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ABSTRACT
Red meat consumption is associated with an elevated risk 
of mortality from non- communicable diseases (NCDs). In 
contrast, forage fish, as highly nutritious, environmentally 
friendly, affordable, and the most abundant fish species in 
the ocean, are receiving increasing interest from a global 
food system perspective. However, little research has 
examined the impact of replacing red meat with forage fish 
in the global diet on diet- related NCDs.
Methods We based our study on datasets of red meat 
projections in 2050 for 137 countries and forage fish 
catches. We replaced the red meat consumption in each 
country with forage fish (from marine habitats), without 
exceeding the potential supply of forage fish. We used a 
comparative risk assessment framework to investigate 
how such substitutions could reduce the global burden of 
diet- related NCDs in adults.
Results The results of our study show that forage fish 
may replace only a fraction (approximately 8%) of the 
world’s red meat due to its limited supply, but it may 
increase global daily per capita fish consumption close 
to the recommended level. Such a substitution could 
avoid 0.5–0.75 million deaths and 8–15 million disability- 
adjusted life years, concentrated in low- and middle- 
income countries. Forage fish as an alternative to red meat 
could double (or more) the number of deaths that could be 
avoided by simply reducing red meat consumption.
Conclusions Our analysis suggests that forage fish is a 
promising alternative to red meat. Policies targeting the 
allocation of forage fish to regions where they are needed, 
such as the Global South, could be more effective in 
maximising the potential of forage fish to reduce the global 
burden of disease.

INTRODUCTION
Considerable evidence has shown that 
red meat, especially processed red meat, 
is associated with increased risks of non- 
communicable diseases (NCDs) in humans.1–5 
NCDs accounted for approximately 70% of 
all deaths globally in 2019.6 Of these, four 
diseases — ischaemic heart disease (IHD), 
stroke, diabetes, and colorectal cancer — 
account for 44% of deaths, with IHD being 
the leading cause of global mortality.6 To 
reduce the burden of diet- related NCDs 
without sacrificing environmental health, by 

2050 we need to limit the consumption of 
greenhouse gas emission- intensive red meat 
and shift to foods that are both healthy and 
environment- friendly.7

Seafood not only provides higher concen-
trations of essential nutrients than terrestrial 
animal- source foods (ASFs)8 but also prevents 
diet- related NCDs,9 10 as it is rich in two main 
omega- 3 long- chain polyunsaturated fatty 
acids: docosahexaenoic acid (DHA) and 
eicosapentaenoic acid (EPA), the intake of 
which may prevent IHD.11 The incidence of 
cardiovascular disease could be reduced by 
moderate consumption of seafood in many 
global North countries.12 Forage fish (ie, 
small pelagic fish of marine habitats, such 

WHAT IS ALREADY KNOWN ON THIS TOPIC
 ⇒ To improve human health and the health of the plan-
et we should limit the consumption of red meat and 
move towards foods that are both healthy and envi-
ronmentally friendly.

 ⇒ Compared with red meat, seafood not only provides 
a higher concentration of essential nutrients, but 
also prevents diet related non- communicable dis-
eases (NCDs).

WHAT THIS STUDY ADDS
 ⇒ In the seafood category, forage fish as the most nu-
tritious fish species with the lowest carbon footprint, 
could be a highly promising alternative to red meat.

 ⇒ Our study demonstrates that the adoption of forage 
fish as a red meat alternative would potentially offer 
substantial public health benefits (with the avoid-
ance globally of 0.5–0.75 million deaths from diet 
related NCDs), particularly in terms of reducing isch-
aemic heart disease.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

 ⇒ This study could inform all decision- makers about 
the health consequences of policy options on forage 
fish consumption and trade.

