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Abstract

Background: Average population dietary intakes do not reflect the wide diversity of dietary patterns across the
population. It is recognised that most people in the UK do not meet dietary recommendations and have diets with
a high environmental impact, but changing dietary habits has proved very difficult. The purpose of this study was
to investigate the diversity in dietary changes needed to achieve a healthy diet and a healthy diet with lower
greenhouse gas emissions (GHGE) (referred to as a sustainable diet) by taking into account each individual's current
diet and then minimising the changes they need to make.

Methods: Linear programming was used to construct two new diets for each adult in the UK National Diet and
Nutrition Survey (n=1491) by minimising the changes to their current intake. Stepwise changes were applied until
(i) dietary recommendations were achieved and (ii) dietary recommendations and a GHGE target were met. First,
gradual changes (<50 %) were made to the amount of any foods currently eaten. Second, new foods were added
to the diet. Third, greater reductions (<75 %) were made to the amount of any food currently eaten and finally,
foods were removed from the diet.

Results: One person out of 1491 in the sample met all the dietary requirements based on their reported dietary
intake. Only 7.5 and 4.6 % of people achieved a healthy diet and a sustainable diet, respectively, by changing the
amount of any food they currently ate by up to 50 %. The majority required changes to the amount of each food
eaten plus the addition of new foods. Fewer than 5 % had to remove foods they ate to meet recommendations.
Sodium proved the most difficult nutrient recommendation to meet. The healthy diets and sustainable diets
produced a 15 and 27 % reduction in greenhouse gas emissions respectively.

Conclusions: Since healthy diets alone do not produce substantial reductions in greenhouse gas emissions, dietary
guidelines need to include recommendations for environmental sustainability. Minimising the shift from current
dietary intakes is likely to make dietary change more realistic and achievable.
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Background

Healthy diets are based on dietary recommendations
that combine minimum (e.g. vitamins, minerals, fibre)
and maximum (e.g. total fat, saturated fat, sugar, so-
dium) nutrient intakes [1, 2], plus food-based guidelines
for fruit & vegetables, fish, red & processed meat [3, 4].
In many countries the average dietary intake of the
population fails to meet these recommendations, which
is contributing to high levels of diet related non-
communicable disease and obesity [5, 6]. Poor dietary
habits place major health, social and economic burdens
on societies, but attempts to improve dietary intakes and
change behaviour have had limited success. Added to
the health concerns is the environmental damaged asso-
ciated with particular dietary patterns, for example the
contribution to climate change of diets with high intakes
of meat and dairy products, seen in many higher income
countries [7, 8]. This has implications for global food se-
curity, which has re-stimulated the debate about the
need for healthy and more environmentally sustainable
diets. One environmental impact is the contribution of
food production and dietary choices on climate change.
It is estimated that globally the food system accounts for
between 19 and 29 % of all greenhouse gas emissions
(GHGE) [9]. While there is scope to reduce GHGE in
the production of food, it is recognised now that this
alone will not be sufficient to meet targets set for the re-
duction in GHGE, and therefore to achieve these targets
dietary intakes will need to change [10, 11]. The dietary
changes to reduce the environmental impact need to be
identified and complement dietary changes required for
a healthy diet. The greater challenge is how to encourage
people to make these dietary changes and change
current eating habits across the population.

Some countries have developed dietary guidelines for
sustainable diets, which go beyond nutrition and include
recommendations to limit environmental impacts, typic-
ally to reduce GHGE [12-14]. New dietary guidelines
were published in The Netherlands in 2011 [12] and
Sweden in 2015 [13], which incorporate environmental
sustainability, such as limiting meat consumption and
choosing sustainably produced fish. Environmental diet-
ary recommendations typically focus on limiting con-
sumption of animal based products since production of
livestock tends to have the highest environmental im-
pacts (e.g. GHGE, land and water usage [15, 16]). Al-
though there is support for the concept of healthy and
sustainable diets, changing dietary behaviour, whether to
improve health (e.g. reduce high fat and high sugar
foods) or reduce GHGE (e.g. fewer meat and dairy prod-
ucts), is often viewed as undesirable by the general pub-
lic and challenging in the current food environment
[17]. A limitation of many dietary guidelines is that they
fail to take account of social aspects of eating and the
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reasons behind peoples’ food choices, such as habits,
preferences, affordability, circumstance, culture and so-
cial norms [18]. Recent dietary guidelines produced by
the Brazilian government are a welcome exception,
where some of the cultural aspects of eating have been
integrated into the recommendation [19]. Nutrient rec-
ommendations can be achieved with many different
combinations of food and drinks, meaning that dietary
changes can accommodate some of the variation in so-
cial drivers of individual food choices. Achieving and
sustaining healthy dietary intakes in the population has
proved difficult, so understanding the minimum changes
individuals need to make to improve current dietary in-
takes may be a more effective approach.

