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* Correspondence: gyalog.gergo.sandor@uni-mate.hu (G.G.); julieth.paola.cubillos.tovar@phd.uni-mate.hu (J.P.C.T.);
Tel.: +36-305079949 (G.G.); +36-702127794 (J.P.C.T.)

Abstract: This paper provides a comparative overview of decadal changes in aquaculture production
in the European Union (EU-27) and Latin America and the Caribbean (LAC). Contrary to other
regions of the world, freshwater fish farming in these two territories is a marginal sub-segment
of the aquaculture sector. Using an indicator-based approach, we track development tendencies
in freshwater aquaculture, focusing on the main established and emerging species, diversification,
and shifts in the mean trophic level of farmed animals. Geographical patterns in production trends
are revealed in both regions. The study attempts to explain between-region and between-country
differences in aquaculture growth by analyzing freshwater resource endowments at region-level and
country-level, using total renewable water resources (TRWR) as an indicator of water-abundancy.
Thermal optimum of main produced species is matched against climate conditions prevailing in
main producer countries to provide further understanding of spatial heterogeneity in growth rates of
aquaculture sector.

Keywords: aquaculture; renewable water resources; climate; trophic level

1. Introduction

Since the mid-1990s, nearly all growth in seafood supply has originated from aquacul-
ture. At the global level, the contribution of freshwater fish production to total aquaculture
output increased from 55.6% to 61.2% between 1995 and 2019 [1], indicating that the growth
rate of freshwater aquaculture outpaces that of mariculture. In the European Union (EU-27)
and Latin America and the Caribbean (LAC), the profile of the aquaculture industry is
different from the other regions, since coastal (marine or brackish water) aquaculture domi-
nates the sector in both regions. In 2019, freshwater aquaculture only contributed 25.0%
and 27.4% to total fish production in LAC and EU-27, respectively [1], and the rate of its
growth was lower than that of marine aquaculture in both regions.

Nevertheless, freshwater aquaculture production experienced considerable growth in
the latest decades in LAC [2]. In contrast, freshwater production in the EU has stagnated
for decades, however, there is large heterogeneity between growth rates of member states.
Opportunities for aquaculture growth are not the same in the two regions, as they differ
from each other in terms of markets, regulation environment, and resource availability.
Per capita fish consumption in the EU-27 is relatively high with a value of 24 kg/year,
corresponding to a yearly consumed quantity of 12.3 million tons. With only a 41% self-
sufficiency rate, the EU is the most important seafood importer in the world [3]. Moreover,
in the category of freshwater fish, the self-sufficiency rate of the EU-27 is only 37% [4].
Conversely, LAC has the lowest per capita seafood consumption in the world with only
10.5 kg/year which is equivalent to a demand of 6.7 million tons, largely met by marine
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fisheries [5]. Latin American aquaculture is a net aquatic food exporter, and even though the
majority of exports originated from the marine environment, tilapia, farmed in freshwater,
is also marketed in large quantities to the USA [6]. However, domestic demand for aquatic
food is increasing, as among all regions of the world the highest growth rate (+18% between
2016 and 2030) in per capita seafood consumption is projected for Latin America [5].

All in all, freshwater aquaculture has a marginal role in total fish production and
aquatic food supply both in the EU and LAC, but domestic markets exist and are being
developed for freshwater aquatic products, and for the latter, region export markets would
also offer growth potential if competitiveness was further improved. This paper attempts
to review the trends of freshwater aquaculture production under these circumstances.
Although there are a variety of socio-economic and regulatory conditions in which the two
regions differ from each other, it was not the intention of this study to explore these. Rather,
using aggregate statistics we tracked the internal tendencies of the sector. As such, the
paper presents, both at a regional and country-level, how the production volume changed
over the last decade and investigates which species contributed to the growth. By using
an index for diversification, we conclude whether freshwater aquaculture tends towards
diversification or concentration. Between-country differences in production tendencies are
revealed in both regions, and we attempt to explain these with differences in freshwater
resource endowments and climatic conditions.

2. Data Sources for the Analysis

Data on aquaculture production (both quantity and value) was obtained from FAO
FishstatJ [1]. The unit value of production was calculated by dividing production value by
production quantity. Population information, which was used for calculating production
growth per capita, was derived from the World Bank database [7]. Trophic levels (TL)
in aquaculture were considered in our study. TL for each species was extracted from
FishBase [8]. The TL of interspecific hybrids was assigned based on the TL of parental
lines. Renewable freshwater estimates were obtained from the FAO Aquastat program
website [9]. At the country-level, we used the indicator ‘Total annual renewable water
resources (TRWR) per inhabitant’ to represent the water endowment of major aquaculture
producer countries. In order to calculate the region-level (EU-27 and LAC) values for the
availability of renewable water, first, we summed country-level data on ‘Total internal
annual renewable water resources (TIRWR)’ (i.e., not counting external water resources)
in order to avoid the problem of multiple accounting of resources shared by more than
one country [10]. Second, the sum of the country-level TIRWR values was divided by
the population of the region [7] to calculate the per-capita availability of renewable water
resources in the EU-27 and LAC. We presented climate information for the analysis, which
was extracted from the Climate Change Portal of the World Bank Group [11]. For our
study, we utilized monthly mean temperature data recorded in the 1990–2020 reference
period. The thermal optimum of cultured species was copied from the META (Maritime
and Environmental Thresholds for Aquaculture) database [12].

