquaculture is increasingly used to produce high-value fish
and crustacean species (FAO, 2014). However, its nutrient efficiency
remains moderate, since only 30% of the total nitrogen (N) and
phosphorus (P) delivered to the system is recovered in biomass
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(Boyd and Tucker, 1998). The discharge of enriched effluents from
aquaculture sites causes environmental pollution and degradation
in the receiving water bodies (Boaventura et al., 1997; Jegatheesan
et al., 2011). In addition to the discharge, the spread of diseases and
escape of farmed species can affect local biodiversity; these impacts
are amplified in the case of non-native species (Diana, 2009; Naylor
et al., 2000). Domestication of native species and improvements in
aquaculture production systems are important steps to achieve
sustainable development, especially from an environmental view-
point. From this perspective, domestication of native species in
Brazil is important because the country is a hotspot of biodiversity
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and has a growing aquaculture sector.
Production by Brazilian aquaculture increased by 8.5% from

2013 to 2014 reaching 561 kt (IBGE, 2014). According to the FAO
(2016), it ranked 2nd and 14th in Latin American and global
aquaculture production, respectively. Brazil has placed special focus
on rearing native species. In particular, the fish Colossoma macro-
pomum, the second most produced species in Brazil, is responsible
for nearly 25% of all national aquaculture production (IBGE, 2014).
Domestication of native Brazilian species, however, remains at an
early stage. For instance, the freshwater prawn Macrobrachium
amazonicum has only small-scale regional production, despite its
potential for aquaculture (Moraes-Valenti and Valenti, 2010) and
many research studies of its production stages (de Araujo and
Valenti, 2007; Maciel and Valenti, 2009).

The focus of this study was to explore the relevance of
improving production system efficiency by combining the aqua-
culture of two species. In polyculture, nutrients not used by one
species can be used by the other, and in some cases the presence of
one species increases the productivity of the other (Joyni et al.,
2011; Wahab et al., 2011). In addition to improvements in
nutrient use, the additional product at the end of the cycle provides
an economic benefit (Kadir et al., 2007; Whitmarsh et al., 2006).
Nevertheless, environmental efficiency of a production system does
not rely only on the nutrients retained as biomass; pollutant
emissions and fate, and consumption of resources at different
stages of the production system, should also be considered.

Life cycle assessment (LCA), an important tool for estimating
environmental impacts and identifying their sources (ISO, 2006a,
b), has been used to analyze aquaculture production systems
around the world (Aubin et al., 2015; Cao et al., 2011; Dekamin
et al., 2015; Huysveld et al., 2013; Pelletier and Tyedmers, 2010;
Santos et al., 2015). However, to our knowledge, LCA has been
applied only once to polyculture systems (Aubin et al., 2015) and
rarely to integrated aquaculture and agriculture systems (Efole
Ewoukem et al., 2012; Phong et al., 2011), since most LCA studies
evaluate monoculture systems. One advantage of LCA is that it al-
lows different products or systems to be compared using the same
functional unit. Decisions and assumptions made by LCA practi-
tioners about system boundaries and life cycle inventories, how-
ever, may lead to biased comparisons.

To quantify life cycle inventories, most aquaculture LCA studies
in the literature used data from commercial units (Dekamin et al.,
2015; Jerbi et al., 2012; Pelletier and Tyedmers, 2010), while some
relied on questionnaires (Aubin et al., 2015; Bosma et al., 2011) and
others designed hypothetical farms based on literature data (Santos
et al., 2015). In this study, we performed LCA with data collected
during an experiment. The small scale of the experimental units
allows better control of system inputs and outputs, and facilitates
replication of production scenarios to better understand the in-
fluence of controlled factors on system performance.

To determine nutrient fate, the modeling approach designed in
this study included emissions to the water and soil, commonly
considered in aquaculture LCAs, and added emissions to the air.
Although studies have identified gas emissions from aquaculture
systems (Gross et al., 2000; Lorenzen et al., 1997), only a few have
discussed their importance, especially that of methane, in LCA
impact categories in aquaculture systems (Aubin et al., 2015; Phong
et al., 2011).

Henriksson et al. (2012) highlight the poor data quality in
certain aquaculture LCA studies. Different approaches, such as
determining uncertainty, have been developed to increase the level
of confidence in LCA inventories (Ciroth et al., 2013; Henriksson
et al., 2014); however, uncertainty in input data is often ignored
in published studies. Moreover, approaches for allocating envi-
ronmental impacts of multi-output systems remain under debate.
In our study, robustness of the results is considered using estimates
of the uncertainty in and their sensitivity to different approaches
for allocating impacts among species produced by polyculture
systems. The overall aim of this study is to compare the environ-
mental performance of monoculture and polyculture of C. macrop-
omum and M. amazonicum, based on experimental results, to
highlight challenges of developing multi-species aquaculture.

2. Material and methods

Environmental impacts of the aquaculture rearing systemswere
estimated using LCA in accordance with ISO standards (ISO, 2006a,
b).