Previous research has modelled diets to meet dietary
recommendations for health and lower GHGE, taking
the average population dietary intake as the baseline
[20-22]. These studies have identified general changes
needed to population dietary intakes but do not take ac-
count of the diversity of dietary patterns within the
population. Maillot et al. [23] modelled healthy diets that
met nutrient recommendations at the individual level
for the French population by minimising dietary change
in order to find a best fit to the person’s food patterns.
Their study focused on health as an outcome but did
not take into account the environmental impact of diet-
ary intakes. Healthy diets do not necessarily have a lower
environmental impact, for example lower GHGE, and
therefore it is necessary to consider both health and en-
vironmental sustainability together [21, 24]. Modelling
diets based on minimising the change to an individual’s
current dietary intake allows individual food choices and
habits, which are often driven by preferences, cultures
or circumstance, to be accommodated. The aim of this
study was to determine the range of dietary changes that
could be made by adults in a UK population to achieve
dietary recommendations for health and to reduce
GHGE by minimising, that is making the fewest and
easiest, changes to current dietary intakes.

Methods

Sample and data

Individual diets were modelled using the reported diet-
ary intakes of each adult in the UK National Diet and
Nutrition Survey (NDNS). Using the mathematical opti-
misation technique of linear programming two new diets
were constructed for each person in the sample, one that
met only dietary recommendations (referred to as a
healthy diet) and one that met dietary recommendations
plus a GHGE target (referred to as a sustainable diet),
both while minimising dietary changes from their
current reported intake. A sustainable diet has multiple
dimensions but in the context of this paper it includes
only health and reduced GHGE.
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Current dietary intake data

Dietary data from the NDNS rolling programme (2008-11)
were used for the modelling in this study [5]. The NDNS
reports food and nutrient intakes for adults (aged 19-
94years) based on a 4-day diet diary (n =1491). Food and
drink items reported in the diaries are coded and con-
verted to nutrients intakes. For the linear programming
134 food and drinks categories based on NDNS food
groups were used, but for reporting these were further
grouped into 35 categories, based on the original NDNS
food groups and similarity in nutritional content.
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Greenhouse gas emissions data

Details of the methodology to derive the GHGE data
have been described in full previously [20]. In summary,
GHGE data were taken from the most comprehensive
dataset available in the UK at the time of the study, pub-
lished by Audsley et al. [25]. The GHGE are for primary
commodities (e.g. wheat, sugar, beef) and include emis-
sions from primary production up to the retail distribu-
tion centre in the UK (RDC) (i.e. they do not include
emissions from processing of composite foods, for
example wheat to bread, distribution to retail or the

Table 1 Dietary recommendations and greenhouse gas emissions (pre-RDC) reduction targets compared with current dietary

intakes of the study population

GHGE target & dietary

Current dietary intakes Proportion meeting

recommendations [2, 3] (median) recommendations (%)
Women Men Women Men Women Men
(n=2841) (n=650) (n=2841) (n=650]

GHGE (pre-RDC) (kgCO,e/d) <25 <31 29 36 364 345
Energy (MJ/d) 87 109 76 99 - -
Protein (g/d) 253 265 884 109.8 904 89.2
Total fat (% food energy) <35 <35 298 208 828 843
Saturated fat (% food energy) <11 <11 10.7 106 54.1 56.9
Carbohydrate (% food energy) 250 250 495 48.1 471 398
Non milk extrinsic sugars® (% food energy) <11 <11 1.5 124 46.0 41.5
Fibre (g/d) 218 218 129 146 17.0 29.2
Calcium (mg/d) 2700 2700 907 1118 759 852
Iron (mg/d) 2148 287 166 19.7 57.9 93.7
Zinc (mg/d) 27 295 99 123 820 748
Magnesium (mg/d) 2270 2300 4194 567.2 709 786
Copper (mg/d) 212 212 16 1.9 684 80.5
Sodium (mg/d) <2400 <2400 27763 34554 371 215
Selenium (ug/d) 260 275 55.1 69.2 424 394
lodine (ug/d) 2140 2140 1514 194.0 584 758
Vitamin A (ug/d) 2600 2700 7512 824.2 67.3 60.0
Thiamin (mg/d) 208 21 13 1.6 922 889
Riboflavin.(mg/d) 211 213 1.9 23 904 886
Niacin (mg/d) 213 217 36.2 485 93.1 93.8
Vitamin B6 (mg/d) 212 214 2.2 2.8 94.3 95.2
Vitamin B12 (ug/d). 215 215 52 64 97.6 99.4
Folate (ug/d) 2200 2200 280.6 3512 839 89.1
Vitamin C (mg/d) 240 240 79.3 86.3 86.2 86.8
Alcohol (g/d) <16 <24 14 86 79.8 70.0
Fruit & vegetables (g/d)* =300 =300 150.8 1413 132 15.7
White fish & dishes (oily fish & dishes) (g/d)b 2373 (27.5) 2373 (27.5) 28.0 (0.0) 25.0 (0.0) 42.2 (15.5) 377 (163)
Red meat® & dishes (g/d)? <121 <121 1332 773 449 68.1

“Non milk extrinsic sugars are all sugars added in manufacturing, cooking, or at the table, and those in honey, syrups, fruit juices and fruit purees plus 50 % of the

fruit sugars in dried, canned and stewed fruit (similar to free sugars)
Pdietary recommendations adjusted for the inclusion of composite dishes
“beef, lamb, pork
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home, home storage or cooking and waste disposal).
Audsley et al. estimated GHGE values for each commod-
ity based on production in three locations: the UK, the
rest of Europe and the rest of the world. In this study to
get a single GHGE value for each food, an average was
calculated weighting each GHGE value by the propor-
tion domestically produced and imported from Europe
and the rest of the world (using UK trade statistics). For
composite and processed foods (e.g. biscuits, cheese,
pizza) GHGE data were estimated from the ingredients
they comprised, using methods published by Wallén et
al. [26] and recipes from the sixth edition of McCance
and Widdowson’s The Composition of Foods and Sup-
plements [27]. To match the nutrient and GHGE data,
the GHGE data were converted to represent the food
item as eaten, that is only the edible part of a food item
(e.g. excluding banana skins) and adjusting weights for
cooking (e.g. rice) using conversion factors from food
composition tables [27].

