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ABSTRACT
Global population growth will increase pressures on current food systems in order to supply adequate protein and
produce to the increasingly urban world population. The environmental impact of food production is a critical area of study
as it inﬂuences water and air quality, ecosystem functions, and energy consumption. Aquaponics (in which seafood and
vegetables are grown in a closed‐loop system) has the potential to reduce the environmental impact of food production. A
review of the current environmental and economic considerations is provided in order to identify current research gaps.
Research gaps exist with respect to 1) diversity of aquatic and plant species studied; 2) inconsistent bounds, scope, and
lifetime across studies; 3) diverse allocation of the environmental and economic impacts to the coproducts; 4) scale of
systems considered; 5) transportation of produced food; and 6) presence of heavy metals, pests, and pathogens with human
health implications. These aspects require increased attention to close the existing gaps prior to widescale deployment of
these systems for increased sustainable food production toward satisﬁcing human needs. Integr Environ Assess Manag
2019;00:1–12. © 2019 SETAC
Keywords: Aquaponics Sustainability Food–energy–water nexus Life cycle assessment

INTRODUCTION
The world population is projected to increase to 9.8 billion
people in 2050, intensifying pressures on current food
systems to feed an ever‐growing population (UN 2017). In
order to feed this increased population, which is predominantly expected to inhabit urban areas, shifts in consumption
along with the adoption of new food production methods
must occur (Barbosa et al. 2015). The average person in the
United States consumes approximately 16 lb (7.3 kg) of seafood (containing 1.37 to 2.22 kg of protein) annually (White
2016). Meanwhile, the United States Department of Agriculture (USDA) recommends that individuals consume about
5 oz (142 g) of protein per day, or about 114 lb (51.8 kg) per
year (USDA 2017). Shifting protein consumption from terrestrial animals to ﬁsh and plant sources can provide human
health and environmental beneﬁts, given that seafood is a
less environmentally costly method of meeting society’s
protein demand. With respect to global warming potential
(kilograms of carbon dioxide equivalents [CO2E] per kilogram
of food produced), ﬁsh in general have a lower impact than
conventional protein sources. On a mass basis, salmon and
* Address correspondence to hicks5@wisc.edu
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tuna, for example, generate 3.3 kg of CO2E and 2.6 kg CO2E
per kilogram of food produced, respectively, compared to
ground beef (29 kg CO2E/kg), lamb (26 kg CO2E/kg), pork
(8.2 kg CO2E/kg), and chicken (4.8 kg CO2E/kg) (Heller et al.
2013). Nijdam et al. (2012) evaluated the range of environmental impacts (using kilograms CO2E and land usage) of
protein production through a metaanalysis of life cycle assessment (LCA) studies, including 15 studies for beef production, 4 studies for sheep meat, 12 studies for milk and
cheese, 8 studies for pork, 5 studies for poultry, 16 studies for
seafood including freshwater ﬁsh, 1 study for meat generally,
and 3 studies for vegetables (Figure 1). Their work suggests
that the global warming potential for ﬁsh produced in
aquaculture is in general lower than that of terrestrially raised
animal sources (with the exception of chicken and pork).
Aquaculture systems, in which freshwater and saltwater ﬁsh,
crustaceans, and mollusks are grown in captivity, can reduce the
distance that seafood travels prior to reaching the consumer if
located near areas of consumption (Tlusty and Legueux 2009).
These systems have the potential to increase ﬁsh consumption,
conserve wild ﬁsh stocks, reduce food waste, and reinvigorate
local economies. However, aquaculture represents diverse activities with an equally diverse array of environmental impacts.
Aquaculture systems may require large inputs of water and
feed, including feed made with ocean ﬁsh species, and may
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Figure 1. Environmental impact of protein production across different sources, adapted from Nijdam et al. 2012 utilizing data from Sheenan et al. 1998; Hass
et al. 2001; Phetteplace et al. 2001; Berlin 2002; Silvenius and Gronroos 2003; Ziegler et al. 2003, 2011; Cederberg and Flysjo 2004; Zhu and Van Ierland 2004;
Basset‐Mens and van der Werf 2005; Eriksson et al. 2005; Nempecek et al. 2005; Casey and Holden 2006; Mollenhorst et al. 2006; Weiske et al. 2006; Williams
et al. 2006; Katajajuuri 2007; Ogino et al. 2007; Verge et al. 2007, 2008, 2009; Blonk et al. 2008; Hirschfeld et al. 2008; Thomassen et al. 2008; Ziegler and
Valentinsson 2008; Aubin et al. 2009; Blonk et al. 2009; Cederberg, Flysjo et al. 2009; Cederberg, Meyer et al. 2009; Edward‐Jones et al. 2009; Ellingsen et al.
2009; Flachowsky and Hachenberg 2009; Pelletier et al. 2009; Peters et al. 2009; FAO 2010; Iribarren, Hospido et al. 2010; Iribarren,Vazquez‐Rowe et al. 2010;
Nyugen et al. 2010; Pelletier and Tyedmers 2010; Ponsioen et al. 2010; Vazquez‐Rowe et al. 2010, 2011, 2012; Sheane et al. 2011; Ramos et al. 2011; Svanes
et al. 2011.

have signiﬁcant environmental impacts, such as biodiversity
loss, land use change, and eutrophication (Naylor et al. 2000).
Different ﬁsh species require large amounts of ﬁsh‐based protein for their growth (although animal by‐products are also
used), in ratios from less than 1 unit of wild ﬁsh required per unit
of farmed ﬁsh (<1:1), such as tilapia, to more than 5:1 for large
predatory ﬁsh such as salmon raised in aquaculture (Naylor et al.
2000). Multiple studies have worked to quantify the environmental impact of ﬁsh produced in aquaculture systems, particularly with respect to the changes in environmental impact
compared to wild caught ﬁsh (Ayer and Tyedmers 2009; Bosma
et al. 2011; Henriksson et al. 2012; Liu et al. 2016). Other issues
with respect to the environmental impact of aquaculture systems have been investigated, such as impacts due to different
types of ﬁsh feed (Papatryphon et al. 2004), species of ﬁsh,
feedstocks of the system, waste management practices (Cao
et al. 2007), system energy consumption, and water characteristics (Aubin et al. 2009).
Aquaponics presents an innovation in conventional
aquaculture systems by combining aquaculture with hydroponic plant growth. In these systems ﬁsh grow in conjunction with plants using closed‐loop, typically
recirculating, water systems and can potentially reduce the
environmental concerns associated with both conventional
aquaculture and agriculture (Figure 2). Plants take up the
required N and P, which are produced and converted as a
result of ﬁsh metabolism and bacterial activities and which
are essential nutrients for plant growth (Grozea and
Blidariu 2011). The recirculation of the water also potentially
reduces the environmental impact of the system by reducing water consumption. An additional advantage of
these systems is that conventional soil contaminants are not
relevant to the crops; however, there are concerns about
Integr Environ Assess Manag 2019:1–12

different types of contamination, such as the spread of microbial pathogens through ﬁsh waste in water. Challenges
also exist with respect to scaling the ﬁsh and crop production together due to differences in growth rates, the
effectiveness of N uptake for different crops, cost, and energy requirements (Lin 2014). These systems have been
suggested as being suitable for urban areas in that they can
be housed on rooftops or in other nonconventional areas.
With respect to the ﬁsh products, tilapia are the most
commonly farmed species; however, other species such as
cod and shrimp are also raised (Grozea and Blidariu 2011;
Tyson et al. 2011). There is more diversity in the types of
crops grown, including tomato, bean, cucumber, lettuce,
basil, okra, and pepper (Love et al. 2015). Aquaponic protein and plant production present an opportunity to reduce
the environmental impact of food production, the distance
that food travels, and the corresponding food, energy, and
water impacts that will be incurred to feed an increasingly
large urban world population. Although they hold incredible
promise for sustainable food production, these systems
have not yet been widely adopted (Goddek et al. 2015).
The aim of the present work is to explore the sustainability
and suitability of aquaponic food production to feed an increasing urban population. The present review paper is
structured to analyze the current state of knowledge of each
facet individually: Environmental Implications, Economic
Implications, and Human Health Implications.

ENVIRONMENTAL IMPLICATIONS
Life cycle assessment is a systematic tool for determining
the environmental impact of a product or process across its
entire life cycle or a portion of interest (Klopffer 1997;
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Figure 2. Simpliﬁed aquaponics system.

