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Abstract: Aquaculture is central in meeting expanding global demands for shrimp consumption.
Consequently, increasing feed use is mainly responsible for the overall environmental impact of
aquaculture production. Significant amounts of fishmeal are included in shrimp diets, causing
dependency on finite marine resources. Driven by economic incentives, terrestrial plant ingredients
are widely viewed as sustainable alternatives. Incremental fishmeal substitution by plant ingredients
in shrimp feed was modeled and effects on marine and terrestrial resources such as fish, land,
freshwater, nitrogen, and phosphorus were assessed. We find that complete substitution of 20–30%
fishmeal totals could lead to increasing demand for freshwater (up to 63%), land (up to 81%),
and phosphorus (up to 83%), while other substitution rates lead to proportionally lower impacts.
These findings suggest additional pressures on essential agricultural resources with associated
socio-economic and environmental effects as a trade-off to pressures on finite marine resources. Even
though the production of shrimp feed (or aquafeed in general) utilizes only a small percentage of the
global crop production, the findings indicate that the sustainability of substituting fishmeal by plant
ingredients should not be taken for granted, especially since aquaculture has been one of the fastest
growing food sectors. Therefore, the importance of utilizing by-products and novel ingredients such
as microbial biomass, algae, and insect meals in mitigating the use of marine and terrestrial resources
is discussed.
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1. Introduction

Global fish consumption per capita almost doubled from 9.96 kg in 1961 until 19.86 kg in 2013, and
capture fisheries and aquaculture are important contributors to the global food supply, producing in
2013 approximately 17.7% of the total 30 g capita−1 day−1 animal protein, which is more than poultry
(17.4%), pig (15.7%), and bovine (12.0%) [1]. In 2015, global per capita fish supply reached 20.2 kg [2],
and an annual increase in fish consumption of 0.3% until 2030 is projected [3] with a growing global
middle-class increasing demand for high value species [2]. In 2015, 59.9% of the global fish stocks
were fully fished, while 33.1% of the global fish stocks experienced fishing at an unsustainable level.
Since 2000, capture fisheries have been close to their production limits of 90 million metric tons (MT)
annually. As a result, the aquaculture sector is growing faster than any other food-producing sector,
and in 2016, aquaculture contributed to 46.8% of the global fish production [2].

Currently, more than 50% of the global shrimp supply originates from aquaculture with an
estimated production volume between four and five million MT in 2015 [4], making it one of the largest
consumers of aquafeed [2,5] and most valuable aquaculture production group [2,3]. Additionally, the
shrimp industry is one of the dominant consumers of fishmeal in the aquaculture sector [6,7]. To meet
demand for a growing industry in the face of a finite supply of marine ingredients, feed manufacturers
have decreased the inclusion of fishmeal in commercial diets [6,8,9]. Aquafeed is shifting towards
crop-based ingredients, mainly driven by economic incentives [8–10], as the relative price of fishmeal
increases compared to common plant ingredients, such as soy protein concentrate, cereal, and wheat
gluten [2,7,11].

Fishmeal substitution by plant ingredients is considered to be environmentally sustainable, as
it reduces dependency on finite marine resources [6,10]. However, the nutritional requirements
of certain aquatic species may limit the amount of fishmeal substitution due to essential nutrients,
which are variable or imbalanced in terrestrial plant ingredients [10,12]. Additionally, substituting
fishmeal by plant ingredients would shift resource demand from the oceans onto the land, potentially
adding pressure to the land-based food production systems [13–15], affecting the environment,
biodiversity, and availability and prices of crops [8,16,17]. Minor price changes could have significant
impacts in developing countries, as 50% of the household income is spent on food [18], and a price
increase of one percent could result in an estimated 16 million undernourished people [19]. These
potential implications do not contribute to a sustainable diet as defined by the Food and Agriculture
Organization (FAO) [20], neither is it in line with the Sustainable Development Goals (SDGs) of the
United Nations (UN) of food security, hunger reduction, and protection of life on land and in the sea.

Current knowledge suggests that aquaculture growth and its increasing demand for plant
ingredients in aquafeed could affect agricultural supply [17] and its resources, such as land, freshwater,
and fertilizer [8,16]. However, the quantitative impact is relatively unknown.

2. Aquafeed Interactions with Marine and Terrestrial Resources

Aquaculture and capture fisheries are interdependent [16,17], as fishmeal and fish oil are used
in aquafeeds (mainly for finfish and crustacean diets) [5,7,9]. Fish oil and fishmeal originates from
small pelagic fish and an increasing share of fish processing waste (on average a proportion of
25% to 35%) [2,3,8]. The fraction of capture fisheries for fishmeal production is relatively stable,
and therefore an increasing inclusion of fishery by-products could contribute to global fishmeal
supply but could affect its nutritional value [2]. Aquaculture saw an extremely fast increase in global
fishmeal consumption share from 10% in 1980 to 73% in 2016 [7], while the aquafeed sector accounted
for approximately 4% of global feed production [16]. While shrimp aquaculture consumed 16%
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(approximately 6.18 million MT) of the global aquafeed production (approximately 39.62 million MT)
in 2012 [5], it consumed 31% (approximately 1 million MT) of the fishmeal in aquaculture (IFFO,
personal communication, 2018). Global fishmeal production is around five million MT annually, and
its future production may be affected by an increasing demand, climate change, and variability (e.g., El
Niño) [9,12,21]. In response, shrimp feed manufacturers have decreased the inclusion of fishmeal from
a global range of 19–40% in 2000 to 11–23% in 2014, while the global fish oil inclusion range stabilized
(around 0–2%) (IFFO, personal communication, 2018). Future fishmeal inclusion in shrimp feed are
expected to further decline and stabilize around 6% in 2025 [11]. Additionally, total shrimp production
fed on aquafeeds is expected to increase from 84% in 2012 to 90% in 2025 (approximately 8.6 million
MT) [5]. The growth in aquaculture production and increasing feed demand could have significant
environmental impacts, as most life cycle assessments (LCAs) suggest that feed probably accounts for
over 90% of the environmental impact [22]. However, this impact is variable depending on the type,
source, and form of feed ingredients.