To measure the diversification degree of the aquaculture sector, we implemented an
index from Hofherr et al. (2012) [13]. This index was calculated both at the country-level
and region-level. This diversification index (DIV) considers the Herfindahl-Hirschman
Index (HHI), which is a calculation of variety that takes into account both richness (i.e.,
the number of farmed items) and evenness (i.e., how evenly the quantity produced is
distributed among these items). The range of DIV is set from 0 to 1, where a score close
to 1 indicates a highly diversified industry in terms of the families produced, and a score
close to 0 indicates a sector that is highly concentrated on one family [14]. The calculation
formula of DIV is as follows:

DIV = 1 −
N

∑
i=1

s2
i

where Si: share of production of species belonging to a family in total aquaculture produc-
tion, and N is the number of fish families farmed in the aquaculture sector.
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3. Aquaculture Production Trends in the Two Regions

Although at the global level, freshwater aquaculture is expanding rapidly, there is
spatial heterogeneity in development patterns both between regions and within each region.
Figure 1 provides an overview of those countries in the two regions considered in this
study, where freshwater aquaculture output fell over the last ten years.

 
Figure 1. Geographical scope of the study. Blue- and red-colored countries represent increasing and falling 
freshwater aquaculture production between 2007–2009 and 2017–2019, respectively. 

 

Figure 1. Geographical scope of the study. Blue- and red-colored countries represent increasing and
falling freshwater aquaculture production between 2007–2009 and 2017–2019, respectively.

3.1. Production in LAC

Figure 2 presents the decadal changes in Latin American freshwater aquaculture
production. During this period the output grew by 95% (from 476 to 927 kT), which
is considerably higher than the growth rate of the global freshwater aquaculture level
(60%) [1,5]. Brazil is by far the largest producer of LAC; it is the only non-Asian country
in the top 10 of the global list of freshwater aquaculture producers (ranking 7th in 2019),
and the 2.1-fold growth in Brazilian production over a decade is considerably higher
than in other large global producers. However, in other major producers of LAC (Peru,
Mexico, and Colombia) the sector grew at a rate even higher than in Brazil. Altogether the
top-4 producers (Brazil, Colombia, Mexico, and Peru) account for 85% of total freshwater
aquaculture output in the region, and contributed to 98% of the increment in production
volume over a decade. Annual production in these four countries increased from 338 to
783 kT. On the contrary, there was a drop in output in some countries, including Ecuador
and Chile in South America, and many of the Central American and Caribbean states
(Cuba, Costa Rica, Jamaica, Panama).

Regional aquaculture development was centered around the growth of tilapia (mainly
Nile tilapia) production, a non-native tropical fish with standardized rearing protocols
which has robust domestic and export (USA and European) markets [15,16]. With a yearly
output of 543 kT, tilapia contributes to 59% of regional production. Farming of characins,
a family of tropical species native to LAC (mainly cachama, pirapatinga, pacu, and their
interspecific hybrids), is produced entirely for domestic markets, and cold-water salmonids
(almost exclusively represented by non-native rainbow trout) is also a rapidly growing
segment in the region. Carp farming, a traditional and formerly important sub-sector in
LAC aquaculture, has gradually lost its weight over the last decade (Figure 1).



Sustainability 2022, 14, 6443 4 of 19

Figure 2. Freshwater aquaculture production in LAC. Data source: [1]. 

Figure 2. Freshwater aquaculture production in LAC. Data source: [1].

3.2. Production in EU

Contrary to significant development in Latin American and global freshwater aquacul-
ture, output in the EU has not grown for decades. Production has slightly decreased from
284 to 280 kT over the last decade (Figure 3). Similar to Latin America, big differences exist
between the development patterns of individual countries. There are marked west-east
and south-north gradients in industry growth rates: aquaculture output in most of the
Western and Mediterranean countries fell, on the contrary, Eastern and Northern EU states
increased their fish production (Figure 1).

Figure 3. Freshwater aquaculture production in the EU-27 and in the top 8 producer countries (bar 
charts). Pie charts represent share of major groups in total production of EU-27. Data source: [1]. 

Figure 3. Freshwater aquaculture production in the EU-27 and in the top 8 producer countries (bar
charts). Pie charts represent share of major groups in total production of EU-27. Data source: [1].

EU aquaculture is heavily concentrated on two species, which altogether account for
83% of production. Rainbow trout, a predatory species predominant in the aquaculture of
Northern, Western, and Mediterranean countries, are farmed in cold-water systems. The
production of this species fell in the period investigated, from 167 to 152 kT. The second
most important farmed organism is the common carp (70 kT in 2007–2009 and 73 kT in
2017–2019), which is cultured at lower trophic levels in warm-water aquaculture, mainly
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in Eastern European EU states. Production statistics suggest that geographical patterns in
aquaculture development are more important than general differences in growth pathways
of different species, since carp production shrank significantly in France and Germany,
despite the general growth of the carp industry in Eastern Europe.

In addition to rainbow trout and common carp, several other Salmonidae and Cyprinidae
species are farmed as well, but in lower volumes. Next to salmonids and cyprinids, higher
TL value species (catfishes, sturgeons, perciform sp., eel, pike) are cultured in the EU, which
have a higher market value than cyprinids.