 ⇒ This study points to the need for fish- based food 
policy guidelines and nutrition- sensitive policies to 
pay more attention to the composition of future fish 
intake and to promote forage fish consumption.
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as anchovies, herrings, and sardines, but excluding lake 
and other inland species) and salmon are recognised as 
excellent sources of DHA and EPA and are rich in essen-
tial micronutrients such as calcium and vitamin B12.10 
However, the higher price of salmon compared with 
other seafood leads to less consumption in lower- income 
groups.13 Forage fish, on the other hand, account for 
almost 30% of global marine capture fisheries,14 and are 
rated highest in terms of nutrient richness among ASFs,10 
and are also the cheapest and most abundant fish in low- 
and middle- income countries (LMICs).15 16 A dietary 
shift from red meat to forage fish may slightly reduce zinc 
intake (less than 2%) but can greatly increase the intake 
of other essential nutrients, especially DHA and EPA.17 
Additionally, forage fish have the lowest carbon footprint 
of any ASF that meets nutritional requirements.8

However, only approximately 26% of the caught forage 
fish are currently consumed by humans.18 The remaining 
74%, including a significant amount caught off the coasts 
of countries suffering from food insecurity and malnu-
trition in the Global South,19 are ground into fishmeal 
and fish oil.18 These products are mostly used for feeding 
farmed seafood, such as salmon and trout,20 which is 
aimed at higher income consumers.21 Using forage fish 
to raise cultured species is inefficient because fewer nutri-
ents are retained; for example, less than 50% of DHA and 
EPA are retained in Scottish farmed salmon.22 A recent 
study revealed that only a small fraction (< 20%) of 
current forage fish landings in sub- Saharan Africa would 
meet daily nutritional requirements for local children 
under 5 years of age.15 These findings suggest that forage 
fish could be a promising alternative to red meat.

Although numerous studies have revealed the potential 
nutritional and environmental contributions of forage 
fish,8 10 17 it is not clear to what extent they may reduce the 
global burden of disease if consumed directly by humans 
as a substitute for red meat. We aimed to contribute to 
filling this knowledge gap by quantifying the impact of 
replacing red meat with all forage fish currently used for 
non- food purposes on the global disease burden in 2050 
under different meat substitution scenarios. This study 
did not explore the feasibility of red meat replacement 
with forage fish, but rather the extent to which forage 
fish consumption would provide national and global 
health benefits if used for direct human consumption in 
each meat substitution scenario.

METHODS
We used red meat and fish consumption under the 
middle- of- the- road shared socioeconomic pathway 
(SSP2) scenario (business as usual),23 which features a 
continuation of current trends, as our reference scenario 
(REF scenario). The availability of forage fish as a substi-
tute for red meat by 2050 was estimated using histor-
ical forage fish catch data. To explore the potential of 
forage fish as a red meat alternative to reduce the global 
burden of disease, we created four red meat substitution 

scenarios, each representing a different pattern of forage 
fish allocation globally. Each component and scenario is 
described in detail below.

Red meat and fish consumption before substitution
We obtained the country- level red meat and fish supply 
estimates for the year 2050 from the study ‘Alternative 
pathways to 2050’ published by the Food and Agriculture 
Organization of the United Nations (FAO).24 This dataset 
provides projections of the supply of 50 food items until 
the year 2050 in five- or ten- year intervals under three 
scenarios (‘Business as usual’, BAU; ‘Towards sustaina-
bility’, TSS; and ‘Stratified societies’, SSS). We extracted 
the data on the daily energy supply (kcal/person/day) of 
red meat (consisting of three of the 50 food items: beef 
and veal, sheep and goat, and pig meat) and fish in 2050 
under the BAU scenario, as red meat, and fish supply 
under our REF scenario. The data are available for 137 
countries. For a more targeted replacement of red meat, 
we grouped red meat into two categories: ruminants 
(beef and veal, sheep and goat) and non- ruminants (pig 
meat) based on the magnitude of their environmental 
impact.

For the diet- related health impact analyses below, we 
first multiplied the daily energy supply of red meat and 
fish (including forage fish and other fish species) by 
the waste percentages at the consumption level and the 
conversion factors that represent the proportion of edible 
amount to obtain the daily energy consumption of red 
meat and fish respectively25 (online supplemental table 
1). The daily energy supply of red meat and fish was then 
converted into the amount of consumption (g/person/
day) using the food quantity- food energy supply ratio 
provided by FAOSTAT26 for each country, respectively.

