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ABSTRACT

ARTICLE HISTORY

Fish is widely promoted as part of healthy dietary patterns. The aim of this review was to
summarise current literature on the environmental footprint of fish and its role within sustainable
diets. Fish generally represents a minor share of total dietary environmental impacts, contributing
to a smaller proportion of greenhouse-gas emissions (GHGe), land and water use than meat and
other animal products. Several modelling studies showed that substituting meat with fish or
increasing fish intake within optimised dietary patterns can reduce environmental impacts,
although the magnitude varies by country, diet type, and fish species. However, some analyses
reported increased GHGe associated with higher fish intake, especially in models ensuring
nutritional quality. Overall, fish consumption is compatible with achieving nutritionally adequate
and lower environmental impacts, although optimal match between environmental boundaries
and nutritional needs is not always possible. These findings suggest that fish can play a constructive
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role in sustainable diets when integrated thoughtfully within broader dietary shifts.

Introduction

Food systems are increasingly recognised as a major
driver of global environmental change (Gomes et al.
2024). Current dietary patterns are responsible for a sub-
stantial share of anthropogenic greenhouse gas emissions
(GHGe), land degradation, freshwater use, and biodiver-
sity loss (Alves et al. 2024; Mandouri et al. 2025).
Estimates consistently indicate that the food system con-
tributes approximately 30% of global GHGe (Madin and
Macreadie 2015), uses over 40% of habitable land
(Ramankutty et al. 2018), and accounts for 70% of fresh-
water withdrawals (Ringler et al. 2022), leading to
important biodiversity loss (Boakes et al. 2024). As pop-
ulation growth, urbanisation and shifts towards
resource-intensive diets continue, transitioning towards
sustainable dietary patterns has become a central strategy
in climate mitigation frameworks (Springmann et al.
2018a). Sustainable diets are defined as those that achieve
nutrient adequacy and promote long-term health while
minimising environmental impacts and remaining

culturally acceptable and economically accessible (Grosso
et al. 2020b). Such an approach has been hypothesised
not only to maintain planetary health but also to ensure
food security globally (Mora et al. 2020).

Within this context, the role of animal-source foods
has been the focus of intensive examination, given their
disproportionate environmental footprint relative to
plant-based foods (Godfray et al. 2018; Bidoglio et al.
2024). However, not all animal-source foods exert equal
environmental pressures. In particular, a “pescatarian”
dietary pattern including fish and seafood may occupy
a distinctive position providing a significant reduction
in overall mortality risk while often exerting lower
GHGe and land use impacts than conventional diets
(Springmann et al. 2018b). In fact, fish is most ubiqui-
tously included, though at varying recommended levels,
within many national food-based dietary guidelines and
dietary recommendations from scientific societies
(Herforth et al. 2019). However, according to a recent
overview on current dietary intakes and optimised diets
for reduced environmental impacts, fish consumption is
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globally low and relatively poorly represented in current
diets, especially in relation to recommended intakes or
optimised models (Kalmpourtzidou et al. 2025).

From a health perspective, regular fish consumption
is associated with reduced cardiovascular risk and lower
all-cause mortality (Jurek et al. 2022), reduced risk of
certain cancers (Lee et al. 2020), and beneficial effects
against neurocognitive decline (Godos et al. 2024).
Observational and clinical evidence supports the pro-
tective role of fish mediated by a complex food matrix
composed by high-quality protein, long-chain n-3 fatty
acids (particularly EPA and DHA), and essential micro-
nutrients (such as, iodine, selenium, and vitamin D,
among others) (Khalili Tilami and Sampels 2017;
Noreen et al. 2025). Nonetheless, balancing these health
benefits with the environmental performance of fish-
eries and aquaculture is complex. The environmental
footprint of seafood varies substantially across species,
production systems, and supply chains, ranging from
low-impact pelagic fish and mollusks to carbon-intensive
crustaceans and certain aquaculture operations (Halpern
et al. 2022). Consequently, the sustainability of increas-
ing fish consumption depends not only on total intake
but also on species substitution patterns, transportation,
refrigeration, and energy input for aquaculture (includ-
ing mariculture) products (Madin and Macreadie 2015).

Given these nuances, scientific debate persists
regarding the role of fish within diets optimised for
both health and environmental outcomes. Lack of clar-
ity on this matter underscores the need to synthesise
the broad and heterogeneous evidence on how fish
contributes to environmental footprints and how fish
intake is modified in diets optimised for health, envi-
ronmental impact, or both. The present review provides
a comprehensive and critical synthesis of findings from
modelling studies, environmental footprint assessments,
and dietary scenario analyses. Specifically, we sum-
marised (i) the environmental contribution of fish in
current dietary patterns; (ii) how fish intake changes
when diets are optimised for nutritional quality and/
or environmental sustainability; and (iii) what would
be the contribution of fish in modelled healthy and
sustainable dietary patterns. Through this synthesis, we
aim to clarify the role of fish within healthy and sus-
tainable diets and to provide evidence-based insights
for policymakers and researchers seeking to align
dietary guidelines with planetary health goals.

Literature review methodology

This work was conducted as a narrative, non-systematic
review aimed at synthesising the available evidence

on the environmental impact of fish within dietary
patterns. Relevant literature was identified through
targeted searches of the scientific literature, focusing
on studies assessing environmental footprints of diets,
dietary optimisation models, and observational anal-
yses of food consumption patterns. Priority was given
to studies reporting quantitative estimates of environ-
mental indicators (e.g. greenhouse gas emissions, land
use, water use) and those examining the role of fish
within current or modelled dietary scenarios. Given
the heterogeneity of the field, no formal systematic
search strategy, predefined inclusion/exclusion criteria,
or risk-of-bias assessment was applied. Instead, studies
were selected based on their relevance to the research
objectives, methodological rigour, and ability to con-
tribute to a comprehensive overview across different
geographic contexts and analytical approaches. As a
result, the included evidence reflects a broad but
non-exhaustive synthesis of the literature, consistent
with the exploratory and integrative nature of
this review.

Environmental impact of fish in current diets

Understanding the environmental implications of fish
consumption within observed dietary patterns requires
integrating findings across multiple cohorts, geo-
graphic contexts, and methodological approaches.
Early evidence from the EPIC-Oxford cohort illus-
trated the substantially lower GHGe associated with
diets that include fish instead of meat. Among more
than 65,000 UK adults, fish-eaters exhibited markedly
lower emissions compared with meat-eaters: GHGe
averaged 3.91kg CO,,,/2000kcal, compared with 7.19,
5.63, and 4.67kg CO,,,/2000kcal in high-, medium-,
and low-meat eaters, respectively. Emissions among
meat-eaters were 46% higher in women and 51%
higher in men relative to fish eaters, emphasising the
disproportionate environmental burden of meat-based
diets relative to those incorporating more fish
(Scarborough et al. 2014). More recent nationally rep-
resentative UK data from the UK National Diet and
Nutrition Survey (NDNS) 2008-09 and 2013-14
(n=3502, age >19y) reinforced the finding that fish
contributes a modest proportion of dietary GHGe:
with an average intake of 30 g/day, fish accounted for
roughly 6% of total dietary GHGe (substantially lower
than contributions from meat or dairy) (Murakami
and Livingstone 2018). Further UK data from the
myfood24 study (a validation cohort involving 212
participants, 18-65y) tried to calculate the impact of
3000 food consumption on GHG emissions and



connection to individual environmental impact showed
that, while average diet-related GHGe were 7.4kg
CO,,,/day, meat accounted for the largest share (32%),
with fish contributing far less, reinforcing the consis-
tent conclusion across datasets that fish is a relatively
minor contributor to total diet-related emissions when
compared to meat (Rippin et al. 2021). A Dutch study
from a representative sample of the NQplus study
(n=1169, 20-70y) using both FFQ and 24-h recall
data arrived at similar conclusions: fish intake, aver-
aging 0.7 g/day, contributed consistently low propor-
tions to GHGe, fossil energy use, land use, and
pReCiPe scores (a method calculating a score based
on combination of the characterisation, normalisation,
and weighing factors of these three indicators), rein-
forcing its modest contribution to environmental pres-
sures relative to other foods (Mertens et al. 2019a).
Also in the Netherlands, participants belonging to the
EPIC-NL cohort (n=36209, 20-70y) were evaluated
using a 178-item FFQ and an ad hoc LCA estimation
to investigate the environmental impact (in terms of
GHGe) of derived dietary patterns: higher adherence
to a “plant-based patterns” was characterised by con-
sumption of 14g/d of fish, an overall lower environ-
mental impact, and a better nutritional quality, as
compared to other derived patterns (Biesbroek et al.
2018). In a study from the same cohort (n=8932,
18-65y) describing GHGe associated with dietary
changes over 20years, fish consumption increased
from baseline to follow-up in both men and women
(in men, intake rose from 4.2 to 13.6g/1000 kcal, while
in women it increased from 5.8 to 16.8 g/1000 kcal)
and subsequently fish-related GHGe also increased,
from 0.04 to 0.13 kgCO,,,/1000kcal in men and from
0.05 to 0.16 kgCO,,,/1000kcal in women (Biesbroek
et al. 2019). In France, data from a representative
sample of participants enrolled in the NutriNet-Santeé
cohort (n=34193, mean age 53.3y) were analysed to
describe observed diets across different levels of
diet-related GHGe. Dietary intake was assessed using
a 264-item organic semi-quantitative FFQ (Org-FFQ),
while the environmental impact of diets was estimated
through the DIALECTE tool: individuals following a
medium-impact diet (Q3, 1229-1589 kgCO,, /year)
reported the highest fish consumption (52.6g/day),
compared with those adhering to a low-impact diet
(Ql, 347-816 kgCO,./year; 36.6g/day) and a
high-impact diet (Q5, 2318-4099 kgCO,, /year; 48.5g/
day), with fish contributing approximately 4% of total
diet-related GHGe in the lowest-impact quintile and
about 1-2% in the highest-impact quintile (Q5)
(Seconda et al. 2018). Additional findings from
Southern Europe reinforce the generally modest
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environmental footprint of fish. In the Spanish SUN
cohort, a dynamic Spanish cohort composed of uni-
versity graduates (n=17387; mean age 37y), fish and
seafood consumption increased across quartiles of
GHGe, energy use, and water use, though it decreased
across land-use quartiles, indicating a variable envi-
ronmental profile depending on the outcome consid-
ered (Fresan et al. 2020). In Southern Italy, individuals
from a local survey (n=2044, >18y) with the highest
sustainability scores had substantially greater fish con-
sumption (85g/day) assessed through a 110-item FFQ;
moreover, fish contributed modest proportions to
environmental impacts (such as approximately 7% of
GHGe, 15% of energy use, 2-3% of water use, and
<2% of land use) confirming its comparatively favour-
able profile within Mediterranean-type diets (Grosso
et al. 2020a).

However, nuance is provided by Dutch analyses
linking sustainability and health metrics. In the
NQplus cohort testing for GHG emissions, land use,
and fossil energy use as environmental outputs, fish
consumption was significantly higher in dietary pro-
files characterised by high health scores but low sus-
tainability scores (32+53g/day) and lowest in diets
with the opposite pattern (5+16g/day) (van Bussel
et al. 2019). Meanwhile, the Dutch National Food
Consumption Survey (DNFCS) 2012-2016 (n=4313,
1-79y) revealed that although fish (assessed with two
non-consecutive 24-h recalls and ad hoc LCA esti-
mation to evaluate impact of current food consump-
tion on various environmental outputs) contributed
only 0.13kg CO,,/day and 0.001m* of blue water
use, a higher fish ratio within diets was still signifi-
cantly associated with increased GHGe and blue water
use in fully adjusted models (=0.002 and 3=0.002,
respectively), suggesting that even relatively low levels
of fish intake can measurably affect environmental
indicators when assessed across dietary components
(Vellinga et al. 2019). Notably, another report from
the same data source underlined that under any pos-
sible scenario modelled to identify a dietary pattern
optimised for vitamin D intake, fish consumption
needed to be increased while inevitably affecting the
related carbon footprint (Bruins and Létinois 2021).
Moreover, a cross-national comparison involving
cohorts from Denmark, the Czech Republic, Italy, and
France belonging to National Survey on Diet and
Physical Activity 2005-2008 (n=1739), SISP04 2003—
2004 (n=1666), INRAN-SCAI 2005-2006 (n=2313),
INCA-2 study 2006-2007 (n=2276), respectively, using
different methods (such as, 7-d diet record on con-
secutive days, 24-h recall spaced over three-to-five
months, 3-d diet record on consecutive days) for
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dietary assessment and a SHARP-ID database to assess
environmental impact, found that, although fish
accounted for a relatively small proportion of GHGe
and land use across countries, its environmental
impact increased with higher consumption: specifi-
cally, a 4% increase in energy intake from fish (~60g/
day) was associated with a 7% increase in GHGe,
while land use increased only minimally (+2%)
(Mertens et al. 2019b). Recent evidence from the
Epidemiologic Health Investigation of Teenagers
(EPI-Teens) cohort in Portugal adds another counter-
point. In this sample of 1554 participants, fish and
seafood represented the second highest contributor to
GHGe (29.2%), although their contributions to other
environmental outcomes were negligible relative to
other animal-source foods, which accounted collec-
tively for up to 80% of impacts depending on the
specific outcome. These findings showed that although
fish is generally lower impact than meat, increasing
fish consumption is not environmentally neutral, espe-
cially depending on the species consumed
(Alvarez-Alvarez et al. 2024).

Similar patterns emerged outside Europe. For
instance, in Lebanon, an analysis of a representative
sample from the Nutrition and Non-Communicable
Disease Risk Factor Survey 2008-2009 (n=337, >18y)
using a 61-item FFQ and LCA analyses to assess
dietary intakes and environmental footprint analyses,
identified fish primarily within a “High Protein”
dietary pattern: although this pattern included sub-
stantial fish intake, absolute impacts varied widely
(such as, GHGe of 6.86+11.06kg CO,,/day, water
use of 3.22+7.76L/day, and energy use of
19.50 +17.89 MJ/day) (Naja et al. 2018). Evidence from
the United States National Health and Nutrition
Examination Survey (NHANES) 2005-2010 (n=16,800
aged 218y) showed that higher GHGe diets contained
significantly more seafood compared with lowest-GHGe
diets (0.41+0.030z eq/1000kcal and 0.21+0.010z
eq/1000kcal, respectively). However, higher diet qual-
ity measured by the healthy eating index (HEI)
“Seafood and plant proteins” component, was associ-
ated with lower GHGe diets — higher in Low-GHGe
diets compared to High-GHGe diets (HEI score:
2.38£0.06 vs. 1.60+0.06) — suggesting that in the US,
seafood appears in both higher- and lower-impact
dietary profiles depending on overall dietary patterns
(Rose et al. 2019). In Japan data from 392 adults,
aged 20-69y, were analysed to examine the relation-
ship between diet-related GHGe and the prevalence
of inadequate nutrient intake using four non-
consecutive-day diet records, while environmental
impacts estimated through a database based on the

Global Link Input-Output (GLIO) model: fish and
seafood consumption increased progressively across
GHGe quartiles, from 31g/day in the lowest quartile
to 47 g/day in the highest quartile; at the same time,
total diet-related GHGe also rose from the lowest to
the highest quartile, indicating that higher fish and
seafood consumption was associated with diets char-
acterised by greater overall GHGe (Sugimoto et al.
2020). A study in Canada, including participants from
a nationally representative sample of adults from
Canadian Community Health Survey (CCHS)
(n=13612, aged 219y) was conducted in order to
describe the carbon footprint of self-selected Canadian
diets with dietary intake assessed using a 24-h recall,
while environmental impact was assessed using a data-
base of Food Impacts on the Environment for Linking
to Diets (dataFIELD): fish and shellfish contributed
about 5% of the total dietary GHGe, compared to
other food groups; in particular shellfish intake was
greater for high compared to low-GHGe diet consum-
ers (about +5.6g/1000kcal) (Auclair and Burgos 2021).