Aquatic animals generally convert feed more efficiently because of their buoyancy in water
and efficient protein digestion and therefore use less feed compared to terrestrial animals [23,24].
Consequently, aquafeed ingredients originating from terrestrial animal by-products often embodies
more resources than ingredients from fisheries or agriculture [8]. Furthermore, the inclusion of some
ingredients such as those rendered animal by-products in aquafeeds is restricted in some parts of
the world, but new regulations are now permitting some avian derived materials in the EU [7].
Other ingredients are limited by consumer perceptions, availability, and price [2,8]. Therefore, plant
ingredients have become the principal alternatives to substitute fishmeal [6,10]. However, these
alternatives come at a cost, as agricultural production for aquafeed ingredients (rapeseed/canola,
soybean, corn, nuts, and wheat) required a land area as large as Iceland (~10 million ha) in 2008 [14].
At the same time, water demand for these aquafeed ingredients was estimated between 31–35 km3,
from which 3.53 km3 was consumed for Litopenaeus vannamei production and 1.1 km3 for Penaeus
monodon production [15], the two main shrimp species in aquaculture today [4]. Some argue that there
is not sufficient land available for agricultural expansion, as 4.9 billion ha (which is approximately 40%
of the total land surface in 2005) [25] (FAO, 2014) currently occupies 91% of the approximately 5.41
billion ha suitable for agriculture [26]. It is estimated that one-fourth of the global terrestrial surface
functions as grazing land for livestock, and that animal feed crop production occupies around one-third
of the global crop land [27]. This land is also under pressure by climate change [2,14] and increasing
demand for food, biofuels, and bio-based materials [18,28]. Additionally, water scarcity is also
expected, as agriculture consumes 70% of freshwater resources [11], which could affect feed and fish
production [8,16]. The increasing production of non-ruminants such as pigs and poultry requires arable
land compared to the production of ruminants such as cattle and sheep that requires grazing land,
resulting in an increase in freshwater and nutrient demand for feed [29]. Additionally, the increasing
use of phosphorus, which is a limiting nutrient for food production, raises concerns [23,30,31], while
the combination with nitrogen in fertilizers causes eutrophication and dead zones in coastal marine
ecosystems [8,31,32]. This agrifood system may therefore be reaching a scenario analogous to “Tragedy
of the Commons” [33], as independent users in the form of small and medium-sized enterprises
(SMEs), multinationals, and industries in a globalized market overexploit and deplete finite resources
driven by self-interest and a rapidly growing world population.

An excessive dependency on the utilization of plant ingredients for aquaculture could lead to
deleterious effects on the environment and indirectly impact human health by altering the nutritional
value of the aquaculture products [8,14,17], likely underestimating the impacts of this feed transition.
There is a lack of knowledge exchange between all involved stakeholders, the aquaculture industry,
policy makers, and people depending on aquaculture for income and/or food [34]. In this respect,
our principal objectives were to quantify firstly the resource implications [freshwater, land, nitrogen,
phosphorus, and (wild) fish] of soybean meal inclusion to reduce the dependency of marine sources,
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and secondly examine the inclusion of alternative plant ingredients typically included in modern
shrimp feeds, such as rapeseed meal, pea meal protein, and corn gluten meal.

3. Materials and Methods

We modeled the natural resource demands of a transition to plant-based ingredients in shrimp feed
formulations. In this study, feed formulation algorithms were used to create unique feed formulations
per shrimp species, with intermediate declining steps of 20% fishmeal substitution by plant ingredients
while accounting for the dietary requirements of individual shrimp species. These diets were modeled
in combination with a comprehensive multifactorial assessment of marine and terrestrial resource
demand for agricultural crop production and processed ingredients.

The methodology for the feed formulations and data input is explained in Section 3.1. This is
followed up (Section 3.2) by a detailed explanation of the marine and terrestrial resource demand
dataset for each ingredient, which was based on FAO data and scientific literature. The last (Section 3.3)
explains the model simulations and runs and includes an overview of the modeled feed formulations,
ingredients, and their respective resource demand values (Table 1). These data are modeled in order
to calculate the range in resource demands of the combined ingredients in the feed formulation with
the equation explained at the end of Section 3.3. The model forming the basis of our investigation is
available as an excel file in the supplementary materials.

3.1. Feed Formulations and Scenarios

We estimated the impact of fishmeal substitution with plant ingredients by developing
contemporary shrimp feed diets using the feed formulation software [35] FeedSoft™ (FeedSoft
Corporation, Dallas, TX, USA). This software uses linear optimization to calculate the most
cost-efficient feed formulation based on dietary requirement data and global market ingredient prices.
Nutrient requirement data of shrimp were obtained from the National Research Council (NRC) 2011
database [36], and global ingredient prices were obtained from the International Hammersmith
Commodity Index Database [37]. These prices fluctuate; therefore, we selected the commodity
prices of September 2018 and converted them to Euros (€) for input into the FeedSoft™ feed
formulation software.

We developed feed formulations for the two most dominant species in shrimp farming, namely
Litopenaeus vannamei (whiteleg shrimp) with a share of 76.1% of the total shrimp production volume
in 2017, and Penaeus monodon (black tiger shrimp), which covers the second biggest share estimated
at 12.5% [4,38]. Traditional shrimp feed formulations include between 20% and 30% fishmeal [39],
where 30% was commonly applied for P. monodon [40]. Fishmeal inclusion differs per species because
P. monodon is more carnivorous than L. vannamei, thus requiring higher protein contents in their diets
(36–42% for P. monodon and 18–35% for L. vannamei) [41]. Therefore, we set baseline fishmeal inclusions
at 20% for L. vannamei and 30% for P. monodon. In total, we developed 24 feed formulations for the two
species [L. vannamei (LV) and P. monodon (PM)] and two scenarios [common-plant scenario (LV1, PM1)
and alternative-plant scenario (LV2, PM2)]. Each combination of species and scenarios contained six
feed formulations with intermediate steps of 20% fishmeal substitution by plant ingredients (Section 3.3;
Table 1). For simplicity, we excluded the inclusion of animal by-products or novel ingredients in the
feed formulations, as their use is often limited by consumer perceptions, availability, and price [2,8].