Availability of forage fish as a red meat alternative in 2050
To estimate the availability of forage fish, we first used the 
catch of forage fish in the past decades as the potential 
supply of forage fish by 2050. We sourced historical catch 
data (live weight) (1980–2018) from the FAO capture 
database27 for the top 40 forage fish species that repre-
sented approximately 85% of the global average forage 
fish catch during this period (online supplemental figure 
1). The live weight was converted to edible weight by multi-
plying by a conversion factor28 of 0.87. The edible weight 
was then converted into energy (kcal) for meat substitu-
tion using raw fish energy data from the United States 
Department of Agriculture (USDA) Food Data Central29 
for each forage fish species (online supplemental table 
2). When energy data for a species were not available, 
we used data from species belonging to the same family. 
Finally, we subtracted the current direct human consump-
tion use (26%)18 from the edible energy supply obtained 
in the previous step. To explore the maximum potential 
benefits of forage fish as food, we assumed that no forage 
fish food waste occurred at the consumption stage. We 
also assumed that alternative feedstuffs are available for 
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feeding cultured fish species and that consumer demand 
for cultured fish remains constant.

Red meat substitution scenarios
We assumed that consumers will gradually move away 
from red meat and adopt forage fish as a substitute by 
2050, thus allowing a transition time for this dietary 
change. Countries (Afghanistan, Ethiopia, and Tajik-
istan) with zero fish consumption in the REF scenario 
due to cultural or data availability reasons were excluded 
from the analyses. For other countries, four red meat 
substitution scenarios were constructed in which red meat 
was replaced with equivalent caloric forage fish to reduce 
red meat consumption while increasing fish consump-
tion. The four scenarios were: (1) Help to achieve a 
more equitable distribution of forage fish consumption 
to meet local health needs15 (table 1, scenario I); (2) 
Reduce health risks in countries with higher ruminant 
meat consumption (table 1, scenario II); (3) Increase 
fish consumption in countries where fish consumption 
does not reach recommended levels while reducing diet- 
related deaths (table 1, scenario III); and (4) Allow coun-
tries with higher red meat consumption to be substituted 
more and countries with lower red meat consumption to 
be substituted less to avoid nutritional deficiencies asso-
ciated with insufficient red meat intake (table 1, scenario 
IV).

To explore the potential contribution of forage fish 
to global health, we assumed that the forage fish trade 
system enables these scenarios to be realised. In scenario 
I, forage fish do not enter international trade, whereas in 
scenarios II to IV, the trade system allows forage fish to 
be allocated to countries with higher red meat consump-
tion and/or lower fish consumption. In the first two 
scenarios, to avoid the concentration of substitution in 
one or a limited number of countries, we reduced rumi-
nant meat consumption and increased fish consumption 
to the same level as in the countries where substitution 
occurred, respectively. We assumed that post- substitution 
red meat consumption would not be less than 10% of 
the pre- substitution level in all scenarios, a constraint 
typically used in diet optimisation studies.30 For countries 
(eg, Namibia and Rwanda) with calorie intakes below the 
recommended value of 2500 kcal31 in the REF scenario,24 
we did not replace red meat but only increased their 
forage fish consumption in all substitution scenarios, 
with a final calorie intake of no more than 2500 kcal.

Comparative risk assessment framework
The health impacts associated with changes in red meat 
and fish consumption were investigated using a compar-
ative risk assessment32 with four types of NCDs (IHD, 
stroke, diabetes, and colorectal cancer) and two dietary 
risk factors (diet high in red meat and diet low in seafood 
omega- 3 fatty acids (DHA+EPA)). We estimated the 
avoided deaths attributable to these two risk factors by 
first calculating population- attributable fractions (PAFs) 
which are defined as the proportional reduction in death 
that results from a change in risk exposure from a base-
line scenario (ie, red meat and DHA+EPA consump-
tion in the REF scenario) to an alternative scenario (ie, 
scenarios I–IV). The formula for calculating PAFs is as 
follows.32 33

 
PAFd,r,f =

RR
CREF,r/Sf
d,f −RR

Calternative,r/Sf
d,f

RR
CREF,r/Sf
d,f

,
  

(1)

where PAFd,r,f is the population attributable fraction for 
disease d and country r from risk factor f; RRd,f is the rela-
tive risk for disease d from risk factor f; CREF,r and C alter-

native,r are the daily per capita consumption of red meat 
or DHA+EPA in country r under the REF and alternative 
scenarios, respectively; and Sf is the standard serving size 
for each risk factor f.