Finnveden et al. 2009). Typical life cycle stages include raw
materials acquisition, manufacturing, use, and end of life. In
the context of agriculture products, the growing cycle could
be considered the manufacturing surrogate stage. In the
context of aquaponics, few comprehensive LCAs exist, and
those that do have focused mainly on tilapia and basil
production (Junge et al. 2017). Boxman et al. (2017) evaluated tilapia and basil cultivated together at the commercial
scale, with tilapia as the targeted end product, and found an
environmental impact of 8.5 kg CO2E per 1 kg of ﬁsh produced (2.1 kg CO2E when construction and electricity impacts are excluded). Xie and Rosentrater (2015) found a
range dependent on the size of the production facility of 3.3
to 18 kg CO2E per kilogram of ﬁsh produced, with the larger
scale facility having a smaller environmental impact per unit
mass of produced ﬁsh. Cohen et al. (2018) also investigated
large‐scale lettuce and tilapia production, ﬁnding a reduction in environmental impacts across all of the impact categories of at least 40% compared to conventional
aquaculture practices. Other studies have not performed full
and comparable LCA studies; however, they have considered water and nutrient consumption, ﬁnding that aquaponics systems in general consumed less material‐based
inputs than conventional production systems (Love et al.
2015; Xie and Rosentrater 2015; Delaide et al. 2017;
Forchino et al. 2017; Maucieri et al. 2018). Although energy
consumption is considered the major contributor to the
environmental impact throughout the aquaponics’ life cycle,
limited study makes it inconclusive when compared with
conventional aquaculture or wild ﬁsheries production systems. A selection of the current body of knowledge based
on LCA studies is presented in Table 1, in order to show the
large range of CO2E values found. Bohnes and Laurent
(2019) present a critical review of the LCA of aquaculture in
Integr Environ Assess Manag 2019:1–12

general, and thus the present work will be limited to aquaponics.
The current body of literature for LCAs of aquaponic
seafood production is somewhat limited. With respect to
the species of seafood considered, in aquaponic studies tilapia, carp, and rainbow trout are the 3 most studied species
(Hollmann 2013; Hindelang et al. 2014; Love et al. 2015; Xie
and Rosentrater 2015; Boxman et al. 2017; Fang et al. 2017;
Cohen et al. 2018; Maucieri et al. 2018; Silva et al. 2018).
With respect to aquaponics, multiple products are generated, including both plants and seafood, and the
allocation of the environmental impacts in literature is inconsistent. This ranges from allocating the total environmental impacts to ﬁsh (Boxman et al. 2017), vegetables
(Forchino et al. 2017), combined mass produced (Hindelang
et al. 2014), and time period of operation (Fang et al. 2017;
Silva et al. 2018). These inconsistent allocation methods and
functional units make it challenging to compare the relative
environmental impacts of food produced in these systems.
Leafy greens have been the predominantly studied product
in aquaponic production (such as basil, lettuce, pak choi,
and kale) (Hirschfeld et al. 2008; Xie and Rosentrater 2015;
Delaide et al. 2016; Boxman et al. 2017; Fang et al. 2017;
Forchino et al. 2017; Cohen et al. 2018; Maucieri et al. 2018;
Silva et al. 2018), although more exotic crops such as tomatoes have also been studied (Hindelang et al. 2014; Love
et al. 2015; Schmautz et al. 2017). This relatively few diversity of seafood and produce species studied limits the
quantity and quality of insights that may be drawn.
Based on the published literature, general insights may
be drawn as to the environmental impacts of aquaponic
systems. Boxman et al. (2017) found ﬁsh food and electrcity
consumption to be 2 of the major contributions to the
environmental impact of their aquaponics system, across
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Basil (wet weight)

10

Tilapia (Nile and red,
live‐weight)

Varying (morning glory,
kale, tomato, basil, etc.)
Lettuce (oak leaf and
Batavia)
Pak choi (Brassica chinensis)

405
144
—
11
14
—
—
9

Tilapia (O. niloticus)

Tilapia (O. niloticus)

Ornamental ﬁsh (Carassius
auratus L.)

Tilapia

Nile tilapia

Carp (common carp)

Tilapia (O. niloticus)

Tilapia and hybrid striped bass

wileyonlinelibrary.com/journal/ieam
Varying lettuce

Lettuce

Lettuce, Rocket salad

Basil (O. basilicum)

Basil (O. basilicum)

804

Tilapia (Oreochromis niloticus)

Basil (Ocimum basilicum)

Lettuce (Lactuca sativa)

Plant product

—

Impact (kg CO2E/kg
of ﬁsh)

Rainbow trout (Oncorhynchus
mykiss)

Fish product

4

—

6

3

2

480

241

671

1350

3

—

Impact (kg CO2E/kg of
vegetable production)

Silva et al. 2018
Hollmann 2013

1 kg ﬁsh, 1 kg lettuce

Jaeger et al. 2018

Hindelang et al. 2014

Cohen et al. 2018

Maucieri et al. 2018

Xie and Rosentrater 2015

Xie and Rosentrater 2015

32 d of system operation

52 d of system operation and
1 kg of lettuce

Fish, vegetable, sludge
(combined mass)

1 ton tilapia and 5 ton lettuce
(combined mass)

1‐y system operation

1 kg tilapia, 1 kg basil

1 kg tilapia, 1 kg basil

Xie and Rosentrater 2015

Boxman et al. 2017

1 ton live weight ﬁsh
1 kg tilapia, 1 kg basil

Forchino et al. 2017

Study

1 kg lettuce

Bounds/Allocation

Table 1. Summary of environmental impacts of aquaponic ﬁsh and produce production
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multiple impact categories. This ﬁnding is reinforced
elsewhere in the current literature (Hollmann 2013;
Hindelang et al. 2014; Forchino et al. 2017; Cohen et al.
2018; Mauceiri et al. 2018; Jaeger et al. 2019). Forchino
et al. (2017) also included the enviornmental impact of the
aquaponics infrastructure, which contributed signiﬁcantly
to the overall environmental impact. Regionality has the
potential to inﬂuence electricity and heat usage, where in
warmer climates less heat and electricity for supplemental
lighting must be utilized compared to colder and darker
locations. The relative contribution of aquafeed is also
relevant to the environmental impacts, particularly because
there is a current thrust to develop ﬁsh meal and oil‐free
aquafeed alternatives due to decreasing forage ﬁsh populations and increasing prices (Tacon and Metian 2008;
Naylor et al. 2009; Froehlich et al. 2018). These feeds
commonly utilize ﬁsh alternatives such as terrestrial animal
by‐products, plant‐based proteins and lipids, seafood by‐
products, insects, and single‐cell oils (Naylor et al. 2009;
Oliva‐Teles et al. 2015; Basto‐Silva et al. 2019; Le Feon
et al. 2019). Changes to and shifts in feed ingredients and
electricity usage are 2 potential methods to reduce the
environmental impacts of aquaponic food production.
The bounds and scope of the different studies vary considerably, along with the scale of the systems, including the
allocation of capital equipment, postproduction processing,
and transportation. This inconsistency makes it challenging
to compare different studies in a rigorous manner. The size
of the aquaponic product systems also varies greatly, from a
research scale (Hindelang et al. 2014; Cohen et al. 2018) to a
commercial scale (Boxman et al. 2017), which has the potential to greatly inﬂuence the environmental impacts. Despite the challenges of comparing different studies, Xie and
Rosentrater (2015) have shown that economies of scale do
occur in aquaponic systems, with reduced production costs
and environmental impacts as the production volume
increases.
The use of multiple impact categories to relate the environmental impacts to the systems and production volumes
is critical to achieve a comprehensive assessment of systems’ environmental impacts. A large percentage of currently published studies use greenhouse gas emissions
(CO2E) as the sole comparable environmental impact category considered, while also quantifying considerations
such as energy and water consumption. Table 1 is presented
in CO2E for the sake of comparability. Although a portion of
the literature includes other impact categories, such as
acidiﬁcation, eutrophication, and abiotic depletion (fossil
fuels) (Hindelang et al. 2014; Cohen et al. 2018; Maucieri
et al. 2018). Bohnes and Laurent (2019) reviewed LCAs of
aquaculture studies and found that in 98% of the studies
CO2E was utilized as an impact category, whereas abiotic
depletion was applied in only 22% of the studies published.
Questions have also been raised as to whether the currently
utilized suites of impact categories capture critical aspects
of seafood production, such as resource depletion due to
overﬁshing for forage ﬁsh (Froehlich et al. 2018). This
Integr Environ Assess Manag 2019:1–12
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suggests that a broader suite of impact categories must be
considered going forward. Expanding the investigated
environmental impacts associated with pollutant emissions
(e.g., photochemical smog, carcinogenics, ecotoxicity) as
well as the environmental impact associated with biotic resource use (e.g., marine seafood) is necessary to achieve a
holistic assessment of aquaponics’ environmental impacts.