The first scenarios consisted of a “common-plant scenario”, which was driven by economic
incentives and included plant ingredients with the lowest possible price, while the second scenario
“alternative-plant scenario” excluded economic incentives and included alternative plant ingredients
suitable for fishmeal substitution based on their nutrient profile. The “common-plant scenario” used
mainly soybean (Glycine soja) meal to substitute fishmeal, as this crop is widely available, economically
attractive [2,11], and considered a nutritious plant ingredient with high levels of protein and balanced
amino acids [6,10]. The alternative-plant scenario substituted fishmeal with ingredients such as pea
(Pisum sativum; Pisum arvense) protein concentrate, rapeseed (Brassica napus) meal, corn (Zea mays)
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gluten meal, and corn (Zea mays) oil. In order to create this scenario, we adjusted the prices of the
ingredients in the feed formulations to be relatively lower than both fish and soybean meals, as their
inclusion is not driven by economic incentives as in the common-plant scenario. However, based
on nutrient profiles and protein content, these ingredients showed potential to substitute significant
proportions of fishmeal in aquafeed [10]. These scenarios combined provided a comprehensive range
of suitable plant ingredient options as fishmeal substitutes that are within the inclusion range of
contemporary feeds and inclusive of future trends in commercial shrimp diet formulations. Therefore,
the limits for plant feed ingredient incorporation were carefully selected on this basis, and our rationale
for trending from high fishmeal to low fishmeal emulated current practice in many countries farming
shrimp. It should be noted that these formulations support optimum growth and development of both
shrimp species with much supporting literature [42,43]. The twenty-four developed feed formulations
per species and scenarios are included in the model and listed in Table 1 (Section 3.3).

In order to ensure reliability of the model, we compared and observed similarities with the prices
of our developed feed formulations and the indicative prices per ton of feed in Asia ($700–1100), China
($450–800), India ($844–956), and the Philippines ($876–967) [41,44].

3.2. Resource Demand Values

The resource demand of the feed formulations was calculated for the most relevant marine and
terrestrial resources used to produce and process feed ingredients. Feed mixing and extrusion practices
are not included in the model because their application and respective resource demand in global
aquafeed production is relatively unknown. These practices could be applied in either small scale
feed mills, locally at aquaculture farms, or produced in large scale factories [45]. However, all these
practices are applied in range of different aquafeed formulations with or without high inclusions of
fishmeal. Therefore, including an estimation of resource demand for feed mixing and extrusion would
introduce an unnecessary variable when looking at the resource trade-offs of fishmeal substitution by
plant ingredients, as shrimp diets are compared with each other. Therefore, the variables used in the
model are primarily focused on the production and processing phase of the aquafeed ingredients.

Some ingredients, meals, and concentrates are directly processed from crops with associated
losses. Therefore, we introduce average yields (%) from crops in order to gain insight into the amount
of raw materials/crops needed to produce a certain ingredient. The yields of crop from processed
ingredients such as soybean, rapeseed meal, and pea protein concentrate are 80% [46], 53% [47], and
25% [48], respectively. This means, for example, that in order to make pea protein concentrate, four
times the amount of pea needs to be produced, which has a significant impact on the resource demand
of pea protein concentrate. Therefore, average yields of crops were included in the model to gain
insight into the resource demand of crop ingredients typically used in aquafeeds.

Conversely, some ingredients such as corn gluten meal and corn oil are not the result of direct
concentrate processing but, for example, derived from regular corn processing into gluten feed, gluten
meal, oil, and starch using the wet milling process [10]. However, corn gluten meal (5.2%) and corn oil
(3.4%) represent only a small share of the total output of the wet milling process [46]. This means that
the amount of resources for corn production needs to be allocated to corn gluten meal and corn oil
in order to gain insight in their respective resource demands relative to corn production. This was
calculated by multiplying the fraction of each ingredient (relative to total mass of all final products)
with the total resource demands of corn production. This methodology is commonly used in life cycle
assessment of both physical products and energy content [49,50]. We preferred to apply resource
allocation by end-product mass over allocation by economic value, as economic value tends to change
over time and therefore would introduce a changing variable in the resource demand values dataset
(Table 1). Allocation of crop ingredients was included in the model, and their respective resource
demand values are listed in Table 1 (Section 3.3).

Water: Water demand for crop production and processing of ingredients is globally variable, and
different types of water demand are distinguished, namely green, blue, and grey water. Green water
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footprint refers to consumed rainwater, blue water footprint refers to the consumed or evaporated
volume of surface and groundwater, and grey water footprint takes the volume of freshwater into
account that is needed to process and neutralize certain pollutants. The global average freshwater
demand per feed ingredient was obtained from Chatvijitkul et al. [46]. The green, blue, and grey water
demands for crop production and processing were obtained from Mekonnen & Hoekstra [51] from 1996
until 2005 and their totals compared (combined green, blue, and grey water demands) with the values
described in Chatvijitkul et al. [46] in order to verify their reliability. The total water footprint per
hectare for wheat (Triticum aestivum; Triticum durum; Triticum spelta), soybean, corn oil, and rapeseed
were presented in Chatvijitkul et al. [46]. Additionally, the total water demand for corn gluten meal
and processing of fish oil and fishmeal were obtained from Chatvijitkul et al. [46] based on estimates
and FAO data [52]. Water demand (green, blue, and grey) for corn gluten meal was calculated by
combining water demand for corn production [51] with resource allocation by end-product mass while
adding up the estimated water demand (80 m3/MT) for processing [46]. These resource demand
values per ingredient were included in the model and are listed in Table 1 (Section 3.3).

In order to ensure the reliability of the model, water demand totals of the developed feed
formulations for L. vannamei and P. monodon (baseline fishmeal inclusion, scenario common-plant) were
compared with the resource demands described in Chatvijitkul et al. [46] of 819–1666 and 809–1542
(m3/MT). The model results for the baselines fit well in these ranges.

Land: Crop yields influence the area of land needed to produce feed ingredients. We selected the
top five global producers for wheat, soybean, rapeseed, and pea based on Table 1 from Fry et al. [14],
as these producers dominate the global market (>50%) and are therefore the most likely producers of
the ingredients necessary for the plant-based aquafeed. FAO data was obtained through the Factfish
research platform [53], and we calculated the average land requirement (ha/MT) over a period from
2007 until 2016 for each of the top five global producers per crop ingredient. Subsequently, the five
average land requirements per ingredient were combined with the global production share of each
producer to calculate the global weighted average land requirement per ingredient. Global weighted
average land requirement per ingredient is defined as mean and listed in Table 1 (Section 3.3). However,
as land demand differs among the top five producers per ingredient, range bars in the graphs were
used to establish a likely range of land demand required for the combination of ingredients in the feed
formulations depending on the source locations of the ingredients. The range of land demand per
ingredient based on the top five producing countries was entered in the model and can be found in
Table 1 (Section 3.3).