Taken together, the literature reveals a nuanced
picture. Across most populations, fish contributes a
relatively small proportion of overall dietary environ-
mental burdens, particularly when compared with
ruminant meat. However, the magnitude of its impact
is context-dependent, primarily influenced by its over-
all intake, but also species choice, dietary patterns,
and the distribution of environmental impacts across
GHGe, land use, water use, and energy use. While
fish can significantly lower dietary GHGe when sub-
stituted for meat, increased fish intake does not uni-
versally guarantee environmental benefits nor being
consistently included in low-environmental footprint
diets, highlighting the need for context-specific assess-
ments. These patterns set the stage for examining how
fish consumption behaves in optimised dietary models
aiming simultaneously for nutritional adequacy and
environmental sustainability.

Fish consumption in optimized healthy and
sustainable diets

Modelling studies aiming to design nutritionally ade-
quate and environmentally sustainable diets consis-
tently show that fish occupies a central role within
most optimised dietary patterns. Although fish is often
increased in nutritional optimisation scenarios due to
its high nutrient density, especially its provision of
long-chain omega-3 fatty acids, optimised models may
impose environmental constraints that interact with
these nutritional requirements in complex ways. As a
result, optimised diets might involve substantial shifts



in fish consumption, but the direction and magnitude
of these changes differ considerably depending on
model assumptions, environmental targets, cultural
dietary baselines, and the basket of fish species
considered.

Across diverse regions, a recurrent finding is that
optimised diets designed primarily for nutritional ade-
quacy tend to require higher fish consumption com-
pared with observed diets. Early efforts to quantify
the environmental burden of fish within whole diets
came from large European cohorts. In the Netherlands,
analysis of the EPIC-NL (n=40,011), PROSPECT
(n=17,357F, 49-70y) and MORGEN (n=22,654 MF,
20-59y) studies showed that habitual fish consump-
tion was extremely low (approximately 0.4 g/day) con-
tributing just 2.1% of total dietary CO,,, and 0.8%
of land use of total diet; nevertheless, modelling sce-
narios in which 35g/day of meat were substituted
with fish led to measurable environmental benefits,
including a 4.5% reduction in GHGe and a 9.8%
reduction in land use, alongside a 19% reduction in
mortality risk (Biesbroek et al. 2014). Studies model-
ling Dutch adult diets from the DNFCS (n=699;
31-50y) indicated that moving from the habitual diet
to a nutritionally adequate diet necessitated a marked
increase in fish and shellfish intake from 18 g/day at
baseline to 54 g/day in a GHGe-target scenario, reflect-
ing a substantial nutrient deficiency of current dietary
patterns and the high nutrient density of fish in meet-
ing optimal EPA and DHA requirements as well as
the plausibility of its sustainable inclusion (Broekema
et al. 2020). More complex patterns have been
observed in a multicentric study in 2020 from
Denmark, Czech Republic, Italy and France, aiming
to explore the nutritional and GHGe impacts of meat
replacers from participants belonging to DANSDA
(n=1385), SISP04 (1n=1386), INRAN-SCAI (1n=1978)
and INCA-2 study (n=1713) cohorts; an increase in
fish consumption was observed in all dietary opti-
mised patterns, but the impact of this increase differed
across countries and also between the different types
of optimised diets (Mertens et al. 2020). The results
from the INCA-2 study were substantially mirroring
those presented in an earlier study showing that
GHGe from fish consumption tends to be higher in
optimised diets with higher nutritional quality (Vieux
et al. 2013). From the same survey (n=3075, >18y),
a more elaborated analysis using an LCA method to
assess the impact of introducing nutrient bioavailabil-
ity and co-production links considerations on the
dietary changes needed to improve diet sustainability
and to estimate GHGe, atmospheric acidification,
marine eutrophication, showed that in most optimised
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diet models in both genders, compared to the observed
diet, a reduction in GHGe in g/CO, equivalents was
observed for the fish subgroup, while a reduction in
eutrophication levels in g/Neq was observed for fish
consumption only in women contrasting an increase
observed in men, always starting from the observed
diet (Barré et al. 2018). Additionally, a subgroup anal-
ysis referring to the years 2006-2007 (n=1678,
18-65y) exploring the dietary changes needed in
order to reach a nutritionally adequate diet with 10%
lower GHGe, both scenarios with and without con-
straints, an increase in the plant:animal protein ratio
was suggested, with an increase in oily fish consump-
tion was observed in both men and women compared
to the observed diet, accompanied by a reduction in
GHGe in the protein adequate model (de Gavelle
et al. 2020). Data from participants belonging to the
2013 Family Food Module of The Living Costs and
Food Survey (n=5144) in UK used to model diets
that meet dietary requirements for health and reduce
GHGe showed that in order to reach GHGe target of
1.78kg CO,, /person per day, fish purchases had to
increase from 16 and 19 g/day respectively from low
income and high income in 2013 diet to 39 g/day in
the optimised diet both low and high income
(Reynolds et al. 2019).

Some studies investigated the differences between
current diets and diets optimised for general national
guidelines and the EAT-Lancet planetary health diet.
In Sweden, a representative sample of Swedish adults
from Swedish dietary survey Riksmaten Vuxna 2010-
11 (n=1797, 18-80y) was analysed along with their
web-based 4-day diary and through climate database
developed and maintained by the Research Institutes
of Sweden (RISE) was calculated CO,,, emission
between EAT-Lancet diet and different versions of
optimised diet elaborated using Swedish dietary data:
every version of the optimised diet was higher in fish
consumption as compared to the EAT-Lancet Diet
(about 5% vs about 2% of daily estimated energy
requirement) (Eustachio Colombo et al. 2024).
Similarly, a study from Norway, analysed data from
participants enrolled in the Norkost 3 survey (2010-
2011), including 1787 adults aged 18-70y, with dietary
intake assessed using 24-h dietary recalls, while envi-
ronmental impacts were estimated using GHGe and
resource-use values derived from previously published
LCA analyses showed that fish and shellfish accounted
for about 2-3% of total daily energy intake and con-
tributed about 3-4% to global warming potential,
3-4% to freshwater eutrophication, 5-7% to marine
eutrophication and 3-4% to terrestrial acidification
and a lower contribution for resource-use indicators,
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representing around 2-3% of total WU and 1-2% of
land use; nonetheless, diets optimised based on
Norwegian dietary guidelines and the EAT-Lancet diet
led to reduction from 78g/10MJ to 70g/10MJ and
27g/10 M]J, respectively (Lengle et al. 2024). Similar
findings have been reported using data from the
NutriNet-Santé cohort in France, considering envi-
ronmental indicators such as GHGe, cumulative
energy demand, and land occupation showing that
consumption of fish was within the target values of
the EAT-Lancet diet while the final optimised model
estimated significant increases in fish consumption
among all observed starting diet types (Kesse-Guyot
et al. 2022).

The observed increase in fish consumption is gen-
erally needed to compensate for the reduction of
intake of more environmentally impacting food
groups. For instance, one study from nationally
cross-sectional survey as part of the Transition and
Health Impact in North Africa (TAHINA) project
(n=7209, 35-70y) noted that while the total quantity
of “meat-fish-eggs” group assessed by a 138-item FFQ
remained unchanged, the internal distribution shifted
towards fish by approximately 15%, indicating a com-
pensatory reduction in meat intake when the dual
goals of nutritional adequacy and reduced environ-
mental impact were prioritised (Perignon et al. 2019).
Similarly, a study using data from a nationally repre-
sentative sample of French adults (n=1899, >18y),
with dietary intake assessed using 7-day food records,
and environmental impacts estimated through a hybrid
input-output LCA method showed that in the scenario
with constraints on all nutrients (ADEQ scenario),
reductions in GHGe were primarily achieved through
decreases in ruminant and deli meat consumption,
while fish intake was preserved or increased; within
the Meat/Fish/Eggs food group, fish effectively
replaced ruminants and deli meats, contribution to a
30% reduction in GHGe, maintaining total Meat/Fish/
Egg intake at approximately 100 g/day, and supporting
an increase in fruit and vegetable consumption
(Perignon et al. 2016). Also, optimisation studies that
incorporate both health and environmental objectives
often show not only an increase in total fish con-
sumption but also intra-group substitutions. For
instance, evidence from Danish National Survey of
Diet and Physical activity (DANSDA) (n=2492) and
their 7-day pre-coded food diary to derive a nutri-
tionally adequate and healthy diet that has the least
deviation possible from the average observed diet of
Danish adults while aiming for a GHGe reduction of
30% offers a parallel example: in the nutritional and
environmental optimised diet, total fish and shellfish

intake increased by 28% (from the reported 36 g/d to
46 g/d), accompanied by a deliberate shift towards
lower-GHGe fatty fish species (Nordman et al. 2023).
Data from the national representative cross-sectional
survey of adults of the National Diet and Nutrition
Survey 2008-11 (n=1491) in the UK used to model
sustainable and healthy dietary recommendations with
25% GHGe reduction showed that fish was one of
the most commonly added foods in the diet: to
achieve optimal intake of white fish and oily fish for
sustainable and healthy diets targets, it was necessary
to add about 10g/d pf white fish and 25g/d of oily
fish (Horgan et al. 2016). Such findings emphasise
that species-specific environmental performance may
steer optimisation outcomes.

Some studies exploring the optimisation of current
diets towards more sustainable dietary patterns dif-
ferentiating between sex emphasised substantial dif-
ferences between actual dietary patterns between men
and women. A multi-national analysis from Finland,
Sweden, Italy, UK, France belong to national FINDIET
2012 Survey (n=1248), Riksmaten 2010 study
(n=1352), INRAN-SCAI-2005 (n=2072), NDNS roll-
ing program 2008-2012 (n=1378), INCA-2 study
2006-2007 (n=2253) to analyse and compare the
dietary modifications required to achieve a nutrition-
ally adequate diet with reduced GHGe, where esti-
mates for women from all countries except Finland
showed the need to increase fish intake in nutrition-
ally optimised diets or in combined nutritional ade-
quate and moderate GHGe reduction models; while
similar trends have been observed for men from
France, Italy and Finland, those from UK and Finland
showed an opposite trend (Vieux et al. 2018). In
Netherland in 2015, data from participants belong to
Dutch National Food Consumption Survey (DNFCS)
2007-2010 (n=699; 31-50y) were analysed to evaluate
GHGe, land use, an approximation of ReCiPe, fossil
energy use in diet with no constraints, 33 nutrients
within limits, GHGe limit and costs limit. Fish con-
sumption increased from 9g/d to 10g/d in men and
from 1g/d to 10g/d in women from the current diet
to the optimised diet, with a significant reduction in
GHGe (less than 0.06kg CO,,) without any difference
in costs in men, and a slight increase in price in
women (van Dooren et al. 2015). In a larger sample
from the same survey (n=3819, 9-69y) it was empha-
sised that fish was a key element of the diet as a
source of essential nutrients such as EPA and DHA,
without a possible equivalent substitute, leading to a
higher consumption in both nutritional and environ-
mental optimised models (Kramer et al. 2017).
A study in Finland aims to derive a nutritionally



adequate and healthy diet that has the least deviation
possible from the average observed diet of Finnish
adults while aiming for a GHGe reduction of 33%
and 50% starting from two non-consecutive 24-h
dietary recalls and an ad hoc LCA of a representative
sample of Finnish adult population from the National
FinDiet 2017 Survey (n=1655, 18-74y) showing that
compared to current diet, in order to achieve a 33%
reduction in GHGe there was no difference in fish
consumption in male and a slight increase by 8 g/day
in women, while stricter constraints aiming to a 50%
GHGe reduction estimated a decrease in fish con-
sumption by 19% in men but an increase by 20% in
women (Irz et al. 2024). In Hungary, a study aiming
to evaluate the contribution of food groups to the
total dietary water footprint based on a 3-day dietary
record analysis from a representative sample of
Hungarian adult population from the Hungarian
Dietary and Nutritional Status Survey’s cross-sectional
study (n=857, >18y) estimated via the “Water
Footprint Network” Database observed that there was
no change on fish consumption for men from current
diet to every version of optimised diet, otherwise fish
consumption in women was +3.5g/day and +17.3g/
day in optimised diet with 10% and 18% of water
footprint reduction, respectively (Tompa et al. 2022).
In contrast, a study analysing data from the national
cross-sectional survey INRAN-SCAI 2005-2006
(n=2098, 18-60y) using three-day semi-structured
food diaries and combined with previously published
LCA analyses aiming to develop an optimised diet
for the adult Italian population that met national
dietary reference intakes while minimising GHGe
showed that in the optimised diet, total fish intake
was reduced compared with the observed diet, from
48.8 g/day in males and 45.0 g/day in females to 20.0g/
day in both sexes; however, fresh fish consumption
remained relatively stable, decreasing modestly from
25.0g/day in males and 25.5g/day in females to 20.0g/
day, while intake of crustaceans, shellfish, mussels,
and preserved fish was reduced from 16.6g/day and
7.3g/day in males, and 13.4g/day and 6.2g/day in
females, to 0g/day in both sexes (Ferrari et al. 2020).