TRANSPORTATION
In the United States, the local food movement has been
gaining momentum over the last several years (Romero
2015; Erbentraut 2017; Marolf 2017). The goal of the
movement is for food to be consumed in the same geographic area that it is produced, generally but not exclusively deﬁned as within a 100‐mile radius (Romero 2015).
Although this has been found to be feasible in some areas,
in general it is not feasible in large urban areas with dense
populations, where the majority of population growth is
expected to occur in the future (Cohen 2006; Montgomery
2008; McDonald et al., 2011; Sexton 2011; Romero 2015).
From an overall environmental perspective, the relative
contribution of transportation to the environmental impact
of food is fairly small (about 15%) for most food groups
(Weber and Matthews 2008; Wakeland et al. 2011). However, in particular instances when the food travels a signiﬁcant distance, the environmental impact of transportation
makes a signiﬁcant contribution (Jones 2002; Plawecki et al.
2013; Grant and Hicks 2018). This is relevant because the
distance that seafood travels to consumers has increased
over time (Watson et al. 2015).
The relative contribution of transportation to the environmental impact of seafood has been studied in particular
scenarios and case studies. Ziegler et al. (2012) analyzed
aquaculture and wild caught ﬁsh production in Norway and
found that for most scenarios, with the exception of air
freight, the C footprint of transportation was not signiﬁcant.
They also suggested that food miles (how far food travels) is
not a good metric for quantifying the sustainability of food
production and travel. Ziegler (2007) in his LCA of capture
ﬁsheries found that, for caught seafood products, the majority of transportation environmental impacts were due to
the actual ﬁshing itself and the quantity of fuel utilized.
Farmery et al. (2014) studied the life cycle environmental
impacts of wild caught Tanzanian southern rock lobster and
found that the international air freight of the live lobsters
contributed signiﬁcantly to both the global warming potential and total environmental impacts. Tlusty and Legueux
(2009) made the point in their work that multiple modes are
often used to distribute seafood, such as ships, trucks, and
airplanes, which have different energy intensities. Seafood
with a low environmental impact from production which
travels a great distance, may ultimately be more environmentally costly than a seafood product which is intensive to
produce, but only travels a short distance. This suggests that
the transportation of seafood may be signiﬁcant environmentally (utilizing the impact category of energy
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consumption), and that it has the potential to shift which
products are favorable environmentally, based on geography and modes of transportation. It has also been suggested that the proﬁt margins on aquaponically produced
food will likely increase if the distribution chain is short
(Goddek et al. 2015). These ﬁndings indicate that potentially
locating aquaponic food production in urban areas, where
there is a current lack of agriculture and food production,
may reduce the environmental impact of the transportation
of the food due to fewer modes utilized and shorter distances traveled. Consequently, leading to a lower food
production overall environmental impacts.

ECONOMIC IMPLICATIONS
The economic implications of aquaponic food production
systems are critical to consider when assessing the potential
broad‐scale use of these systems. Goddek et al. (2015)
found a lack of comprehensive quantitative data to support
the development of economically feasible aquaponics systems. An early study by Adler et al. (2000a) indicates that the
integration of ﬁsh and plant production systems produces
economic cost savings over either system alone. Although
there has been tremendous interest in aquaponics production, there are only about 250 commercially viable operations in the United States that sell ﬁsh, plants, and/or
aquaponics equipment and systems (Love et al. 2014). The
majority of these operations in the United States are located
in the southern, northeastern, and west coast areas of the
country (Love et al. 2014). However, the majority of current
literature focuses on the southern portions of the country
and warm weather aquaponics.
The economic implications of aquaponic food production
have historically been investigated more often than have
the environmental impacts (Adler et al. 2000a, 2000b;

Liu et al. 2016; Bosma et al. 2017; Asciuto et al. 2019). Adler
et al. (2000a) valued the cost to produce rainbow trout at US
$5.09/kg and lettuce at $0.58 per head. Accounting for inﬂation, in 2019 it would cost $7.43/kg of rainbow trout
produced; at the 2018 European market price of rainbow
trout ($5.75–$8.32/kg) this would be potentially be proﬁtable (CoinNewsMediaGroup 2018; FAO 2018). Lui et al.
(2016) determined the cost to produce Atlantic salmon at
$5.60/kg, which is proﬁtable at 2018 market prices. However, the majority of income for aquaponics producers is
from the sale of vegetables because they mature more
quickly and are brought to market at more frequent intervals
than is the seafood. Accounting for inﬂation, it would cost
$0.85 to produce each head of lettuce (Adler et al. 2000b).
The Produce Price Index records both the price a farmer is
paid and the retail price of selected commodities (Western
Growers 2019). The average price paid to a farmer in 2018
for a head of iceberg lettuce was $0.60 (ranging from $0.31
to $1.29 per head of lettuce), which would not be proﬁtable.
In a study of commercial aquaponics producers in the
United States, less than one‐third of respondents indicated
that their operations were proﬁtable in the previous 12 mo.
A second contributing factor may be the initial capital cost
for the aquaponic production equipment. More work needs
to be done to better understand the challenges experienced by aquaponic producers in striving for proﬁtability.
In general, production scale, much like in conventional
agriculture, inﬂuences the environmental and economic
impacts of the production systems. Xie and Rosentrater
(2015) compared 3 different scales of an aquaponics facility
that produces both basil and tilapia (Figure 3a). They found
a sharp decrease in the cost to produce the tilapia and
basil as the size of the facility increased. This ﬁnding suggests that, from an economics perspective, large‐scale

Figure 3. Cost to produce aquaponic tilapia and basil as a function of facility scale (using data from Xie and Rosentrater 2015) (a) and annual yield and income
per unit produced by basil in 3 different cropping systems (adapted from Rakocy et al. 2003) (b). AQ = aquaponics.

Integr Environ Assess Manag 2019:1–12
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aquaponics facilities will likely be more proﬁtable than will
small‐scale versions. In addition, Rakocy et al. (2003) suggest that both batch and staggered aquaponics produce
higher yield and generate more economic gains over ﬁeld
cropping systems for basil production (Figure 3b). They also
recommend staggered aquaponics over batch aquaponics
due to the more substantial ﬁsh output and the potential
nutrient deﬁciency that occurs in crops grown in batch
aquaponics systems.

HUMAN HEALTH IMPLICATIONS
Consumption of ﬁsh is considered to be part of a healthy
diet (Willett et al. 1995; Kris‐Etherton et al. 2002; Zampelas
et al. 2005; Domingo et al. 2007). At the same time, there is
a risk of consuming heavy metals (such as Hg) and other
contaminants (such as PCBs and dioxins) when consuming
ﬁsh, due to the bioaccumulation and biomagniﬁcation of
these contaminants through the food chain (Egeland and
Middaugh 1997; Foran et al. 2004; Hites et al. 2004).
Similarly, vegetables provide key nutrients to humans (Slavin
and Lloyd 2012; Di Noia 2014), but the current concern
about vegetables as a pathway to spread pathogens and
disease (Berger et al. 2010) could be ampliﬁed by closed‐
loop ﬁsh and plant production systems.

HEAVY METAL CONTAMINATION
Mercury is a relevant concern with respect to ﬁsh consumption, and a large body of literature weighs the human
health beneﬁts of ﬁsh consumption with the potential detriments of Hg consumption (Egeland and Middaugh 1997;
Jardine 2003; Sakamoto et al. 2004; Arnold et al. 2005;
Verbeke et al. 2005; Domingo et al. 2007; Castro‐Gonzalez
and Mendez‐Armenta 2008; Burger and Gochfelf 2009;
Ginsberg and Toal 2009; Gladyshev et al. 2009; Copat
et al. 2013).
Salmon, in particular, has been well studied with respect
to heavy metals and other contaminants in both a wild
caught and an aquaculture setting, although not in an
aquaponic setting speciﬁcally (Sunderland 2007). In general,
no difference has been found in the Hg levels between
farmed and wild salmon (Foran et al. 2004). However, differences have been found with respect to higher organic As
concentrations in farmed salmon, and Co, Cu, and Cd at
higher concentrations in wild salmon (Foran et al. 2004).
These differences are thought to be largely a result of the
salmon feed and the concentrations of the metals in the
water that the salmon are raised in. At the same time, another study found that farmed salmon had higher concentrations of PCBs, dioxins, and dieldrin than did their wild
counterparts (Hites et al. 2004). Salmon farmed in North
America have been found to have much lower concentrations than those farmed in Europe, likely due to differences in the salmon feed. This suggests that, if the feed
given to aquaponically raised salmon and the water conditions are carefully controlled, the quantity of Hg and other
contaminants in the salmon could be reduced or eliminated.
Integr Environ Assess Manag 2019:1–12
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Farmed ﬁsh in general have lower concentrations of Hg
than do their wild caught counterparts, ranging from a factor
of 2 to 12. Karimi et al. (2012) suggest that for farmed ﬁsh in
general (including aquaculture and aquaponics) this is a
much‐understudied area, and more species‐speciﬁc work
must be done to generate a holistic view of the metals and
other contamination in farmed ﬁsh. For most ﬁsh considered, including salmon, trout, and walleye, the relationship
between the length of the ﬁsh and the quantity of metals
and other contaminants (particularly Hg and PCBs) is signiﬁcant and relevant, given that these compounds both
bioaccumulate and biomagnify up the food chain (Jardine
et al. 2009; Gewurtz et al. 2011). Work by Ward et al. (2010)
found that when the ﬁsh are grown faster, the concentration
of Hg is lower, compared to ﬁsh of a similar size. This has
critical implications for farmed ﬁsh management, particularly
with regard to increasing the growth rate of the ﬁsh, which
again suggests that an aquaponic setting may allow for
decreasing or eliminating the contaminants in farmed ﬁsh.
The relative beneﬁts and risks of seafood consumption are
often discussed in the context of heavy metals exposure
(Willett et al. 1995; Egeland and Middaugh 1997; Kris‐
Etherton et al. 2002; Jardine 2003; Sakamoto et al. 2004;
Verbeke et al. 2005; Zampelas et al. 2005; Domingo et al.
2007; Castro‐Gonzalez and Mendez‐Armenta 2008; Burger
and Gochfelf 2009; Ginsberg and Toal 2009; Gladyshev
et al. 2009; Copat et al. 2013).