Dietary recommendations and greenhouse gas emissions
target

The dietary and GHGE constraints (all of which had
to be met in the new diets) used to generate new di-
ets in the linear programming are shown in Table 1.
Nutrient constraints were based on dietary reference
values [2] and food based constraints taken from the
UK government dietary guidelines [3]. An upper limit
constraint was added to the model for alcohol to
comply with recommendations (maximum intakes of
24g/d for men and 16g/d for women [28]). In
addition the amount of alcohol in the new diets could
not be increased above the individual’s current re-
ported consumption, to avoid recommending increas-
ing alcohol consumption. The fruit and vegetable
constraint was based on a minimum of five portions
equating to approximately 400g per day [29]. In the
linear programming model, estimates for the fruit and
vegetables constraint are based on discrete portions,
but additional fruit and vegetables found in composite
dishes needed to be included (e.g. lasagne, pizza). It
is estimated in the NDNS that approximately 25 % of
total fruit and vegetable consumption comes from
composite dishes [5] and therefore the constraint in
the model was set at 300g/d for discrete portions, as-
suming the remainder comes from composite dishes.
Since few people currently achieve the recommenda-
tion of 400g/d it was important to include the contri-
bution from composite dishes when minimising the
changes people would need to make to their current
diet. The constraint for red/processed meat and fish
consumption were adjusted to take into account the
amounts of these foods in composite dishes. In the
NDNS it is estimated that in the categories for red
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meat and dishes about 57 % is meat, therefore the
recommended maximum of 70g/day was adjusted to
121g/day for the meat and meat dishes. Similarly, 54
% of white fish dishes and 73 % of oily fish dishes
are estimated to be fish. To meet the recommenda-
tion of two portions of fish per week (at least one of
which is oily fish) adjusting for composite dishes, the
constraint was set as a minimum of 261g/week and
193g/week from white fish and oily fish dishes, re-
spectively. The energy intake reported by individuals
in the NDNS was used as the energy constraint in
the new diets since the aim of the study was to min-
imise the modification of current diets and making
assumptions about misreporting is problematic.
Targets for reducing GHGE tend to be based on na-
tional or international emissions rather than for individ-
uals, and compared to a baseline level (e.g. in the UK
1990 emission levels [30]). Currently there is no specific
target for the reduction of GHGE within the food system
or for individual dietary intakes. The constraint for
GHGE used in the model was an estimate of a popula-
tion based 25 % reduction compared to the 1990 base-
line data for UK emissions. Adjusted to be equivalent to
pre-RDC GHGE for consistency with the dataset, the
targets were calculated as <3.1 kgCOse/d and <2.5
kgCO,e/d, for men and women respectively [31].

Analysis: linear programming optimisation

Linear programming is a mathematical modelling tech-
nique [32] that has been used previously to construct
nutritionally complete diets while optimising another
objective (e.g. minimising GHGE or monetary cost of
the diet). Diets are constructed to minimise an objective,
which is a linear function of the food item amounts, i.e.

objective = ¢1x1 + coxy + ... + Cuxy

where c¢; is the contribution of a food item i to the
objective.

In this study the desired improvements in nutrition and
reductions in GHGE resulting from proposed dietary
changes are built into the linear programming framework
as constraints within which the above objective was to be
minimised. The dietary constraints comprised either a
lower limit (i.e. protein, fibre, carbohydrates, vitamins,
minerals, fruit and vegetables, and fish) or an upper limit
(i.e. sodium, total fat, saturated fatty acids, non-milk ex-
trinsic sugars (NMES) and alcohol) (see Table 1). Most
were expressed in absolute amounts but fats, carbohydrate
and sugar were expressed as percentages of total energy.
The m macronutrient and micronutrient requirement
limits were denoted as by, b, ..., b,,, and with each food
group i contributing a;; per unit weight to requirement j, a
set of j dietary constraints were established, such as:
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ajnx1 + apxy + ...+ apx, 2 bj

The energy required exact equality to the value speci-
fied that matched the reported energy intake for each in-
dividual. A GHGE limit was imposed by adding an extra
constraint where the a; was the GHGE associated with
each different foods.

Lower and upper limits I; and u; on individual food
items were set as additional constraints, (i.e. [; < x; < u;)
to minimise change. These were derived from restricting
the change in weight of any food item in the current
diet, first up to maximum of <50 % but where this was
insufficient to achieve the dietary and GHGE constraints
it was then increased to a maximum of +100 %. Thus
the model preferentially, where possible, met the dietary
and GHGE constraints with foods already eaten rather
than introduce new foods or remove foods. Nutrient
composition data a; for all the food items came from
the NDNS.

Linear programming was carried out by using the
GNU Linear Programming Kit as implemented in the
IpSolveAPI package of the R [3.10] statistical software
environment (R Foundation for Statistical Computing,
Vienna, Austria).