2.1. Goal and scope

The goal of this LCA study was to estimate and compare envi-
ronmental impacts of polyculture andmonoculture rearing systems
of two native Brazilian species. The functional unit was 1 kg of
animal biomass (liveweight), and fish and prawnwere considered a
single output in polyculture systems. This study is based on
experimental results designed to compare the efficiency of
M. amazonicum and C. macropomum monocultures and poly-
cultures. When allocation was applied to the polyculture systems,
outputs were 1 kg of fish or prawn separately (see section 2.5 Co-
product handling approaches).

The system boundaries used in this study were from “cradle to
farm gate” (Fig. 1). The inputs considered for the farm production
stage were feed, stocking animals, equipment, infrastructure
(ponds and buildings), transport, electricity and water. Emissions to
the soil, water and air from the experimental ponds were included.
A similar approachwas applied to the previous stages of fish fry and
prawn post-larvae (pl) production.

2.2. Experimental aquaculture systems

The experiment was conducted at the Freshwater Prawn Sector
of the Aquaculture Center of UNESP (CAUNESP) in Jaboticabal, S~ao
Paulo, Brazil (21�1501800S; 48�1901900W). Twelve earthen ponds with
an area of 110e170 m2 and depth of 0.85e1.19 m were used during
170 days in the warm season (November 2013 to April 2014). No
liming, fertilization or water renewals were performed. Water was
added to replace loss from evaporation and seepage. Aeration was
provided to all ponds from the third month onwards from
1:30e5:30 a.m. in periods of 60:30 min (on:off); in total, propeller
aerators were used for 399 h.

Four systems with three replicates each were tested: I)
monoculture of C. macropomum (MM), II) monoculture of
M. amazonicum (MA), III) polyculture of C. macropomum and
M. amazonicum in which both species were free in the pond (PF)
and IV) polyculture of C. macropomum and M. amazonicum in
which the fish were reared inside a hapa (4 m3 net cages) and the
prawn were free in the pond (PH). Hapas are net cages, supported
by wood, metal or bamboo poles, commonly used to separate
individuals of different species or size in the same pond. The PH
system was created to keep fish from eating prawns. In the pol-
yculture systems (PH and PF), prawn pl were stocked one week
before fish fry were stocked. Since the prawn pl were produced in
the experimental CAUNESP hatchery in Jaboticabal, no transport
was required. The fish fry came from a commercial farm located in
Presidente Figueiredo, Amazonas, Brazil, and the delivery included
transport by air and road. Initial mean prawn pl weight and
stocking density were 0.038 g and 30 pl m�2, respectively, in the
MA, PF and PH systems. Initial mean fish fry weight was 1.77 g,
and the stocking density was 3 fry$m�2 in the MM and PF systems.



Fig. 1. System boundaries for a “cradle to gate” life cycle assessment of the four experimental systems. Unshaded and shaded boxes represent the elements modeled using
foreground and background data, respectively.
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In contrast, the stocking density in the PH system was 30 fry$m�3

in the hapa, or 0.86 fry$m�2 in relation to the pond surface. Feed
was delivered twice a day and adjusted once per month after fish/
prawn sampling. The amount of feed in the PF and PH systems was
calculated according to fish biomass. The feed in the PH system
was delivered only inside the hapa, while feed in the other sys-
tems was spread over the pond surface. Fish in MM, PF and PH
systems were fed three types of fish feed (32e45% crude protein,
4.5e7.0% lipid), and prawn in MA were fed two types of shrimp
feed (38e40% crude protein, 7.5% lipid) (see Supplementary data A
for more details). Data on the experimental design and rearing
performances are presented in Table 1.
2.3. Life cycle inventory

Data about the rearing systems were obtained from field mea-
surements: initial and final biomass, feed amounts, inlet water and
electricity consumption (Table 1 and Supplementary data A.6). All
electricity considered during the experiment was for aeration, since
most water arrived by gravity, and pumping was not considered.
The water balance (Equation (1)) included water input (volume)
from the inlet and rain; however, only the nutrients (N and P)
present in inlet water were considered for the mass balance. Feed P
and crude protein contents were based on package labels
(Supplementary data A). C. macropomum P and crude protein
contents were obtained from the literature: 0.7% and 15%, respec-
tively (Meer et al., 1995). Due to the lack of literature on
M. amazonicum, P and crude protein contents of Macrobrachium
rosenbergii (in the same genus) were used for it: 0.226% and 18.11%,
respectively (Sahu et al., 2013). Data for gaseous emissions were
also extracted from the literature: methane emissions of
2.47 mg m�2 h�1 came from a refuge fish pond in a rice-fish
experiment (Datta et al., 2009), while ammonia volatilization of
12.5% and denitrification of 17.4% of total N inputs were derived
from channel catfish ponds (Gross et al., 2000). The model (as-
sumptions and equations) used to determine the fate of the N and P
in the systems is described in Supplementary data B, while the
inputs and outputs used to build the inventories are presented in
Supplementary data C.