PESTS AND PATHOGENS
The spread of potentially harmful materials between
species is a signiﬁcant concern in a closed‐loop system such
as aquaponics (Sirakov et al. 2016). Microbial communities
are essential in closed‐loop aquaponic systems because
they are responsible for transforming ﬁsh waste into nitrites
and nitrates that can be utilized by plants (Goddek et al.
2015). As the produced N (in form of ammonia) should be
transformed to the usable form (nitrate) for the plants, this is
done by microbial communities within the recirculating
setup. If not, the excess ammonia may harm vegetable
production. However, concentrations of ﬁsh waste or microbial pathogens that are too high have the potential to
reduce the yield of an aquaponics system, and environmental conditions (e.g., water pH) among ﬁsh, bacteria, and
plant communities need to be carefully balanced and optimized. Moreover, even the potential presence of human
pathogens in aquaponics‐grown produce is a major concern
for consumers.
There have been relatively few studies on the presence
and potential spread of pests and pathogens in aquaponic
systems. Pests and pathogens include plant pests (e.g.,
aphids, spider mites), microorganisms (e.g., bacteria, fungi),
ﬁsh parasites (e.g., monogenea, cestoda), and viruses
(Goddek et al. 2015). In Hawaii, microbial isolation was
conducted across 11 different aquaponic farms to identify
the presence of 2 bacteria related to pathogenicity in humans. Fox et al. (2012) found very low levels of generic
Escherichia coli or undetectable E. coli O157:H7 and
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Salmonella. However, this can analyze only a short range of
microbial pathogens, and a deep microbial proﬁle using
modern metagenomic approaches is necessary. One study
isolated 42 microorganisms that exerted inhibitory effects
on plant and ﬁsh pathogens in an established aquaponic
system and validated the implementation of biological
control of pathogens in closed‐loop aquaponic systems
(Sirakov et al. 2016).
Research is therefore needed to better identify the microbial community composition within aquaponics systems;
to determine the optimal growth conditions for plants, ﬁsh,
and nitrifying bacteria; as well as to control for the potential
impact of pathogens during each segment in the system
(Goddek et al. 2015). The current options for pest and
pathogen control in aquaponics are severely limited, given
that control methods for treating plants (e.g., pesticides) are
not always compatible with growing ﬁsh, and vice versa
(e.g., antibiotics are not allowed in systems growing plants)
(Chalmers 2004). Treatment with chlorine, ozone, organic
acids, temperature, and UV radiation are common methods
(CA Commission 2003; Suslow 2004; FAO 2010). However,
the microbial and physiochemical quality of process water
decreases rapidly due to the continuous recirculation of
aquaponic systems. Elumalai et al. (2017) investigated the
inﬂuence of UV treatment and found that it signiﬁcantly
controlled foodborne pathogens but not the aerobic plate
counts and coliform counts, which suggests further improvements are possible when adapting traditional approaches. Good agricultural practices, in particular, related
to human handling of ﬁsh and plants, may play a critical role
in not introducing contaminants into aquatic systems in the
ﬁrst place (Barnhart et al. 2015).

CONCLUSIONS
The needed future research areas can be described in the
context of environmental, economic, and health implications.
In order to feed a growing world population and to
carefully assess whether aquaponics is the transformative
technology that it is anticipated to be, multiple environmental impact (LCA) research gaps must be addressed. Although current sustainability‐related data on aquaponic
food production are promising, research needs still exist. In
regard to the environment, the current environmental impact data are limited in comparability of systems with respect to the bounds, scope, climate, impact categories,
functional units, and species of plants and animals considered. Economically, there is a lack of data from large‐scale
production systems and from the inﬂuence of transportation
on the economic viability of these operations. Human health
is a concern due to potential pathogen transmission and
heavy metals contamination, although the relative isolation
of these systems may prove them to be more resilient than
current food production methods. In order to holistically
evaluate the sustainability implications of aquaponic food
production systems as a technology, more work must be
done to close the current knowledge gaps.
Integr Environ Assess Manag 2019:1–12

Acknowledgment—The authors declare no conﬂict of interest with this work. The authors acknowledge that this
work would not be possible without outside support. A
Hicks and R Ghamkar would like to thank the Wisconsin
SeaGrant program for support of this work. This work has
not been formally reviewed by the Wisconsin SeaGrant
program, and the views expressed in this work are those of
the authors.
Data Availability Statement—This work used all publicly
available data, which are available upon request from corresponding author Andrea L Hicks (hicks5@wisc.edu).

ORCID
Andrea L Hicks

http://orcid.org/0000-0002-6426-9717

REFERENCES
Adler P, Harper J, Wade E, Takeda F, Summerfelt S. 2000a. Economic analysis of an aquaponic system for the integrated production of rainbow
trout and plants. Int J Recirc Aquac 1(1):15.
Adler PR, Harper JK, Takeda F, Wade EM, Summerfelt ST. 2000b. Economic
evaluation of hydroponics and other treatment options for phosphorus
removal in aquaculture efﬂuent. Hortic Science 35(6):993–999.
Arnold SM, Lynn TV, Verbrugge LA, Middaugh JP. 2005. Human biomonitoring to optimize ﬁsh consumption advice: Reducing uncertainty
when evaluating beneﬁts and risks. Am J Public Health 95(3):393–397.
Asciuto A, Schimmenti E, Cottone C, Borsellino V. 2019. A ﬁnancial feasibility
study of an aquaponic system in a Mediterranean urban context. Urban
For Urban Gree 38:397–402.
Aubin J, Papatryphon E, van der Werf H, Chatzfotis S. 2009. Assessment of
the environmental impact of carnivorous ﬁnﬁsh production systems using
life cycle assessment (the sustainability of seafood production and consumption). J Cleaner Prod 17(3):354–361.
Aubin J, Papatryphon E, van der Werf H, Petit J, Morvan Y. 2006. Characterisation of the environmental impact of a turbot (Scophthalmus maximus) re‐circulating production system using life cycle assessment.
Aquaculture 261:1259–1268.
Ayer N, Tyedmers P. 2009. Assessing alternative aquaculture technologies:
Life cycle assessment of salmonid culture systems in Canada (the sustainability of seafood production and consumption). J Cleaner Prod 17
(3):362–373.
Barbosa GL, Almeida Gadelha FD, Kublik N, Proctor A, Reichelm L,
Weissinger E, Wohlleb GM, Halden RU. 2015. Comparison of land, water,
and energy requirements of lettuce grown using hydroponic vs. conventional agricultural methods. Int J Environ Res Public Health 12:
6879–6891.
Barnhart C, Hayes L, Ringle D. 2015. Food safety hazards associated with
smooth‐textured leafy greens produced in aquaponic, hydroponic, and
soil‐based systems with and without roots. In: 2015 Minnesota Aquaponics Conference Posters. [accessed 2018 Aug 9]. http://hdl.handle.
net/11299/172223
Bartzas G, Zaharaki D, Komnitsas K. 2015. Life cycle assessment of open ﬁeld
and greenhouse cultivation of lettuce and barley. Inf Process Agric
2:191–207.
Basset‐Mens C, van der Werf M. 2005. Scenario‐based environmental assessment of farming systems: The case of pig production in France. Agric
Ecosyst Environ 105:127–144.
Basto‐Silva C, Guirreiro I, Oliva‐Telves A, Neto B. 2019. Life cycle assessment
of diets for gilthead seabream (Sparus aurata) with different protein/carbohydrate ratios and ﬁshmeal of plant feedstuffs as main protein sources.
Int J Life Cycle Assess. doi: 10.1007/s11367‐019‐01625‐7
Berger C, Sodha SV, Shaw RK, Grifﬁn PM, Pink D, Hand P, Frankel G. 2010.
Fresh fruit and vegetables as vehicles for the transmission of human
pathogens. Environ Microbiol 12(9):2385–2397.