Improving diets with minimal change

The primary purpose of this study was to investigate
how much change to current diets is are needed in order
to construct a healthy diet and a sustainable diet. Using
individual diets reported in the NDNS the number of
people who already met all dietary recommendations
was established, and then the number who met both the
dietary recommendations and the GHGE target. For
those not meeting the recommendations it was assumed
that dietary modification was more achievable by mini-
mising changes to the food and drinks they habitually
ate. A stepwise approach was used to modify each of the
diets using the rationale that each step required a greater
and more difficult change to dietary habits, as follows; 1.
no change to the foods eaten only the quantity, 2.
addition of new foods, 3. addition of new foods and a
greater change to the quantity of foods already being
eaten and 4. removal of foods from the diet. Modifying
the amount of any food currently eaten was seen to have
the least impact on changing dietary habits. The second
step was to add new foods because people tend to be
more willing to accept adding new foods to their diet
than removing existing foods [33], which is associated
with behavioural economic theories of loss aversion [34].
The amounts of foods reduced or increased, or added or
removed was determined in the modelling, which selects
the diet that meets all the constraints and requires the
smallest amount of change from the many possible diets
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that achieved the goal. This approach was applied to
each individual diet of the sample.

Step 1 No change to the foods being eaten, only the quantity
The amount of any food item currently eaten was chan-
ged (increased or decreased) by up to P %. Thus if z; was
the amount of a food item currently eaten, the require-
ment for the amount x; was set in the new diet to be:

L PN, o (1a D
T100)% =% 100)%

P was gradually increased from 1 to 50 % in incre-
ments of 1 % until a new diet that satisfied the con-
straints was identified. When a value of P was found to
meet all constraints, the solution space was very small
(since for P-1 it did not exist) and the objective opti-
mised had negligible effect. Therefore a constant vector
¢i=1(i=1,...,n) was used.

Step 2 Changes to the amount of any food already being
eaten and addition of new foods

For people where a 50 % change in the quantity of any
food currently eaten was not enough to meet the con-
straints, the next step was to add new items to the diet.
Since the aim was to minimise change, c; was set equal
to 1 for food items not currently consumed and zero
otherwise, with P fixed at 50 %. Thus the weight of the
new food items added to the diet was minimised mean-
ing adding as little as possible to the diet. In the case of
those who identified themselves as vegetarians (n =29)
no meat or fish items could be added to the diet.

Step 3 Greater reduction in the amount of any food already
eaten and new foods added

When people could not meet the constraints with steps
1 and 2 the maximum reduction in the quantity of any
food in the current diet was raised to 75 %, but the in-
crease was still restricted to a maximum of 50 %, and
new foods could be added to the diet.

Step 4 Removal of any food from the current diet

For those who could not meet the constraints after steps
1 to 3, foods were removed from the current diet in
order to achieve all the constraints by setting the max-
imum reduction to 100 %.

Individual models for each of the 1491 diets were run
twice; first where only the dietary constraints had to be
met (healthy diet), and second where both the dietary
and GHGE constraints had to be met (sustainable diet).
In the first model it was possible that a modified diet
could result in an increase in GHGE in order to satisfy
the dietary constraints. An increase in GHGE was also
possible in the second model because to minimise
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change and meet dietary constraints a small increase
in GHGE could occur in the case where the GHGE
of the current diet was below the GHGE maximum
constraint.

Results

Table 1 shows the current dietary intakes reported by
men and women in the NDNS and the number of
people achieving each of the dietary recommenda-
tions. Dietary fibre and sodium was the nutrient rec-
ommendations that the fewest people met, with only
17 % of women meeting the target for fibre and 22 %
of men consuming no more than the recommended
maximum intake of sodium. Approximately 90 % of
the population met protein requirements and the ma-
jority were achieving requirements for vitamins and
minerals, with the exception of selenium.

Minimising dietary change

Table 2 shows the stepwise dietary changes for the
sample to achieve healthy diets and sustainable diets.
Only one person in the sample of 1491 met all the
dietary recommendations in their current diet. Typic-
ally greater changes were needed to achieve a sustain-
able diet than simply a healthy diet. Only 7.5 and 4.6
% of the sample could achieve a healthy diet and a
sustainable diet, respectively, by increasing or decreas-
ing, by up to 50 %, the amount of any food or drink
that they already ate. Women were more likely than
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men to achieve the new dietary recommendations
with this degree of change (healthy diets: 10.0 vs 3.2 %,
sustainable diets: 6.0 vs 2.6 %). In the whole sample 59
and 53 % of people could achieve a healthy diet and a sus-
tainable diet, respectively, at step 2 (i.e. up to 50 % change
in any food eaten plus new foods added). A median of five
new foods were added to achieve either of the new diets,
with oily fish being the most common food added. The
quantities of any new food added were not excessive or
unrealistic. For only a small minority (3.9 and 4.8 %
respectively) it was necessary to remove foods (step 4),
and for these people a median of seven and eight foods
were removed to achieve a healthy diet and a sustainable
diet, respectively.

Difficulties in achieving a healthy diet tended to be
dominated by specific nutrients, particularly sodium. If
the sodium recommendation was dropped as a con-
straint the proportion of the sample able to meet all re-
quirements with up to 50 % change (step 1) increased
from 8 to 19 % for a healthy diet.