Inlet waterþ Rainwater¼ Evaporationþ Seepageþ Drained water
(harvest) (1)

Background data related to equipment, infrastructure materials,
electricity, fuel and transport were obtained from the ecoinvent®



Table 1
Experimental design, rearing performances and electricity and water used during the experiment (170 days) in monoculture and polyculture systems of C. macropomum and
M. amazonicum (mean ± 1 standard deviation). Note: MM ¼ monoculture of C. macropomum; MA ¼ monoculture of M. amazonicum; PF ¼ polyculture of C. macropomum and
M. amazonicum in which both species were free in the pond; PH ¼ polyculture of C. macropomum and M. amazonicum in which fish were reared inside a hapa and the prawn
were free in the pond; FCR total ¼ feed conversion ratio, considering total biomass in the pond (fish and prawn together in polyculture systems); FCR fish ¼ feed conversion
ratio, considering only the fish biomass.

MM MA PF PH

Fish stocking density (fry m�2) 3 e 3 0.86 ± 0.1a

Prawn stocking density (pl m�2) e 30 30 30
Stocked fish biomass (kg ha�1) 53.2 e 53.2 15.2 ± 1.8a

Stocked prawn biomass (kg ha�1) e 11.3 11.3 11.3
FCR total (wet weight) 1.14 ± 0.04 2.80 ± 0.08 0.97 ± 0.01 0.72 ± 0.16
FCR fish (wet weight) 1.14 ± 0.04 e 1.12 ± 0.03 1.15 ± 0.04
Fish productivity (kg ha�1) 5386 ± 945 e 4349 ± 822 914 ± 175
Prawn productivity (kg ha�1) e 953 ± 163 663 ± 73 551 ± 91
Total productivity (kg ha�1) 5386 ± 945 953 ± 163 5011 ± 869 1465 ± 267
Electricity consumption (kwh) 99.8 99.8 99.8 99.8
Water (m3) 1368 ± 16 1703 ± 554 917 ± 174 1383 ± 471

a Stocking density was 120 fish fry per hapa, or 30 fry$m�3.

M.V. Medeiros et al. / Journal of Cleaner Production 156 (2017) 528e537 531
v3.1 database (default option). For feed ingredients, the modeled
datawere extracted from life cycle inventories in the INRAUMR SAS
and AGRIBALYSE databases after all ecoinvent processes in these
inventories had been updated to ecoinvent v3.1. Distances for road
transport were estimated using Google Maps®. We assumed that
each ingredient was transported to the feed factory from the Bra-
zilian city that produced the most of it. The only exceptions were
fish oil and fishmeal, whichwere assumed to come from the port of
Callao, Peru. Data used for fish oil and fish meal, and the pelletizing
and packing processes, were based on the study of Boissy et al.
(2011). The fish feed factory is located in Pitangueiras, S~ao Paulo,
Brazil, and the prawn feed factory in Sales Oliveira, S~ao Paulo. We
also included transport of feed, equipment and materials used in
the infrastructure from the cities where they were fabricated to the
experimental site.

Data for the M. amazonicum pl inventory was collected at the
experimental hatchery in CAUNESP during prawn pl production.
The inputs included were feed, water, electricity, fuel, equipment
and infrastructure for the three stages: broodstock maintenance,
hatchery and nursery. Mass-balance modeling, used to identify the
fate of nutrients during the experiment, was adapted for prawn pl
production (Supplementary data C). The feed considered in each
stage was the same as that used during the experiment: pellet feed
for broodstock maintenance (38% crude protein, 7.5% lipid) and
powder feed for the nursery (40% crude protein, 7.5% lipid); see
Supplementary data A for more feed details. For the hatchery stage,
only brine shrimp (Artemia salina) was considered as feed. Elec-
tricity consumption included the air blower responsible for
aerating the tanks in the hatchery and nursery for 24 h and the
water heaters and lamps used to maintain the photoperiod.

Data for C. macropomum fry production were obtained from the
literature (Guerreiro, 2012). Similar to prawn pl production, fish fry
production was divided into the same three stages and included
feed inputs for broodstock maintenance (32% crude protein, 4.5%
lipid) and the nursery (45% crude protein, 7.0% lipid). The inputs
were the same as those for prawn pl, excluding fuel, since no
generator was used. For electricity, only consumption by the lights
of the feed depot and the packing unit was included. For more in-
formation, see Supplementary data C.
2.4. Life cycle impact assessment

Life cycle impact assessment was based on the CML-IA version
3.02 method (Guin�ee et al., 2002). Seven impact categories were
selected:
� climate change (kg CO2 equivalent), which aggregates green-
house gas emissions

� acidification (kg SO2 equivalent), which aggregates substances
that release hydrogen ions into the ecosystem

� eutrophication (kg PO4 equivalent), which aggregates nutrient
emissions that lead to oxygen depletion, impacting aquatic and
terrestrial environments

� cumulative energy demand (MJ), which aggregates the energy
used from renewable and non-renewable sources (Frischknecht
et al., 2004)

� land occupation (m2year), which represents the land and time
required to produce an output

� water dependence (m3), which is the water that forms part of
the system, passing through the system and returning to the
environment unconsumed (Aubin et al., 2009)