To ensure the reliability of the model, the global average land requirement (ha/MT) from
Chatvijitkul et al. [46] were compared to the range (min-max) of the average land requirement
(2007–2016) for soybean, corn, wheat, and rapeseed of the top five producing countries. Additionally,
we compared the model results (baseline fishmeal inclusion, scenario common-plant) with the ranges
in land demand for shrimp feed for L. vannamei and P. monodon (0.115–0.352 and 0.187–0.314 ha/MT,
respectively) from the paper of Chatvijitkul et al. [46]. The model results for the baselines fit well in
these ranges.

Nitrogen and phosphorus: As fertilizer use such as nitrogen and phosphorus differs globally, we
used the values of the fertilizer application per hectare from the top five global producers of the main
crops used in aquafeed. First, the weighted average of fertilizer application in kilogram per hectare
was calculated for each of the top five producing countries for soybean, rapeseed, and corn. We
used fertilizer application data from 2001 until 2010 [54]. The global average fertilizer application for
pea was obtained from FAO [55]. While soybean and pea are capable of fixing atmospheric nitrogen,
FAO [55,56] recommends adding nitrogen for the early growth phase. Because of this, a value for added
nitrogen for both soybean and pea was included in the model. Nitrogen and fertilizer application
ranges for wheat was calculated based on data from The World NPK model [57], which shows fertilizer
application rates per country (2007–2008). The ranges (min-max) for the top five producing countries
for nitrogen and phosphorus application per crop ingredient were compared to the global average
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phosphorus and nitrogen rates per hectare to assess the reliability of data for soybean [56], corn [46,58],
pea [55], and wheat [59]. Additionally, the global average fertilizer application from the World NPK
model was used to validate the ranges of the data for soybean, corn, and rapeseed [57].

We chose to compare the resource demands of the different diets per metric ton (MT), and therefore
a conversion from fertilizer application rates per hectare to fertilizer demand (kg) per metric ton (MT)
of crop production was required. Therefore, the fertilizer application (kg/ha) was multiplied with the
land requirement (ha/MT) ranges per ingredient in order to gain insight into the range of fertilizer
demand (kg) per metric ton (MT) of shrimp feed. As phosphorus and nitrogen application differs
among the top five producers per ingredient, range bars in the graphs were used to establish a likely
range of phosphorus and nitrogen demand (kg/MT) required for the combination of ingredients in the
feed formulations depending on the source locations of ingredients. The range of fertilizer demands
per ingredient based on the top five producing countries was entered in the model and can be found in
Table 1 (Section 3.3).

A comparison with the paper of Chatvijitkul et al. [46] was made in order to check the reliability
of the conversion from fertilizer application in kilogram per hectare (kg/ha) to fertilizer demand (kg)
per metric ton (MT) of crop ingredient production. Therefore, we compared the model results (baseline
fishmeal inclusion, scenario common-plant) with the resource demand ranges of the diets of L. vannamei
and P. monodon: 3.93–13.39 and 3.97–11.12 (kg/MT) for nitrogen, 1.29–3.54 and 2.13–5.01 (kg/MT)
for phosphorus, respectively, described in Chatvijitkul et al. [46]. Higher values of phosphorus and
nitrogen were observed in the analysis compared to the resource range from Chatvijitkul et al. [46] as a
result of the exclusion of the use of animal by-products in the model and a different approach to the
calculation of nitrogen and phosphorus demand values and resource allocation.

Fisheries: The demand for wild caught or so-called forage, reduction, or feed fisheries needed to
produce both fishmeal and fish oil differs globally depending on the species, size, and season [12,23]
and the inclusion of by-products (discards, trimmings, and offal from fishery processing) [7]. We
acknowledge that fishmeal and fish oil production are inseparable and that the need for forage fish by
the shrimp industry is mainly driven by fishmeal demand, while the need for forage fish for salmon
feed is mainly driven by the demand for fish oil [6,23,60]. Applying the methodology of Jackson [60]
would be more accurate from a global perspective in terms of fish demand because it calculates
the need for marine ingredients for a combination of different aquaculture production and species
with different fishmeal and fish oil demands. This means that, for example, a surplus of fishmeal
from salmon feed production could be used for the shrimp industry [60]. However, the method of
Jackson (2009) [60] has been criticized by Kaushik and Troell [61], who state that the addition of both
the fishmeal and fish oil yields in the denominator is “somewhat questionable both from arithmetic
and from a nutritional point of view”. Nevertheless, we only consider the shrimp industry in this
study and calculated the demand for fish to produce fishmeal and fish oil separately. Therefore, this
oversimplification may not allow for the dual sourcing of fish for each component and could result in
an overestimation of the need for fish resources but is considered a practical scenario given the current
ratios advocated in the literature [7]. Therefore, global fishmeal and fish oil production statistics were
obtained from scientific literature [7]. This was incorporated in the model as the minimum, mean and
maximum resource demand values, as shown in Table 1 (Section 3.3). These values establish a likely
range of fish demand (MTfish/MTfeed) required for the production of both fishmeal and fish oil in the
feed formulations depending on the source of the ingredients.

In order to ensure reliability of the model, we compared our model results (baseline fishmeal
inclusion) with the fish demand ranges of the diets of L. vannamei and P. monodon: 270–1350 and
585–1935 (kg/MT), respectively, described in Chatvijitkul et al. [46]. The model results for the baselines
fit well in these ranges.
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Table 1. Twenty-four feed formulations for two shrimp species [L. vannamei (LV) and P. monodon
(PM)] and two scenarios [(1) common-plant: fishmeal substitution by common plant ingredients and
(2) alternative-plant: fishmeal substitution by alternative plant ingredients]. Each set per species and
scenario (LV1, LV2, PM1, PM2) contained six feed formulations with intermediate steps of 20% fishmeal
substitution by plant ingredients from the baseline. Each feed formulation used a unique combination
of ingredients and their respective resource (freshwater, land, phosphorus, nitrogen, and fish) demand
values, which determines the total resource demand of the feed formulation.