Thirty five percent of the sample met the target set
for GHGE in their current diet and after modelling
the healthy diet this increased to 47 %. As seen in
Table 2, for the healthy diet there is a small but grad-
ual shift towards lower GHGE as more changes were
made to the diets. The mean GHGE reduced by only
15 % for the healthy diets compared with a reduction
of 27 % for the sustainable diets, but this required
greater dietary changes.

Table 2 Stepwise dietary changes to achieve healthy diets and sustainable diets

Healthy diets

Sustainable diets

cumulative percent

GHGE (kgCO,e/d)?

cumulative percent GHGE (kgCO,e/d)*

(n=1491) mean (SD) (n=1491) mean (SD)
current new current new

No change 0.1 324 324 0.0 - -
Step 1: up to a maximum of 50 % change in the amount of any food group currently eaten
1-20 % change 06 259 (0.71) 267 (0.65) 02 2.07 (0.65) 2.14 (0.60)
21-50 % change 7.5 3.24 (0.90) 2.99 (0.65) 4.6 2.78 (0.66) 246 (0.36)
Step 2: up to a maximum of 50 % change in the amount of any food group currently eaten and new foods added to the diet
1-3 new items 206 3.12 (1.00) 2.96 (0.76) 16.2 2.85(0.72) 247 (0.35)
4-6 new items 453 3.14 (1.14) 2.75 (0.73) 38.7 2.93 (0.90) 244 (044)
7-13 new items 586 264 (1.12) 2.51 (0.65) 529 2.64 (1.06) 2.37 (0.46)

Step 3:up to a maximum 50 % increase and/or 75 % reduction in amount of any food group currently eaten and new foods added to the diet

1-3 new items 67.8 430 (1.71)
4-6 new items 86.3 409 (1.71)
7-10 new items 96.1 337 (1.74)

Step 4: up to a maximum of 50 % change in the amount of any food group currently eaten and food items removed from the diet

1-24 items removed 100
Total change in GHGE (kgCO-e/d)

4.80 (2.98)
344 (1.58)

3.38(0.92) 619 3.99 (1.25) 266 (0.36)
3.13 (0.81) 832 4.14 (1.51) 2.67 (0.40)
269 (0.73) 95.2 3.87 (2.01) 248 (045)
346 (1.02) 100 5.25 (3.08) 2.70 (0.46)
291 (0.81) 344 (1.57) 252 (043)

“GHGE data are from production to the regional distribution centre (pre-RDC), not the full life cycle
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Dietary changes for healthy diets and sustainable diets
Figure 1 shows the median intakes of food and drinks
across the population for the two new diets compared
with current dietary intakes. For both of the new diets
the foods most frequently increased in quantity among
current consumers were vegetables, fruit, potatoes, nuts
& seeds, breakfast cereals and cereals (e.g. pasta and
rice) and reductions in sweet foods (biscuits, cakes and
desserts), processed meats, alcohol and white bread.
Fruit and vegetables tended to increase more in the
healthy diet than sustainable diet, and total meat con-
sumption, especially beef and lamb, decreased more to
achieve sustainable diet than just a healthy diet.

The dietary changes varied depending on the original
diet, with the same food being increased in quantity for
some people, reduced the quantity for others, added as a
new food or for a minority removed from their diet (see
Fig. 2). The foods most commonly added were fish,
beans, nuts and seeds, and oils and spreads, the latter
two only in very small quantities as shown in Fig. 1. The
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foods not added to any of the new diets included alco-
hol, sweet foods, non-diet soft drinks, some meats
(chicken, processed meats), butter, whole milk, and pota-
toes. The reduction in fruit and vegetables for a minority
of people occurred because they were consuming more
than the minimum requirements and reducing the
amount helped lower the GHGE of the diet. Similarly,
foods such as oils and spreads tended to be increased in
the new diets in small quantities because they provided
energy without increasing the sodium content of the di-
ets, which was one of the hardest nutrient recommenda-
tions to meet.

Discussion

This study used a modelling approach to determine the
minimum change individuals would need to make to
their current diets to meet the criteria for a healthy diet
and a sustainable diet. Only a small number of people
could meet the dietary recommendations by simply
changing the quantities of any food or drink they
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currently consumed by up to 50 %. While the majority
had to make more substantive dietary changes to the
amount of any food currently eaten and addition of new
foods to their diet, for only a very small proportion of
the sample foods needed to be removed from their diet.
Taking an individual approach to dietary change and
considering the whole diet rather than single nutrients
illustrates the complexity and many different ways diets
can be optimised to meet dietary recommendations and
reduce GHGE. For the majority of food items, some
people increased the quantity and others reduced the
quantity, while for others the food was added or re-
moved. This variability would not be captured in model-
ling the average diet of the population or the range of
different dietary changes that would achieve the same
outcome. Shifting to a healthy diet alone only achieved a
small reduction in GHGE at a population level and the
addition of a specific GHGE constraint was needed to
reduce GHGE by a substantial amount.