The relative risk parameters RRd,f in equation (1) 
were obtained from the dose- response meta- analyses 
of prospective studies and cohort studies1–4 11 (online 
supplemental table 3). We calculated the increase in 
DHA+EPA intake by multiplying the forage fish calorie 
intake by the average DHA+EPA concentration, which 
was sourced from FishBase34 (online supplemental table 
2). The serving sizes Sf used in this analysis were 100 g33 
for red meat and 0.1 g35 for DHA+EPA. For the dietary 
risk factors, we assumed an increasing risk from zero 
consumption of red meat and a decreasing risk from 
zero consumption of DHA+EPA, both of which were 

Table 1 Four red meat substitution scenarios were used 
to evaluate the health benefits of forage fish as a red meat 
alternative

Substitution 
scenario Identification Description

I Domestic 
supply 
prioritised

Forage fish were caught for 
national consumption or red 
meat substitution.

II Minimised 
meat intake

Substitution was prioritised 
in countries with ruminant 
meat consumption above 
the recommended level of 
15 kcal,31 as ruminants have 
a greater environmental 
impact than non- 
ruminants,73 allowing for a 
win- win situation for human 
and environmental health.

III Adequate fish 
intake

Priority was given to 
countries with fish 
consumption below the 
recommended level of 40 
kcal31 for substitution.

IV Equal 
percentage 
replaced

All countries had the same 
percentage of red meat 
that was replaced and the 
percentage of replacement 
was determined by the 
availability of forage fish.

https://dx.doi.org/10.1136/bmjgh-2023-013511
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unbounded. Given that one disease can be attributable 
to multiple risk factors, for each disease, the combined 
disease burden attributable to each risk factor was 
expressed as follows:36

 
PAFd,r = 1 −

∏
f

(
1 − PAFd,r,f

)
.
  

(2)

Impact of dietary change on disease outcomes
We estimated the number of avoided deaths under each 
substitution scenario by multiplying PAFd,r in equation 
(2) by disease-, country-, and age- specific population 
size and baseline mortality rate for the year 2050 under 
the SSP2 scenario. As the two risk factors in this study 
are primarily responsible for diet- related NCDs in adults 
and diet- related NCDs are extremely low in children,37 
we focused on people aged 20 years or older. Population 
data by country and 5 year age groups were obtained 
from the SSP database.38 Disease- specific mortality data 
for each age group were adopted from Sellers,39 which 
provides cause of death projections for all countries 
from 2020 to 2100, incorporating the effects of socioec-
onomic, environmental, and developmental outcomes in 
the future world. However, in Sellers’39 projections, IHD, 
stroke, and colorectal cancer are not treated as individual 
cause categories, but are aggregated with other related 
diseases into different groups. Therefore, we separated 
the mortality due to IHD, stroke, and colorectal cancer 
from those groups by applying the Institute for Health 
Metrics and Evaluation (IHME) projections of deaths in 
2040 for each specific cause, as data for 2050 were not 
available.40 The proportions of these three diseases in the 
respective disease groups to which they belonged were 
assumed to remain approximately the same in 2040 and 
2050.

The disability- adjusted life years (DALYs) were calcu-
lated using the IHME estimated country-, age-, and 
disease- specific DALY- death ratios for the year 2019.37 41 
According to the IHME estimates, the DALY- death ratio 
for each age group in each country has remained almost 
constant over the last 30 years; therefore, we assumed 
that the DALY- death ratios in 2050 would be the same as 
in 2019.

Patient and public involvement statement
Patients and/or the public were not involved in the 
design, or conduct, or reporting or dissemination plans 
of this research.

RESULTS
The availability of forage fish that could be used as a 
meat alternative in 2050 was approximately 3.0×1013 kcal, 
while the total meat consumption of the 137 countries 
projected by FAO24 was 3.8×1014 kcal; therefore, forage 
fish could replace approximately 8% of red meat glob-
ally. Substitution occurred only in coastal countries 
where forage fish were caught (88 countries) in scenario 
I, using only 78% of the potential supply of forage fish, 

while in the other three scenarios, the entire supply 
was used for substitution. Countries with intensive meat 
consumption under the REF scenario, such as Mongolia 
and Brazil (online supplemental figure 2), were given 
priority for substitution in scenario II (figure 1A), while 
many African countries with low fish intake were given 
priority for substitution in scenario III. In scenario IV, 
approximately 8% of the red meat consumption in each 
country was replaced by forage fish.