� net primary production use (NPPU, kg C), which aggregates
terrestrial and aquatic net primary production that is unavai-
lable for other uses (Papatryphon et al., 2004). The NPPU
method for aquatic environments uses trophic level values from
a mix of fish species and not from a single species, as does a
more recent method (Specific Primary Production Required,
Luong et al. (2015), making it less accurate. However, in this
study we based fish meal and oil on Peruvian landings, 96% of
which are composed of Peruvian anchovy, Engraulis ringens,
(P�eron et al., 2010). The trophic level value of this species was
3.63 (Hückst€adt et al., 2007), which resulted in a characteriza-
tion factor for raw fish equal to 47.398 kg/kg. Moreover, the
aquatic NPPU may have little influence on results because the
combined percentage of fish oil and fish meal used in the total
amount of feed distributed in each rearing system was low
(range ¼ 6.3e10.1%) (Supplementary data A). According to a
review by Cashion et al. (2016), of 17 aquaculture studies that
estimated consumption of primary production, 11 chose NPPU
as the indicator. Thus, use of NNPU allows us to directly compare
results of this study with those of previous studies.

According to the review of Aubin (2013), these categories are the
most used in studies of aquaculture systems. To facilitate under-
standing and discussion of the results, we show the results of only
four categories (climate change, eutrophication, cumulative energy
demand and land occupation) in the main article (results of the
other impact categories are given in supplementary data D and E).
Acidification impact is frequently assessed in aquaculture studies
(Aubin, 2013; Henriksson et al., 2012), but its patterns are similar to
those of cumulative energy demand, which had more interesting
discussion points for our study. The LCA was calculated with
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SimaPro® v8.0.5 software (Pr�e Consultants, Amersfoot, The
Netherlands).

We also calculated the edible-protein energy return-on-
investment (ep-EROI), which is the ratio of protein energy har-
vested to energy input to the system (V�azquez-Rowe et al., 2014).
We assumed that energy input to the system equaled cumulative
energy demand and adapted calculation of ep-EROI for each species
in the polyculture systems (Supplementary data F).

2.5. Co-product handling approaches

The polyculture systems (PF and PH) delivered C. macropomum
and M. amazonicum as co-products. Therefore, allocation was per-
formed to quantify the impact of each species in the polyculture.
Production of C. macropomum fry and M. amazonicum pl was
separated from the system's common inputs, such as water, feed,
equipment, etc., and associated with the corresponding species.

The ISO 14044 standard divides the choice of allocation into
three successive approaches: (1) expanding the product system, (2)
allocation via physical relationships or (3) allocation via other re-
lationships (ISO, 2006a, b). We compared the use of these ap-
proaches to estimate impacts of each species in the polyculture
systems. The first approach of the standard suggests avoiding
allocation; therefore, the systemwas expanded usingmonoculture-
system data for the species in the polyculture systems. In the sec-
ond approach, if allocation cannot be avoided, physical relation-
ships should be applied to divide co-product impacts; we selected
mass- and energy-based allocation approaches. In the third
approach, if the previous procedures cannot be applied, it is rec-
ommended to apply another relationship between the co-products.
For this study, we selected economic allocation, which is widely
used in aquaculture. We also calculated ep-EROI using both mass
and economic allocations to compare the influence of allocation
approach.

2.6. Uncertainty analysis

The process for determining uncertainty in the production
systems included three steps. For primary data, the standard de-
viation of the three replicates was used in a normal distribution (as
suggested by experiment results). For secondary data, the pedigree
matrix of Ciroth et al. (2013) was used to quantify uncertainty in the
values selected from the literature. We applied a lognormal dis-
tribution to results generated from the matrix. For P digestibility by
M. amazonicum and economic allocation, maximum and minimum
values were selected from a uniform distribution. Monte Carlo (MC)
analysis was performed in SimaPro® v8.0.5. A list of the parameters,
matrix outcomes and sales prices is given in Supplementary data G.

2.7. Data analysis

To compare systemswhile considering uncertainty, we ran 1000
interactions in pairs in MC analysis. This method indicated the
number of times that one system had higher impacts than the
other. We considered that the two systems differed if one had
higher impacts in at least 90% of the runs. This method was used to
compare impacts of the following: the four systems (MM, MA, PF
and PH) to each other; system expansion and allocation (mass,
energy and economic) vs. the MM and MA monocultures; and the
mass, energy and economic allocation approaches. This analysis
was performed in SimaPro® v8.0.5.

We excluded correlations between life cycles of the products
compared (e.g. MM vs. MA) when running comparative MC anal-
ysis. Although Bojac�a and Schrevens (2010) concluded that ignoring
correlations may overestimate uncertainty in certain impact
categories, our results did not show high uncertainty
(Supplementary data H).

3. Results

For all seven impact categories selected, the MA system had the
highest impacts (Fig. 2, and Supplementary data D). For eutrophi-
cation and water dependence, MA impacts were more than 8 and 7
times as high as those of PF and MM, respectively. PH had the
second highest impacts in all categories except for net primary
production use, for which MM, PF and PH had similar impacts.
Overall, PF and MM had the lowest impacts. Differences between
these systems were found for cumulative energy demand and
water dependence, for which MM and PF, respectively, had the
lowest impact.