The amount and type of dietary changes needed varied
between individuals. In many cases it was a single nutri-
ent or food constraint that made a feasible solution im-
possible. If, for example, a diet had more than double
the maximum recommended level of a nutrient with an

upper limit (e.g. sodium or saturated fat) no new diet
with only 50 % change could achieve the recommenda-
tion. Conflicts between nutrient recommendations often
meant that no feasible solution existed. Sodium and
fibre, for example, were found to be the most problem-
atic nutrients. For these nutrients recommendations are
in opposing directions but they often co-exist in foods
(e.g. bread, breakfast cereals). Sodium has been highlighted
in previous studies as a problem nutrient when trying to
simultaneously achieve multiple dietary recommendations
[35]. In the NDNS table salt added to food is not included
but if this was included it would make the sodium target
even harder for some people to achieve. Difficulties in try-
ing to achieve multiple dietary targets for a healthy diet
highlight the limitations of taking a reductionist approach
and studying nutrients in isolation, rather than considering
the whole diet.

Similarly categorising food as good or bad in terms of
perceived healthiness or environmental impact is recog-
nised as an oversimplification. The data in Fig. 2 shows
that most of the food and drink items were not exclu-
sively increased or decreased in moving people towards
a healthy or sustainable diet. There was no increase or
addition of alcohol, but this was forced by specifying in
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the model that no increase was permitted in the new
diet because it was deemed inappropriate to recommend
anyone to drink more alcohol than they currently con-
sume. Without this constraint alcohol would increase
for some people because it contributed to meeting en-
ergy requirements without increasing upper limited nu-
trients, such as sodium, fat or NMES, and has lower
GHGE than other foods such as meat and dairy prod-
ucts. Meat is typically highlighted as a food that should
be reduced for climate change mitigation and to limit
environmentally damage [10, 15], but as seen in the re-
sults of this study, for a small number of people meat
was increased to optimise the nutritional composition of
the diet. In limited quantities unprocessed meat can pro-
vide a good source of nutrients. It is also a food that
many people are reluctant to reduce or remove from
their diet, even when they are made aware of the envir-
onmental damage of meat production [36, 37]. Reluc-
tance to eat less meat is for a variety of personal, social
and cultural reasons that need to be recognised, and
generally eating less meat has limited social and political
appeal. Similarly high fat and high sugar foods are often
eaten for sensory pleasure and therefore it would be dif-
ficult and unrealistic to suggest removing them from
current dietary intakes [38]. As demonstrated in this
study, all these foods can be eaten in varying quantities
as part of a healthy diet, for example where meat is an
important part of someone’s diet it could be retained
and other foods limited, which could give the same net
health and environmental outcome. Differences in per-
sonal food choices, preferences and other factors influ-
encing dietary intakes, as well as differences between
socio-economic groups, can be taken into consideration
by using this approach.

Improving dietary intakes of the population has proved
extremely difficult, and therefore understanding current
dietary habits and adopting the approach of minimising
changes people have to made could potentially make it
more realistic and achievable. While this has been done
at an individual level in this study, the same method-
ology can be applied at a population level to tailor advice
to targeted groups, for example different age, sex, in-
come or ethnic groups. In this study the stepped ap-
proach used was based on starting with what we
considered easier changes, where the foods already eaten
were not changed only the amount of them eaten. This
equates to changing portion sizes or frequency of eating
these items. When this was not sufficient to meet the
recommendations new foods were added to the diet and
only when this still failed to meet recommendations
were foods removed from the current diet. It has been
reported that people are more willing to add new foods
to their diets than remove foods they currently eat [33].
Dietary guidelines focus on objective goals for health to
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prevent disease and deficiencies, and more recently on
reducing the environmental damage, but they do not
tend to consider the social, personal, economic and cul-
tural aspects of eating [18, 39]. Eating habits are socially
constructed and food is important to our sense of iden-
tity and it has been recognised for a long time that for
many people this matters more than nutrition, but it is
still tends to be overlooked [40, 41]. Previous research
shows that in some circumstances when people make
changes to eat a healthier diet that they can experience
feelings of social exclusion among their peers [42, 43].
This needs to be factored into dietary advice, following
the lead by the Brazilian government who in their new
dietary guidelines have incorporated some of the import-
ant social and cultural aspects of eating habits in their
population [19].

In the assessment of reported dietary intakes misre-
porting is widely recognised as a problem and this is no
exception in the NDNS study [44]. Misreporting tends
to be biased towards under-reporting, with reported en-
ergy and nutrient intakes being lower than habitual in-
takes [45]. Basing the energy requirement for the new
diets on reported energy intakes is likely to overestimate
the changes required to achieve a nutrient dense diet,
but underestimate the change needed for nutrients with
maximum recommendations (e.g. sodium). The UK’s ref-
erence nutrient intake values are population based rec-
ommendations and are set at levels to ensure that the
needs of 97.5 % of the population are met [2], and it
would not be expected that all individuals in a group of
1491 people would meet each of the dietary recommen-
dations. By exceeding this requirement in the popula-
tion, we may have overestimated the amount of change
needed to the current diets. Furthermore, dietary intakes
were recorded for 4 days and some may not be represen-
tative given the day-to-day variations in dietary intakes.
Some food items eaten infrequently could be missed, for
example the recommendation for oily fish for one por-
tion per week and this could be missed in a 4 day diet
diary. The stepwise approach used in the analysis to
minimising change to the diet was based on previous
studies and behavioural theories that people are habitual
in what they eat and would rather have gains than losses
[33, 34]. However, there are various ways to minimise
change and this may not be the preferred order of
change for everyone, but information about individual’s
preferences was not available in this sample. The monet-
ary cost of the dietary changes was not included in this
study, but this is as an important consideration since an
increase in cost of the diet could be a deterrent, particu-
larly for those with lower incomes.