3.3. Trophic Level and Unit Value of Species Produced

At a global level, capture fisheries supply markets with carnivorous species, whereas
aquaculture focuses on species that are lower in the food chain, and carnivorous species
make up less than 10% of farmed output [17]. In line with global trends, the majority of
species farmed in freshwater aquaculture in LAC are omnivorous and herbivorous fish,
and carnivorous species (TL > 3.5) account for less than 12% of total production. Unlike
global and Latin American aquaculture, EU-27 fish farming is focused on carnivorous
fish, which contribute to 66% of production, while herbivorous and omnivorous species at
TL < 3.5 account for only 34% of the production.

At a global level, carnivorous species are traded with higher value and have larger
production costs due to protein-rich feeds applied in farming [17]. For the LAC and EU,
Figures 4 and 5 match the trophic level (TL) against the unit value of cultured species
(including interspecific hybrids). Unlike general patterns in global markets of cultured
species, in Latin America there is no (statistically) significant correlation between trophic
level and market value; most of the carnivorous species are traded with values (<3 USD/kg)
similar to those at lower trophic levels, with the exception of rainbow trout and arapaima
that command a higher price on the markets. On the other hand, blue tilapia has a relatively
high market value in spite of its herbivorous nature.

Figure 4. Bubble plot of the trophic level versus the unit value for the top-25 species in LAC aquaculture 
(calculated for 2019). The size of the bubbles relates to the production volume of a particular species. 
Cichlidae and Characidae species are marked in red and green, respectively. Items in italics are not 
species but higher-level aggregates. Data sources: [1,8]. 
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Figure 4. Bubble plot of the trophic level versus the unit value for the top-25 species in LAC
aquaculture (calculated for 2019). The size of the bubbles relates to the production volume of a
particular species. Cichlidae and Characidae species are marked in red and green, respectively. Items
in italics are not species but higher-level aggregates. Data sources: [1,8].
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Figure 5. Bubble plot of the trophic level versus the unit value for the top-25 species in EU-27 
aquaculture (calculated for 2019). The size of the bubble relates to the production volume of a particular 
species. Salmonidae and Cyprinidae species are marked in red and green, respectively. Items in italics 
are not species but higher-level aggregates. Data sources: [1,8]. 
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Figure 5. Bubble plot of the trophic level versus the unit value for the top-25 species in EU-27
aquaculture (calculated for 2019). The size of the bubble relates to the production volume of a
particular species. Salmonidae and Cyprinidae species are marked in red and green, respectively.
Items in italics are not species but higher-level aggregates. Data sources: [1,8].

Unit values of fish in the EU are found in a wider range, from 1.6 (bighead carp) to
10.9 (eel) USD/kg, with a positive gradient along the trophic chain. There is a statistically
significant correlation (r = 0.48, p = 0.02) between TL and the unit value of species, implying
that European consumers have a willingness to pay higher prices for carnivorous species.

Diverting culture practices toward low trophic level species is identified as a strategy
for sustainable aquaculture, to reduce nutrient loading and the demand for high-protein ter-
restrial or marine feed sources [18]. Each level up the trophic chain decreases the efficiency
of utilizing energy produced by photosynthetic organisms. For this reason, metrics calcu-
lated with the trophic level are often used as indicators for sustainability [19,20]. Though
the original meaning of TL has been blurred recently with the increasing share of vegetable-
based ingredients in diets of farmed carnivorous species [21], the protein content (either
it is sourced from vegetable or animal ingredients) and cost of aquafeed recipes are still
higher for carnivorous species than for herbivores. Therefore, we continue to consider TL
as a proxy indicator of the level of requirement for costly nutrients during the culture of fish
species. Figure A1 illustrates the change in mean trophic level of freshwater aquaculture
production (both at the region-level and country-level) between 2007–2009 and 2017–2019.
In Latin America, there was only a slight increase in the mean trophic level of the regional
aquaculture, from 2.30 to 2.32, which indicates the unchanged dominance of herbivore and
omnivore species. On the contrary, the mean trophic level of EU aquaculture is relatively
high (3.64 calculated for 2017–2019), but slightly decreasing with a rising share of carp in
total production.

3.4. Diversification and Emerging Species

Species diversification increases the resilience of industry by reducing its vulnerability
to market shocks and species-specific disease outbreaks [22–24]. To analyze the diversity of
the aquaculture sector, we used metrics reflecting the degree to which fish production is
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evenly distributed among more species. Figure A2 presents the calculated diversification
index (DIV) and its change between 2007–2009 and 2017–2019, for the two regions consid-
ered. Higher values indicate higher diversity. The DIV calculated for the Latin American
freshwater aquaculture was reduced from 0.68 to 0.59 in the last decade, which suggests
that concentration of the industry has taken place, and the sector became less diversified
at the regional level. The reduction in the DIV is mainly attributed to the increasing dom-
inance of Nile tilapia in Latin American aquaculture (Table A1). In Brazil, Mexico, and
Peru the diversification of fish production was reduced significantly, corresponding to a
development pattern where an already dominant species becomes even more dominant in
production (tilapia for Mexico and Brazil, trout for Peru). This reflects that the aquaculture
industry sees the opportunity in concentrating efforts, investments, and infrastructure on
the production of these species. However, rainbow trout and tilapia are non-native species,
and most recent aquaculture plans (Peru, Colombia, Brazil) identify the culture of native
species as a priority and promote this as a path to sustainability [I]. Figure 6 provides an
overview of the aquaculture development of native emerging species.

Figure 6. Emerging species in freshwater aquaculture of EU-27: production quantities and unit values 
in 2007–2009 and 2017–2019. 
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Figure 6. Emerging species in freshwater aquaculture of EU-27: production quantities and unit values
in 2007–2009 and 2017–2019.