Contributions of the rearing systems' key elements (rearing, fish
fry, prawn pl, feed, equipment, infrastructure and electricity) varied
according to the impact category and to the system (Fig. 3 and
Supplementary data D and E). For eutrophication, land occupation
and water dependence, the rearing stage itself contributed the
most (75%, 77% and 97%, respectively). The second largest
contributor for eutrophication and land occupation was feed for
MM, MA and PF, and (at 6%) prawn pl for PH.

For climate change, cumulative energy demand and acidifica-
tion, the main contributors were feed, electricity, prawn pl, fish fry
and rearing (the last only for climate change). For climate change,
feed was largest contributor, followed by rearing, stocking animals
and electricity for theMM,MA and PF systems. For PF, prawn pl and
fish fry contributed 15% each. For PH, contributions were mainly
rearing (27%), prawn pl (23%) and electricity (19%). For cumulative
energy demand, feed contribution was followed by that of elec-
tricity for MM and PF; however, for MA and PH, prawn pl and
electricity contributed the most.

Feed contributed 88e98% of net primary production use of
systems, followed by stocking animals, prawn pl and fish fry. For
acidification, feed was also the largest contributor for all systems
(29e73%). It is important to highlight that prawn pl was the second
highest contributor for MA and PH. For PF, prawn pl and fish fry had
contributions of 12% each.

The MM system had the highest ep-EROI (4.6%), followed by PF,
PH and MA (3.6, 1.6% and 0.9%, respectively). For polyculture sys-
tems, the allocation approach (mass or economic) had little influ-
ence on ep-EROI (Supplementary data D).

3.1. Co-product handling approaches

Potential impacts estimated from applying system expansion
and allocation approaches to polyculture co-products were divided
by species to facilitate comparison to those of monoculture systems
(Supplementary data I). Impacts of fish production differed for the
two polyculture systems depending on the selected co-product
handling approach. In general, impacts of fish from PF were lower
or similar to those of MM (Table 2). Nevertheless, impacts of fish
from PH were higher or similar to those of MM in most categories,
except for eutrophication and net primary production use under
system expansion, whose values were negative. For PH and PF,
mass and energy allocation yielded similar impacts in all seven
categories; however, both were higher than those using economic
allocation.

For prawn, PF also had impacts lower than those of MA for all
allocation approaches and system expansion (Table 2). For three
categories (eutrophication, net primary production use and water
dependence), impacts under system expansion were even nega-
tive; however, it is important to highlight its larger standard de-
viation. For PH, impacts of prawn were similar to or lower than



Fig. 2. Climate change, eutrophication, cumulative energy demand and land occupation impacts of the production of 1 kg of biomass in aquaculture rearing systems. Whiskers
represent one standard deviation. Groups of asterisks indicate systems with similar impacts. MM ¼ monoculture of C. macropomum; MA ¼ monoculture of M. amazonicum;
PF ¼ polyculture of C. macropomum and M. amazonicum in which both species were free in the pond; PH ¼ polyculture of C. macropomum and M. amazonicum in which fish were
reared inside a hapa cage and prawn were free in the pond; eq ¼ equivalents.

Fig. 3. Contribution of key system elements in four aquaculture rearing systems for the production of 1 kg of biomass to climate change, eutrophication, cumulative energy demand
and land occupation impacts. MM ¼ monoculture of C. macropomum; MA ¼ monoculture of M. amazonicum; PF ¼ polyculture of C. macropomum and M. amazonicum in which both
species were free in the pond; PH ¼ polyculture of C. macropomum and M. amazonicum in which fish were reared inside a hapa cage and prawn were free in the pond.
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those of MA when allocation was applied; relative impacts under
system expansion varied from lower to higher according to the
impact category (Supplementary data I). Both PF and PH impacts
using economic allocation were higher than those using mass and
energy allocation, the opposite of the results for fish.
4. Discussion

4.1. Rearing systems

Results of environmental assessment (Fig. 2) indicate the MA



Table 2
Comparison of impacts of producing 1 kg of fish Colossoma macropomum and 1 kg of prawn Macrobrachium amazonicum in polyculture systems (PF and PH) to those of their
respective monoculture systems (MM and MA). The impacts of polyculture systems were obtained from system expansion and three allocation approaches (mass, energy and
economic). Note: MM¼monoculture of C. macropomum; MA¼monoculture ofM. amazonicum; PF¼ polyculture of C. macropomum andM. amazonicum inwhich both species
were free in the pond; PH ¼ polyculture of C. macropomum and M. amazonicum in which fish were reared inside a hapa and prawn were free in the pond.