wileyonlinelibrary.com/journal/ieam

© 2019 SETAC

Aquaponics as a Sustainable Food Technology—Integr Environ Assess Manag 000, 2019

Berlin J. 2002. Environmental life cycle assessment of Swedish semi‐hard
cheese. Int Dairy J 12:939–953.
Blonk H, Kool A, Liske B. 2008. Milieueffecten van Nederlandse consumptie
van eiwitrijke producten [Environmental effects of Dutch consumption of
protein‐rich products]. Gouda (NL): BMA/VROM.
Blonk H, Luske B, Kool A. 2009. Milieueffecten van enkele populaire vissoorten [Environmental effects of some popular ﬁsh species]. Gouda (NL):
BVA/VROM.
Bohnes FA, Hauschild MZ, Schlundt J, Laurent A. 2018. Life cycle assessments
of aquaculture systems: A critical review of reported ﬁndings with recommendations for policy and system development. Rev Aquacult. doi:
10.1111/raq.12280
Bohnes FA, Laurent A. 2019. LCA of aquaculture systems: Methodological
issues and potential improvements. Int J Life Cycle Assess 24:324–337.
Bosma R, Anh PT, Potting J. 2011. Life cycle assessment of intensive striped catﬁsh
farming in the Mekong Delta for screening hotspots as input to environmental
policy and research agenda. Int J Life Cycle Assess 16:903–915.
Bosma RH, Acambra L, Landstra Y, Perini C, Poulie K, Schwaner MJ, Yin Y.
2017. The ﬁnancial feasibility of producing ﬁsh and vegetables through
aquaponics. Aquacult Eng 78:146–154.
Boxman SE, Qiong Z, Doland B, Trotz M. 2017. Life cycle assessment of a
commercial freshwater aquaponic system. Environ Eng Sci 35(5):299–311.
Burger J, Gochfelf M. 2009. Perceptions of the risks and beneﬁts of ﬁsh
consumption: Individual choices to reduce risk and increase health beneﬁts. Environ Res 109:343–349.
[CA Commission] Codex Alimentarius Commission. 2003. Code of hygienic
practice for fresh fruits and vegetables. CAC/RCP 53‐2003.
Cao L, Wang W, Yang Y, Yang C, Yuan Z, Xiong S, Diana J. 2007. Environmental impact of aquaculture and countermeasures to aquaculture pollution in China. Environ Sci Pollut Res 14(7):452–462.
Casey J, Holden N. 2005. Analysis of greenhouse gas emissions from the
average Irish milk production system. Agric Syst 86:97–114.
Casey J, Holden N. 2006. Greenhouse gas emissions from conventional agri‐
environmental scheme, and organic Irish suckler‐beef units. J Environ
Qual 35:231–239.
Castro‐Gonzalez M, Mendez‐Armenta M. 2008. Heavy metals: Implications
associated with ﬁsh consumption. Environ Toxicol Pharmacol 26:263–271.
Cederberg C, Flysjo A. 2004. Environmental assessment of future pig farming
systems—Quantiﬁcation of three scenarios from the FOOD 21 synthesis
work. Goteborg (SE): SIK. SIK Report 723.
Cederberg C, Flysjo A, Sonesson U, Sund V, Davis J. 2009. Greenhouse gas
emissions from Swedish consumption of meat, milk, and eggs, 1990 and
2005. Goteborg (SE): SIK. SIK Report 793.
Cederberg C, Meyer D, Flysjo A. 2009. Life cycle inventory of greenhouse
gasses and use of land and energy in Brazilian beef production. Goteborg
(SE): SIK. SIK Report 792.
Chalmers GA. 2004. Aquaponics and food safety. Lethbridge (AB). https://
backyardaquaponics.com/Travis/Aquaponics-and-Food-Safety.pdf
Cohen A, Malone S, Morris Z, Weissburg M, Bras B. 2018. Combined ﬁsh and
lettuce cultivation: An aquaponics life cycle assessment. 25th CIRP Life Cycle
Engineering (LCE) Conference; 2018 Apr 30–2 May; Copenhagen, Denmark.
Cohen B. 2006. Urbanization in developing countries: Current trends, future
projections, and key challenges for sustainability. Technol Soc 28:63–80.
CoinNewsMediaGroup. 2018 Dec 31. US inﬂation calculator. San Antonio
(TX). [accessed 2019 Jan 24]. https://www.usinﬂationcalculator.com
Copat C, Arena G, Fiore M, Ledda C, Fallico R, Sciacca SF. 2013. Heavy
metals concentrations in ﬁsh and shellﬁsh from eastern Mediterranean
Sea: Consumption advisories. Food Chem Toxicol 53:33–37.
Delaide B, Delahye G, Dermienec M, Gott J, Soyeurt H, Jijakli MH. 2017.
Plant and ﬁsh production performance, nutrient mass balances, energy
and water use of the PAFF Box, a small‐scale aquaponic system. Aquacult
Eng 78:130–139.
Delaide B, Goddek S, Gott J, Soyeurt H, Jijakli MH. 2016. Lettuce (Lactuca
sativa L. Var. Sucrine) growth performance in complemented aquaponic
solution outperforms hydroponics. Water 8(10):467.
Denham FC, Howieson JR, Biswas WK. 2015. Environmental supply chain
management in the seafood industry: past present and future approaches. J Cleaner Prod 90:82–90.

Integr Environ Assess Manag 2019:1–12

9

Di Noia J. 2014. Deﬁning powerhouse fruits and vegetables: A nutrient
density approach. Prev Chronic Dis 11:130390.
Domingo JL, Bocio A, Falco G, Llobet JM. 2007. Beneﬁts and risks of ﬁsh
consumption. Part I. A quantitative analysis of the intake of omega‐3 fatty
acids and chemical contaminants. Toxicology 230:219–226.
d’Orbcastel ER, Blacheton J‐P, Aubin J. 2009. Towards environmentally
sustainable aquaculture: comparison between two trout farming systems
using life cycle assessment. Aquacult Eng 40:113–119.
d’Orbcastel ER, Blancheton JP, Boujard T, Aubin J, Moutounet Y, Przybyla C,
Belaud A. 2008. Comparison of two methods for evaluating waste of a
ﬂow through trout farm. Aquaculture 274(1):72–79.
Edward‐Jones G, Plassmann K, Harris I. 2009. Carbon footprinting of lamb
and beef production systems: Insights from an empirical analysis of farms
in Wales, UK. J Agric Sci 147:707–719.
Egeland GM, Middaugh JP. 1997. Balancing ﬁsh consumption beneﬁts with
mercury exposure. Science 278(5346):1904–1095.
Ellingsen H, Olaussen J, Utne I. 2009. Environmental analysis of the Norwegian ﬁshery and aquaculture industry—A preliminary study focusing on
farmed salmon. Mar Policy 33:479–488.
Elumalai SD, Shaw AM, Pattillo DA, Currey CJ, Rosentrater KA, Xie K. 2017.
Inﬂuence of UV treatment on the food safety status of a model aquaponic
system. Water 9(1):27.
Erbentraut J. 2017 Feb 3. The local food movement is ﬂourishing and shows
no signs of stopping. Huffpost (Environment). [accessed 2018 Aug 9].
https://www.huffpost.com/entry/small‐farms‐local‐food_n_589377fae4b0
7595d05a477f
Eriksson I, Elmquist H, Stern S, Nybrant T. 2005. Environmental systems of
analysis of prig production: The impact of feed choice. Int J Life Cycle
Assess 10:143–154.
Fang Y, Hu Z, Zou Y, Fan J, Wang Q, Zhu Z. 2017. Increasing economic and
environmental beneﬁts of media‐based aquaponics through optimizing
aeration pattern. J Cleaner Prod 162:1111–1117.
[FAO] Food and Agriculture Organization of the United Nations. 2010.
Greenhouse gas emissions from the dairy sector—A life cycle assessment.
Rome (IT): FAO Animal Production and Health Division.
[FAO] Food and Agriculture Organization of the United Nations. 2018. European price report. [accessed 2019 Jul 8]. http://www.fao.org/3/
CA1168EN/ca1168en.pdf
Farmery A, Gardner C, Green BS, Jennings S. 2014. Managing ﬁsheries for
environmental performance: The effects of marine resource decision‐
making on the footprint of seafood. J Cleaner Prod 64:368–376.
Finnveden G, Hauschild MZ, Ekvall T, Guinee J, Heiungs R, Hellweg S,
Koehler A, Pennington D, Suh S. 2009. Recent developments in life cycle
assessment. J Environ Manage 91:1–21.
Flachowsky G, Hachenberg S. 2009. CO2 footprints for food of animal origin—
Present stage and open questions. J Verbrauch Lebensm 4:190–198.
Foran JA, Hites RA, Carpenter DO, Hamilton MC, Mathews‐Amos A,
Schwager SJ. 2004. A survey of metals in tissues of farmed Atlantic and
wild paciﬁc salmon. Environ Toxicol Chem 23(9):2108–2110.
Forchino A, Lourguioui H, Brigolin D, Pastres R. 2017. Aquaponics and sustainability: The comparison of two different aquaponic techniques using
the life cycle assessment (LCA). Aquacult Eng 77:80–88.
Foteinis S, Chatzisymeon E. 2016. Life cycle assessment of organic versus
conventional agriculture. A case study of lettuce cultivation in Greece.
J Cleaner Prod 112:2462–2471.
Fox BK, Tamaru CS, Hollyer J, Castro LF, Fonseca JM, Jay‐Russell M, Low T.
2012. A preliminary study of microbial water quality related to food safety
in recirculating aquaponic ﬁsh and vegetable production systems. Honolulu (HI): College of Tropical Agriculture and Human Resources, University of Hawai‘i at Mānoa. 11 p.
Froehlich HE, Jacobsen NS, Essington TE, Clavelle T, Halpern BS. 2018.
Avoiding the ecological limits of forage ﬁsh for fed aquaculture. Nat
Sustain 1:298–303.
Gewurtz SB, Bhavsar SP, Fletcher R. 2011. Inﬂuence of ﬁsh size and sex on
mercury/PCB concentration: Importance for ﬁsh consumption advisories.
Environ Int 37:425–434.
Ginsberg GL, Toal BF. 2009. Quantitative approach for incorporating
methylmercury risks and omergo‐3 fatty acids beneﬁts in developing