In contrast with the Latin American freshwater aquaculture, the species diversity
slightly increased in the EU-27 in the last years from 0.54 to 0.56. This is mainly attributed
to the shrinking contribution of trout to total production, but the increasing output of
emerging species (Figure 6) also contributes to increased diversity in European aquaculture.
Most of these novel species are carnivorous species with high but falling market value.
African catfish (and its hybrid, the Hetero-clarias catfish) is exceptional in that it is marketed
at low prices. Being an air-breathing organism and its wide tolerance for water quality,
the African catfish is cultured in high densities [25] with low per-unit fixed costs, allowing
farmers to position it as a low-value species. Thanks to its low price, it has a stable domestic
market, and its calculated market value increased over the last decade. However, being
a non-native invasive species, there are ecological concerns over escapees from culture
units [26]. EU countries are important contributors to global sturgeon meat and caviar
output, originating from aquaculture, but in recent years demand for these products was
lower than the offer [27]. This is reflected in the decreasing unit prices (Figure 7), which
has a negative impact on the growth prospects of this industry. Production of perciform
species (pikeperch, perch, and hybrid striped bass) increased double-fold over the period
investigated. Pikeperch is the most important native percid fish in Europe, with a very
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solid market price. Yet, various technological problems hamper the growth of pikeperch
farming, such as unpredictability in reproductive performance and juvenile production [28].
Char farming is also an important emerging segment in EU aquaculture, especially in the
Northern states, with the potential to diversify salmonid production [29]. Land-based
Atlantic salmon farming is in its infancy, production is being upscaled in large RAS systems.
Total RAS production of Atlantic salmon is larger than what is indicated in Figure 7, since
there are land-based systems that produce salmon in salt water, and their production is
reported under marine aquaculture production [29].

Figure 7. Emerging species in freshwater aquaculture of EU-27: production quantities and unit values 
in 2007–2009 and 2017–2019. 
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Figure 7. Emerging species in freshwater aquaculture of EU-27: production quantities and unit values
in 2007–2009 and 2017–2019.

European aquaculture producers face import competition mainly from mid-value
salmon and low-value pangasius originating from countries (Norway and Vietnam, re-
spectively) where climatic and geographic conditions are ideal for these species, and the
EU market penetration of these species is supported by a well-developed value chain.
Conventional species (trout, carp) farmed in the EU do not have the perspective to increase
domestic market share, therefore, European fish farmers try to find breakthrough points by
diversifying production with species that are destined for supplying niche markets where
international competition is lower.

4. Water Use and Resources in LAC and EU Aquaculture
4.1. Water Resource Intensity of LAC and EU Aquaculture Production

The intensity of resource use varies widely between culture systems. Therefore, first,
we review major types of rearing systems used in aquaculture in LAC and EU before
discussing the relationship between growth and freshwater resources. Although statistical
reports do not break down production data by different farming systems for the Latin
American region, based on literature sources it is obvious that earthen pond culture is
dominant, especially in tilapia and characid sectors [2,16,30,31]. Pond farming technologies
vary from low to high intensity, which differs in stocking densities, nutrient input, water
quality, flow management, etc. A smaller part of the production takes place in static-
water ponds under extensive (non-fed) conditions, where supplementary water is only
withdrawn to replace what is lost through evaporation [16]. The largest portion of the
output is farmed under semi-intensive conditions in fed and fertilized earthen ponds,
where water management is either similar to that of extensive systems [31] or a moderate
flow rate is provided [30]. Intensive technologies in earthen ponds are operated with high
flow rates (proportional to biomass density) to provide constant water refreshment [30]. In
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addition to pond farming, the use of reservoirs for aquaculture is also common in LAC,
either as a place for extensive management or intensive culture in floating cages [32–34].
Although recirculating aquaculture systems (RAS) are more and more widely used in
culture of marine species using saltwater, they do not represent a significant share in Latin
American freshwater aquaculture [16].

The main factors affecting specific (per kg) direct water use in production systems are
yields (kg produced per m3 or ha) and flow regime (frequency of water intake, intensity of
water exchange). Feed-associated (indirect) water use is also significant in fed-systems, in
the range of 1–2.5 m3/kg production [35,36] System-associated water use takes place on the
production site, but, by contrast, feed-associated water consumption is often incorporated
into imported crop ingredients (e.g., soybean), with implications on water resources found
in regions/countries far away from the fish production site. Therefore, with the consequent
aim of investigating how the development of the aquaculture sector in LAC and the EU
depends on the spatial availability of water resources, we focus on the system-associated
water requirements of different systems below.

At a global level, RAS and cage systems are considered to use blue water resources
most efficiently, with a minimal (<0.5 m3/kg) water footprint [37–39]. However, accounting
freshwater use to cage culture when multiple uses occur in water bodies is not consis-
tent [14]. On the other end, flow-through systems are considered to be the least efficient
systems in terms of using blue waters, usually with a footprint >50 m3/kg [38–40]. Pond
systems, which are the dominant environment for freshwater fish production both globally
and in LAC, are in between RAS/cage and flow-through systems in terms of water use,
with footprint values between 3 and 40 m3/kg, depending on yields, evaporation and
seepage conditions at the production site, and water refreshment regime applied [37].
Generally, it is considered that specific water use has an asymptotic relationship with
aquaculture production intensity, since more intensive production systems were found
to use water resources more efficiently (per kg of fish produced) than extensive produc-
tion systems [35,37,39,41,42]. Results of studies assessing water use in LAC and EU are
summarized in Table 1.