Co-product approach Colossoma macropomum Macrobrachium amazonicum

PF PH PF PH

System expansion Lower Lower/Similar/Higher Lower Lower/Similar/Higher
Allocation Similar/Lower Higher/Similar a Lower b Higher/Similar a

a Exception: net primary production use impacts using mass and economic allocation were lower than those of fish monoculture.
b Exception: acidification impacts using economic allocation were similar to those of prawn monoculture (MA).
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system had the highest impacts to produce 1 kg of biomass
(considering prawn and fish together in the polyculture systems),
followed by PH. The PF and MM systems had the lowest environ-
mental impacts. These results were influenced mainly by the pro-
ductivity (growth and survival rates), feed quantity and feed
conversion ratio (FCR) in each system (Table 1). Productivity itself
cannot be used as a parameter to define the most efficient system
from an environmental viewpoint; otherwise intensive systems
would always be more efficient and environmentally friendly.
Studies have shown that intensive systems can have higher impacts
per kg of aquatic product in several categories despite having
higher productivity (Ayer and Tyedmers, 2009; Cao et al., 2011;
Dekamin et al., 2015; Samuel-Fitwi et al., 2013). It is important to
highlight differences in rearing technologies and inputs of these
production systems. For example, flow-through systems require
more water and area than recirculating systems; however, their
electricity consumption is much lower (Dekamin et al., 2015). In the
present study, all systems used the same pond-rearing technology
and had similar infrastructure and electricity use. Therefore, the
impacts of these “fixed” inputs were diluted by the production level
of each system, which made MA, which was the least productive,
the least environmentally efficient.

In addition to productivity, feed use can explain the impacts. The
importance of feed in pond aquaculture has been discussed and
demonstrated (Bosma et al., 2011; Cao et al., 2011; Huysveld et al.,
2013). Jerbi et al. (2012) found lower impacts from decreasing FCR.
A lower FCR not only decreases the amount of feed delivered but
also the nutrient losses released to the bottom and into thewater. In
non-fed aquaculture ponds, natural food is essential for reared
animal nutrition (Spataru et al., 1983), while in fed ponds, it is a
supplementary source of food, which reduces dependence on the
feed and decreases the FCR. The importance of natural food is
inversely proportional to system intensity; organisms in highly
intensive systems rely only on feed as a nutrient source. According
to stable isotope analysis, both species are able to rely on multiple
sources of nutrients, such as formulated feed, plankton and, for
prawn, also sediment and feces, (G. Costa, CAUNESP, pers. comm.).
Therefore, the lower productivity and higher FCR of the MA system
compared to the other systems explain its higher impacts.

The PH system, despite having the lowest FCR and quantity of
feed delivered, did not have impacts similar to those of PF and MM,
since its productivity was one-third as high as theirs. The only
category for which PH had the lowest impact was net primary
production use, because the small amount of feed and stocking fish
fry compensated for low productivity. Differences between PF and
MM lay in the amount of feed and FCR (both higher in MM) and
stocking animals (higher in PF), since PF added the impacts of
prawnpl to those of fish fry. Despite the differences, PF andMMhad
similar environmental impacts overall to produce 1 kg of biomass.

Fish was the key player in this experiment. Despite similar FCR
for fish in PF, PH and MM (Table 1), the final biomass was much
lower in PH. Similar fish production in PF and MM led to similar
environmental impacts. Adding more hapas to PH to produce as
much fish biomass as in PF andMMwould probably reduce impacts
of PH; however, this strategy should be tested to assess system
performance. MA had the highest productivity considering only
prawn biomass; however, production of this species alone is not
justified from an environmental viewpoint. M. amazonicum has
great aquaculture potential (Moraes-Valenti and Valenti, 2010), and
the present results encourage adding it as a secondary species in
polyculture systems. Nevertheless, more studies are necessary to
improve the results of M. amazonicum in captive-rearing
conditions.

Differences in ep-EROI among systems also demonstrate the
importance of fish in the system, mainly because fish have a higher
percentage of edible meat than prawn (61% vs. 45%, respectively).
The ep-EROI in this study (0.9e4.6%) were lower than those of
other aquaculture fish, such as trout (9.1e14.1%) (Lasner et al., 2016)
and salmon (7.8e17.8%) (Pelletier and Tyedmers, 2007), but they lay
within the range (0.8e14.9%) of those of seafood caught with a
variety of fishing techniques (V�azquez-Rowe et al., 2014). Com-
parisons should be made carefully, since energy inputs to systems
vary among studies, as do energy concentrations of protein (e.g.
16.7 MJ kg�1 (this study), 16.73 MJ kg�1 (V�azquez-Rowe et al.,
2014), 23.6 MJ kg�1 (Lasner et al., 2016; Pelletier and Tyedmers,
2007)).