Price
(€/MT) *

Fishmeal
(%)

Fish oil
(%)

Wheat Feed
(%)

Soybean
Meal

Concentrate
(%)

Rapeseed
Meal

Concentrate
(%)

Pea
Protein

Concentrate
(%)

Corn
Gluten
Meal **

(%)

Corn
Oil **
(%)

Vitamin
and

Mineral
Premix (%)

Scenario 1: Fishmeal substitution by common plant ingredients (common-plant scenario)

L. vannamei
(LV1)

754 20.0 2.0 72.8 0.0 - - 2.0 0.7 1.0
729 16.0 2.0 75.5 0.9 - - 2.0 1.1 1.0
720 12.0 2.0 73.7 6.3 - - 2.0 1.5 1.0
711 8.0 2.0 72.0 11.6 - - 2.0 1.9 1.0
701 4.0 2.0 70.3 16.9 - - 2.0 2.2 1.0
692 0.0 2.0 68.6 22.3 - - 2.0 2.6 1.0

P. monodon
(PM1)

858 30.0 0.0 47.4 13.1 - - 5.0 1.0 2.0
875 24.0 2.0 42.7 21.8 - - 5.0 1.0 2.0
857 18.0 2.0 41.0 29.5 - - 5.0 1.0 2.0
839 12.0 2.0 39.3 37.2 - - 5.0 1.0 2.0
821 6.0 2.0 37.5 45.0 - - 5.0 1.0 2.0
806 0.0 2.0 35.1 52.9 - - 5.0 1.0 2.5

Scenario 2: Fishmeal substitution by alternative plant ingredients (alternative-plant scenario)

L. vannamei
(LV2)

675 20.0 2.0 14.2 - 40.5 9.2 10.0 2.0 1.0
661 16.0 2.0 14.3 - 38.6 14.4 10.2 2.3 1.0
647 12.0 2.0 14.3 - 37.0 19.5 10.5 2.5 1.0
635 8.0 2.0 14.0 - 35.6 24.5 10.7 2.8 1.0
626 4.0 2.0 11.1 - 36.0 27.8 13.5 3.2 1.0
617 0.0 2.0 7.8 - 36.7 30.8 16.7 3.6 1.0

P. monodon
(PM2)

741 30.0 0.0 34.0 - 7.7 13.5 10.4 1.0 2.3
724 24.0 0.0 31.3 - 7.0 19.4 13.3 1.0 2.8
710 18.0 0.0 26.5 - 7.9 24.0 18.0 1.0 3.4
697 12.0 0.0 21.7 - 8.8 28.6 22.7 1.0 4.0
683 6.0 0.0 16.9 - 9.7 33.2 27.4 1.0 4.6
686 0.0 2.0 12.0 - 10.7 37.8 32.0 1.0 3.3

Resource demand values

Freshwater
(m3/MT)

Green - - 1277.0 2397.0 837.0 2906.0 1101.2 1996.0 -
Blue 100.0 100.0 342.0 83.0 114.0 66.0 174.2 171.0 100.0
Grey - - 207.0 44.0 165.0 986.0 225.6 409.0 -

Land
(ha/MT)

Min - - 0.2 0.4 0.5 0.8 0.1 0.1 -
Mean - - 0.3 0.5 0.9 1.2 0.2 0.2 -
Max - - 0.4 1.1 1.6 2.2 0.7 0.7 -

Nitrogen
(kg/MT)

Min - - 8.8 1.4 62.8 25.2 15.0 15.0 -
Mean - - 28.2 3.8 87.3 34.5 18.7 18.7 -
Max - - 37.2 35.3 151.1 66.4 35.3 35.3 -

Phosphorus
(kg/MT)

Min - - 3.5 5.5 14.5 33.5 1.4 1.4 -
Mean - - 11.4 15.1 25.1 46.0 3.7 3.7 -
Max - - 16.3 29.9 49.6 88.5 7.2 7.2 -

Fish
(MTfish/MTfeed)

Min 4.4 10.0 - - - - - - -
Mean 4.5 20.0 - - - - - - -
Max 4.6 50.0 - - - - - - -

Ingredients (Cholesterol, Lecithin, DL-Methionine) excluded from analysis due to insufficient data on impact
indicators. * Scenario 2 (alternative-plant) excluded soybean (meal concentrate) from the feed formulations by
adjusting ingredient prices, and therefore these diets are not driven by economic incentives. ** Corn gluten meal
and corn oil are extracted from corn (through wet milling process), and therefore resources originated from corn
production were allocated based on allocation by end-product mass with the addition of blue water demand
for processing.

3.3. Model Simulations and Runs

As introduced in Section 3.1, the model ran six feed formulations per species and scenario with
intermediate fishmeal substitution by plant ingredients. A total of 24 feed formulations and their
unique ingredient compositions and ranges in resource demand values (Table 1) should provide insight
into the impact of fishmeal substitution on marine and terrestrial resources.

As introduced in Section 3.2, a shared common data set of multi-factorial resource demand was
developed and used per ingredient for each feed formulation to account for the global variety of
resource demands by crops and its derived ingredients (Table 1; Resource demand values). The range
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for land demand and fertilizer application per crop ingredient was based on data for the top five
producing countries. Their incorporation in aquafeed shows a high probability and therefore calculates
a reliable range in land and fertilizer demand for the production of each crop derived ingredient. This
results in three resource demand simulations (min, mean, max) per feed formulation for each impact
indicator [land, phosphorus, nitrogen, and (wild) fish]. Water demand also contains three resource
demand simulations, but this is the result of categorization of type of global water use (green, blue,
grey) based on global averages rather than the range of water demand of different countries. Fish
demand also contains three resources demand simulations based on ranges of fish demand for fishmeal
and fish oil production from scientific literature.

The following equation was used to calculate the range in resource demands (freshwater, land,
phosphorus, nitrogen, and fish) of the combined ingredients in the feed formulation. For each
ingredient, the fraction in the feed was multiplied with the specific resource demand, and the different
ingredients impacts were summed. The resource demands were calculated per ton (MT) of feed.