Table 1. Per kg water use in typical fish production systems in LAC and EU as per literature sources.

Species, Production System Direct Water Use 1 Source and Further Information on Indirect Water Use for Upstream
and Downstream Segments

Rainbow trout, pond
culture (Colombia) 16.9 m3/kg Source: [43] The study calculated blue, grey, and green water footprint

(WF) for the hatching and on-growing phases: feed and electricity
(input) production. Calculated WFs were 19.8, 5.5, and 6.1 m3/kg for

trout, tilapia, and chachama, respectively.
Tilapia, pond culture (Colombia) 2.7 m3/kg

Cachama, pond culture (Colombia) 3.9 m3/kg

Nile tilapia, extensive reservoir
culture 2 (Mexico)

2.8 m3/kg Source: [30]. The study calculated blue, grey, and green WFs for the
following stages: broodstock keeping, on-growing, fish processing,

transport, feed, and fertilizer (input) production. Calculated WFs were
4.0, 37.8, and 68.2 m3/kg for extensive, semi-intensive, and intensive

culture, respectively (on a live weight basis).

Nile tilapia, semi-intensive pond
culture 3 (Mexico)

8.7 m3/kg

Nile tilapia, intensive pond
culture 4 (Mexico)

39.1 m3/kg

Nile tilapia, semi-intensive pond
culture 5 (Brazil)

17–34 m3/kg Source: [31] Water dependency analysis focused only on blue water use
during on-growing stage.

Nile tilapia, Intensive cage culture in
reservoir 6 (Brazil)

<0.01 m3/kg Water dependency analysis focused only on blue water use during
on-growing stage. Source: [33]

African catfish, intensive RAS culture
7 (Netherland) 0.1 m3/kg

Analysis scoped system-associated (blue) water use during on-growing.
If feed-associated (green) water use was added, water use would

amount to 0.5 m3/kg. Source: [37]
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Table 1. Cont.

Species, Production System Direct Water Use 1 Source and Further Information on Indirect Water Use for Upstream
and Downstream Segments

Carp, semi-intensive pond
culture 8 (Hungary)

21.1 m3/kg
Calculated system-associated (blue) water use based on data from

country-level statistical report for 2019 [44]. If feed-associated water use
was added, water use would amount to 24.8 m3/kg.

Trout farmed in flow-through
raceway tanks 9 (France)

54.2 m3/kg Water dependency analysis focused only on blue water use during
on-growing stage. Source: [38]

1 Definitions of direct (system-associated) water use vary across studies. Most studies calculate the total amount
of water withdrawn for production, which is larger than consumptive water use. 2 Non-fed, fertilized system
with 1.5 kg/m3 max. biomass density. 3 Fed and fertilized system with a daily 30% water exchange. Max biomass
density is 25 kg/m3. 4 Fed system with a daily 100–400% water exchange. Max biomass density is 40 kg/m3.
5 Fed, fertilized and aerated system, with supplementary water intake (offset evaporation loss) 9–14 t/ha. 6 Fed
system in static water body. Max density is 37–43 kg/m3. 7 Water exchange is 0.1 m3/kg feed. Culture density
is >300 kg/m3. 8 Fertilized and fed system with supplementary water intake (offset evaporation loss). Yield is
710 kg/ha. 9 Constant water flow diverted from a river; oxygen supply is provided.

Calculated per kg water demands of species farmed in Latin American systems
(Table 1) fall in line with finding for other regions of the world discussed above. Although
results are not supposed to be directly compared since different studies use different
methodologies with different system boundaries, it is important to note that a recent study
found that intensive tilapia culture was associated with a higher blue water footprint than
extensive farming due to high flow rates of refreshing water in the former technology [30].
This is contradictory to common findings for other regions, as discussed above, and it may
challenge the view that intensification in LAC comes with water resource efficiency.

For EU-27, the statistical office of the European Union reports aquaculture production
data by production method (farming system) [45]. Based on data available it is estimated
that 48% of freshwater production originates from flow-through pond/tank/raceway sys-
tems, 38% is produced in static-water earthen ponds, while RAS systems and cage/pen
aquaculture account for 10% and 4% of production, respectively. Under flow-through
conditions mainly trout [46], and to a lesser extent, African catfish, are cultured. Cold-
water trout are often reared in surface water diverted from smaller water courses, while
warm-water catfish are farmed in subterranean geothermal water. In the pond farming seg-
ment, typically a semi-intensive carp-dominant polyculture is practiced with low (<1 t/ha)
yields [47–49]. Contrary to Latin America, European RAS systems are constructed primarily
to farm freshwater species, mainly trout, catfishes, and sturgeons [50]. There are farms
also that rear Atlantic salmon and eel in a freshwater RAS environment [29]. Unlike many
regions of the world, where cage farming is an important segment of both freshwater and
marine aquaculture, in the EU cage systems are not typical in freshwater environments [51],
only some facilities exist to farm carp and sturgeon in reservoirs and on cooling water of
thermal power plants. To minimize the discharge of trout farms and comply with strict
environmental regulations, partial recirculation of water was a tendency in Denmark, one
of the largest producers in the EU. The main advantage of these systems is reduced nutrient
emission, but there are some disadvantages that limit the development of RAS culture,
such as high capital cost and worse energy efficiency due to automation [29,50,52,53].