DOI: 10.1002/ieam.4187

© 2019 SETAC

10

Integr Environ Assess Manag 000, 2019—F Wu et al.

species‐speciﬁc ﬁsh consumption advice. Environ Health Perspect 117
(2):267–275.
Gladyshev MI, Sushchik NN, Anishchenko OV, Makhutova ON, Kalachova GS,
Gribovskaya IV. 2009. Beneﬁt‐risk ratio of food ﬁsh intake as the source of
essential fatty acids vs. heavy metals: A case study of Siberian grayling
from the Yenisei River. Food Chem 115:545–550.
Goddek S, Delaide B, Mankasingh U, Vala Ragnarsdottir K, Jijakli H,
Thorarinsdottir R. 2015. Challenges of sustainable and commercial
aquaponics. Sustainability 7:4199–4224.
Grant CA, Hicks AL. 2018. Comparative life cycle assessment of milk and
plant‐based alternatives. Environ Eng Sci 35(11):1235–1247.
Gronroos J, Seppala J, Silvenius F, Makinen T. 2006. Life cycle assessment of
Finnish cultivated rainbow trout. Boreal Environ Res 11:401–414.
Grozea F, Blidariu A. 2011. Increasing the economic efﬁciency and sustainability of indoor ﬁsh farming by means of aquaponics—Review. J Anim Sci
Biotechnol 44(2):1–8.
Gunady MG, Biswas W, Solah VA, James AP. 2012. Evaluating the global
warming potential of the fresh produce supply chain for strawberries,
romaine/cos lettuces (Lactuca sativa), and button mushrooms (Agaricus
bisporus) in Western Australia using life cycle assessment (LCA). J Cleaner
Prod 28:81–87.
Hass G, Wetterich F, Kopke U. 2001. Comparing intensive, extensiﬁed and
organic grassland farming in southern Germany by process life cycle assessment. Agric Ecosyst Environ 83:43–53.
Heller M, Keoleian G, Willett W. 2013. Toward a life cycle‐based, diet‐level
framework for food environmental impact and nutritional quality assessment: A critical review. Environ Sci Technol 47:12632–12647.
Henriksson PJ, Kleijn R, de Snoo GR. 2012. Life cycle assessment of aquaculture systems—A review of methodologies. Int J Life Cycle Assess
17:304–313.
Hindelang M, Gheewala SH, Mungkung R, Bonnet S. 2014. Environmental
sustainability assessment of a media based aquaponics system in
Thailand. J Sustain Energy Environ 5:109–116.
Hirschfeld J, Weiss J, Preidl M, Korbun T. 2008. Klimawirkungen der Landwirtschaft in Deutschland [Climate impacts of German agriculture]. Berlin
(DE): Schriftenreihe dew IOW 186/o8.
Hites RA, Foran JA, Carpenter DO, Hamilton MC, Knuth BA, Schwager SJ.
2004. Global assessment of organic contaminants in farmed salmon.
Science 303(5655):226–229.
Hollmann RE. 2013. An aquaponics life cycle assessment: Evaluating an innovative method for growing local ﬁsh and lettuce [MS thesis]. Denver
(CO): Univ Colorado Denver.
Hollyer J, Tamaru C, Riggs A, Klinger‐Bowen R, Howerton R, Okimoto D,
Castro L, Ron T, Fox BK, Troegner V et al. 2009. On‐farm food safety:
Aquaponics. Food Saf Technol 38(7).
Iribarren D, Hospido A, Moreira M, Feijoo G. 2010. Carbon footprint of
canned mussels from a business‐to‐consumer approach: A starting
point for mussel processors and policy makers. Environ Sci Policy
13:509–521.
Iribarren D, Vazquez‐Rowe I, Hospido A, Moreira M, Feijoo G. 2010. Estimation of the carbon footprint of the Galician ﬁshing activity (NW Spain).
Sci Total Environ 408:5284–5294.
Jaeger C, Foucard P, Tocqueville A, Nahon SA. 2019. Mass based
LCA of a common carp‐lettuce aquaponics system. Aquacult Eng
84:29–41.
Jardine CG. 2003. Development of a public participation and communication protocol for establishing ﬁsh consumption advisories. Risk Anal
23(3):461–471.
Jardine L, Burt M, Arp P, Diamond A. 2009. Mercury comparisons between
farmed and wild Atlantic salmon (Salmo salar L.) and Atlantic cod (Gadus
morhua L.). Aquacult Res 40:1148–1159.
Jones A. 2002. An environmental assessment of food supply chains: A case
study on dessert apples. J Environ Manage 30(4):560–576.
Junge R, Konig B, Villarroel M, Komives T, Jijakli MH. 2017. Strategic points in
aquaponics. Water 9(3):182.
Karimi R, Fitzgerald TP, Fisher NS. 2012. A quantitative synthesis of mercury
in commercial seafood and implications for exposure in the United States.
Environ Health Perspect 120(11):1512–1519.