Among studies conducted outside Europe, an anal-
ysis of the GHGe from the average Australian diet
assessed through a 24-h recall and FFQ of participants
of the most recent National survey of Australia
adults-the 1995 Australian National Nutrition Survey
(n=13800, >2y) showed that fish consumption was
24 g/d with GHGe of 0.12kg CO, in average diet while
instead was 30g/d with GHGe of 0.22kg CO,,, in the
recommended diet scenarios (Hendrie et al. 2014).
Similarly, a study conducted in Lebanon, used data
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from a nationally representative sample of adults
(n=2177, 220years) to develop a healthy and sustain-
able dietary model aimed to reduce environmental
impacts, including GHGe, water use and energy use,
with dietary intake collected using a 24-h multiple-pass
food recall (five-step approach), while environmental
impacts were estimated through LCA analyses showed
in the optimised dietary scenario, reductions in GHGe,
as well as in energy, land and water use, were achieved
alongside an increase in fish consumption to 22.4g/
day, corresponding to a 41% increase compared with
the national average intake (Hwalla et al. 2021). Also
in China, a study aims to quantify carbon footprints
and minimise GHGe emissions using a method of
uncertainty optimisation while meeting health require-
ments of a representative sample of Chinese popula-
tion (n=11,160, 18-50y) reported that finfish and
shellfish consumption should increase from current
dietary pattern to meet the Optimal diet of National
Food-Nutrition Plan (NFNP) 2020 from about 30g/d
to 34g/d in men and from about 28g/d to 34g/d in
women (Song et al. 2017). Additional evidence pub-
lished for Japan, a study aims to explore more sus-
tainable Japanese diets that are with low GHGe and
emphasis on cultural acceptability of a sample of
healthy Japanese adults (n=369, 20-69y) showed that
fish consumption was always higher in
environmental-efficient diets compared to the observed
diets (Sugimoto et al. 2022). In Brazil, a study aims
to identify the dietary changes to improve nutrition
and reduce diet-related GHGe using ad hoc LCA esti-
mation from two non-consecutive 1103-item food
records of participants belong to the House-hold
Budget Survey (HBS) and the National Dietary Survey
(NDS), showed that in a “flexitarian” model, fish and
seafood quantities increased with GHGe reduction up
to about 40% and then decreased to about 40g with
stronger boundaries for GHGe reductions; also other
optimised models, including in line with WHO guide-
lines for non-communicable chronic disease and opti-
mised to meet mineral and vitamin requirements,
consumption of fish resulted increased (Verly
et al. 2022).

Despite these commonalities, the direction of
change in fish consumption is not uniform across all
environmental scenarios. When models impose strin-
gent GHGe reduction targets, particularly reductions
of 33-50%, fish consumption may decline rather than
increase, even when nutritional adequacy is main-
tained. In such scenarios, reducing consumption of
high-impact seafood can become necessary to remain
within environmental thresholds. Illustratively, another
study from the DNFCS (n=1402, 19-50y) estimated
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that achieving a 50% reduction in GHGe required a
reduction of up to 23 g/day of fish, despite earlier
increases under purely nutritional optimisation con-
ditions (van de Kamp et al. 2018). Conversely, in
order to overcome vitamin D shortfalls while
minimising carbon footprint, fish intake has
been estimated to necessarily be increased to meet
nutrient requirements, leading to a necessary increase
in diet’s GHGe (Bruins and Létinois 2021).
Furthermore, a study from the Longitudinal Ageing
Study Amsterdam cohort (LASA) (n=1354) examining
Dutch dietary transitions in representative Dutch
community-dwelling older adults (56-101y) from a
254-item FFQ found that in order to reduce by 50%
GHGe, weekly fish portions needed to be reduced by
36% for men and 33% for women, underscoring the
significant impact of environmental constraints on
allowable fish intake (Grasso et al. 2021). Contrasting
data has been also reported from a representative
sample of French adults (INCA-2 survey 2006-2007,
n=1816) used to model a sustainable diet optimised
as nutritionally adequate while having a 30% reduced
carbon impact with minimal change from the actual
observed diet and isocaloric content: from the reported
33g/d of fish and seafood intake in the actual observed
diet, there was estimation of no significant change in
the optimised diet (Gazan et al. 2022). Similarly, esti-
mates from NutriNet-Santé cohort (n=29,413) in a
study aiming to model nutritionally adequate and
culturally acceptable optimised diets ensuring a grad-
ual reduction in GHGe showed that from the observed
to a nutritional optimised diet with 0% reduction in
GHGe, a decrease of 45% in fish consumption in all
optimised diets (estimated to be equal to -23g/d of
fish intake) was needed in order to reach a reduction
in GHGe by 50% (Kesse-Guyot et al. 2021).

Environmental impact of fish consumption in
modelled diets

Modelling efforts estimating the environmental
impacts of diets similarly pointed to significant
increases in fish consumption in several contexts.
Pescatarian or plant-forward diets in these models
further elevate fish intake relative to baseline diets
while reducing overall environmental impact through
the removal of meat; in these scenarios, higher fish
consumption is compatible with lower GHGe because
emissions associated with meat are substantially
reduced. Table 1.

A landmark modelling analysis aiming to estimate
global GHGe per capita, per serving, and per g pro-
tein for different food groups and dietary patterns

showed that fish had a relatively high impact if com-
pared to most food groups except livestock meat;
compared to the average global diet of 2009, the 2050
global-average per capita income-dependent diet
would have 82% more fish and seafood, with the
pescatarian diet having a higher fish consumption
than the unmodified diet in 2050 with similar GHGe
from fish and seafood consumption to those in 2050,
with a substantial reduction in environmental burdens
if meat would be removed (Tilman and Clark 2014).
Among other previously published studies exploring
environmental impacts in modelling diet, an early
study conducted in the UK aimed to evaluate whether
adherence to dietary recommendations for health
could contribute to a reduction in diet-related GHGe
using mathematical modelling. Dietary data were
obtained from the UK National Diet and Nutrition
Survey databank, while GHGe values were assigned
based on LCA data from pre-existing studies. In the
resulting sustainable diet scenario, fish accounted for
11.5% of total diet-related GHGe, with an estimated
consumption of 147 g/week of white fish (coated),
49 g/week of shellfish, and 91 g/week of oily fish,
resulting the only animal product incremented com-
pared to current diet (Macdiarmid et al. 2012).
Concerning specific European countries, a study mod-
elling the sustainability of various dietary patterns for
Spain (including a Mediterranean diet model and
current diet modelled from FAO food balance sheets
and the Household Consumption Surveys of the
Spanish Ministry of Agriculture, Food and
Environment) in terms of GHGe, land use, energy
and water consumption; in various contexts, fish con-
tributed to total footprints about 5-10% in energy
consumption and GHGe, impacting considerably less
and meat and dairy representing the lowest-impact
animal product among those analysed (Séez-Almendros
et al. 2013). Another early study aiming to estimate
environmental impacts of food consumption in the
years 1985-89 and 2006 in Germany as well as of
several dietary recommendations and dietary styles
based on data from the National Nutrition Surveys
(NNS I 1985-1989 n=25,000, 4-94y; NNS II 2006
n=19,000 14-80y) through attributional input-output
LCA, fish consumption would maintain a stable envi-
ronmental footprint or slightly increased since sub-
stituting more impacting food groups (i.e. meat) in
modelled diets in line with various dietary recom-
mendations, while the overall GHGe and NH3 emis-
sions would be reduced (Meier and Christen 2013).
In the following year in Denmark, data from Average
Danish Diet and an Ideal New Nordic Diet were elab-
orated to compare how much the change from these



INTERNATIONAL JOURNAL OF FOOD SCIENCES AND NUTRITION e 9

(panupuo))

"usiom Ul [e330001/b370d6%91°0 03 50°0
woy pue usw ut [e20001/b370d6Y €1°0 03
$0°0 woly ‘paseasdul osje 3OHD pale[al-ysy

‘9duanbasuod e sy e 000L/6891

0] §'G WOJ) PISeadul } USWOM Ul 3[Iym

‘e240001L/69°€L 03 T4 woly 3501 el

‘USW U] "USWOM pue uSW Yyloq ul dn-mojjo}
0} duljdseq wolj paseasdul uoldwnsuod ysi4

*(S0) a|nuinb

1s9ybl1y 3y} ul 9%z—| INOge JjIymuesul

‘(10) 3jaunb 1s9mo| 3Y) Ul %y Inoge

SemM 3DHD paje|as 13Ip [0} 0} UOIINGLIUOD

ysi4 “A|aA1adsal ‘Aep/b g8y pue Aep

/699¢ sem uondwnsuod ysy asoym ‘(Jeak

/7*0D6% 660v-81LET ‘5D) 121p 1edwi-ybiy

e pue (12aK/*°06% 918-/¥€ ‘LD) 1IP

1edwi-mo| e Buimojjoy 9soyr yum pasedwod

‘(Rep/b9:zs) uondwnsuod ysy 1saybry ayx
paniodal 4eak/"? 06y 6851-67CL JO IDHD
Aq pasualdeleyd ‘(€D) 131p 1edwi-wnipaw

e yum swuedpinied ‘Apnis slues-19aNLINN Yl U

baz

"kep/*%026%90°LL F98'9 sem 3DHD

‘Kep/fIN 68'LL F0S'6L Sem asn ABIaua ‘Aep

/192°L FTTE SeM Ysy 1o} asn Jajep) “uldyied
1e3a1p ,u19101d YBIH, Ul papnppul Ajuo si ysig

'sdnosb pooy Jayjo 03 pasedwod

se (% 9 1noge) 39HDH uo edwi Jueriodwi
AjsAnejal e pey ysy jo uondwnsuod [en}dy

‘Ayjenb [euoninu

19yb1y pue spHD Jamo| osje Inq ‘(susaned

K1e1a1p 1aylo o0y pasedwod Jaybly) ysy jo

p/b¢1 jo uondwnsuod Aq pasualdeieyd sem
Lutaned paseg-jueid, e 03 9duasaype Jaybiy vy

"S191e3-183W

Mo| J0 *t0)bY L9 pue sidea-1eaw

wnipaw Jo 0By €9'g ‘s1aiea-1eaw

ybiy yo “¢0dby 61°L 03 pasedwod

xas pue abe 1oy paisnipe PX0I6y 16's JO Xas

pue adAy 121p Aq |e2% 0007 49d 3DHHD ueaw

B dARY SJ91B3-YSI4 "SI91ED 1ESW JOJ USW Ul

13yb1y 91 G pue uswom ui J3YbIy %94 d1am
9DHD AJelalp ueaw ‘sia1es ysy o} pasedwod)

baz

baz

‘Uswom pue
usw yjoq ul sieak gz 1ano
Ayjenb Aieaip ul saduaIaPIP
PaAIasSqO 3Y3} YUM paleidosse
'SDHD se passaidxa ‘yedwl

1uldioo4-uby
woy (9107

UOISIaA 135 elep
‘sjueyNSuUo) Huolg)
e1ep (|77) A101uanu]
31PK) 3y buisn

|[EJUSWUOIIAUD 3Y} 3QUISIP O] UONRWIISS Y] J0Y pp

"9DHD JO S|9AJ| JUAIAYIP
YUM SIDIp PaAIISGO AGLISIP O]

‘uone|ndod

1npe asaueqa] buowe

suidned uondwnsuod pooy

40 sjundioo4 [eIUBWUOIIAUT
3Y1 31e|NdjEd pUuR dlen|eA]

'9DHD Uo uondwnsuod
pooy 3N jo dedw|

"(99HD)
edwi [LIUSWUOIIAUD pue
suianied Aleialp usamiaq
uoneposse ay) alebiisaaul o)

‘sueban
pue suenelaban ‘s1a1ea-ysy
'S191e9-1e3W PI}ID|IS-J|9S
udaM1aq a9HO Aleaip

Ul 9DUIBYIP DY} d1ewiisy

‘loo} 31531vId

‘sasheue vy
paysijgnd Ajsnoinaid

‘uonewnsa
V21 204 pp

‘uonews?
¥21 204 pp

‘aseqelep
paysiignd Ajsnoiaaid

(Ag9-81L
‘7€68=1U) 10y0d IN-DId3
01 Buojaq siuedidiyied

dn-mojjo4
18 D44 WaN-091
‘auljaseq 1e D44 waN-8/L

(K€'gg abe

uesw ‘g6LyE =u) 1oyo)

044 2Aneuenb-jwas UBS-IONMINN 3Y3 0}
Slueblo we-y97  Huojaq djdwes aAeIUISAIARY

(K81

< '[€£=U) 6007-800C

A3AIng 103oe4 Ysiy dseasiq

9|ges1unwwo)-uoN

pue uonuinN

D44 WaY-19 9yl jo 3jdwes sAneIussalday
(zose=u) v1-€10T
pue 60-8007 A3AInS
Alelp uonINN pue 131q [euoneN

£1e3a1p Aep-aAlINdasuod ¢ dy3 Ul s}npe dAneIUSSIdY

(Kos-0t
'6079€ = U) 10Yod IN-DId3

044 wau-8/1 01 Buojaq siuedidiyied
(Koz < '00059=u)
H0Yod pIo4X0-dId3

044 wau-0gL 0} buojaq syuedpiyieqd

(6102)

spuejiayiaN ‘e 13 yd0liqgsalg

dueld (8L07) '|e 12 epuodds

uoueqa] (8L07) "[e 13 efeN
(8L07)
2UOISHUIAI

NN pue 1weyeinpyy
(8L07)

spuejiayiaN ‘e 13 yd0liqgsalg

(¥107)
N ‘le 39 ybnoiogueds
S321p JU4INd
ul uondwnsuod
ysy jo 1poduwi
|DIUBWIUOIIAUT

sbuipuy urepy

S9WI0d1N0 |ejusWUOIIAUg

pedwi [eIUSWUOIIAUD
ssasse 0} pasn s|oo|

uonewJoyul K1eialq uondudsap uonendod

A1uno) 1eak Joyiny

"J31p 9Y} Ul Ysy JO UOIINGLIUOD [RIUSWUOIIAUS UO UO[IRWLIOjUl Bulpn|dpul S9Ipnis woij synsal Alewwns | ajqeL



10 e A.DOLCI ET AL.