In scenario I, for almost 63% of coastal countries, 
the forage fish caught could replace 0.1–83% (with an 
average of 19%) of their red meat consumption (online 
supplemental figure 3). In contrast, for Estonia, Latvia, 
Norway, Morocco, Namibia, Chile, and Peru, the calo-
ries available in the forage fish caught exceeded their 
red meat consumption; therefore, 90% of the red meat 
was replaced in these countries, except for Namibia, 
where no red meat was replaced, and all forage fish 
caught were used for domestic consumption to alleviate 
the deficit in calorie intake. Consequently, Namibia’s 
per capita calorie intake increased from 2252 kcal to 
2402 kcal. Compared with scenario I, targeted substitu-
tion in countries with a high consumption of ruminant 
meat could substantially reduce meat consumption in 
meat- intensive countries such as Mongolia and Argen-
tina (figure 1A, scenario II). In scenario III, daily per 
capita fish consumption could be increased to close to 
the recommended level of 40 kcal31 in most countries, 
with less than 30 kcal of red meat replaced (figure 1B). 
In scenario IV, countries with a higher per capita red 
meat intake had higher calories of red meat being 
replaced, mainly outside Africa. Total fish consump-
tion after substitution was higher in China and some 
European countries (eg, Norway) due to higher fish 
consumption than in other countries before substitu-
tion (online supplemental figure 2).

Compared with the REF scenario, the replacement 
of part of the red meat with forage fish mainly reduced 
deaths from IHD, while for the other three diseases 
(stroke, diabetes, and colorectal cancer), a lower 
percentage (<5%) of deaths could be avoided (figure 2). 
Countries with higher levels of meat substitution also had 
a higher percentage of deaths (figures 1A and 2). Forage 
fish caught in coastal countries may reduce mortality 
from IHD if consumed domestically. For example, more 
than 30% of deaths can be avoided in some countries, 
such as Norway and Namibia (scenario I). In scenario 
II, a higher percentage of avoidable deaths from IHD 
was found in Mongolia (75%), Central Asian countries 
(40–70%), South American countries such as Argentina 
(65%), Brazil (34%), and Oceanian countries (35–42%). 
Furthermore, higher levels of red meat substitution 
in Argentina, Mongolia, and Turkmenistan contrib-
uted to a higher percentage of deaths from colorectal 
cancer (16–21%) and diabetes (12–15%) than in other 
countries. In scenarios III and IV, less than 20% of the 
avoided deaths occurred in countries where substitution 
occurred.

https://dx.doi.org/10.1136/bmjgh-2023-013511
https://dx.doi.org/10.1136/bmjgh-2023-013511
https://dx.doi.org/10.1136/bmjgh-2023-013511
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The distribution of the rates of total avoidable deaths 
and DALYs of IHD, stroke, diabetes, and colorectal 
cancer was similar to that of the percentage of avoidable 
deaths (figure 3A and B). For some countries, such as 
Morocco and Mauritania, if the forage fish caught was for 
domestic consumption (scenario I), the avoided deaths 
per million of the population was >1.5 times higher than 
in other scenarios. In scenario II, Mongolia, Central Asia, 
and Argentina had higher rates of avoidable deaths and 
DALYs than the other countries. Russia, while having a 
lower percentage of avoided deaths than other regions, 
such as Oceania (figure 2), had a higher rate of avoid-
able deaths (figure 3A) due to its higher disease mortality 
in the REF scenario (online supplemental figure 4). In 
scenario III, higher avoidable mortality occurred in coun-
tries (eg, Ukraine and Belarus), which showed higher 
disease mortality in the REF scenario (figure 3A), while 
a higher rate of avoidable DALYs occurred in Pakistan 
and Turkmenistan due to the relatively high DALY- death 
ratios (figure 3B). When an equal percentage of red meat 
was replaced in each country (scenario IV), the rate of 
total avoidable deaths was <500 per million people in all 
countries.