Integr Environ Assess Manag 2019:1–12

Katajajuuri J. 2007. Experiences and improvement possibilities—LCA case
study of broiler chicken production. Jokioninen (FI): MTT Agrifood Research Finland.
Klopffer W. 1997. Life cycle assessment—From the beginning to the current
state. Environ Sci Pollut Res 4(4):223–228.
Kool A, Blonk H, Ponsioen T, Sukkel W, Vermeer H, De Vries J, Hoste R.
2009. Carbon footprints van conventioneel en biologisch varkensvlees
[Carbon footprints of conventional and organic pork]. Gouda (NL):
BMA/WUR.
Kris‐Etherton PM, Harris WS, Appel LJ. 2002. Fish consumption, ﬁsh oil,
omega‐3 fatty acids, and cardiovascular disease. Circulation 106
(21):2747–2757.
Le Feon S, Thevenot A, Maillard F, Macombe C, Forteau LA. 2019. Life cycle
assessment of ﬁsh fed with insect meal: Case study of mealworm inclusion
in trout feed, in France. Aquaculture 500:82–91.
Lin KM‐S. 2014. Scaling aquaponic systems: Balancing plant uptake with ﬁsh
output. Aquacult Eng 63:39–44.
Liu Y, Rosten TW, Henriksen K, Hognes ES, Summerfelt S, Vinci B. 2016.
Comparative economic performance and carbon footprint of two farming
models for producing Atlantic salmon (Salmo salar): Land‐based closed
containment system in freshwater and open net pen in seawater. Aquacult Eng 71:1–12.
Love D, Fry J, Genello L, Hill E, Frederick J, Li X, Semmens K. 2014. An international survey of aquaponics practitioners. PLoS ONE 9(7): e102662.
Love DC, Uhl MS, Genello L. 2015. Energy and water use of a small‐scale raft
aquaponics system in Baltimore, Maryland, United States. Aquacult Eng
68:19–27.
Marolf E. 2017 Sep 6. Regulation and the local food movement. Regulatory
Review. [accessed 2018 Aug 14]. https://www.theregreview.org/2017/09/
06/marolf-local-food-movement/
Maucieri C, Forcino A, Nicoletto C, Junge R, Pastres R, Samno P, Borin M. 2018.
Life cycle assessment of micro aquaponic system for educational purposes
built using recovered material. J Cleaner Prod 172:3119–3127.
McDonald RI, Green P, Balk D, Fekete BM, Revenga C, Todd M,
Montegomery M. 2011. Urban growth, climate change, and freshwater
availability. Proc Natl Acad Sci USA 108(15):6312.
Milicic V, Thorarinsdottir R, Dos Santos M, Hancic MT. 2017. Commercial
aquaponics approaching the European market: To consumers' perceptions of aquaponics products in Europe. Water 9(2):80.
Mollenhorst H, Berentsen P, De Boear I. 2006. On‐farm quantiﬁcation of
sustainability indicators: An application to egg production systems. Br
Poult Sci 47:405–417.
Montgomery MR. 2008. The urban transformation of the developing world.
Science 319(5864):761–764.
Mungkung R, Aubin J, Prihadi TH, Selmbrouck J, van der Werf HM, Legendre
M. 2013. Life cycle assessment for environmentally sustainable aquaculture management: A case study of combined aquaculture systems for
carp and tilapia. J Cleaner Prod 57:249–256.
Munguia‐Fragozo P, Alatorre‐Jacome O, Rico‐Garcia E, Torres‐Pacheco I,
Cruz‐Hernandez A, Ocampo‐Velazquez RV, Garcia‐Trejo JF, Guevara‐
Gonzalez RG. 2015. Perspective for aquaponic systems: “Omic” technologies for microbial community analysis. Biomed Res Int 10.
Naylor R, Goldburg R, Primavera J, Kautsky N, Beveridge M, Clay J, …, Troell
M. 2000. Effect of aquaculture on world ﬁsh supplies. Nature 405:1017.
Naylor R, Hardy RW, Bureau DP, Chiu A, Elloitt M, Farrell AP, …, Nichols PD.
2009. Feeding aquaculture in an era of ﬁnite resources. Proc Natl Acad
Sci USA 106(36):15103–15110.
Nempecek T, Heguenin‐Elie O, Dubois D, Gaillard G. 2005. Okobilazierung
von Anbausystemen in schweizerischen Acker—und Futterbau [German].
Zurich (CH): FAL.
Nijdam D, Rood T, Westhoek H. 2012. The price of protein: Review of land
use and carbon footprints from life cycle assessments of animal food
products and their substitutes. Food Policy 37:760–770.
Nyugen T, Hermansen J, Mogensen L. 2010. Environmental consequences of
different beef production systems in the EU. J Cleaner Prod 18:756–766.
Ogino A, Orito H, Shimada K, Hirooka H. 2007. Evaluating environmental
impacts of the Japanese beef cow‐calf system by the life cycle assessment
method. Anim Sci J 78:424–432.

wileyonlinelibrary.com/journal/ieam

© 2019 SETAC

Aquaponics as a Sustainable Food Technology—Integr Environ Assess Manag 000, 2019
Oliva‐Teles A, Enes P, Peres H. 2015. 8 ‐ Replacing ﬁsherman and ﬁsh oil in
industrial aquafeeds for carnivorous ﬁsh. In: David DA, editor. Feed
and feeding practices in aquaculture. Cambridge (UK): Woodhead.
p 203–233.
Papatryphon E, Petit J, Kaushik S, van der Werf H. 2004. Environmental impact assessment of Salmonid feeds using life cycle assessment (LCA).
AMBIO 33(6):316–323.
Pelletier N, Tyedmers P. 2010. Life cycle assessment of frozen tilapia ﬁllets
from Indonesian lake‐based and pond‐based intensive aquaculture systems. J Ind Ecol 14(3):467–481.
Pelletier N, Tyedmers P, Sonesson U, Scholz A, Ziegler F, Flysjo A, …, Silverman
H. 2009. Not all salmon are created equal: Life cycle assessment (LCA) of
global salmon farming systems. Environ Sci Technol 43:8730–8736.
Perrin A, Basset‐Mens C, Gabrielle B. 2014. Life cycle assessment of vegetable products: A review focusing on cropping systems diversity and the
estimations of ﬁeld emissions. Int J Life Cycle Assess 19:1247–1263.
Peters G, Rowley H, Wiedemann S, Tucker R, Short M, Schulz M. 2009. Red
meat production in Australia: Life cycle assessment and comparison with
overseas studies. Environ Sci Technol 44:1327–1332.
Phetteplace H, Johnson D, Seidl A. 2001. Greenhouse gas emissions from
simulated beef and dairy livestock systems in the United States. Nutr
Cycling Agroecosyst 60:99–102.
Plawecki RP, Montri A, Hamm MW. 2013. Comparative carbon footprint assessment of winter lettuce production in two climatic zones for Midwestern market. Renew Agr Food Syst 29(4):310–318.
Ponsioen T, Broekema R, Blonk H. 2010. Koeien op gras, milieueffecten van
Nederlandse en biutlandse rundvleesproductieststemen [Cows on grass,
environmental effects of Dutch and foreign beef production systems].
Gouda (NL): Blonk Milieu Advies.
Rakocy JE, Shultz RC, Bailey DS, Thoman ES. 2003. Aquaponic production of
tilapia and basil: Comparing a batch and staggered cropping system. In:
South Paciﬁc Soilless Culture Conference‐SPSCC 648:63‐69.
Ramos S, Vazquez‐Rowe I, Artetxe I, Moreira M, Feijoo G, Zuﬁa J. 2011.
Environmental assessment of the Atlantic mackerel (Scomber scombrus)
season in the Basque Country: Increasing the timeline delimitation in
ﬁshery LCA studies. Int J Life Cycle Assess 16:599–610.
Romero ED. 2015 Jun 22. Local food is still a niche. Can it grow beyond that?
National Public Radio. [accessed 2018 Aug 9]. https://www.npr.org/
sections/thesalt/2015/06/22/415554585/local‐food‐is‐still‐a‐niche‐can‐it‐
grow‐beyond‐that
Sakamoto M, Kubota M, Liu VJ, Murata K, Nakai K, Sathod H. 2004. Maternal
and fetal mercury and n‐3 polyunsaturated fatty acids as a risk and beneﬁt
of ﬁsh consumption to fetus. Environ Sci Technol 38:3860–3863.
Samuel‐Fitwi B, Schroeder JP, Schulz C. 2013. System delimitation in life cycle
assessment (LCA) of aquaculture: Striving for valid and comprehensive
environmental assessment using rainbow trout farming as a case study.
Int J Life Cycle Assess 18(3):577–589.
Schmautz Z, Loeu F, Liebsich F, Graber A, Mathis A, Bulc TG, Junge R. 2017.
Tomato productivity and quality in aquaponics: Comparison of three
hydroponic methods. Water 8(11):533.
Sexton S. 2011 Nov 14. The inefﬁciency of local food. Freakonomics blog.
[accessed 2018 Jun 7]. http://freakonomics.com/2011/11/14/the‐
inefﬁciency‐of‐local‐food/
Sheane R, Lewis K, Hall P, Holsmes‐ling P, Keerr A, Steward K, Webb D. 2011.
Identifying opportunities to reduce the carbon footprint associated with
the Scottish dairy supply chain—Main report. Edinburgh (UK): Scottish
Government.
Sheenan J, Camobreco V, Dufﬁeld J, Grabowski M, Shapouri H. 1998. Life
cycle inventory of biodiesel and petroleum diesel for use in an urban bus.
Golden (CO): USDE Ofﬁce of Fuels Development and USDA Ofﬁce of
Energy, NREL.
Silva L, Valdés‐Lozano D, Escalante E, Gasca‐Leyva E. 2018. Dynamic root
ﬂoating technique: An option to reduce electric power consumption in
aquaponic systems. J Cleaner Prod 183:132–142.
Silvenius F, Gronroos J. 2003. Fish farming and the environmental: Results of
inventory analysis. Helsinki (FI): Finnish Environment Institute.
Sirakov I, Lutz M, Graber A, Mathis A, Staykov Y, Smits TH, Junge R. 2016.
Potential for combined biocontrol activity against fungal ﬁsh and plant