(panupuo))

'syuauodwod GLAHQA [eNpIAIpUL ¥L papnpul
1y} [dpow e ul (00'0=¢g ash Jalem
an|q ‘0z00'0=¢g 9DHD) suolssiwa 43ybiy
yum pajerdosse Ajpuedyiubis assm ysiy
oley 'sdnoib ualip|iy> jo peaisul synpe 1o}
anjeA J1aybiy yum uonendod [e1o1 ul (cw)
100’0 Sem asn J1alem an|q pue (*Z0)Hby)
€1°0 Sem 3DHD jo sueaw Ajlep ‘ysi noqy
‘(dnoibgns
Mol yieaH ybly Aujiqeuteisns) Akep/69LFg
SeM anjeA 1samo| 3yl 3jiym (dnoibgns ybiy
yiesH mo| Aujiqeuteisns) Aep/b € Fze sem
anjea 1saybiy ay3 ‘sauo yjjeay uo moj ay}
0} pasedwod ‘sdnoibgns yieay uo ybiy ayy
ulyum Jaybiy Ajjednsiels st uondwnsuod ysi4
'100°0>d
(90°0F09°L) 191p 9HD-YBIH Jo pealsul
(90°0 F8€7) 19Ip @DHH-MOT Ul Jaybly sem
dnoib ,suisroid juejd pue poojess, ‘sdnoib
9DHD pue syusauodwod |3H noqy ‘1000>d
(129%0001/%20 LO'0 F LZ'0) 331P 9DHD-MOT
JO pealsul (je3%0001/20 €0°0 F L0)

poojeas jo sanuenb isrealb
pey s1a1p 9DHD-YBIH ayL

‘Jeaw
se yans ‘uiblio [ewyue jo synpoid Jaylo
AI|un ysi Jo 1oedwl [PIUSWUOIIAUD MO|
9y} Buiesysuowsap ‘synsas Je[iwis UIAID
aney (%) ad1ayd pue (%) asn puej ‘(%)

ABIaud |1550} ‘(%) 9DHD Se Ydns sainseaw

1310 ||e pue |[edaJ Y-pZ pue D44 woiy
yloq paauap p/b /0 o uondwnsuod e
pey ysiy 1oedw |PIUSWUOIIAUD pue 3yelUl

Ajiep 03 sdnosb pooy uaiaylp bunedwod

's1030e})

d14129ds-£13unod 03 3|geIngule Jou Jam
INg ‘@DHD 10} panIasqo Ajiea|d> ysow
9J9M SIIIUNOD UIIMIDQ SIUIBYIQ
‘(%¢+) 9sn pue| uo 1edwi juediiubis ou
g ‘(%/+) 9DHD ul aseasdul juedyiubis e
sem 313y} (y9am Jad bulalas e jjey inoge
01 ju3jeAlnba ‘Aep 4ad 609 Inoqge) ysiy
woly elul ABIaus ul aseaudul %y A19Ad
104 1BY} PIAIISO SBM IDAIMOY (SD1IUNOD
$SOJJB 3SN pue| pue 3DHD JO JUNOWE MO|

A|aA1ze|21 B 104 pajunodde uondwnsuod ysi4

'sdnoib abe uonejndod
1UIBYPIP 104 J33eM 3N|q

pue apHouo uondwnsuod ‘uonDWIISI
pooy Juaund jo 1edw| vDJ7 20y pp
'syo1p ,syuedpied €10T

yoing Buowe 21035 adiHayd
pue asn ABiaud |Isso}
‘SN pue| ‘S9HHD SSASSEe O]

UOISIA 135 elep
sjueyNsuo) yuo|g
Aq pawuopad vy

‘(@1314e3ep)
s121q 01 bupjun
10} JUSWIUOIIAUT
9y} uo sypedw|

poo4 :2in3esdl| YOl
uo paseq aseqeleq

I NEIBEIEINIEN

[ENPIAIPUL WOy (3DHD)

pedw] [eIUSWUOIIAUD
91eNn|eAd pue Ssasse 0]

"1oedwi [BIUSWUOIIAUD
pue Ajenb 191p usamiaq
11e>0SSe 3yl Apnis 01
pue |33l y-p7 e yum D44
Hunedwod £q 131p jo 1dedwi

|[IUSWIUOIIAUD 3Y) 31BW/1Sd O]

‘e1ep
paysiignd A|snoiaaid

“(Al-dY¥VHS)
aseqeleq

S101e31pU| dYYHS

'S3IUN0D
ueadoing Inoy woiy 3sn pue|
pue 3HHD paje|ai-1alp dlenjeny

s|jedas Kieyalp
Y- SAIINIISUOD-UOU OM|

s|jesas Aieyaip Y-z om|

[led31 A1esdIp Y-z

||edal
Y- pue D44 waN-917

skep aA1INDISUOD

uo piodal 13Ip

p-/ ‘skep aA1ND3SUOD

uo plodas WIp p-¢

‘SYIUOW dAY-03-331)

Jan0 padeds |[edas

Y- ‘skep aA1IN3SUOD
uo piodal 13Ip p-/£

(K6L-L ‘eLey=u)
910Z-10Z (SD4NQ)
Kaaing uondwnsuo)

poo4 jeuoneN ysng SpUelIBYIaN  (6L07) ‘[e 12 ebuljjaA

(K2£-0T ‘08€L=U)

Apnis (sndpN) snid

alleuuonsanD uonuINN
0} buojaq syuedpinieq

(6107)

spueliaylaN ‘e 19 [9ssng ueA

(K81

Z /00891 =U) 0L0Z-500T
(SINVHN) Kaming
uojjeujwex3 uonINN
pue yijeaH [euoneN

3y} jo a|dwes aAneIUSSAIdaY sn (6107) ‘|e 32 as0y

(Koz-0t
'69LL=Uu) Apms sn|dON
9y} jo djdwes aAleUISAIdRY

(96102)

spuepaysN SERERNTEWEN

(A8L < 4W IlB)
(9LT7=U)
£00Z-900Z Apmis Z-¥ONI
‘(€L€T=U) 9007-500C
IVDS-NVYNI (9991 =Uu)
¥002—€00C ¥0dSIS
‘(6€£1L=U) 800T-500C
AUADY [ed1sAyd pue
191 uo £dAIng [euoiieN
01 Buojaq siueddinied

duely
‘Aley] S1jgnday
Y29z) “iewusq

(e6107)
‘e 19 SuaLB

sbuipuy urep

1eduw [LIUSWUOIIAUD
$S3sSe 03 Pasn $|00]

S9WI0d1N0 |ejusWUOIIAUT

uonewJoyul K1eiaiq

uondudsap uolne|ndod A1uno) 1eak ‘loyiny

‘panunuo) ‘L a|qeL



INTERNATIONAL JOURNAL OF FOOD SCIENCES AND NUTRITION e 1

(panunuo))

‘Ayjenb
Jeuoninu Jaybiy yum siaip pasiwipdo
ur Jaybiy aq 03 spud} uondwnsuod

‘s|ppow pasiwido
9U1 U93aM13Q SDUIIBYIP pue

Ysy woiy 39HD ‘BulIdIBUOd 318 S}NsaI Yl AP |10} ‘sdnoib pooy Jo SHHD

'sdnoib pooy paseq-jewiue

19Y10 0] pasedwiod SIWO0INO JBY10 UO
9]0l 9|qibibau e Ajuo djiym (s1oedwi [e10}
JO % 7'67) 9DHD U0 1dedwl [EIUSWUOIIAUD

159yb1y puodas ay) pey poojess pue ysi4

“Ysy se yosns spooj paseq-|ewjue
13Y10 £q 1ou pue 1eaw g UIALIP d19Mm

9DHD 153ybBIy Y1 Yum sIaIp ‘sishjeue ayy woi4

*(1e240001/6 9°G+ INOQE) SIPWNSUOD

131p 9)HD-MO| 03} pasedwod ybiy Joy J21eaib
sem ayelul ysyjjays Jejndipied ui ‘sdnoib
pooj J3y3o 0} pasedwod ‘99HH Aielalp [e10}

3yl 0) %S INOCe PAINCLIIUOD YSY||dYS pue ysi4

"9DHD ||e4aA0 Jaybiy e aAey 1eyy sialp

YyHm pajerdosse si uoizdwnsuod poojess

pue ysy 1aybiy eyl bunssbbns ‘sjnuenb
3s9ybiy ayy 03 3j13ienb 3samo| ay3 woly

os|e aseasdul 131p 3yl Jo 3OHH |e10) ‘3|1ienb
yunoy ayy ut Kep/b /¢ pue ajiienb 1siy

ay3 ul Kep/b L€ Jo uondwnsuod e yum ‘v
0} LD Wolj S3seanul 3OHD paje[al-1alp jo

s3|i1enb buowe uopdwnsuod poojess pue ysi4

‘(9sn pue| ur yoedw |30}

JO 057 UBY] SS3| pue 3sn Jdjem uo Pedwi
|e101 Jo 9€—g ‘@sn Abiaus ul 1oedwi [e10}
40 %G1 9DHD ul 1oedwl |e10} JO 9%/ INOQE)
spnpoid jewiue Jayjo ueyy pedwi ss9| sey
ysi4 “(Kep/6 68) ysy jo uondwnsuod Iaybly

e pey a103s Ayjigeurelsns Jaybiy e pey oym

‘]spow asn pue| paisnfpe

AB1sud ul $D 01 |D woiy ul (L00'0>d) Joulw
S| peajsul ‘;opow asn ABiaud parsnfpe-Abiaus
pue [opow 3sn Jajem paisnlpe-Abiaua

$D 01 LD woyy ul sofew (100°0>d) Ajjednsnels
sl ysy Jo uondwinsuod [en3dy ‘asn pue| ul
s3|1l1enb buowe uondnpal e sem 213y IJIYm
asn AB1aua pue asn Jajem ‘9nHo sajienb

Buowe paseanul uopdwinsuod pooyess pue ysi4

‘uonediydonna pue

‘uonesyipe ‘pue| ‘Abraua

99HD uo uondwnsuod
pooy 1uauNd jo edw|

QquE_ |eluaWUuUOoIIAUL

|enplAipul 01 UOI1daUU0d

pue 89H9 uo uondwnsuod
pooy 000€ jo 1edw|

'S131p uelpeue)
Pa123]3s-J|s o und1ooy
uogJed ay3 aquISaP o]

"9)eIul JUSLINU dlenbapeul

Jo 2dudjenasd ayy pue

9DHD Pale|aI-13lp UIIMID]
diysuonejal ay) aujwexs o}

"9DHD
pue asn (Ab1aua pue “aiem
‘pue|) $324n0SaJ UO susslied

Kieyaip Ayyeay jo 1dedwy

‘(KB1aua pue pue|

'131BM) $32UN0SU JO SN Y}

pue 9Ho uo uondwnsuod
pooy 1uauNd jo dedw|

‘uonewSd

v¥1 204 po

‘ejep

paysiignd Ajsnoinaig

'sdnoib yoieasas
Jlo/pue suolniisul
|esanas Aq eep
pauodal A|snoiaid
‘(@1314e3ep)

s121q 01 bunjur]
10§ JUBWIUOIIAUT
9y} uo sypedw|
poo4 jo aseqeleq

‘lapow

(01719) ndino-indu|
jur [eqols ayy
uo paseq aseqeleq

‘loselep

paysiignd Ajsnoinaigd

'sdnoib yoieasas
Jlo/pue suolniisul
|esanas Aq eep
pauodal A|snoiAald  Wd-9€ | dAleIUeNb-IWRS

(AL < 3be yzoz=u)
(Apn1s zydNI) uondwnsuo)
poo4 uo A3AIng

|euonieN pue [enplAlpu
9y} ul bupedpiyied

synpe jo 3jdwes wopuel

Sp10231 pooy p-/ aAneuasaidal Ajjeuonen

(¥SsL=u)

(ua3]143) oMo ul
s19beuas] jo uonebiisanu|
yijeaH s1bojolwapidy

044 wau-98 ays jo sjueddiyed

(£59-81 ‘zlz=u) Hoyod
uonepl|eA yzpoojAw
01 Buojaq siueddined
(K6l = ‘T19EL=U)
(SHDD) AoMmns yesH
Aunwwo) ueipeue) woly
synpe uejpeue) jo djdwes
anneluasaidal Ajjeuonen

[1e331 Y-v¢

[18331 Y-¥¢

(A69-07
‘z6€ =U) 3|doad asaueder

SpI0d3J 13Ip
Kep-aAlINd3s5u0d-uou-Inoy

(k8L < ‘vyOT=U)
Apnis (Tvaw) a1kisayn
pue ‘buisby ‘bune3
AyyesaH ueauelRNpPIN
9y 01 buojaq syuedpinieyd

044 Moys
pue D44 wau-oLL buol

(L€ abe ueaw ‘/ge/L=u)

129(oud (NNS) esleAeN ap
044 pepisiaAlun ojuawinbag
3y jo syuedpiled

aduely  (€107) ‘[e 19 XnaIA
sjalp
a.4ind pasjwiido
AjpIuswuolirua

ur uondwnsuod ysi{

(¥207)

[ebnuiogd “[e 13 zalen|y-zalenly

N (LZog) e 19 uiddiy

(Lz07)
epeue)  sobing pue sepny

(0z0?7)

ueder ‘le 15 oyowlbng

ey (20707) | 39 0SSOI

ureds  (0Z07) ‘[e 33 uesaly

sbuipuy urep

S9WI0d1N0 |ejusWUOIIAUT

1eduw [LIUSWUOIIAUD
$S3sSe 03 Pasn $|00]

uonewJoyul Kieaiq uondudsap uolne|ndod

£13uno> 1eaf “loyiny

‘panunuo) ‘L a|qeL



12 e A.DOLCI ET AL.