The GHGE data were from the most comprehensive
dataset for UK food available at the time of the study,
but the data are limited as they do not cover emissions
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over the full lifecycle. Emissions associated with process-
ing to composite products (e.g. cakes, pizza), home use
(e.g. cooking or refrigeration) and waste disposal are not
included. The aim of the study was to reduce GHGE,
but this is only one of many indicators of an environ-
mentally sustainable diet. The dietary recommendation
to increase consumption of fish, for example, does not
take into account the conflict between demand and the
sustainability of fish stocks [46].

A strength of this study was in using an approach to
minimise dietary change that incorporates individual
food choices and thereby adding a social, personal and
cultural dimension that is often lacking in recommend-
ing dietary changes. The study advances previously pub-
lished research as it considers not only the changes
required to shift towards healthy diets [23, 47, 48], but
the changes needed to achieve healthy diets with lower
GHGE. It showed that while some of the dietary changes
are similar between the two new diets, a sustainable diet
typically requires more changes, for example, a greater
reduction in meat and vegetables, than for a healthy
diet.

Conclusions

This study shows the diverse changes that can be made
to current dietary intakes across the population to
achieve healthy diets and sustainable diets. Focusing
only on healthy diets does not substantially reduce the
average GHGE of the diet, which supports the need to
develop new dietary guidelines that incorporate recom-
mendations that will reduce environmental impacts.
There needs to be consideration of the diversity of diets
and dietary behaviours in the population that are being
driven by different social, personal and cultural factors.
This has illustrated the range of possible routes to
achieve healthy and sustainable diets, and taking into ac-
count dietary habits may be a more effective approach
to improving dietary intakes. The same approach could
be taken to develop more appropriate dietary advice for
different subgroups of the population.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions

JIM, GH conceived and designed the study, GH, JIM, AP, SW carried out the
research and GH, JIM, SW drafted the manuscript. All authors read and
approved the final manuscript.

Acknowledgements

We are grateful to Mr Hubert Ehlert for extending the work on the coding
for the linear programming and to Mrs Jennifer Loe for preparing the
dataset matching the food consumption data with the GHGE data.

Funding

This work was supported as part of the research programme funded by the
Scottish Government Rural and Environment Science and Analytical Services
Division [RESAS].

Page 10 of 11

Author details

'Biomathematics and Statistics Scotland, Aberdeen AB25 27D, UK. 2Public
Health Nutrition Research Group, Rowett Institute of Nutrition and Health,
University of Aberdeen, Aberdeen AB25 27D, UK.

Received: 7 November 2015 Accepted: 1 April 2016
Published online: 07 April 2016

References

1. World Health Organization. Diet, nutrition and the prevention of chronic
diseases/ Report of a joint WHO/FAO expert consultation. 2003 [WHO
Technical Report Series 916].

2. Department of Health. Dietary reference values for food energy and
nutrients for the United Kingdom. London: HMSO; 1991.

3. NHS. The Eatwell Plate. http://www.nhs.uk/Livewell/Goodfood/Pages/
eatwell-plate.aspx [accessed Oct 2015]

4. US. Department of Agriculture, US. Department of Health and Human Services.
Dietary Guidelines for Americans, 2010. 7th Edition. Washington: GPO; 2010.

5. Bates B, Lennox A, Prentice A, Bates C, Page P, Nicholson S, Swan G.
National Diet and Nutrition Survey Rolling Programme. Results from years 1-
4 [combined] [2008/9-2011/12]. London: Public Health England and Food
Standards Agency in Scotland; 2014.

6. National Health and Nutrition Examination Survey 2007-2008. United States
Department of Health and Human Services. Centers for Disease Control and
Prevention. http://doi.org/10.3886/ICPSR25505.v3.

7. Westhoek H, Lesschen JP, Rood T, Wagner S, De Marco A, Murphy-Bokern D,
Leip A, van Grinsven H, Sutton MA, Oenema O. Food choices, health and
environment: Effects of cutting Europe’s meat and dairy intake. Global
Environmental Change 2014;26:196-205.

8. Hallstrom E, Carlsson-Kanyama A, Borjesson P. Environmental impact of
dietary change: a systematic review. J Clean Prod. 20159:1-11.

9. Vermeulen SJ, Campbell BM, Ingram JIS. Climate change and food systems.
Annu Rev Environ Resour. 2012,37:195-222.

10.  Bajzelj B, Richards KS, Allwood JM, Smith P, Dennis JS, Curmi E, Gilligan CA.
Importance of food-demand management for climate mitigation. Nat Clim
Chang. 2014,4:924-29.

11. Hedenus F, Wirsenius S, Johansson DJA. The importance of reduced meat
and dairy consumption for meeting stringent climate change targets.
Climatic Change 2014 doi:10.1007/510584-014-1104-5.

12. Health Council of the Netherlands. Guidelines for a healthy diet: the
ecological perspective. The Hague: Health Council of the Netherlands; 2011.
publication no. 2011/08E.