TRDR,M,X,S,P = Σ(FI,X,S,P × RDR,I,M) (1)

TRDR,M,X,S,P: Total Resource Demand of resource R [fish (MTfish/MTfeed), freshwater (m3/MT),
Land (ha/MT), phosphorus (kg/MT), or nitrogen (kg/MT)] for the indicator value M (Minimum,
Mean, or Maximum) at fishmeal inclusion X (%) for species S (L. vannamei, P. monodon) in plant
inclusion scenario P (1: common-plant or 2: alternative-plant)

FI,X,S,P: Fraction (%) of ingredient I at fishmeal inclusion X (%) for species S in scenario P.
RDR,I,M: Resource Demand on resource R of ingredient I for indicator value M.

4. Results

This study modeled different sets of shrimp diets in combination with a comprehensive
multifactorial assessment of marine and terrestrial resource demand for agricultural crop production
and processed ingredients. The resource implications [freshwater, land, nitrogen, phosphorus, and
(wild) fish] as a result of incremental fishmeal substitution by plant ingredients are presented in the
following sections. The main results are shown in absolute and relative numbers, which puts emphasis
on the relative (%) change in resource demand as a result of complete fishmeal substitution with plant
ingredients, highlighting the trade-offs between marine and terrestrial resources.

4.1. Freshwater Demand

Substitution of fishmeal by plant ingredients directly increased the pressure on freshwater
resources, for both species and scenarios (Figure 1). As a result of a complete fishmeal substitution,
freshwater demand increased strongest for LV2 approximately by 63% from 1298 m3/MT to
2118 m3/MT. PM1 and PM2 showed a respective increase of 57% (1354–2119 m3/MT) and 62%
(1485–2402 m3/MT), while the freshwater demand for LV1 increased by 37% (1401–1915 m3/MT). The
share of green water demand in the common-plant scenario increased from 69% to 77% for LV1, with
respective increases of 75% to 86% for PM1. In the alternative-plant scenario, this increase in green
water demand was lower, with an increase of two percentage points for both LV2 and PM2. However,
in this scenario, an increasing share of grey water was observed of three percentage points for LV2 and
four percentage points for PM2.
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Mean land demand in a 0% fishmeal inclusion for common-plant scenario for both species was 
slightly more than half that of the alternative-plant scenario, approximately 0.33 (LV1) and 0.38 (PM1) 
ha/MT and 0.76 (LV2) and 0.65 (PM2) ha/MT (Figure 2). Land demand for crop production increased 
in all scenarios with significant differences between LV and PM. Average land demand rose strongest 
for PM from 0.23 ha/MT to 0.38 ha/MT (67%) in the common-plant scenario and from 0.36 ha/MT to 
0.65 ha/MT (81%) in the alternative-plant scenario. Although land demand was highest for LV2 at 0% 
fishmeal inclusion (0.76 ha/MT), the increase in mean land demand was relatively lower for LV in 
both scenarios with 42% (LV1) and 40% (LV2). 
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4.2. Land Demand

Mean land demand in a 0% fishmeal inclusion for common-plant scenario for both species was
slightly more than half that of the alternative-plant scenario, approximately 0.33 (LV1) and 0.38 (PM1)
ha/MT and 0.76 (LV2) and 0.65 (PM2) ha/MT (Figure 2). Land demand for crop production increased
in all scenarios with significant differences between LV and PM. Average land demand rose strongest
for PM from 0.23 ha/MT to 0.38 ha/MT (67%) in the common-plant scenario and from 0.36 ha/MT to
0.65 ha/MT (81%) in the alternative-plant scenario. Although land demand was highest for LV2 at 0%
fishmeal inclusion (0.76 ha/MT), the increase in mean land demand was relatively lower for LV in
both scenarios with 42% (LV1) and 40% (LV2).
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4.3. Nitrogen Demand

Mean nitrogen demand in a 0% fishmeal inclusion for the common-plant scenario was relatively
lower compared to the alternative-plant scenario, approximately 21 kg/MT (LV1) and 13 kg/MT
(PM1) and 49 kg/MT (LV2) and 32 kg/MT (PM2) (Figure 3). Mean nitrogen demand increased in the
alternative-plant scenario by 9% (45–49 kg/MT) and 39% (23–32 kg/MT) for LV2 and PM2, respectively.
On the other hand, nitrogen in the common-plant scenario showed no change (+0.1%) for LV1 and
a decrease of 12% in PM1. In general, considering the variability in the model estimates, nitrogen
demand was relatively stable in the common-plant scenario and showed an increase in demand in the
alternative-plant scenario.
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4.4. Phosphorus Demand

Mean phosphorus in a 0% fishmeal inclusion for the common-plant scenario was relatively lower
compared to the alternative-plant scenario, approximately 11 kg/MT (LV1) and 12 kg/MT (PM1)
and 25 kg/MT (LV2) and 23 kg/MT (PM2) (Figure 4). Mean phosphorus demand rose strongest
(approximately 83%) for PM2 with an increase from 12 kg/MT to 23 kg/MT. Minimum phosphorus
demand showed an increase in the common-plant scenario for both shrimp species, from 2.6 kg/MT
to 3.7 kg/MT for LV1 and 2.5 kg/MT to 4.2 kg/MT for PM1.
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4.5. Fish Demand

Demand of fish declined by approximately 70% to a value of 0.4 MTfish/MTfeed for both species
and scenarios (Figure 5). Initial fish demand for both shrimp species were quite similar, even with
a difference in initial fishmeal inclusions. LV showed in both scenarios a linear decrease, while PM1
under the common-plant scenario showed an increase from 1.35 until 1.48 MTfish/MTfeed (+9.6%)
for fishmeal inclusions between 30% and 24%. On the other hand, PM2 under the alternative-plant
scenario showed a decrease in the demand of fish with the exception of fishmeal inclusions between
6% and 0%, where an increase in fish from 0.27 until 0.4 MTfish/MTfeed was observed. Additionally,
the model predicted a large variability in fish demand among the different feed formulations.
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5. Discussion

5.1. The Sustainability Conundrum of Fishmeal Substitution

There is an obvious global strategy to find alternatives to the use of finite fish resources in the
formulation of aquafeeds by using mainly plant ingredients. Our results show that although this
strategy serves to mitigate marine protein and oil dependency, when used as a sole substitute, it shifts
pressure to terrestrial resources. The modeling results show the intensity of the added pressure on
freshwater, land, and fertilizer, highlighting a shift in pressures in the longer term for using higher
inclusions of plant ingredients in aquafeed. The continuing trend of increased inclusion of terrestrial
plant-based ingredients may lead to competition for land, causing social and environmental conflicts,
which may in turn affect the resilience of the global food system [14,16,17].