In each scenario, approximately 90% of all avoided 
deaths or DALYs could be attributed to reduced IHD, 4% 
to stroke, 4% to diabetes, and 2% to colorectal cancer 

(figure 4A). The total number of deaths averted by substi-
tution scenarios ranged from 0.5 million (scenario I) to 
0.75 million (scenario III), while DALYs ranged from 8 
million to 15 million compared with the REF scenario, 
with large variability between regions. Overall, scenario I 
had the fewest avoided deaths, while scenario III had the 
most avoided deaths. On the regional scale, the highest 
number of avoided deaths and DALYs was found in Asia 
(avoided deaths, 0.45 million; reduced DALYs, 7 million) 
in scenario IV, with China making the largest contribu-
tion (figure 4B), while the lowest number of avoided 
deaths or DALYs was in Oceania in all scenarios. Russia 
(scenario I), Brazil (scenario II), and Pakistan (scenario 
III) contributed the most to the number of avoided 
deaths and DALYs (figure 4B), consistent with the total 
amount of red meat replaced (online supplemental 
figure 5). Although total red meat replacement in the 
US was higher than that in Russia in scenario I (online 
supplemental figure 5), the number of avoided deaths 
from fish intake was lower because forage fish caught in 
the US contained lower DHA+EPA than those caught in 
Russia. Importantly, using forage fish as an alternative to 
red meat could double (or more) the number of deaths 
that could be avoided by simply reducing red meat 
consumption (figure 4B).

Figure 1 Changes in red meat and fish consumption in 2050: (A) Calories of red meat replaced by forage fish and 
(B) Consumption of red meat, and fish after substitution in each country under each meat substitution scenario (scenario 
I: Domestic supply prioritised; scenario II: Minimised meat intake; scenario III: Adequate fish intake; scenario IV: Equal 
percentage replaced).
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DISCUSSION
Our study demonstrates that forage fish, if widely adopted 
for direct human consumption, would potentially offer 
substantial public health benefits, particularly in terms 
of reducing the occurrence of IHD. Although forage 
fish are not sufficient to replace all red meat, forage fish 
alone may increase the daily per capita consumption of 
fish to close to the recommended level of 40 kcal31 in 
most countries (figure 1B), as well as reduce total deaths 
from the four diseases by 2% by 2050. Of the four meat 
substitution scenarios, scenario I had the lowest number 
of avoided deaths, not only because the substitution 
occurred in different regions and to a different extent 
than the other three scenarios, but also because not 
all forage fish catches were consumed by these coastal 
countries. For example, in Chile, 46% of the forage fish 
caught was sufficient to replace 90% of the red meat in 
the diet, leaving 54% of the forage fish uncaught. Our 
results suggest that allocating all forage fish to regions 
where fish consumption is below the recommended 
value (mainly in LMICs) may reduce the global burden 
of disease more effectively.

The major burden (80%) of NCDs is concentrated in 
LMICs, particularly in Africa, which is currently expe-
riencing an epidemic of NCDs on an alarming scale.42 
One response to this issue has been the call to move to 
a healthy diet, such as the Mediterranean diet, in which 
the preferred animal protein is fish.43 However, lower 
incomes44 45 and inefficient use of food resources,46 
among other reasons, contribute to the low per capita 
consumption of fish in LMICs (online supplemental 
figure 2). In this study, we showed that replacing red 
meat with affordable forage fish allows countries (mainly 
in LMICs) with the lowest fish consumption to have the 
greatest health (ie, scenario III) (figures 2 and 4), contrib-
uting substantially to reducing the burden of disease in 
LMICs. Therefore, to maximise the potential of forage 
fish, trade policies should be implemented to ensure that 
populations with higher NCD burdens and insufficient 
DHA+EPA intake have access to forage fish.12 For coastal 
countries, an agenda for nutrition- sensitive governance 
of fisheries in the Global South based on prioritising 
domestic and local needs is proposed46 47 to promote 
the consumption of forage fish, thus demonstrating the 