(panupuo))

‘lopow pasiwido om} asayy
uaaM13q sulened Japusb awes ayy Buowe
10U Ing [9pow ,uiod |ed13d, pue ,pasiwndo
Ajleuoniany, usamiaq sussned Jspusbisiul
Ul PuUNO} BIIM SIDUIRYIJ "USWOM
pue usw ul yloq ‘;apow ,uiod [ed01D, pue
Lpaziwndo Ajjeuonuinu, ayy ui Jaybly aq
01 punoj sem uondwnsuod ysi4 31n1sgns
1udeAINba 3|qissod e lnoyum ‘yHQ pue
Vd3 Se UdNS SJusuLINu [BIIUSSSS JO 9DINOS
e se ‘19Ip 9y} JO JUdWIJD A3Y e Ssulewal ysi4
‘uondwnsuod 3|qeisban pue
1nuy buiseainur pue Aep/60QL 01 1noge el
s663/ysi4/1ea [e103 Buidasy d|iym 3HHD ul
uolnNpal %0¢ e bupowoid ‘syeaw 1j9p pue
syueujwni pasejdal ysy ‘dnosb pooy sb63/ysiq
/1B3\ AU} UIYIA ‘paseandul Jo panasald sem
aelul ysy 3jiymuesw ‘uondwnsuod 1esw 1j9p
pue jueujwni Ul s3seasdsp Aq uaAup Ajurew
2J3M 3DHD Ul UONINP3I (OLRUIIS DIQY)
SJUSLINU [|B UO SIUIRIISUOD Y}IM OLIRUIDS 3Y} U]

"ysy AJ10 jo Kep/b gz pue ysy auym
Jo Kep/6 | Inoge ppe 0} Aiessadau sem 3
19641 S131p Ayljeay pue d|qeurelIsns 1oy ysy
AJ10 pue ysy suym jo axejul [ewndo anayde
0] ‘usoned AiejaIp ayl ul spooj pappe
Ajuowwiod 1s0W 3y} JO SUO UII] SBY Ysi4
'S0INd /070 JO
9SE3.DUl UB INQ 9DHD Ul DUIIIYIP OU dARY
M USWOM U] ‘UdW U }SOD Ul 3dudJdylp Aue
noyum 191p pasiwndo ayy ut “F0d6%90°0
uey} ss3| S| 9DHD "pPu4} AWES Y} SMOJ|04
osje uondwnsuod ABisua “a1p pasiwndo
9y} 01 13IP JUSLND BY} WOJ) USWOM Ul

- urod

|ed1Ld, 9y} 1e Si3Ip pue

SJUIRIISUOD [RIUSWIUOIIAUD

oYM 131p pasiwido ‘s1alp

juaund jo uonednddo pue|

‘asn ABIaua 1SS0} ‘9DHD
‘syuiod 941Dayd aiendjed o

‘A)jigeuleisns

131p JO SUOISUIWIP SNOLIBA

pue a9HH pajejal-13ip

JO UOIIdNPAI UIIMIIQ
Ayjigqriedwod ayy alenjeas o)

‘uoldnpal 3HHH
9%SZ Y1IM SUOIIBPUSWIWIOID)
Kieaip Ayyjeay

pue 3|qeulelsns jo buljapo

“JWi| SIS0> pue Nwi|
9DHD ‘SHWI| UIYIM SIUdLINU
€€ ‘S1UIRIISUOD OU YUM
191p ul asn ABisua 1SS0y

‘poylaw
9dIDay yim
JUBWISSASSE Y]
'S92INOS SNOLIeA
woij pa1da|[0d

uolyedno pue| pue
asn

Ab1aua |Iss0} ‘9OHDH

‘POYILBW Y]
ndino-indui pugAH

AN 8yl

ul 3|ge|ieAe 1aselep

dAIsusyaIdwod

Jsow dY} wolj vy
uo paseq sanjeAa 3HHoH

(A69-6 ‘618€=U)
(S24NQ) 010z-£00T
Kaaing uondwnsuo)
poo4 |euonen

yoinQg o3 buojaq syuedpiyied

sAep aA1INd3suUOd>-uou
OM} UO S[|edal Yz

(K81
< ‘6681 =U) Synpe youal4

Sp10dai1 pooy p/ Jo anneuasaidas Ajjeuonen

(L6vL=u) 11-800C
A3nIng uonuinN pue

191Q |euoneN 3yl jo synpe
jo Aanins |eu0I1139s-5s0.1d

Aaiep 121p Aep-p dAnRIUSSAIdal [euolIeN

(Kos-L€ ‘L15€=4
sYE=W
‘669 ="U) 0L0Z-£00C
Kaaing uondwnsuo)

SPuBlBYIaN  (£107) ‘e 12 Jswely
(9107)
9ouel ‘le 1@ uoubuad

NN (9L02) ‘|e 1 uebioy

Kep/6oL 03 Aep/b | wouy pue usw ul Kep/b6oL ad1DaYy jo uonewixoidde ‘uoneWSd poo4 |euonen
0) Aep/b g woiy paseasdur uorndwnsuod ysi4 ue ‘asn pue| ‘9DHDH VD1 20y pp elep oN  yding o1 buojaq siuedidiyied spuejiayaN (§107) uaiooQq uep
‘OIIN-SNY (AT < ‘008eL =u)
‘(391p uollepunoy pue Kwouodauejjesisny £aning uonunN
191P |€10} Y10q) SOLRUIIS 1DIP PIPUIWWOII 3y jo JeuolieN ueljensny
ur *20nby zz'0 40 99HD yum p/bog sem 'SPO0J 2103-UOU pue Spooy ]opow indino-indui G661 dYl-Synpe eljesnsny
pealsul ajiym 1a1p abesane ul "X0Iby 710 910> WoJ) 13Ip ueljensny pPapuaIXd Jo A3AJNS |euolieN 1uadal
J0 3DHD yum p/b4z sem uondwnsuod ysi4 abesane sy} wolRHHH Aj|eauswuoiaug 044 pue |31 Y-z Jsow 3y} jo syuedpiiied eljesisny  (¢10¢) ‘|e 19 SUpuUsH
‘PIAIISCO SEM UOIdNPAI YSU ANjeriow
061 PUB UOIONPal 3Sn pue| %8'6 ‘Uo[dNPaI
9DHD % St © ‘Ysy Jo Aep/BGE yum (K65-0Z 4N
pade|das a19m 1esw jo Aep/bGE auaym 131p 5977 =U Hoyod NIDYOW
pa||apow 3y ul 131p [e10) 3y} 01 pajeduiod sH ‘KoL-6v 4/5€LL=U
uondwnsuod asn pue| %g'Q pue uondwnsuod Ayjerow yum 131p [ensn ayd 10Yyod 173dS0Yd)
®203 9%1°7 & Yyum 131p [ensn ay) u Kep Jad 40 9sM) pueq pue aHHH jo ‘uonewnss (LLOOY =Uu) Hoyod IN-DId3I (¥102)
swelb 0 Jo uondwnsuod ysy e woiy buipiels  suolledosse ayl alebiisaaul of VD1 20y pp 044 wau-8/1 01 Buojaq siuedidiyed spuejiayaN ‘|e 19 ¥901qsalg
sbuipuy urepy SIWODINO0 [RIUSWIUOIIAUT 1edwl [PIUSWUOIIAUD uonewuoyul A1eyiq uondudsap uonejndogd A1unodH 1eak “Joyiny

$S9sse 0} pasnh S|00]

‘panunuo) ‘| dqel




INTERNATIONAL JOURNAL OF FOOD SCIENCES AND NUTRITION e 13

(panupuo))

*9DHD Ul UORINP3I
e Aq |9pow ¢S ay1 ul patuedwodde

191p PaAIasqo 3y} 0} pasedwiod

USWOM pue U3W Y}og Ul PaAIIsqo

sem uofydwnsuod ysy A|10 uj aseanu ue
‘sapow (ds) ones uioid jewiuenueld ay)

'9DHD 19MO|
%0L Yum 121p djenbape
Ajleuonunu e ydseas oy Japio

(A59-81L

'8/91 =U) £00T—-900C
(zv¥DONI) uondwnsuo)
poo4 uo Apms

u| dsealdul ue Ag pauleIISUOD JO) OLIBUIIS ul papaau sabueyd Kieyaip ‘saskjeue v [eUOlIEN [BNPIAIPU| PUOAS (0207)
pue (NS) 1ulesISUOd OU YiIm OLIBUSIS Y10q U] 3y1 auedwod pue alojdxa of  paysignd Ajsnoiraid pi0334 pooy p-£ 3y jo syuedpied ynpy aduel ‘e 13 3||9AeD 3p
‘puaJ) ausoddo ue pamoys puejui4
pue ) 9yl pealsu| ‘uswom o} pasedwod
puaJ1 swes 3yl pey puejui4 pue Kjey|
‘Uuel{ UBW INOQY'SFO Y1 0} pasedwod
uondwnsuod ysy uj UolINPaJ Swes 3yl
Pa17219p S|opoW payipow oM} 3yl puejuly
ur ‘K1e3u0d Y1 uo |3pou % 0€-99HS-YLNN Ay9-81
ay3 ul uonduwinsuod ysy ur sea.nul Ile ((€5zz=u) £00T-900C
ue 39 01 pey 313y} ‘sg0 ay) 01 paleduiod Apnis ZyDNI ‘(8L =U)
YLNN 3yl ul uondnpal e aydsap ‘alaym 7102-800¢ weiboud
USP3IMS Ul puNoj Sem puail Jejiwis e (% Buijjos SNAN ‘(zL0z=U)
0€-39HD-YLNN) I9POW %0E-3DHD-|eUOIIINN 'sauunod ueadoing spiodal S00Z-1¥DS-NVUNI
3y} pue (Y1NN) [spow |euontanN 9AY Ul 99HH podnpal Yyum Aieyaip p-/ ‘spiodai ‘(zseL=u)
3y} uaam1aq dud|eAinba |enueisgns 191p 31enbape Ajjeuonuinu K1e131p p-f ‘spiodai Apnis 0LOZ ualewsyy
e YUM (S90) SIIP PIAISso 9yl 01 e 9A3|yde 0] palinbai K1e1a1p p-¢ ‘spiodai ‘(8L =u) Adning duely
pasedwod uondwnsuod ysy asealdul 0} pey suonedyipow Aieyalp ‘elep Kiealp p-psaredijdas 7107 L13IANI4 [euoneu N “Aley
A|jenueisgns Ajel| pue yn ‘sduel{ USWOM 1noqy 3yl asedwod pue ashjeue of  paysignd Ajsnoiaaid OM} UM |[edd) Y-8f 01 buojaq syuedpiiied  ‘uspams ‘puejuly (8L07) "|e 1@ Xn3IA
‘oueudds ,uondwnsuod Ayljeay Jenbal, ayy
01 pajedwod uondwnsuod ysy wolj 3OH9 191p (Kos-61 ‘ZovL=u) (SD4NQ)
$S9] %95 Sem 3yl oLeuds ,uondwnsuod Y21nQ Y1 YyUm pareldosse Kaning uondwnsuo)
Ay1jeay a|qeureisns, ay3 ul 1eyl 9yelul Juanu pue 1dedwi poo4 |euonen (8107)
‘USWOM puUB UBW Y1Oq 10} ‘PIAIISCO SEM ) |[BIUSWIUOIIAUD UIWIAIAP Of ‘siskjeue v [|edal Y4z om]  ysng o1 buojaq siuedidilied spueliayldaN  ‘|e 19 dwey ap uea
"191p PaAIasqo Yl wioly bunuels skempe ‘usw ‘uonediydonna auew
Ul PaAISSCO SEM ISEIDUI UB I[IYM ‘USWOM ‘uonedyipide Juaydsowre
ul Ajuo uondwnsuod ysy 1o} PaAIaSqo ‘9DHD 21eWIISd 0] pue
sem "N\/6 uy sjaa3) uonediydona g Aujiqeurelsns 131p snoidwi ‘spiepuels
uondnpal e ‘A1e1juod ayl uQ 13Ip PaAIISqo 0} papaau sabueyd Aieyaip |euoljeusaul
3yl 01 pasedwod ‘dnoibgns ysy ayy 1oy 3] UO SUOIRISPISUOD Buisn poylaw (8L < ‘sL0€=u)
pantasqo sem™0)/6 ul aHHD Ul uonINPal s)ul| uondNpoid-0d v21 indino/andu; Apnis (Z¥ONI) ,SaJ1eauswily
e ‘s;apuab yioq ul ‘sapow 131p pasiwido pue Aujiqejieaeolq pugAy e uo paseq SUOIIRWWOSUOD)
||E Ul ‘USW Ul [9POW JUSWUOIIAUT-UOLILIINN juainu bupnpoanul wiy Bunnsuod S9p dJeuolleN 3|[dNpIAIpU|
3yl jo uondadxa 3yl Yum Jo 1oedwi ay) ssasse of |BIUBWIUOIIAUT spiodal pooy Aep-/  apni3, 0} buojaq siuedpinied duely (8107) "o 19 uieg
‘(Aep/b) usawom 10} 7Sv€ ‘syuawalinbal
SA 65°/T pue usw oy (kep/b) zS¥E SA €0°0€ yieay Bunssw ajiym
1NOge ‘UBWOM pue usw Joj Yyioq pasedwod uonesiwndo Aurepadun
020z ue|d uoninnN-poo4 jeuonen jo Jo poyiaw e buisn (Kos-81 ‘09LLL=U)
191p Jewndo ay3 o) uialled A1eyaip ua.Nd SUOISSIWD 9DHD SIWIUIW ‘aseqelep uone|ndod asauiyd
woJy aseanul uoindwnsuod ysyjjays pue ysyul4 pue syuldiooy uogied Ayjuenp  ainiesdyl| yI1 [eqoD aseqeiep AsAIns pood Jo 3|dwes sAnelUasaIdaY eulyd (£107) "|e 13 buos
sbuipuy urep SOWODINO |PIUSWUOIIAUT 1oedwi [BIUSWUOIIAUD uonewJoyul K1e1aiq uondudsap uone|ndod Anunod 13k Joyiny

$S9SSe 0} pasn S|00)

‘panunuo) ‘L a|qeL



14 e A.DOLCI ET AL.

(panupuo))

's191p pasiwido Jo sadA1 wusiaylp ay)
U9M13 OS[e PUB S3LIUNOD SSOIdE PAIIYIP
9seaunul siyy Jo 1oedwi ay) Ing ‘payllio) pue
pade|dal 1eaw yroq ‘susaned Aieialp e ul
PaAISSQO Sem uolldwnsuod Ysy Ul aseaidul uy

‘Apj9am pawnsuod

ysy jo suoipiod Y} USWOM IO} 9%EE pue

uaW 10§ %9€ IN0ge 3dNPaJ 0) AIeSSIIAU S|

3 Jey) Jesd st il s1dIp 0§-99HD-10Yd + pue
10Yd +3y1 01 131p [ensn 3y} wol4

'saxas yioq ur Aep/b o 01 ‘sajeway

ul Kep/b6 z'9 pue Kep/b €| pue ‘sajew

ul Kep/b ¢/ pue Kep/b 9'9| wouy buuipap

‘pareulwijd Ajpanua sem ysy pansasaid pue

‘S|assNW ‘Ysy|[ays ‘sueadeisnid jo yelul ay}

‘Ks19nu0) Aep/b 0'0z 03 (sajewdy) Aep/b g5z

pue (sajew) Aep/b (°'Gz Woly asealddp Isapou

e yum ‘s|qels Ajabie| pautewss uondwnsuod

ysy ysai4 "saxas yjoq ui Aep/b 0'0z 03

sajewsy ul Aep/b o't pue ssjew ur Aep/b g8y

woljy ‘131p PIAIISYO Y} 0} dANRISI PAdNpaI
sem ayelul ysy [e10} 1aIp pasiwndo sy uj

‘(oueuads anHo Aep/byg

03 aulaseq Aep/6g| woly) oLeUDS 0507

pue 0£0g ‘oueudds 3abiey-apHD ay3 ul Jaybiy

uaAd sem uondwnsuod ysy ‘ysyjays pue ysy

jo uondwnsuod Jaybiy e a1am synpe ysng

Buowe 131p duldseq BY) YUM SIIUIIYIP

‘(oueudds 1ab61e}-9DHD-0U) SIDHD UO SHWI|
Ou YuM 131p 31enbape Ajjeuonuinu e sAdIyde of

‘awodul ybry pue moj

yioq 11p pasiwpdo ayy ur kep/beg 031 131p

€107 Ul dwodul ybly pue awWodUl MO| WOy

Aj9Andadsal Aep/bgL pue 9| woly aseasdul

01 pey saseydind ysy Aep sad uosiad
/70763871 Jo 196183 SDHDH yoeal 01 JapIo U

%G1

Jo uondwnsuod ysy Jo INOAR} Ul UOIINIISNS

dnoib-enur ue aney am syusuodwod

3y 1e bupjoo| Inq ‘s1a1p payipow

9Y} pue J3Ip PaAIISCO Y} UIMIaq abueyd
jou saop sb63/ysi4/1ea\ JO JUNOWE |10} DY)