The water demand of the flow-through trout farming segment is high (50–100 m3/kg),
and this can be reduced by up to two orders of magnitude (to 0.1–2 m3/kg) if systems
are converted to RAS [36,38,54]. Carp produced in semi-intensive pond production in an
Eastern European climate have a water demand of around 20 m3/kg ([55] and calculations
in Table 1).

4.2. Role of Water Resources in Aquaculture Development

In the previous section, it was highlighted that aquaculture production growth re-
quires some 5–50 m3 of water per kg of additional capacity, depending on the species
and production system. Tilapia and carp aquacultures in most typical semi-intensive sys-
tems demand 10–30 m3/kg, while trout produced in conventional flow-through require
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more than 50 m3/kg. Here, we match between-region and between-country differences
in growth rates with differences in freshwater resource endowments. In our study, we
examined two regions: LAC, which are abundant in water resources with a TRWR value of
21,476 m3/capita/year, and the EU-27, which have a TRWR less by an order of magnitude
(3041 m3/capita/year). Growth in annual freshwater aquaculture production over the last
ten years was −0.01 kg/cap (the EU) and 0.70 kg/cap (LAC).

Figure 8 plots the per-capita availability of annually renewed freshwater resources
against per-capita growth in the aquaculture sector in the last decade for the top 12 pro-
ducing countries in each region. Per-capita growth if aquaculture was calculated as the
difference between per-capita production in 2017–2019 and in 2007–2009. Therefore, coun-
tries with increasing populations and slightly increasing production may have negative
values for per-capita change in fish production (e.g., Denmark). The calculated Pearson-r
correlation between the two variables is 0.53 (p = 0.08) for Latin American countries, while
for European countries it is 0.75 (p < 0.01) if outlier data for Bulgaria was excluded. These
values suggest a positive relationship between per capita freshwater aquaculture devel-
opment and per capita freshwater availability. In Latin America, Peru, Colombia, and
Brazil are the most water-abundant countries, and these countries are ranked 2nd, 1st, and
4th in terms of per capita aquaculture growth, respectively. On the other hand, Cuba is
characterized by the lowest water resource availability in LAC, and this corresponds to the
biggest reduction in aquaculture production.

 

Figure 8. Bubble plot of the Total Renewable Water Resources (TRWR, 2018–2022) versus per capita 
growth of annual freshwater aquaculture production over a 10-year period (from 2007–2009 to 2017–
2019) for top-12 freshwater aquaculture producers in LAC (upper) and EU (lower) graph. The size of 
the bubble relates to the freshwater aquaculture production (t/year) of the corresponding country (avg. 
for 2017–2019). Note that the x-axis is log-scaled, and scales differ between the two graphs. Data sources: 
[1,9]. 
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Figure 8. Bubble plot of the Total Renewable Water Resources (TRWR, 2018–2022) versus per capita
growth of annual freshwater aquaculture production over a 10-year period (from 2007–2009 to
2017–2019) for top-12 freshwater aquaculture producers in LAC (upper) and EU (lower) graph. The
size of the bubble relates to the freshwater aquaculture production (t/year) of the corresponding
country (avg. for 2017–2019). Note that the x-axis is log-scaled, and scales differ between the two
graphs. Data sources: [1,9].
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Among the major freshwater fish producer countries in the EU, Sweden, Hungary,
and Romania have the largest volume of water resources, corresponding to positive growth
rates of aquaculture on a per-capita basis in these countries. Sweden has the highest
water abundance among the major producers in the EU and this enables the high growth
rate of trout production in flow-through systems, which have the highest water demand
among European systems. Recirculation aquaculture is relatively undeveloped in Sweden
[HH]. Among countries that have a TRWR value of less than 4000 m3/capita/year, it
can be seen that countries where carp-based pond aquaculture is dominant (Czechia,
Poland, Bulgaria) increased their production, while per-capita aquaculture output fell in
countries, where aquaculture sector is based on flow-through through systems (France,
Germany, Italy, and Spain). Considering that flow-through systems (with a footprint of
>50 m3/kg) are more sensitive to water stress than carp-based pond farming (~20 m3/kg),
aquaculture development patterns can be partly explained by the difference in the degree
of vulnerability of different systems to temporal water shortages, which are more frequent
with climate change [25,56–59].

In water-poor regions, one strategy to maximize production value per m3 of water
used is to farm high-value species in recirculation aquaculture systems (RAS), which
minimize water footprint. RAS aquaculture (farming sturgeons, eel, catfish, trout) has
developed rapidly, especially in the European countries where per capita water renewable
resources are below 4000 m3. Denmark, France, Germany, Poland, and Spain altogether
account for 75% of RAS production in the EU [50].

In addition to freshwater resource availability, the potential growth of freshwater aqua-
culture is also determined by climatic conditions since water temperature in most culture
systems is under the control of the climate. The species for culture must be selected so
that the range in temperature preference and tolerance of the species chosen is in harmony
with the local climate [60]. Figure 9 provides an overview of the climatic conditions of the
top 10 producers in both regions matched with the thermal preferences of the main target
species. Although the graph represents data for air temperatures, it is often assumed that
there is a linear relationship between air and water temperatures [57,61].