4.2. Specific characteristics of the experiment

The study was conducted at the Freshwater Prawn Sector of
CAUNESP, dedicated to experiments of different stages of prawn
production. Unlike a commercial farm, in which the infrastructure
and equipment are installed to produce specific amounts of prod-
ucts, the experimental labwas built to study production at multiple
scales. The main equipment in this study was anti-bird nets, a
platform (to measure water parameters and deliver feed) and aer-
ators. The first two are not commonly used on commercial fish
farms, and the latter has the capacity to aerate a 500 m2 pond (a
small scale pond). The pond infrastructure (inlet channel, monk
and outlet pipes) is designed to support a pond five times as large.
Therefore, some impacts related to infrastructure may be higher
than those of a commercial facility. Some LCA aquaculture studies
exclude impacts related to infrastructure (Bosma et al., 2011;
Dekamin et al., 2015; Huysveld et al., 2013). Doing so in this
study would have changed the magnitudes of certain impacts
because infrastructure and equipment together contribute 7e12%
of climate change, 9e15% of cumulative energy demand and 7e18%
of acidification. Scaling up the system would probably reduce
certain impacts, as observed in the study of Gavankar et al. (2014);
however, the advantages of scaling up depend on the type of in-
dustry (Canb€ack et al., 2006). In aquaculture, especially in pond
systems, scaling up to a 1 ha pond would probably decrease
infrastructure and equipment impacts, but may also decrease sys-
tem efficiency. In larger ponds, it is more challenging to determine
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fish appetite and the amount of feed to deliver. Mistakes in feed
management could decrease fish growth and overall system per-
formance, since feed is a key contributor to several impact
categories.

The impact of fish fry was probably higher than that on com-
mercial C. macropomum farms, since delivery included air and road
transport. Air transport was necessary because the hatchery
(Presidente Figueiredo, Amazonas) lies more than 3600 km by road
from the experimental station (Jaboticabal, Sao Paulo). Farms are
usually located near hatcheries to reduce the cost and stress of
transport; consequently, shorter distances indicate lower environ-
mental impacts. The air transport in this study contributed more
than 85% of fish fry impacts for climate change, cumulative energy
demand and acidification. In these impact categories, the contri-
bution of fish fry to the total impact ranged from 7 to 16%, 7e19%
and 8e12%, respectively (Fig. 3). Impacts of fish fry production vary
greatly in the literature. Jerbi et al. (2012) found large contributions
from the hatchery (>10% of the three impact categories), but im-
pacts were lower in other studies (Aubin et al., 2015; Dekamin et al.,
2015; Pelletier and Tyedmers, 2010). None of the studies considered
air transport; therefore, the differences in impact are related to the
differences in rearing technology of the species and choices in the
life cycle inventory.

For prawnpl production, contribution to impacts for 1 kg of final
product varied among systems: 15e23% of climate change, 23e35%
of cumulative energy demand and 12e27% of acidification (Fig. 3).
These contributions were higher than those of marine shrimp
hatcheries in monoculture (Cao et al., 2011) and polyculture rearing
systems (Aubin et al., 2015), for which impacts were less than 5%
and 8%, respectively, in all categories. Prawn pl production was
highly influenced by the electricity consumed; its contribution was
high to climate change (70%), cumulative energy demand (82%) and
acidification (60%). The high electricity consumption can be
explained by the system's efficiency; as previously mentioned, the
facility was not specifically designed to perform this experiment.

4.3. Co-product handling approaches

Defining the most appropriate allocation approach for systems
producing two or more co-products still generates discussion.
Studies addressing the reasons to select a given allocation approach
have already been published (Ayer et al., 2007; Pelletier and
Tyedmers, 2011; van der Werf and Nguyen, 2015). The aim of this
study was not to debate the best form of allocation, but to discuss
the results from the three co-product handling approaches pro-
posed by the ISO (ISO, 2006b) standard.

Despite the ISO standard recommendation to consider system
expansion first, it is not frequently used in seafood LCA. Most
studies use allocation rules. In the present study, impacts of
monoculture systems (MM and MA) were used to expand those of
the polyculture systems. The results differed according to the
allocation approach applied (considering fish and prawn as a single
output). Producing 1 kg of fish in MM and 1 kg of biomass in PF
(prior allocation) had similar impacts; however, 1 kg of fish in PF
without the impact of prawn had, in general, lower impacts than
that in MM.

Impacts using mass and energy allocation were similar for all
categories because the animals differed little in energy concentra-
tion (Table G.2 in Supplementary data). Some authors suggest that
allocation based on energy content is the most appropriate for LCA
(Ayer et al., 2007; Pelletier and Tyedmers, 2011), but when species
have similar energy concentrations, simple mass allocation pro-
vides similar results. Economic allocation, despite being the last
option in the standard, is the most frequently used for seafood
production. This allocation is driven by the market price of each
species. In the present study, prawn cost more than three times as
much per kg as fish (Table G.2 in Supplementary data). Therefore,
impacts of producing 1 kg of fish using economic allocation were
lower than those using mass and energy allocation; the opposite
was observed for 1 kg of prawn. A similar situationwas described in
the polyculture study of Aubin et al. (2015). Using economic allo-
cation in the present study, PF had lower impacts than MM to
produce 1 kg of fish.

In the present study, differences in impact among allocation
approaches were clear. The lower impacts of PF than MM using
economic allocation were not found when using mass and energy
allocation (system expansion impacts were not considered). How-
ever, it is important to note that the price of a given species can
differ by region, season and year, which can influence results.
Studies using economic allocation should be compared with
caution.