Figure 2 Percentage of avoided deaths by disease. Percentage of avoided deaths or disability- adjusted life years (DALYs) for 
ischaemic heart disease (IHD), stroke, diabetes, and colorectal cancer in each meat substitution scenario (scenario I: Domestic 
supply prioritised; scenario II: Minimised meat intake; scenario III: Adequate fish intake; scenario IV: Equal percentage replaced) 
compared with the reference (REF) scenario in 2050.

https://dx.doi.org/10.1136/bmjgh-2023-013511
https://dx.doi.org/10.1136/bmjgh-2023-013511
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contribution of forage fish to global health. For land-
locked countries without direct access to seafood, such 
as Mongolia, Turkmenistan, and other African countries, 
global marketing and trade in forage fish need to be 
expanded.14 In addition, freshwater forage fish, although 
not analysed in this study, is also of high nutritional value, 
and increasing children’s and malnourished populations’ 
access to it could contribute to improving global health.48

Our health assessment framework is in line with 
existing analyses, but for risk factors, we used DHA+EPA 
rather than fish. Many studies have used a nonlinear rela-
tionship (a restricted cubic spline model) between fish 
intake and IHD mortality49 to calculate the relative risk 
of fish intake on IHD, with no further reduction in IHD 
mortality above 50 g/day of fish intake.33 However, such 
an approach leaves the relationship between DHA+EPA 
intake and IHD unclear because of the diversity of fish 
species in terms of DHA+EPA concentrations46 and, 
thereby, obscures the health contribution of fish with 
high DHA+EPA concentrations. By treating fish as a 
single food commodity without considering differences in 
DHA+EPA content between species, Springmann et al.,50 
estimated that increased fish intake would contribute less 
than 1% to premature mortality in 2030 with a pesca-
tarian diet (two- thirds of meat is replaced by fish). Our 
study suggests that if fish that are high in DHA+EPA, such 
as forage fish, are consumed in larger proportions, then 
the contribution of fish might have been underestimated 
in previous studies.

Apart from the positive effects, there are also nega-
tive effects associated with fish consumption, as fish 

also contain harmful chemicals such as methylmercury 
(MeHg) and dioxin- like- polychlorinated biphenyls (dl- 
PCBs) that can cause health hazards (eg, chloracne and 
impaired neurological development).51 The negative 
effects of forage fish consumption were not investigated 
in this study and are mainly attributed to two reasons. 
One reason is that there is a lack of studies exploring 
the possible relationship between MeHg exposure and 
the risk of the four diseases described here.52 However, 
although MeHg concentrations in forage fish (2–110 µg/
kg)53 54 are higher than those in the same wet weight of 
red meat (0.6–5.6 µg/kg),55 they are well below the recom-
mended safe intake limit (500 µg/kg).54 For example, 
based on a risk- benefit analysis, Thomsen et al.,9 suggested 
that pregnant women should consume fewer large pred-
atory fish with high mercury content, such as tuna and 
swordfish, but no less than 200–350 g of forage fish per 
week to gain greater health benefits. Another reason is 
that accurately estimating the concentration of dl- PCBs 
in forage fish is challenging because it is influenced by 
geographical origin; dl- PCB concentrations of the same 
species can vary several- fold based on geographical loca-
tion.51 56 Nevertheless, red meat, particularly ruminant 
meat, contains much higher levels of dl- PCBs than forage 
fish.51 57 Therefore, in terms of the health hazards caused 
by dl- PCBs, replacing red meat with forage fish would at 
least offset the other’s negative effects. Recent studies on 
the health effects of replacing red meat with forage fish 
in the Danish diet have shown that the negative effects of 
forage fish are almost negligible compared with the posi-
tive effects of such a substitution.9 Fish- based food policy 