Figure 9. Climatic conditions (range of mean monthly air temperatures) versus thermal optimum of 
major cultured species in the top 10 fish producing countries of LAC (left) and EU (right). The size of 
the bubbles relate to the production volume of species. The whiskers encompass the l optimal water 
temperature range for each species. Source of data: [11,12,62]. 
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Figure 9. Climatic conditions (range of mean monthly air temperatures) versus thermal optimum of
major cultured species in the top 10 fish producing countries of LAC (left) and EU (right). The size of
the bubbles relate to the production volume of species. The whiskers encompass the optimal water
temperature range for each species. Source of data: [11,12,62].
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Most of the Latin American countries have a tropical climate with little variation in
monthly temperatures, which favors aquaculture production by enabling them to plan
production cycles without seasonality. Even in sub-tropical countries (Mexico), the range
is narrower than in European countries, and warm-water species can be fattened in the
colder season. Cold-water trout farmers at higher altitudes can also benefit from near-to-
constant temperatures, as is shown in rainbow trout aquaculture development in Peru, the
country with the coldest annual mean temperature among the major producer countries of
the region.

Most of the EU territories are under a temperate climate, with large variations in
monthly temperatures, therefore there is a strong seasonality in fish production cycles
in open systems. The graphical tool helps the understanding of the difference in growth
between trout and carp production over the last decade. Carp is a robust species with
wide temperature tolerance and low biological sensitivity to environmental changes [63].
Temperature increase, which is an ongoing tendency, is forecasted to favor the metabolic
activity and growth rate of carp under Eastern European conditions, since prevalent
temperatures are far away from its upper limit of thermal preference [57,61]. On the
one hand, trout is a species with a relatively low upper thermal limit, and consequently,
warming may significantly enhance trout mortality and affect productivity, especially in
Mediterranean countries [58]. In light of this, climate change contributes to the explanation
of the difference in aquaculture production changes between Mediterranean and Northern
European trout farming countries.

5. Emission of Aquaculture Production

Aquaculture generates emissions either to the air or to the aquatic space. The most
pronounced environmental concerns are over (i) the release of nitrogenous or phospho-
rus, which may stimulate eutrophication processes in the receiving water body, and
(ii) greenhouse gas (GHG) emission [64]. Unlike water footprint, which is mainly gen-
erated during on-farm activities, the majority of aquaculture-related GHGs are emitted
during feed production, thus carbon footprint is largely determined by the feed conversion
rates and the ingredients used in aquafeeds [65,66]. This implies that the nutritional habit
of the cultured species and the regional availability of ingredients matching these nutri-
tional requirements have a major influence on climate change mitigation. A recent study
using relatively narrow system boundaries and standardized methodology across different
systems and species found that tilapia farming in LAC has a significantly lower carbon
footprint (2 kgCO2eq/kg fish, in live weight) than the global average tilapia production
(3.7 kgCO2eq/kg fish), and this emission efficiency is mainly attributed to regional feeds
with lower footprints and lower use of fossil energy during on-farm processes [66]. In
the same study, the GHG emission of European carp production is calculated to be lower
(1.6 kgCO2eq/kg fish) than the global average carp carbon footprint (3.2 kgCO2eq/kg fish).
However, if the system boundaries of the analysis are expanded, the carbon footprint of
carp production is found to be significantly higher (6 kgCO2eq/kg fish), as infrastructure
maintenance (pond dredging) and post-harvest operations (packaging and transport) are
responsible for a large amount of greenhouse gas emission [67]. While most systematic
review studies conclude that per-unit GHG emissions of tilapia and carp production are
in a similar range, there is disagreement on whether the carbon footprint of salmonids
(including trout) is higher or lower than that of carp and tilapia [65,66,68]. Similarly, there
is a lack of consensus in answering the question of whether RAS produced trout have a
higher carbon footprint than one from a flow-through system, as the GHG emission during
RAS production is largely dependent on the source (renewable or fossil) of the electricity
used for operating the system [69]. Nevertheless, on-farm energy use in RAS technology
is higher than in other systems, but in the post-harvest stage the fuel demand is often
lower with shorter transportation routes because RAS facilities are built in the proximity of
markets [70].
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Nutrient emissions of aquaculture segments are determined by the utilization (re-
tention) efficiency of input nutrients in farmed organisms, and treatment/recovery of
the non-utilized part of nutrients. While the former factor is more species-specific, the
latter one is system-specific. In flow-through and cage systems the non-retained part of
nutrients is generally discharged with water exchange [53,71]. In RAS systems effluents are
treated and solid wastes are collected [72], while in static-water pond culture part of the
non-retained nutrient input is recycled through the food web and recovered in the plankton
biomass [57]. For this reason, feed nitrogen and phosphorous conversion efficiency are
relatively high (>40%) in European and Latin American pond cultures [47,73,74]. If the total
(feed and fertilizer) nutrient inputs are considered, then pond farming has low conversion
efficiency (<20%) in comparison to other systems, because nutrients present in fertilizers
are not directly utilized by target fish species and transition losses arise with nutrients
transferred through three levels of the trophic web (fertilizer-phytoplankton-zooplankton-
tilapia/carp) [57,75]. However, we argue that the nutrient efficiency of fertilized systems
cannot be directly compared with fed systems, as for the latter one fertilizer input during
the production of crops used as aquafeed ingredients should also be accounted for.