Increasing production of terrestrial plant-based ingredients requires land, fertilizer, and freshwater
resources [13–15]. On a species level, freshwater demand at 0% fishmeal inclusion (all fishmeal was
substituted by plant-based ingredients) was relatively higher for P. monodon in both scenarios compared
to L. vannamei as a result of the higher inclusion of water demanding crop ingredients (soybean meal,
rapeseed meal, and pea protein concentrate). This clearly indicates that fishmeal substitution for the
carnivorous P. monodon requires more terrestrial resources to meet nutritional requirements. According
to Chatvijitkul et al. [46], resource demand range for L. vannamei and P. monodon feed is relatively
similar with the exception of (wild) fish use for P. monodon. The total freshwater footprint of our model
for L. vannamei under both scenarios (fishmeal 20%) was very similar compared to P. monodon (fishmeal
24%), both close to 1600 m3/MT. This value is close to that shown by Pahlow et al. [15] for P. monodon
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and L. vannamei at a fishmeal inclusion of approximately 25%. This paper shows that on a species level,
while fishmeal inclusion in the diet of P. monodon declined from 33.7% to 6%, total water footprint
increased from approximately 1500 m3/MT to 2100 m3/MT, and a change in ratio of green, blue, and
grey water footprint occurred, which shows similarities with our model results. This is likely because
larger inclusion shares of terrestrial crop ingredients could increase the water footprint [15]. On a
scenario level, the observed increase in the share of grey water in the alternative-plant scenario can be
explained by the inclusion of fertilizer demanding crops for the required ingredients, such as rapeseed
meal concentrate, pea protein concentrate, corn gluten meal, and corn oil in comparison to soybean
and wheat in the common-plant scenario. Contrarily, blue water (irrigation) in the alternative-plant
scenario reduces due to high inclusion rate of pea protein concentrate.

According to Boissy et al. [13], land use is specifically affected by plant ingredient substitutions
in salmon and trout feeds. On a species level, the large differences in mean land demand between L.
vannamei and P. monodon in both scenarios is caused by the higher inclusions of soybean meal, pea
protein concentrate, and corn gluten, and their relatively higher land use compared to other aquafeed
ingredients (Table 1). According to Pelletier et al. [8] soy production requires more land compared
to corn and wheat. The stronger increase in mean land demand (ha/MT) of LV1 (0.33) to LV2 (0.76)
compared to PM1 (0.38) to PM2 (0.65) is likely caused by relatively lower inclusion (16.7%) of corn
gluten meal in LV2 compared to 32% in PM2. Corn gluten meal requires relatively less land (0.2 ha/MT)
compared to rapeseed meal (0.9 ha/MT), which has a higher inclusion (36.7%) in LV2 compared to
10.7% in PM2 (Table 1). On a scenario level, it is obvious that land demand is significantly higher in
the alternative-plant scenario as a result of the inclusion of crops with a higher land demand such as
rapeseed, pea, and corn compared to soybean and wheat in the common-plant scenario. The modeled
range in land demand is caused by variable source locations and consequently land use demands of
soybean, rapeseed, pea, and corn compared to wheat.

Boissy et al. [13] highlighted that low fishmeal diets (for salmon and trout) have higher terrestrial
ecotoxicity values compared to high fishmeal diets due to fertilizer and pesticide use, especially for
rapeseed. This explains the high nitrogen demand for the alternative-plant scenario, especially for L.
vannamei containing the highest inclusion of rapeseed in the feed formulation. Conversely, the diets
for P. monodon require less nitrogen because of lower inclusion of wheat and rapeseed compared to L.
vannamei. In the common-plant scenario, fishmeal and wheat is substituted by soybean, which requires
relatively less nitrogen but more phosphorus, which shows similarities with other published crop
resource demands [46]. Therefore, a correlation between a relatively stable nitrogen demand in the
common-plant scenario and an increase in phosphorus is observed. The alternative-plant scenario is
overall higher in phosphorus demand due the inclusion of rapeseed meal concentrate and pea protein
concentrate, both requiring relatively more phosphorus compared to the other aquafeed ingredients
in the feed formulations (Table 1). This also explains the stronger rise in phosphorus requirements
for P. monodon in both scenarios due the high inclusion of pea protein concentrate and soybean meal
concentrate to meet nutritional requirements. The variability in phosphorus demand is dependent
on the source of soybean, rapeseed, pea, corn, and wheat (Table 1). However, it is important to take
into account that agricultural production in some parts of the tropics requires higher phosphorus
application due the phosphorus fixing characteristics of the soil (30). In our model, this is especially
clear for the phosphorus application rates for soybean sourced from Brazil (29% of global production).
Consequently, the inclusion of crops and derived ingredients from these sources could increase the
resource demand of aquafeed.

Complex dietary requirements of aquatic species may prevent complete substitution of fishmeal
and fish oil by plant-based ingredients (10). The production of fish oil requires more fish compared
to fishmeal (7), which explains the increasing demand for fish in PM1 (24% fishmeal) and PM2 (0%
fishmeal), as fish oil inclusions in the feed formulations increased from 0% until 2%. This also explains
the demand of 0.4 MTfish/MTfeed in a 0% fishmeal inclusion for both species and scenarios, which is
caused by the inclusion of 2% fish oil. However, fish demand for fish oil shows much greater variability
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for fish demand compared to fishmeal (7). Therefore, the low variability in fish demand in some of the
formulations of P. monodon can be explained by the absence of fish oil.