Integr Environ Assess Manag 2019:1–12

11

pathogens by bacterial isolates from a model aquaponic systems. Water
8(11):518.
Slavin JL, Lloyd B. 2012. Health beneﬁts of fruits and vegetables. Adv Nutr
3:506–516.
Stoessel F, Juraske R, Pﬁster S, Hellweg S. 2012. Life cycle inventory and
carbon and water footprint of fruits and vegetables: Application to a Swiss
retailer. Environ Sci Technol 46:3253–3262.
Sun W. 2009. Life cycle assessment of indoor recirculating shrimp aquaculture
system [Doctoral dissertation]. Ann Arbor (MI): Univ Michigan.
Sunderland EM. 2007. Mercury exposure from domestic and imported estuarine and marine ﬁsh the in the U.S. seafood market. Environ Health
Perspect 115(2):235–242.
Suslow T. 2004. Ozone applications for postharvest disinfection of edible
horticultural crops. UCANR.
Svanes E, Vold M, Hassen O. 2011. Environmental assessment of cod
(Gadus morhua) from auto line ﬁsheries. Int J Life Cycle Assess
16:611–624.
Tacon AG, Metian M. 2008. Global overview on the use of ﬁsh meal and ﬁsh
oil in industrially compounded aquafeeds: Trends and future prospects.
Aquaculture 285:146–158.
Tamaru CS, Bradley Fox J, Hollyer LC, Low T. 2012. Testing for water borne
pathogens at an aquaponic farm. [accessed 2018 Aug 14]. https://www.
ctahr.hawaii.edu/sustainag/leaders/downloads/Testing_for_Water_
Borne_Pathogens_at_an_Aquaponic_Farm_Feb2012.pdf
Thomassen M, van Calker K, Smits M, de Iepema G, Boer I. 2008. Life cycle
assessment of conventional and organic milk production in the Netherlands. Agric Syst 96:95–107.
Tlusty MF, Legueux K. 2009. Isolines as a new tool to assess the energy costs
of the production and distribution of multiple sources of seafood. J
Cleaner Prod 17:408–415.
Tyson R, Treadwell D, Simonne E. 2011. Opportunities and challenges to
sustainability in aquaponic systems. Hortic Technol 21(1):6–13.
[UN] United Nations. 2017 Jun 21. Department of Economic and Social Affairs.
[accessed 2018 May 19]. https://www.un.org/development/desa/en/news/
population/world‐population‐prospects‐2017.html
[USDA] United States Department of Agriculture. 2010. Guidance for industry: Guide to minimize microbial food safety hazards of leafy greens;
draft guidance. [accessed 2017 Apr 11]. https://www.federalregister.gov/
documents/2009/08/03/E9‐18451/draft‐guidance‐for‐industry‐guide‐to‐
minimize‐microbial‐food‐safety‐hazards‐of‐leafy‐greens
[USDA] United States Department of Agriculture. 2017. Choose my plate—
Protein foods. [accessed 2017 Apr 11]. https://www.choosemyplate.gov/
protein‐foods
Vazquez‐Rowe I, Moreira M, Feijoo G. 2010. Life cycle assessment of horse
mackerel ﬁsheries in Galicia (NW Spain): Comparative analysis of two
major ﬁshing methods. Fish Res 106:517–527.
Vazquez‐Rowe I, Moreira M, Feijoo G. 2011. Life cycle assessment of fresh
hake ﬁllets captured by the Galician ﬂeet in the Northern Stock. Fish Res
110:128–135.
Vazquez‐Rowe I, Moreira M, Feijoo G. 2012. Environmental assessment of
frozen common octopus (Octopus vulgaris) captured by Spanish ﬁshing
vessels in the Mauritanian EEZ. Mar Policy 36:180–188.
Verbeke W, Sioen I, Pieniak Z, Van Camp J, De Henauw S. 2005. Consumer
perception versus scientiﬁc evidence about health beneﬁts and safety
risks from ﬁsh consumption. Public Health Nutr 8(4):422–429.
Verge X, Dyer J, Desjardins R, Worth D. 2007. Greenhouse gas emissions
from the Canadian dairy industry in 2001. Agric Syst 94:683–693.
Verge X, Dyer J, Desjardins R, Worth D. 2009. Long‐term trends in greenhouse gas emissions from the Canadian poultry industry. J Appl Poult Res
18:210–222.
Verge X, Dyer JA, Desjardins R, Worth D. 2008. Greenhouse gas emissions
from the Canadian beef industry. Agric Syst 98:126–134.
Wakeland W, Cholette S, Venkat K. 2011. Food transportation issues and reducing carbon footprint. In: Boyce JI, Arcand Y, editors. Green technologies
in food production and processing. New York (NY): Springer. p 211–236.
Ward DM, Nislow KH, Chen CY, Folt CL. 2010. Rapid, efﬁcient growth recues
mercury concentrations in stream‐dwelling Atlantic salmon. Trans Am Fish
Soc 139:1–10.

DOI: 10.1002/ieam.4187

© 2019 SETAC

12

Integr Environ Assess Manag 000, 2019—F Wu et al.

Watson RA, Nowara GB, Hartmann K, Green BS, Tracey SR, Carter CG. 2015.
Marine foods sources from farther as their use of global ocean primary
production increases. Nat Commun 6:7365.
Weber CL, Matthews HS. 2008. Food‐miles and the relative climate impacts of food choices in the United States. Environ Sci Technol
42:3508–3513.
Weiske AV, Olesen J, Schelde K, Michel J, Friedrich R, Kaltschmitt M. 2006.
Mitigation of greenhouse gas emissions in European conventional and
organic dairy farming. Agric Ecosyst Environ 112:221–232.
Western Growers. 2019 Jan 13. Produce price index. [accessed 2019 Jan 24].
http://www.producepriceindex.com/
White C. 2016 Oct 27. American seafood consumption up in 2015, landing
volumes even. [accessed 2017 Apr 7]. https://www.seafoodsource.com/
news/supply‐trade/american‐seafood‐consumption‐up‐in‐2015‐landing‐
volumes‐even
Willett WC, Sacks F, Trichopoulou A, Drescher G, Ferro‐Luzzi A, Helsing E,
Trichopoulos D. 1995. Mediterranean diet pyramid: A cultural model for
healthy eating. Am J Clin Nutr 61:1402S.
Williams A, Audsley E, Sandars D. 2006. Determining the environmental
burdens and resource use in the production of agricultural and horticultural commodities. DEFRA Project IS0205 undertaken by Cranﬁeld Univ.
Xie K, Rosentrater KA. 2015. Life cycle assessment (LCA) and
Techno‐economic analysis (TEA) of tilapia‐basil aquaponics. Agricultural
and Biosystems Engineering Conference Proceedings and Presentation.

Integr Environ Assess Manag 2019:1–12

Yogev U, Barnes A, Gross A. 2017. Nutrients and energy balance analysis for a
conceptual model of a three loops off grid, aquaponics. Water 8(12):589.
Zampelas A, Panagiotakos DB, Pitsavos C, Das UN, Chrysohoou C, Skoumas
Y, Stefanadis C. 2005. Fish consumption among healthy adults is associated with decreased levels of inﬂammatory markers related to cardiovascular disease. J Am Coll Cardiol 46(1):120.
Zhu A, Van Ierland E. 2004. Protein chains and environmental pressures: A comparison of pork and novel protein foods. Environ Sci 1(3):254–276.
Ziegler F. 2007. Environmental life cycle assessment of seafood products
from capture ﬁsheries. Int J Life Cycle Assess 12(1):61.
Ziegler F, Emanuelsson A, Eichelsheim J, Flysjo A, Ndiaye V, Thrane M.
2011. Extended life cycle assessment of southern pink shrimp products originating in Senegalese artisanal and industrial ﬁsheries for
export to Europe. J Ind Ecol 15:527–538.
Ziegler F, Nilsson P, Mattsson B, Walther Y. 2003. Life cycle assessment of
frozen cod ﬁllets including ﬁsher‐speciﬁc environmental impacts. Int J Life
Cycle Assess 8(1):39–47.
Ziegler F, Valentinsson D. 2008. Environmental life cycle assessment of
Norway lobster (Nephrops norvegicus) caught along with Swedish west
coast by creels and conventional trawls—LCA methodology with case
study. Int J Life Cycle Assess 13:487–497.
Ziegler F, Winther U, Hognes ES, Emanuelsson A, Sund V, Ellingsen H. 2012.
The carbon footprint of Norwegian seafood products on the global seafood market. J Ind Ecol 17(1):103.

wileyonlinelibrary.com/journal/ieam

© 2019 SETAC