Figure 3 Avoided death and disability- adjusted life year (DALY) rate attributable to dietary substitution. (A) Avoided age- 
standardised deaths per million population and (B) DALYs per million population in 2050 compared with the reference (REF) 
scenario. Scenario I: Domestic supply prioritised; scenario II: Minimised meat intake; scenario III: Adequate fish intake; scenario 
IV: Equal percentage replaced.
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Figure 4 Changes in the number of deaths and disability- adjusted life years (DALYs) relative to the reference (REF) scenario: 
number of total avoided deaths and DALYs from ischaemic heart diseases (IHD), stroke, diabetes, and colorectal cancer 
(A) by region due to combined risk factors, and (B) by country due to individual risk factor. The bubble size in B is scaled 
to population in 2050 under the ‘middle of the road’ shared socioeconomic pathway (SSP2) scenario.23 The solid lines in B 
indicate that Y=X. Abbreviations: DHA+EPA, Docosahexaenoic acid plus Eicosapentaenoic acid.
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guidelines should focus on the composition of future fish 
intake and provide safe intake ranges for different fish 
species, especially for pregnant women and children. 
This study could inform decision makers regarding the 
health consequences of policy options on forage fish 
consumption and trade.

Despite the theoretical potential of forage fish, several 
barriers such as fish meal and oil processing, overfishing, 
climate change, and cultural acceptance may prevent the 
health benefits of forage fish from being realised. The 
conversion of forage fish to human food may reduce 
aquaculture production. However, recent research18 
suggests that other feedstuffs such as microalgae, soy, 
and insects have the potential to completely replace fish-
meal and fish oil in feeding cultured species. Microalgae 
is one of the most promising alternative feeds, and not 
only does it not significantly reduce the nutrient content 
of the species being fed (eg, DHA and EPA concentra-
tions), but also it does not change the flavour or colour, 
all of which may influence consumer demand.18 58 There-
fore, expanding the production of microalgae and other 
feedstuffs to replace fish oil and fishmeal from forage fish 
may compensate for the decline in aquaculture produc-
tion due to the reduced availability of forage fish, and 
may increase the contribution of forage fish to human 
health.

Forage fish dominate marine fish biomass in upwelling 
systems. For example, the Northwest African coast 
(Canary Current Upwelling System) is one of the four 
largest eastern boundary upwelling systems in the 
world, where nutrient- rich water sustains large fish 
populations.59 In countries along this coastline, such as 
Senegal, forage fish accounts for over 70% of landings 
and 80% of fish consumption, playing a critical role in 
the health and well- being of the population.60 However, 
overfishing caused by ineffective fisheries management 
policies,61 rising temperatures,62 increased export levels, 
and growing demand for fishmeal and oil have led to 
declining catches and threatened local food security.60 
The increase in temperature may also lead to a decrease 
in the quality of food for forage fish, which may contain 
more zooplankton with low carbon contents,63 and there-
fore, may reduce the health contribution of forage fish 
in this study.

This study did not consider the impact of climate 
change on the future potential supply of forage fish, 
but a previous study predicted that forage fish yield in 
2050 would change by less than 3% compared with that 
in 2020 under a severe emission scenario (representative 
concentration pathway 8.5),64 implying that the supply 
of forage fish in 2050 would not be significantly lower 
than that depicted by this study’s results. To support the 
sustainable production of forage fish, mitigation strate-
gies could be adopted to reduce fishing pressure,65 and to 
reallocate fisheries to areas where environmental condi-
tions are more favourable for forage fish under climate 
change.66 Multi- sectoral policy coordination and action21 
(eg, prioritising access to affordable fish such as forage 

fish for the poor and promoting the use of nutrient- rich 
microalgae18 as fish feed) could help to address some of 
these barriers.

In addition to environmental influences, cultural 
acceptance and taste can prevent forage fish from real-
ising its potential. The cultural context strongly influ-
ences the choice of food. Dietary recommendations and 
nutritional advice may conflict with the cultural beliefs 
of many populations. However, culturally tailored inter-
ventions that promote healthy lifestyles, increase family 
and community support, and increase patient awareness 
of the relationship between disease and diet can increase 
the success of behaviour and diet changes and, thus, 
disease prevention.67 68 Other effective strategies, such 
as climate change impact menu labels on food items 
with high- climate impact (eg, red meat)69 and consumer 
education on high nutritional value and fewer chemicals 
in forage fish,70 71 have the potential to facilitate a change 
in consumer diets from red meat to forage fish. Addition-
ally, approaches that include the development of new 
food products such as ‘pulled herring’71 and the estab-
lishment of ‘Anchoveta Weeks’ that provide dishes and 
sauces with anchoveta72 have increased the consumption 
of forage fish in Finland and Peru.
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