6. Conclusions and Perspectives

There are several factors that play a significant role in aquaculture development,
including market demand, environmental concerns, licensing regulations, and institutional
capacity [76]. This study was not written with the objective to discuss socio-economic
influences that may limit the exploitation of resources, rather it concentrated on production
trends and underlying factors endowments as available from aggregate statistics. We
investigated the climate and availability of freshwater resources, which are crucial factors
in aquaculture development [77], and shed light on their influence on the growth prospects
of the aquaculture sector. The LAC, accounting for one-third of the world’s total runoff [78],
is well-endowed with currently underutilized renewable water resources [10] and still has
a huge scope for expansion. In the European context, it is often cited that bureaucracy
and restricting environmental regulations are barriers to growth [73,79], but it needs to
be further understood whether regions poor in natural resources tend to have more strict
environmental rules to ensure the conservation of biodiversity and ecosystem functioning
and whether socio-economic and institutional influences are themselves consequences of
resource scarcity. In fact, many of the European producers see the future potential of the
industry rely on subsidies, rather than expansion of physical output [80,81].
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Appendix A

Table A1. Aquaculture production of top 25 species in LAC and EU-27. Items in red are not species,
but larger aggregates as per given by Aquatic Sciences and Fisheries Information System (ASFIS).
Source: [1].

LAC Production (t/year) EU 27 Production (t/year)

ASFIS Species 2007–2009 2017–2019 ASFIS Species 2007–2009 2017–2019

1 Nile tilapia
(Oreochromis niloticus) 200,785 416,322 Rainbow trout

(Oncorhynchus mykiss) 167,173 151,721

2 Tilapias nei
(Oreochromis spp.) 40,740 125,177 Common carp

(Cyprinus carpio) 70,448 73,355

3 Cachama
(Colossoma macropomum) 49,361 107,513 Bighead carp

(Hypophthalmichthys nobilis) 3617 6255

4 Rainbow trout
(Oncorhynchus mykiss) 31,021 95,987 North African catfish

(Clarias gariepinus) 5296 5966

5 Pirapatinga
(Piaractus brachypomus) 5381 29,174 Freshwater fishes nei

(Actinopterygii) 5587 5620

6 Tambacu, hybrid
(P. mesopotamicus x C. macropomum) 14,935 32,844 European eel

(Anguilla Anguilla) 6280 5139

7 Cyprinids nei
(Cyprinidae) 21,490 18,348 Hetero-Clarias catfish, hybrid

(H.longifilis x C.gariepinus) 1822 3372

8 Pacu
(Piaractus mesopotamicus) 15,921 16,283 Sturgeons nei

(Acipenseridae) 1345 3008

9 Silver carp
(Hypophthalmichthys molitrix) 19,189 13,447 Silver carp

(Hypophthalmichthys molitrix) 4917 3086

10 Tambatinga, hybrid
(C. macropomum x P. brachypomus) 3422 11,894 Grass carp

(Ctenopharyngodon idellus) 1696 2479

11 Sorubims nei
(Pseudoplatystoma spp.) 0 12,404 Sea trout

(Salmo trutta) 2860 2720

12 Common carp
(Cyprinus carpio) 19,275 6145 Salmonoids nei

(Salmonidae) 263 1628

13 North African catfish
(Clarias gariepinus) 3838 6042 Chars nei

(Salvelinus spp) 492 1913

14 Brycon amazonicus 0 4346 Brook trout
(Salvelinus fontinalis) 693 1596

15 Brycon spp 0 4772 Atlantic salmon
(Salmo salar) 26 1100

16 Freshwater fishes nei
(Actinopterygii) 15,826 3472 Arctic char

(Salvelinus alpinus) 404 1549

17 Dorada
(Brycon moorei) 0 1346 Crucian carp

(Carassius carassius) 33 337

18 Streaked prochilod
(Prochilodus lineatus) 0 3167 Roaches nei

(Rutilus spp) 13 710

19 Leporinus spp 0 3739 Wels(=Som) catfish
(Silurus glanis) 1369 1051

20 Magdalena River prochil
(Prochilodus magdalenae) 0 1634 Silver, bighead carps nei

(Hypophthalmichthys spp) 0 771

21 Arapaima
(Arapaima gigas) 8 1898 Tench

(Tinca tinca) 1299 985

22 Blue tilapia
(Oreochromis aureus) 2583 1862 Pike-perch

(Sander lucioperca) 327 780

23 Brycon melanopterus 0 516 Northern pike
(Esox Lucius) 286 585

24 Catfishes nei
(Ictalurus spp.) 0 1347 Cyprinids nei

(Cyprinidae) 1245 591

25 Trahira
(Hoplias malabaricus) 186 746 Striped bass, hybrid

(Morone chrysops x M.saxatilis) 197 344
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Figure A1. Average trophic level of freshwater aquaculture production at the region-level and country-
level (calculated for 8–8 largest producers) in 2007–2009 and 2017–2019. Data sources: [1,8]. 

Figure A1. Average trophic level of freshwater aquaculture production at the region-level and
country-level (calculated for 8–8 largest producers) in 2007–2009 and 2017–2019. Data sources: [1,8].

Figure A2. Calculated diversification index (DIV, between 0 and 1) in freshwater aquaculture 
production at the region-level and country-level in 2007–2009 and 2017–2019. Note that DIV is 0 for 
Honduras because one family accounts for 100% of production. Data source: [1]. 

Figure A2. Calculated diversification index (DIV, between 0 and 1) in freshwater aquaculture
production at the region-level and country-level in 2007–2009 and 2017–2019. Note that DIV is 0 for
Honduras because one family accounts for 100% of production. Data source: [1].
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