's19de|dal
jeaw jo syedwi anHoH
pue |euofiinu 3yl aso0jdx3
'synpe 1ap|o
Buljamp-Alunwwod ysng
ul S9OHD PaeIDOSSe-13IP
bupnpas 3jiym
(5@g4) saulapinb Areraip
paseq-pooy yaIng SL0¢
3Y3 JO IXSIU0D dY} Ul MjeIul
uar04d aseasnul pue jelul
|en}igey woiy Jsed| 3eIndp
1ey) sabueyd Aielalp Ayusp|

"9DHD Buisiwiuiw
Sl [ RERVEIETEY
A1e13Ip |euoeu 3y} s}aw
1eyl waned uondwnsuod
pooy ewndo Ajjeuonuinu e
3qudsap 03 pue ‘uonendod
uele}| }npe ay3 104

131p pasiwido ue dojaasp o)

'synpe yang Buowe 131p

auljaseq ayy woly Ajlewuiw

pajeiAsp inq s1abiey

9DHD MOJ3q paulewsal

pue syuswaiinbal jeuonu
paysiies jeyy s1a1p AJnusp)

3|1uinb

awodul Aq (s1obiey 9508 pue

LS) 99HD 9dNpai pue yijeay

10} syuawalinbai Aielaip
199W ey} 13Ip [9pow o]

"}oedwl [RIUSWUOIIAUS MO|
Yysm pue ‘ggeyns Ajjeinynd
‘91enbape Ajjeuoninu

9Je ey} SI3IP UIWIANSP Of

‘aseqeyep
VD1 pasipiepuels

‘uonewnsa
V21 204 pp

‘saskjeue vy
paysijgnd Ajsnoinaid

‘uonewnsa
V21 204 pp

‘e1ep
paysiignd A|snoiaaid

‘eyep uondnposd

pue dnsnels

dpeJ] dauIquiod eyl

poylaw pugAy e
Buisn uoisia 924> 9417

19n0 padeds s|[eda1 Y-g

skep aA1IND95UOD UO
sp103al 131p p-£ ‘skep
9AIINDISUOD UO SPI0I3J
191p Aep-Aep 331y}
!Syluow dAY 0} 31y}

(€LLL=u) Apnmis
Z-YINI Pue (8/61=U)
I¥DS-NVUNI “(98€L =U)
OM] ‘skep BANNDASUOD  H0dSIS “(S8EL=U) YASNYA

uo spi10d31 13IP p-/£

(rSeL=u)

(¥SY1) 10yod wepiaswy
Apmis Buisby |eurpnibuo
ay3 01 buibuojaq
(£101-95) synpe

D44 Wal-4SZ  Jap|o yoang Jo aAneluasaiday

(K09-81L
‘8607 =U) 900Z-500C

IVDS-NVYUNI A3nins
|EUOI1D35-5501D [RUOIIRU

aseqeiep
pooj 900¢-500¢

IVDS-NVHNI ‘Aelp
paJn1dniis-lwas Aep-¢

(K0S-L€ '669="U) (SD4NQ)
Asaing uondwnsuo)
s|jedas Kieyaip poo4 |euonen yaing

Y-z uspuadapul om|

(P15 =Uu) A3nINg poo4

pue s3so0) mc_>_._ 9y] jo

3Inpoy poo4 Ajiweq €107

ejep paidd||od S4J7 €107
(KoL-s€ '607L=U) 1afoid

(VNIHVL) oMy YuoN ul

edw) yjesy pue uolisuel|

9y} jo ued se £anins

|_UOI1D35-55010 Ajjeuoieu

D44 wa1-g€|

01 Buojaq siueddinied

9y} 03 buojaq syuedpineq

3U} Ul synpe aAjeIuasaIday

9y] 0} buojaq syuedpiney

wouy 3jdwes aaneussaiday

duely
‘Aley] S1jgnday

Y23z) “pewusqg (0Z0Z) ‘e 19 SudMIl

spuelsyiaN  (Lz0g) ‘|e 12 ossein

Alell  (0Z07) ‘[e 19 Lewdd

(0z027)

spueaysN ‘|e 15 ewsayd01g

sbuipuy urep

S9WI0d1N0 |ejusWUOIIAUT

1eduw [LIUSWUOIIAUD
$S3sSe 03 Pasn $|00]

uonewJoyul Kieaiq uondudsap uolne|ndod

(6102)
NN ‘|le 19 spjoukay

(6107)
eisiun| ‘e 19 uoubliad
£13uno> 1eaf “loyiny

‘panunuo) ‘L a|qeL



INTERNATIONAL JOURNAL OF FOOD SCIENCES AND NUTRITION e 15

(panupuo))

‘121p pasiwndo
ay) ul abueyd juedyiubis ou Jo uonewISd
SeM I3} “13Ip PAAJSSQO |en1de 3y} Ul Syelul

poojeas pue ysy jo Aep/b ¢¢ pariodas ayy woi4

‘19Ip PaAISSqO
9y} UeY) YSY dIoW SeMm I3y} (Syuswaiinbai
ulWellA pue |esauiw) [dpow 1NN

ul pue (asessIp JIUoJYD B|gedIuNnwWwWod-uou
104 sauljdpinb OHM) [2pow aND

ul U3AJ 'suondnpal aoHoIabuons yum b oy
1n0Qge 0} Pasealdap uayl pue o%0f Inoge
(o)} dn uonsnpal 9HHH 9yl yympaseaidul

sanuenb poojeas pue ysy ‘|apow X314 Y} uj

‘uondwnsuod ysy jo Kep/b cz—

01 dn aseaap |enpelb e pajewilss sioyine
3y} ‘%05 Aq 9DHD Ul UOIIINP3I B Ydeal 0}
19pJo Ul ‘s131p pasiwndo |je ur uondwnsuod
UYSY Ul %G JO 9SeaID3p B PalewIsd

sioyIne syl ‘SOHD Ul UOIDINPRI %0 YUM 13Ip

pasiwiido [euonLINU B 0} PaAIISCO Y} WOl

‘uondwnsuod sbeisane |euoljeu

yum pasedwod aseanul %Ly e bunpuasaidal
‘Rep/b 7z 01 pasealdul 1a1p pasiwipdo

9y} Ul uondwinsuod Ysy ‘asn Iajem

pue pue| ‘AB1aud se ||am se ‘9nHD Idnpal
uudioo}

uogJed S313Ip Y3 Ul Isealdul [enuelIsgns

e 0} P3| SIY} ING ‘s)usWIINbAI JusLINU 1PdW
0} paseanul aq 0} pey uondwnsuod ysy (‘0D
Ul UoIINPaJ pue ( UIWERYA IO} SPOO) PaYII0}
|euonIppe) OLeUDS 1Se| pue YuNoj 3y} U] Ysy
10} p|OJ-8 JO dseanu] ue yyum qundiooy uogied
191p [0} 3} Ul SEIIDUI 948 UR PIAJOAU] 1DIP
3y} Buisiwndo (Q ulweA oy SPooy PayIHo)
|euonIppe) OLeUIDS PAIYY dY3 U] “YSy woly
panuap AB1sus ur aseanul pjoj-gL e Aleau pue
1ulid100) UOQURd PIYe[RI-YSY Ul 3SeRIdUl P|oj-/
e painbai sayeul @ uiweya saybiy buiasiyde
(12240007 J0 Swuieisuod AbJaus ulyum)
OLBUDS PUOIdS dY} U] "JuLdi00) uogied |10}
Ul aseanul pjoj-¢ Aeau ayl o} bunnguiuod
Ajjenueisqgns ‘(pjoy-51) Ysy jo suudiooy
uogJed 3yl Ul 3seanul ue 0} djgeingune

Sem 13Ip dulaseq ay) Yum pasedwod

1Ip pasiwndo sy} jo uudiooy uogied

3} Ul dseanu] Ue (sjuressuod AbIsua Inoyum

ol

@ UlweyA oy 331p Buisiwndo) oueusds Isiy ayy uj

“JU3U0D D1I0[0S]
pue 131p PaAIasqo |en1de ayl
wouy abueyd [ewiuiw yum
1oedwi uogued padnpal %€
e buiney ajiym a1enbape
Ajjeuoninnu se pasiwndo

131p d|qeutesns jo buljjapopy

9DHD Pale|aI-13Ip dINPal
pue uonuinu aroidwi
01 sabueyd Aielalp ayy Ayiusp|

9OHD Ul
uononpas |enpesb e buunsua
s1a1p pasiwndo ajgeidande
A|jeanyn> pue arenbape
Ajjeuonnu jo buljjapopy
‘(9sn ABisud
‘asn Ja1em ‘99Ho) 1dedwi
[e1UdWUOIIAUR Bupdnpal
3|Iym 131p 3|qeureisns
pue Ayjeay ue [apow of

‘Jupdiooy uogied
Buisiwiuiw 3|Iym S|jej1ioys
@ UIWENA 3WO0DIIN0
031 ,331p |9pow, yang

e ul sabueyd Kieyalp [apow of

(9L8L=u
'£002-900¢ AaMnns
ZSONI) Synpe youai4

‘aseqelep 9|qeisns piodai Kieyalp Kep-/ Jo 3jdwes aaneuasaiday
‘aseqelep
J1zelg ul pawnsuo) (SAN spljoyasnoy
suolesedald 69S€1L =U ‘SgH spjoyasnoy
Areutn) pue 0£655=U) (SAN) A3AIng
poo4 jo sjundiooq K1eya1Q [euonep syl
|elusWIUOIIAUT, pue (SgH) Aaains 13b6png
9yl uo paseq SPJ0331 POOJ WA-E0LL p|oy-asnoH 3y o1 buojaq
uolnewnss yJ1 2oy pp dAIIND3suU0d-uou om] syuedpiued (KoL <) op/zE=U

(€L¥6T=U ‘siseq
044 Aieyunjoa e uo pajjoiud
1003 31D3TYIQ  WSMN-p97 3AIRIIUBND-IWSS  S}NPe) 110Yod 3ueS-1aNUINN

(Kot
‘B1ep PIMBIADI yoeoidde 2 '//1T=U) s|enplAlpul
pue paysiqnd da1s-G (4dW) |[eda4 uoueqaT jo sjdwes

uo paseq sisAjeue y)71  pooy ssed 3idinw YH-v¢ aneIudsaidal AjjeuoneN

‘9seqejep pooy
K103UdAUl 3PA) AT
0°€ uudioo)-uby €00T (SD4NQ)
pue o'z |eawndQ £aning uondwnsuo)
‘aseqelep vl poo4 [euoneN
wolij pa1dd|0d eIeg  YdIng |edal A1edIp Y-p7 ajdoad yoing

dueld  (gz0Y) |e 39 uezep

Jizeig (220?) 18 19 Apap

(L1207
auel4 ‘e 19 10AND-3ssaY|

uoueqal  (Lz0T) ‘[e 19 e|lemH

(L2on)
SpueliBYIBN  Sloui®T pue suinig

sbuipuy urep

S9WI0d1N0 |ejusWUOIIAUT

1eduw [LIUSWUOIIAUD uonewJoyul K1eiaiq uondudsap uonendod
$S3sSe 03 Pasn $|00]

£13uno> 1eaf “loyiny

‘panunuo) ‘L a|qeL



16 e A.DOLCI ET AL.

(panunuod)

‘Aep Jad des/6g jo 1aybiy si uondwnsuod
9Y3 2I3YM USWOM JO pealsul “13IP %EE—
99HD 01 13Ip [eIUl WOoJ) usw Joj sbueyd
Aue 1usi 313y} ‘Aep Jad ded/b ur sduasaylp
1N0qy "13IP %EE— 3DHD 01 pasedwiod
‘3SIMI2Y10 ‘uondwnsuod ysy Jo 9%0z+
USWOM 10J PUB %6 L— SI 9|ew Joj sabueyd

“191p 9%0S— 9DHD 01 /10T 13IQUI4 1UILND Woig

‘(Juswalinbai AB1aus parewlss
Altep 40 %z Inoge s %G Inoge) 331p
J9dueT-1y3 Jo pasedwod se uondwnsuod ysi4

ul Jaybiy sem 131p pasiwido Jo UOISIBA AIaA7

‘ysy
£11e} Jo sunowe paseasnul jo uoddns ul ysy
9DHD-yb1y ss9| Ajjernueisgns o1 ysy jo sadAy
9y} JO uonNQuUISIPal B SEM 343U} INg %8T JO

pasealdul Sem Ysy||ays pue ysy Jo junowe

[€10} 9y] 119IP 9DHD-YlesH-MINN sy}
ur Aep/b o 01 [enba asealdul ue sem dY}
191p ysiueq PaAIdsqo [enlde dyl ul dyelul

ysy||ays pue ysy jo Kep/b9¢ pariodas ayy woly

“UoIdNPAL d4M JO %8L Yim 1a1p
pasiwndo ur Aep/6¢'/L+ ‘uondnpalr d4m
40 %01 Yyum 131p pasiwndo ur Aep/bge+
Ssem uswom ul :o_uQE:chv ysy osimiaylo
131p pasiwiido JO UoISISA AI9AS 0} JB1p
jua1ind woJ} usaw 1oj :O_HQEJmCOU ysy uo

abueyd Aue jusem 313y} 1By} PIAIISCO SeM }|

'S19IP 9OHO-NIW =41
pue S13Ip PIAJISCO DY} UIIMISG PIAIISYO SI
puaJ1 SwWes 3y] 'sI3Ip UAPY-yIq Ul Jaybiy

sfemje sem uondwnsuod ysy eyl buimoys
's191p JusPYUI-YI pue JUsbYe-vIa

%05 Pue %Ee Jo

uondNPaJ IDHH e Joy bujwie
3Iym synpe ysiuulq Jo 13Ip
panIasqo abelane ay) woiy
3|qissod uoneIAp Isea| Ay}
sey Jey) 131p Ayieay pue

91enbape Ajjeuonuinu e aalaQ

‘elep AieaIp ysipams Buisn
pa1eioqed 191p pasiwndo
JO UOISISA JUaJaIp pue
191p 190UET [y3 UIaMIIq
uolssIWd °%

‘%LE JO

uondNPaJ IDHH e Joy bujwie
3Iym synpe ysiueq jo 1alp
panIasqo abelane ay) wouy
3|qissod uoneIAp Ises| Ay}
sey Jey) 131p Ayieay pue