5.2. Nutritional Limitations of Plant Ingredients in Aquafeeds

Marine ingredients contain a suitable nutritional profile of amino acids, fatty acids, phospholipids,
trace elements, nucleotides, vitamins, and other biologically beneficial compounds [5,8,9]. Although
some terrestrial plant ingredients are economically attractive, these may also contain anti-nutritional
factors (ANFs) [8]. Additionally, their oils may not deliver the entire balanced essential fatty acids
(Omega-3s) of the long-chain polyunsaturated fatty acids (LC-PUFAs) found in marine lipids. This
can affect the growth of crustaceans more profoundly, principally due to a lower ability to digest and
absorb lipids, especially at their developmental stages [62]. However, the development of exogenous
enzymes as feed additives offer significant advantages in augmenting digestibility of non-starch
polysaccharides (dietary fiber), protein, and release of macro-elements such as phosphorus from P
bound phytate in ingredients like soya bean meal [63–66]. Dietary protease results in a better nutrient
utilization, which benefits the immune system of shrimp [67]. Other feed additives meet nutritional
requirements, such as the enzyme phytase by improving phosphorus and mineral availability from
plant ingredients [10]. Additionally, genetic selection and modification shows potential to modify LC
Omega-3 oils in terrestrial plants and to modify the dietary requirements of aquaculture species [6,7,10].

5.3. Limitations of the Model

Feed formulations are variable and mainly based on dietary requirements and ingredient
price, which could be influenced by, for example, availability, trade, fuel costs, and competition
for resources [44]. Missing data in the geographic origin of crops [13–15], variation in country-level
crop yields (Chatvijitkul et al.; table 2 [46]), resource demand of (future) agricultural production,
processing techniques and yields, and resource allocation result in a range of resource demands
for aquafeed ingredients [8,15,46]. Additionally, it must be noted that the skewed range towards
high resource demand for land, nitrogen, and phosphorus is often caused by countries with a much
higher resource demand compared to the mean while representing a relatively small share (<10%) in
global crop production. Additionally, the reliability of the data remains a point of contention, as data
reported by governmental organizations such as FAO can be inaccurate (because of delivery from the
member countries [68]), but they are the best available data collected in a relatively systematic way.
To account for data limitations, we developed and used a shared common data set of multi-factorial
resource demand per ingredient (Table 1), and this was applied to each of the feed formulations
regardless of the fishmeal inclusion level. Consequently, the differences in resource demand per
feed formulation are mainly caused by the variation in inclusion level of the ingredients selected.
In this manner, relative outputs are generated by the application of our model that are independent
of resource demands. Although our model encompasses reliable feed formulations used by the
industry, it is mainly dependent on secondary data and therefore cannot be tested using conventional
statistical methods.

Increase in plant ingredient production could potentially lead to socio-economic benefits, such as
an increase in farmers’ income and rural employment. Additionally, the production and processing of
aquafeed ingredients could also generate side streams, which could be useful for other (food and feed)
industries and reducing the need for additional resources. However, the model does not take this into
account, as the shrimp industry is considered independently in this research.

6. Conclusions

Aquaculture is one of the fastest growing food industries with increasing feed use for high-value
species such as shrimp. This sector is becoming a major player with opportunities for land-based
production and therefore increasing the pressure on valuable marine and terrestrial resources.
Aquaculture, and in particular the shrimp industry, is one of the dominant consumers of the global
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fishmeal supply, which is increasingly substituted by mainly plant ingredients. This increases
the dependency and competition for agricultural crops from a terrestrial system and its essential
resources, which are already under pressure to meet global demand for food, feed, biofuels, and
biobased materials.

Our model highlights the need for a paradigm shift in the definition of sustainable shrimp feed
by presenting quantitative data on the consequences relating to sea-land linkages as a result of the
substitution of fishmeal with terrestrial ingredients based on current resource demands. Our study
has clearly demonstrated that complete fishmeal substitution by plant ingredients could lead to an
increasing demand for freshwater (up to 63%), land (up to 81%), and phosphorus (up to 83%). These
are significant increases, as only a share of 20–30% of the feed is actually substituted. This is mainly
caused by the inclusion of resource intensive crops and their derived ingredients to meet nutritional
requirements, such as soybean meal concentrate, rapeseed meal concentrate, pea protein concentrate,
and corn gluten meal. While aquafeed consumes approximately 4% of the global feed crops and
therefore consumes a small share of the agricultural resources (such as water and land), a shift from
fishmeal to plant ingredients should not be taken for granted as a sustainable solution to meeting
a rapidly expanding (shrimp) aquaculture industry. The additional pressure on crucial terrestrial
resources inflicted by the rapidly growing aquaculture sector may become more obvious over the
next decades.

Although fishmeal can be used more strategically in various aquafeed formulations (IFFO,
personal communication, 2018), there is a need for more innovation to optimize its value in relation
to alternative ingredients. Strategic management and utilization of fish by-products shows potential
for higher resource use efficiency of valuable marine resources [69]. Additionally, improvement of
feed conversion ratios [2], side streams up to 30–40% of the global food system [28], and novel protein
sources (microbial biomass [70], insects [71], yeast, microalgae [6], macroalgae [72], and macrophytes)
might allow acceptable solutions to supplement high quality fishmeal [8,9,44]. On the other hand,
farming up the food chain [Integrated Multi-Trophic Aquaculture (IMTA), biofloc aquaculture
systems and aquamimicry] often require less biological resources and far less to almost no aquafeed
input [73,74]. This must be factored into future models and scenarios in combination with broader
sustainability considerations and indicators, as described in Valenti et al. [75], and nutritional value of
aquaculture products.

While the paper is focused on shrimp farming, the model may be equally applicable to other
intensively farmed species (for example, freshwater and marine finfish) with similar scenarios of
marine and terrestrial feed ingredient requirements using reliable datasets and information platforms.
However, more data on the origin and resource demand of ingredients are required in order to gain
accurate insight into the optimal use of marine and terrestrial resources. This would enable the shrimp
farming industry to operate and contribute in a sustainable manner to global food security and the
economy, providing the much needed high nutritionally valuable seafood. This is crucial if we seek to
prevent hunger and poverty in developing countries and elsewhere and if people wish to continue
consuming healthy, nutritious seafood. Understanding the real impact of feed production would be a
starting point for the realistic pricing of aquafeed and would create awareness of the impact of our
current choices on future generations. Contrary to the current situation, such a strategy will create
sustainable feeds that will contribute to the SDGs of the UN.
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