4.4. Uncertainty

The uncertainty in this study was in a range similar to that
described by Dekamin et al. (2015) and lower than that found by
Aubin et al. (2015). These differences can be explained by homo-
geneity in rearing practices; Aubin et al. (2015) found that sources
of uncertainty included differences between farm practices in the
same system (size, productivity and species mix). Dekamin et al.
(2015) analyzed production systems in which species and condi-
tions in each system were relatively similar. In the present study,
less uncertainty was found for the PF and MM systems.

Sources of uncertainty for all impact categories include vari-
ability among the three replicates of each system, the inherent
variability already present in the ecoinvent database and the as-
sumptions made for mass-balance modeling. For net primary
production use and water dependence, uncertainty was related to
the variability among replicates. Water dependence was directly
influenced by water use, which is linked to the evaporation and
seepage rates of each pond. One of the ponds in the MA and PH
systems had higher seepage rates than average, which increased
the uncertainty inwater dependence but did not change the overall
results.

Another system uncertainty relates to the model used. Di-
gestibility determines the fate of nutrients and the amounts of
nutrients in the water column (digestible wastes) and sediment
(non-digestible wastes) (Guillaume et al., 1999). The lack of litera-
ture data on P digestibility for prawn species reduces the accuracy
of estimates of the fate of P. However, the overall impacts of the
system remain the same, sincewater and sediment were not reused
as a nutrient source for other activities; both were considered
waste in the system.

The parameters with higher uncertainties in the pedigree ma-
trix were gaseous emissions to the atmosphere. The three processes
considered were denitrification, ammonia volatilization and
methane emissions, the first two of which directly influence
eutrophication and the last of which influences climate change.
Denitrification and ammonia volatilization rates were based on
Gross et al. (2000), who measured a loss of 40% of N inputs through
these processes. In the literature, variability in gaseous emissions
from ponds is huge: P�aez-Osuna et al. (1999) found them equal to
66% of total N inputs, while they were <5% in other studies
(Adhikari et al., 2014; Rahman et al., 2008). Jim�enez-Montealegre
et al. (2005) even closed the N cycle with no N emissions to the air.

Methane emissions had the highest uncertainty in the pedigree
matrix due to their huge variability. In a review of rice fields in
India, methane emissions ranged from 5 to 1650 kg ha�1 (Jain et al.,
2004). High variability in methane emissions is also expected in
aquaculture ponds. To our knowledge, no published studies exist
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about emissions in fed aquaculture ponds. Due to this limitation,
we used a value from a refuge fish pond in a rice-fish experiment
(Datta et al., 2009) in which the pond was 1.75 m deep, no rice
plants grew, and fish were fed (Supplementary data J). The uncer-
tainty was determined by the variability in emissions from the
integrated rice-fish system (Bhattacharyya et al., 2013; Datta et al.,
2009; Frei and Becker, 2005; Frei et al., 2007). The characteristics
required for methane production, such as temperature, humidity
and anaerobic soil conditions (Jain et al., 2004), were relatively
similar in both systems. However, differences in species reared,
stocking density and type of feed between the production systems
may have yielded some differences in methane emissions
(Supplementary data J). The methane emissions used can thus be
discussed in light of these differences. Aquatic environments such
as lakes and mangroves are known as methane emission hotspots
(Bastviken et al., 2004; Purvaja and Ramesh, 2000; Xing et al.,
2005). The high probability that aquaculture ponds are a source
of methane, in addition to methane's significant role in climate
change (IPCC, 2014), led us to include its emission. In our study,
methane emissions represent the total contribution of the rearing
stage to climate change (17e27%). If we omit them, the main con-
tributors to climate change become feed, electricity, fish fry and
prawn pl. Although excluding methane emissions would decrease
climate change impacts, MM and PF would remain the most effi-
cient systems, while MA would remain the least efficient system.
The overall conclusions of this study would not change if methane
emissions were excluded; however, due to their importance to
climate change, it is important to include them in calculations to
stimulate consideration of them in future studies.

5. Conclusion

The LCA helped determine that the C. macropomum mono-
culture and the polyculture in which both C. macropomum and
M. amazonicum were reared free in the pond are the systems with
lower environmental impacts per kg of biomass produced. How-
ever, when the species were analyzed separately using economic
allocation, the polyculture had lower impacts than the mono-
culture. The M. amazonicum monoculture had the highest impacts
for all categories, which indicates there is room for improvement in
the domestication of this species and in the rearing system. In
addition, LCA enabled identifying the system elements that were
the main contributors to impacts: feed and the rearing system.
Impacts of these production systems can be significantly reduced if
these elements are improved.

Small-scale experiments do not always represent the reality of a
commercial farm; therefore, application of LCA at a commercial
scale would tend to decrease overestimates of infrastructure,
equipment and stocking animals. Moreover, additional measure-
ments of gaseous emissions from aquaculture ponds would
improve estimates of emission rates and reduce the uncertainty in
them.

LCA offers a wide range of options and decisions to its practi-
tioners regarding the scope, inventory data, impact categories and
allocation approach. This freedom of choice has a huge impact on
the final results, rendering comparison of different studies difficult.
The scientific community should reach a consensus to strengthen
LCA studies and increase the acceptance of LCA.
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