0D 91e|ndjed

%G1

Jo uondwnsuod ysy
Ul 9seanul ue aney
am suauodwod ayy
1e Bbupjoo| Ing ‘s1vIP
payipow ay) pue
19Ip PaAIISqO Y}
udamiaq abueyd jou
S90p 34\ JO unowe
[€10} 3y] ¥I1

9)7 Puisn pajessusb

s||edas Aieyalp

9JOM SJUaDLR0d 8HHH  Y-{¢ 9AIINIISUOI-UOU OM|

“(3SIY) uspams jo
S9IN1IISU| YDIeasay
3yl Aq paurejurew

pue padojanap

aseqeieq arewid

‘saseqelep
paisixa-aid
woJj v

Kieip Kep-y paseq-gam

9lenbape Ajjeuoniinu e 3ALSQ U0 paseq sanjea 3IHHDH Aseip pooy papod-aid Aep-/

“(d4m)
wndiood 1a1ep) A1RIBIQ
|e10] 3y} 0} sdnoin-gng

poo4 JO uoNQUIU0)

‘Ayj1gedadde [eunynd
uo siseydws pue 3DHH M|

"aseqeleq
(NdM) ,JHomisN

judiood Jarep,

‘ueder

ul uonisodwod
pooj jo s3|qe}
plepuels ay) pue
ueder ul |apow
indino-indui |eqo|b

siskjeue
piodas Aieyalp Aep-¢

(K¥L-8L 'W08L — 45/8
‘5691 =) AoMINS /10T
181qul |euonieN 8yl woly
uone|ndod ynpe ysiuui4

Jo 3jdwes aaneuasaiday
(Ko8-81 ‘L6LL=U)
LL-0L0T BUXNA USjRWSHIY
Aanins Kiealp ysipams
woiy synpe ysipams

J0 3jdwes aAeuIsaIdRY

‘(sieak g zy abe

uedw ‘A49-8L ‘M %8'LS

‘synpe g6z =u) (YasNva)

AuAnde [edishyd pue

191q jo AanIng [euonen

ysiueq jo synpe ysiueq
Jo 3jdwes aaneuasaiday

(K81 = '£58=U)

Apn1s |eUOIIDIS-SS0ID

s,k9AINS snieis jeuonuInN

pue £ieya1q ueuebuny

9y} woyj uonejndod 1npe
ueebuny jo aAneIUSSaIday

(£69-0T ‘695 =U)

puejui4 (R CRERA

(¥z0) 12 19
uspaMS  Oqwioj0) OlydeIsn3

(€207)
v_hmE:mO ._m 19 :mE_ohOZ

Kiebuny  (zzoz) ‘|e 19 edwojp

U9IM}DQ USWOM pue Usw Yyioq ul Y3m Je Jeyy s1alp asaueder e buisn aseqeyep synpe asauedef Ayjjeay (zz02)
punoy a1am d)eul Ysy Ul saduIRYIp Juedylubis d|qeuleisns aiow 3lojdx3 padojanap AimaN elep piodal A1ealp p-v Jo 3|dwes aAneUASAIdaY ueder ‘le 3@ oyowibng
‘aseqelep
‘uojedndo 3153vIQ 3y}
'sadA} 131p buinels pue| ‘puewap Ab1aud buisn y>1 buisn
panlasqo |je buowe uopdwnsuod ysy ul dAIlRINWND ‘9DHD Se ydns paindwod a1am
saseasoul Juedylubis smoys [pow pasiwndo $101edIpUl |eIUSWUOIIAUD uolpnpoid pooy 03 (9zg6T=U ‘siseq
Jeuy ay] "I3Ip 39dUeT-1y¥3 Y} JO sanjea Buniapisuod syalp jo sadAy pajejal sioyedipul 044 Kleunjoa e uo pajjoiud (zz02)
1964e1 Y} UIYUM sem ysy jo uondwnsuod syl 9 asedwod pue asjwndo o] |eIUBWUOIIAUT  WM-49Z dANIRIIUBND-IWSS  S}Npe) 1J0Y0d IURS-1aNHINN duely ‘e 19 10AND-3ss3)Y
sbuipuy urepy SIWODIN0 [RIUSWIUOIIAU] 1oedw] |RIUSWUOIIAUD uonewloyul Alewiq uondudsap uoriejndogd A1uno) 1eak “Joyiny

$S9SSe 0} pasn S|00)

‘panunuo) ‘L a|qeL



INTERNATIONAL JOURNAL OF FOOD SCIENCES AND NUTRITION e 17

(panunuo))

"058ET JO DUIRYIP B YyUM ‘pariodwi o
yum 6367 39 ||Im U 3310 JIPION M3N 3y Ul
3Iym 131Q ysiueq abesaay ay3 ul payoduwi
S %S YaIym Jo |— £ x |— uossad x B /1L

abueyd siyy

JO 1502 DIWOU0I3-0120S Y}
dlenjeAs os|e pue saliobaled
1edwl J9Y10 €| JO wns pue
Huruiem jeqolb ‘uoirednido
ainjeu ‘sojuebioul A1oyelidsal
se yons sauobaled yyesy
uewiny pue |eIUSWUOIIAUD
Juaseylp s1edw

1310 dIPION M3N 03 1310
ysiueq abesany wouy abueyd

"2In3eId}| pue 7'7
UOISIaA dseqeiep

JUSAUI0DT ‘Dseqelep " 131Q DIPION MIN [eap]

woly ‘9%g¢eL Aq saseasnul uondwnsuod ysi4 3y} yonw moy asedwod o] pooj yJ]-ysiueg pue 13iQ ysiueq abesany 9|doad ysiueq abeiany y}ewuaq (#107) axes
‘(uwiened Aieialp wIaISIM
‘usaned Aiesip ysiueds ‘uisned Aieyslp
ueauelRlpaly) pasAleue suisned sy |je ul
SUOISSIWD 9DHD 0} JOINQLIUOD PIIY} dY) Sem
1 pue ayelul A61sus 01 uonnguIuod 1s3ybly (0009 = U) UBWIUOIIAUT
9y1 yum sdnoib pooy syl Jo suo sem ysy ‘uondwnsuod pue poo4 ‘ainynduby
‘uoplippe u| '99Ho pue uondwnsuod Abiaud 191em pue uondwnsuod Jo Ansiuy ysiueds ayy
ul %6 1noge sjuldiooy |e10] 01 UOIINGLIIUOD ABi1aud ‘asn pue| J0 skanung uondwnsuo)
annejal e sey ‘sdnoib pooy Jsyio 'SDHD Jo swud) ul usened 'S193YS dduejeq POy ployasnoH syl wouy
0} pasedwod 9%z Inoge sem ayelul ussned K1e13Ip ue3URLIRIPIW ‘elRp 0OV ‘saseydind Ajyuow uopendod ysjueds ayy (£102) ‘e 3@
£1e131p uesUERLISIPS Yl 01 UOIINGLIUOD YSi4 ysiueds ayy jo Aujigeutessng  paysiignd Asnoinald  pue saseydund pooy Ajieq Jo 9jdwes sapejussaidal y ureds SOIpURWI|Y-ZkS
"(d9n 10 HD-Y-@ se ydns) saulapinb
SY1 yum 1uaiaype alow saA1s A1eraip oy
K||e1padsa ‘pasealdap 1edw| [BIUSWUOIIAUD *(v33s) Bununodny
|e101 3y1 Inqg ASAINs 900z dY) 01 pasedwod Jlwouod]
9|qe1s paulewsas uondwnsuod ysy ‘sajh1s ‘paseg sajf1s Aieriq pue [eluIWUOIIAUT
A1eyaIp snouea ayy oy bulkynens ‘asn Abisua pue suolePUIWIWO0IAY JO WasAs Jo
K1ewud pue asn pue| ““HN ‘@DHD Yroq [SSETNEELELS s3|qe} indino-indui (K08-¥L 00061 =U 900C
10j ASAIns 900z @Y1 ul sbessne uo paseasdsp Josy [I9M Sy Auewusn umop-doy Il SNN ‘A¥6—+ ‘0005C=U
1oedul [EJUSWUOIIAUD [230) B} JaAIMOY ul 900¢ pue 68-5861 pue yJ1-pughy 6861-586L | SNN)
‘G861 01 pasedwod 9pQZ Ul paseanul siea) 3yl ul uondwnsuo) /Y21 IndinQ-1ndu| sA9AINS UoINN |euOlIeN (£102)
sAaAIns |euoljeu om} 9yl ul uoiidwnsuod ysiy poo4 jo syedw| |[eIUSWUOIIAUT |euonnguUIy s||eas KJeydlp Y-z 0} Buojaq siuedidiyied Auewuan  udlsUY) pue JBIBIN
sy Ajio Jo 3aam/b L6 ‘buljispow
pue ysy||ays Jo 3aam/b 6 ‘(paleod) ysy |edirewsaylew buisn Aq
Suym Jo yaam/b /1 Jo uondwinsuod e yum 9DHD Ul UondNPaI 01 pes| ‘syIom paisixe-aid yuegelep
Jejndied ul ‘331p 9yl Jo 9HHDH [e10] JO % ued yjjeay Joj syuawaiinbal wolj vy A3nIng uonunN (Z102)
G'LL swuasaidal ysy 131p d|qeulelsns jeuy syl uj  Aieislp BuIMo||o} JI 3CLIDSIP O] UO paIseq sanjeA JHHD pue 131q [euoneN )N [e1ep ou] N ‘e 13 pluwelpdepy
121p buijjapow
Jo 1odwi
|pIUaWUOIIAUT
'3asn pue| Jo %z-1
pue asn Iajem Jo 9¢—z Inoge 03 Hupunowe
‘S101eJIpUl 3SN-32JN0S3J 10) I9MO| SEM '9sN pue| pue 3asn
uoIINGIUOD JIBY] "UOHEDIYIPIDE [BLIISILID) 0} 1391eM ‘UoIIedYIpIDR [BL}SDUID)
%b—€ pue ‘uonesiydoind sulew 0} %/-§ ‘uoliediydolina sulew pue
‘uoriediydoling Jaremysaly 0} %p—¢ ‘lenuajod 191eMysaly ‘jerzuatod Buiuiem (Koz-81
Buiwiem [eqolb 01 9%—¢ INOge paInguUIuod leqo|b uo synpe ueibamiopN ‘[8/1=U) L10Z-010T
pue ayejul Ab1aua Ajiep |10} JO %E-7 J0 s1oedw [PIJUSWIUOIIAUD ‘saskjeue vy A3nIns € 1S03ION
A|91ewixoidde 1oy pajunodde ysyjays pue ysi4 K1e1a1p aqudsap o] paysiignd A[snoiaaid ||eas Alelaip-y¢ ay1 01 buojaq syuedpilied AemioN  (¥z0g) ‘e 19 3Jbua]
sbuipuy urepy S3WO02)NO0 |BIUSWIUOIIAUT pedw! [eIUdWUOIIAUD uonewuoyul K1exaiqg uondudsap uonejndod £13uno) 1eak ‘Joyiny

$S9SSe 0} pasn S|00)

‘panunuo) ‘L a|qeL



18 e A.DOLCI ET AL.

'05¢'9 Aq paseasnap uudiooy
131BM 3} 3IYM “(9%Z°ZL+) unidiooy uogled
U] 9SBaIDUI 1SIPOW B KJUo YlM paleidosse

SeM Sl [elURISONS SIY} 4AIMOY ‘(%89+) ‘wianed Aieyalp [1-1¥3-aIn
Kep/|ex| /9 03 OF woly paseasdul usaned M3U 3y} jo Ajljiqeuleisns ‘aseqelep
AJe1alp Mau ay} ul uoildwinNsuod PoOJeas  |eIUSWUOIIAUD DY} 3qUISIp 0]  (13S) 3417 d|gee3-ns VN VN Kjey (¥Z07) |2 3@ PANL
$311JUN0d
ueadoing
LZ Jay3o pue
(e3eny pue
uleds ‘jebnyiod
‘Aey] ‘929919
“(,-1eak _endes "0y 6 8 10ge) (YIHLOLY) ‘eleo.)
S911JUN0d> N3 1910 3y} Yyum pasedwod *s19bJe) ‘snudK))
(1—4eaf_eydes 20y By spL Inoge) Jaybiy uoldNpal 3HH3 |eqo|b ‘aseqelep (735) $311JUN0d
2J9M uoidwINSUOd Ysy||dys pue ysy woiy 0} 131J UB3URLIBUPI dY} 3417 9|9e1e3-Ng aseqelep ueauRLIRUPIN
9DHD (QIWZ) SIHIUNOD UBSURLIDIPIN dY} U] JO 3dUIIBYpPE 3Y} deN|eAd 0] wouy padd|0d eleq 9duejeq poo} 1Y1SOVA VN UaAdS  (ZZ07) ‘[e 19 Ipjeised
"+359d Ul %6°L/+ |I3un 33Ip ‘UBPAMSG Ul SJUIISI|Ope
IuwQ ut 9%z°ze+ 03 Aep/b gy 131p dulseq 40 13Ip jJusuNd 3y} uo paseq (A8L-0L '660€=U)
9y} woiy Isealdul ue pey poojeas ‘AemAuy 9DHD padnpas Apuedyiubis skep £102-910T SIuddsajopy
“J9Ip pasiwinido 13Ylo pue 13Ip + 953 yum s1alp ajgqerdadde *(3S1Y) uspams jo 9AIINDISUOI-UOU OM} UO udlewsyly Aanins
ul %9 Inoge 0} 13Ip [9pow 13dueT |y3 Ajjeanyn> pue ajenbape 9INUISU| YdIeasay (xa]4uajewsyy) poylow K1e13Ip |euolBU YSIPIMS (Lz0?) e ¥
ul 9%z 1noge woiy dn moib uondwnsuod ysi4 Ajleuonuinu Bulubisag wouy aseqereq ewl|d) ||ed3) Y- paseq-gam 3y} 01 buojaq syuedpiyieqd USPIMS  Oquio[0) OlydeIsng
‘sjelialew
Buibexoed
40 9] Jo pus pue
‘aseyd Jawnsuod
ayy ‘aseyd
‘9sealdu] asn ABISUI [ISSO4 pue dwes Yy} j1eyas buipnpoul
sulew?al 3102s ddIDayd ‘asearsp uonednddo 'sadA1 101p ‘anelb 01 s|pes
pue| pue 99HDH Y1oq ‘uidlied 331p JU3LINd 0} 1uIa1p ul Aep Jad  adiHayd woly pajjapow
pasedwod paseasdul uondwnsuod ysy [apow ‘uorzedndd0 puej ‘asn pue s32In0s snoleA uonejndod Aanins (AOS-1€ ‘6185 =U)
SS3| %0E pue |\ ueneabap ‘Ayyeay 1saso) u| ABIaud |ISS0) ‘OHHD DeWISd Of woly pard||0d eleg  |dued uondwnsuo) Ydng USWOM dAIde ydIng abeiany spuepdyIdN  (9107) '|e 19 19|zsAL
‘sauljapInb
‘poyaw Jaylo pue uondwnsuod
udioo}-1by yong sbesane
9y} ul psaqudssp noge 8661 (dJA)
'S1RIp e 'S121p XIS 3y} 03 buipiodde Kjsnoiaaid Aaning uondwnsuo) (K0S-22) #102)
10} 9A3IYdE 03 IsapJey 3y S| yeiul ysy JaybiH Kep J1ad asn pue| pue 3pHDH AKbojopoylaw v poo4 |euonieN ydng uswom ydang abesany spuepayiaN ‘|e 39 uaJ00Q UeA
"}oedwl [EIUSWUOIIAUD
J9MO| B dARY PINOM 3 1edW Bujrowal
Aq Inq 050z ul dsoy} 0} uondwnsuod
po0Jeas pue Ysy Woiy IDHD Jejiwis
9ARY P|NOM pue 0S0Z Ul I3Ip payipowun ‘wianed Lieyalp
9y} uey) uondwnsuod ysy Jaybly e sey 1UIAYIP 10} [eqo|b pue
191p ueleledsad 9y] "poOJEIS pue ysy iow jeuded 4ad anHo pue sdnoib
978 dARY p|nom 13Ip Judpuadap-swodul pooj snolieA jo |exy Jad pue ‘elep PAIMIINII
ended Jadabesane-jeqolb 050z sbuialas Jad ‘uisyoid Jad pue paysiqnd #102)
9y ‘6007 40 131p [eqo|b abeiaAe BY) 0} dANRIDY SDHHD DIWIISD pue de|NdRd 0] UO paseq siskjeue vy ‘[exep 3jqissod ajdiynwi] [eyep 3jqissod 3diynwi] |eqo|D Jde|) pue uew|ip
sbuipuy urepy SIWODIN0 [RIUSWIUOIIAU] 1oedw] |RIUSWUOIIAUD uonewloyul Alewiq uondudsap uoriejndogd A1uno) 1eak “Joyiny

$S9SSe 0} pasn S|00)

‘panunuo) ‘L a|qeL



two models would affect different environmental out-
puts: fish consumption increases by 138%, from
11.7kg/person/year (of which 54% estimated to be
imported) to 29kg with 0 imported, with a higher
contribution of fish to the environmental footprint
but included in an overall lower impacting dietary
pattern (about 65-70% of respiratory inorganics,
nature occupation, and global warning) (Saxe 2014).
In the Netherlands, a study aimed to estimate GHGe
and LU per day according to the six diet models
based on dietary guidelines for Dutch women (22-
50y), the Mediterranean diet or other dietary patterns
showed that the Mediterranean and the Dutch Dietary
Guidelines were characterised by the highest fish
intake (37 g/day) but only the former had an accept-
able health and sustainability score (van Dooren et al.
2014). Another group of researchers working on the
same topic aiming to model a healthy and sustainable
diet showed that in the “closest healthy”,
pesco-vegetarian, and 30% reduction in the pReCiPe
score models, fish consumption increased compared
to current diet pattern, with GHGe, land occupation,
and pReCiPe scores decreasing while fossil energy use
increased in the pesco-vegetarian model (Tyszler et al.
2016). A more recent A study conducted in 2022
evaluated the adherence of the Mediterranean Diet to
global targets for the reduction of environmental
GHGe across seven Mediterranean countries (Cyprus,
Croatia, Greece, Italy, Portugal, Spain and Malta) in
comparison with 21 other European countries mod-
elled on FAOSTAT food and balance database, while
environmental impacts were analysed using data col-
lected from Su-Eatable LIFE (SEL) database. In the
Mediterranean countries, GHGe attributable to fish
and shellfish were higher than those observed in the
other European countries, reaching approximately
145Kg CO,, /capita/year compared with about 85Kg
CO,, /capita/year in other EU countries, reflecting a
greater contribution of seafood to diet-related emis-
sions within Mediterranean dietary patterns (Castaldi
et al. 2022). Finally, a more recent study evaluated
the environmental sustainability of an adaptation of
the EAT-Lancet planetary diet to the Italian popula-
tion from current national dietary guidelines using
the Su-Eatable LIFE (SEL) database to assess the car-
bon and water footprints showed that seafood con-
sumption would increase from 40 to 67kcal/day
(+68%) associated with only a modest increase in
carbon footprint (+12.2%), while decreasing the water
footprint by 6.3% (Tucci et al. 2024). A study aiming
to design nutritionally adequate and culturally accept-
able diets with significantly reduced GHGe based on
the current diet of adolescents in Sweden through a
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web-based 24-h recall method (RiksmatenFlex) on
two non-consecutive days from participants belonging
to the Swedish national dietary survey Riksmaten
Adolescents 2016-2017 (n=3099, 10-18y), fish con-
sumption increased from the baseline diet to up to
70% in pescatarian optimised models (corresponding
to up to 5% of daily energy intake) (Eustachio
Colombo et al. 2021). However, the differences in
predicted fish consumption depending on the envi-
ronmental constraint modelation level underscore the
complexity of integrating fish into sustainable dietary
frameworks and highlights the importance of envi-
ronmental boundary targets in dietary policy and
planetary health modelling.

Discussion

This review synthesises evidence from observational
cohorts, environmental footprint analyses, and dietary
optimisation models to clarify the complex role of
fish in healthy and sustainable diets. Differences in
findings across studies appear to be strongly influ-
enced by the underlying methodological approach.
Observational studies, which are based on self-selected
diets within specific populations, primarily reflect
existing consumption patterns and therefore tend to
show fish as a relatively minor contributor to overall
environmental impacts, particularly when compared
with higher-impact food groups such as red and pro-
cessed meats. These studies provide valuable insights
into real-world dietary behaviours, but their findings
are inherently shaped by current intake levels, which
are often below recommended amounts in many set-
tings. Across multiple contexts, fish emerges as a food
group with a comparatively favourable environmental
profile relative to most animal-source foods, particu-
larly ruminant meat, while providing essential nutri-
ents that are difficult to obtain in sufficient quantities
from non-fish sources. Fish is also consistently
included in healthy plant-based (not exclusively veg-
etarian) dietary patterns, such as the Mediterranean
diet, which in turn offer a lower environmental impact
and promote various health benefits, including car-
diovascular benefits (Sebastian et al. 2024; Molani-Gol
and Rafraf 2025; Ungvari et al. 2025a), cancer pre-
vention (Gonzdlez-Palacios Torres et al. 2023; Zhu
et al. 2023; Shu et al. 2024; Ungvari et al. 2025b),
and cognitive health (Fekete et al. 2025). The collec-
tive findings suggest that moderate fish consumption
can simultaneously improve nutrient adequacy and
lower diet-related GHGe when it displaces meat, espe-
cially red and processed meat. However, the relation-
ship between fish consumption and environmental



20 e A.DOLCI ET AL.

sustainability is not uniformly linear or unidirectional.
One of the central insights from the literature is that
the environmental impact of fish may be affected by
the amount consumed, overall dietary pattern, and
species choice (i.e. shellfish impacting more than fish),
all contributing to differences in environmental foot-
prints. On this last matter, differences across fish
species have to be taken into account when consid-
ering both environmental impact and nutrient content
(Bianchi et al. 2022). While white fish tend to be low
impact, some crustaceans and certain farmed species
have higher GHGe (Gephart et al. 2021). This het-
erogeneity underlies seemingly contradictory findings
across studies: for example, fish contributing only
2-7% of total GHGe in some assessments, but ranking
as the second-largest contributor (29.2%) in others
where seafood intake patterns differ substantially
(Grasso et al. 2021; Alvarez-Alvarez et al. 2024).

In contrast, dietary optimisation models apply pre-
defined nutritional, environmental, and sometimes
economic constraints to identify theoretical diets that
meet specific targets. Within these frameworks, fish
intake is frequently modified to satisfy nutrient
requirements (especially for nutrients such as EPA,
DHA, and vitamin D) leading in many cases to
increased consumption relative to baseline diets.
However, when more stringent environmental con-
straints are imposed, particularly ambitious green-
house gas emission reduction targets, these same
models may instead reduce fish intake or shift con-
sumption towards lower-impact species. As such, opti-
misation studies reflect not only biological and
environmental relationships but also the structure and
assumptions embedded within the models, including
constraint selection, acceptability limits, and the treat-
ment of food groups. Diet optimisation studies further
underscore the conditional nature of the role of fish
in sustainable diets. When models prioritise nutrient
adequacy alone, fish intake almost always increases,
often substantially. In Dutch, Nordic, British, and
Italian populations, nutrient-optimised diets require
increased fish intake relative to observed diets, reflect-
ing the role of fish in meeting EPA/DHA requirements
and improving micronutrient sufficiency. In some
models, fish intake must double or even triple to
achieve nutritional adequacy. When environmental
constraints are added (especially stringent GHGe
reduction targets) optimisation outputs shift. Mild
GHGe reductions often remain compatible with
increased fish consumption. However, in scenarios
requiring 33-50% reductions in diet-related GHGe,
fish consumption may be reduced or restructured, not
because fish is inherently high-impact, but because

other elements of the diet cannot be sufficiently
reduced without compromising nutrient adequacy. For
example, high-impact seafood such as crustaceans or
certain aquaculture products become limiting factors
in GHGe-constrained optimisation, leading to reduc-
tions in total fish intake or shifts towards lower-impact
species. Likewise, gender-specific optimisation results
showed that women often require increased fish intake
even under sustainability constraints, while men’s
requirements may decrease-an indication of different
baseline nutrient adequacy needs and risk profiles
across sexes.

An overarching theme is that fish plays a “balanc-
ing role” in sustainable diets, providing essential nutri-
ents while exerting variable environmental pressures
depending on species. Consequently, rather than ask-
ing whether fish consumption should universally
increase or decrease, sustainable dietary guidance must
consider which fish, how it is produced, what it
replaces, and how much is required for nutrient ade-
quacy. Policy relevance lies not in advocating blanket
increases or reductions in fish consumption, but in
advancing species-specific recommendations, promot-
ing sustainable fisheries and aquaculture, and sup-
porting dietary patterns in which fish displaces
higher-impact foods. Taken together, the methodolog-
ical diversity helps explain much of the apparent
inconsistency in the literature. Rather than represent-
ing conflicting evidence per se, these differences high-
light that the role of fish in sustainable diets is highly
context-specific and sensitive to both analytical choices
and underlying assumptions. A clearer interpretation
of the evidence therefore requires careful consider-
ation of study design, modelling frameworks, and the
specific constraints under which results are generated.
The presented findings collectively suggest that fish
can be an integral component of healthy and sustain-
able diets, but its optimal role must be defined within
the broader context of food system dynamics, species
environmental performance, and nutritional needs.

This study has some strengths and limitations to
be considered. To begin with, this is the first report
to comprehensively summarise existing evidence on
the environmental footprint of fish in current dietary
intakes globally, optimised diets, and dietary models.
A major strength of this review is its integration of
multiple methodological approaches, which together
provide a comprehensive overview of fish’s environ-
mental and nutritional roles. The included studies
span diverse geographic regions and dietary cultures,
allowing identification of consistent trends as well as
context-specific differences. Moreover, the incorpora-
tion of modelling studies allows assessment of



counterfactual scenarios that cannot be tested empir-
ically, providing insights into how fish intake would
need to shift under different sustainability or nutri-
tional policies. Finally, by synthesising evidence across
observational and modelled contexts, this review high-
lights both the real-world behaviours of current diets
and the theoretical requirements of optimised diets.

Nonetheless, some limitations should be acknowl-
edged. First, substantial heterogeneity exists in LCA
methodologies across studies, including system bound-
aries, functional units, allocation methods, and data-
bases used. This heterogeneity can influence absolute
and relative estimates of fish’s environmental impact
and complicates direct comparisons. Second, some of
the reviewed studies included several related but not
identical categories, including fish, seafood, shellfish,
aquaculture products, and species-specific examples
often aggregated within a single category, masking
important species-level differences that can substan-
tially alter environmental profiles. Third, dietary opti-
misation models rely on assumptions-such as no
supplementation, fixed food acceptability constraints,
or simplified environmental targets-that may not
reflect real-world consumer behaviour or the com-
plexity of food production systems. Fourth, most
available evidence is derived from high-income coun-
tries; findings may not generalise to low- and
middle-income contexts with different fish consump-
tion patterns and food system structures. Fifth, only
limited studies provided data on comprehensive sce-
narios concerning food group substitutions, which are
likely to be more relatable to real-world situations.
Finally, few studies integrate contaminant exposure
(e.g. methylmercury) or biodiversity and ecosystem
impacts of fisheries, which are critical dimensions of
seafood sustainability but not well captured in
GHGe-focused analyses. Taken together, these limita-
tions highlight the need for more harmonised LCA
approaches, species-specific dietary modelling, and
expanded research in diverse socioeconomic settings.

Conclusions

In conclusion, the evidence synthesised in this review
suggests that fish can contribute to both human health
and environmental sustainability, although its role
appears to be highly context-dependent. Fish generally
exhibits lower GHGe, land use, and water use than
terrestrial animal-source foods, particularly red and
processed meats, and replacing meat with fish is often
associated with potential health and environmental
advantages. These characteristics may partially explain
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why fish intake increases in many nutrient-optimised
dietary models. However, the environmental impact of
fish varies widely by species and production system,
and under stringent GHGe reduction targets, optimised
diets may require reductions in high-impact seafood
or shifts towards lower-impact species. Overall, the
available evidence suggests that fish may meaningfully
contribute to improving dietary nutrient adequacy and
overall diet quality while substituting higher-impact
animal-source foods, although this relationship is not
uniform across all contexts. Its role within optimised
diets is driven largely by nutrients that are difficult to
replace, but its inclusion does not always lead to a
straightforward alignment between health and environ-
mental objectives. Besides, the health implications of
fish in sustainable diets cannot be reduced to simple
metrics of increased or decreased intake; instead, they
must be evaluated within the complex intersection of
nutritional needs, environmental targets, and dietary
pattern restructuring. Ultimately, the integration of fish
into sustainable diets must consider trade-offs between
nutritional adequacy, environmental impact, species
sustainability, and cultural dietary practices. Fish is
likely to remain an important component of healthy
dietary patterns worldwide, but its sustainability
depends not only on how much is consumed but also
on what types of fish are chosen and the ecological
performance of their production systems. Future
research would benefit from more detailed and har-
monised assessments, including analyses disaggregated
by fish species and seafood categories, improved con-
sistency in environmental metrics, and greater integra-
tion of ecosystem-level indicators. Such efforts could
help clarify the role of different types of seafood within
dietary recommendations aligned with planetary health
objectives.
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