13. National Food Agency, Sweden. Find your way to eat greener, not too
much and be active. 2015. http//www.livsmedelsverket.se/globalassets/
english/food-habits-health-environment/dietary-guidelines/kostrad-eng.pdf

14.  Livsmedelsverket. Nationalfood Agency Find your way to eat greener, not
too much and be active. 2015. http//www.livsmedelsverket.se/globalassets/
english/food-habits-health-environment/dietary-guidelines/kostraden-eng-
a4-utskriftversion.pdf [accessed Oct 2015]

15. Eshel G, Shepon A, Makov T, Milo R. Land, irrigation water,
greenhouse gas, and reactive nitrogen burdens of meat, eggs, and
dairy production in the United States. PNAS. 2014;111(33):11996-2001.
doi:10.1073/pnas.1402183111.

16. McMichael AJ, Powles JW, Butler CD, Uauy R. Food, livestock production,
energy, climate change, and health. Lancet.
2007;370(9594):1253-63.

17. Allen MW, Baines S. Manipulating the symbolic meaning of meat to
encourage greater acceptance of fruits and vegetables and less proclivity
for red and white meat. Appetite. 2002;38(2):118-30.

18. Winkler JT. Brutal pragmatism on food. BMJ. 2013;346:f3728.
doi:10.1136/bmj.f3728.

19. Dietary guidelines for the Brazilian population. Ministry of Health of Brazil,
2014. http://www.foodpolitics.com/wp-content/uploads/Brazilian-Dietary-
Guidelines-2014.pdf [accessed Mar 2016].

20.  Macdiarmid JI, Kyle J, Horgan GW, Loe J, Fyfe C, Johnstone A, McNeill G.
Sustainable diets for the future: can we contribute to reducing greenhouse
gas emissions by eating a healthy diet? Am J Clin Nutr. 2012;96(3):632-9.

21, Vieux F, Soler LG, Touazi D, Darmon N. High nutritional quality is not
associated with low greenhouse gas emissions in self-selected diets of
French adults. Am J Clin Nutr. 2013;97(3):569-83.


http://www.nhs.uk/Livewell/Goodfood/Pages/eatwell-plate.aspx
http://www.nhs.uk/Livewell/Goodfood/Pages/eatwell-plate.aspx
http://doi.org/10.3886/ICPSR25505.v3
http://dx.doi.org/10.1007/s10584-014-1104-5
http://www.livsmedelsverket.se/globalassets/english/food-habits-health-environment/dietary-guidelines/kostrad-eng.pdf
http://www.livsmedelsverket.se/globalassets/english/food-habits-health-environment/dietary-guidelines/kostrad-eng.pdf
http://www.livsmedelsverket.se/globalassets/english/food-habits-health-environment/dietary-guidelines/kostraden-eng-a4-utskriftversion.pdf
http://www.livsmedelsverket.se/globalassets/english/food-habits-health-environment/dietary-guidelines/kostraden-eng-a4-utskriftversion.pdf
http://www.livsmedelsverket.se/globalassets/english/food-habits-health-environment/dietary-guidelines/kostraden-eng-a4-utskriftversion.pdf
http://dx.doi.org/10.1073/pnas.1402183111
http://dx.doi.org/10.1136/bmj.f3728
http://www.foodpolitics.com/wp-content/uploads/Brazilian-Dietary-Guidelines-2014.pdf
http://www.foodpolitics.com/wp-content/uploads/Brazilian-Dietary-Guidelines-2014.pdf

Horgan et al. International Journal of Behavioral Nutrition and Physical Activity (2016) 13:46

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33.

34.

35.

36.

37.

38.
39.
40.

41.
42.

43,
44,

45.

Heller MC, Keoleian GA, Willett WC. Toward a life cycle-based,
diet-level framework for food environmental impact and nutritional
quality assessment: a critical review. Environ Sci Technol.
2013;47(22):12632-47.

Maillot M, Vieux F, Amiot MJ, Darmon N. Individual diet modeling translates

nutrient recommendations into realistic and individual-specific food choices.

Am J Clin Nutr. 2010,91:421-30.

Macdiarmid JI. Is a healthy diet an environmentally sustainable diet?

Proc Nutr Soc. 2013;72:13-20.

Audsley E, Brander M, Chatterton J, Murphy-Bokern D, Webster C,
Williams A. How low can we go? An assessment of greenhouse gas
emissions from the UK food system and the scope for reduction by
2050. WWF-UK, 2009. http://assets.wwf.org.uk/downloads/how_low_can_
we_go.pdf [accessed Oct 2015].

Wallén A, Brandt N, Wennersten R. Does the Swedish consumer's choice of
food influence greenhouse gas emissions? Environ Sci Policy. 2004;7:525-35.
McCance and Widdowson's the composition of foods. Sixth edition.
Cambridge, United Kingdom: Royal Society of Chemistry; 2002. ISBN 978-
0854044283.

House of Commons Science and Technology Committee. Alcohol
Guidelines [Eleventh Report]; December 2011. http://www.publications.
parliament.uk/pa/cm201012/cmselect/cmsctech/1536/153602.htm.

World Health Organization. Fruit and Vegetables for Health Report of a Joint
FAO/WHO Workshop, 1-3 September 2004, Kobe, Japan.

Climate Change Act 2008. UK government. http://www.legislation.gov.uk/
ukpga/2008/27/pdfs/ukpga_20080027_en.pdf [accessed Oct 2015]
Macdiarmid JI, Kyle J, Horgan GW, Loe J, Fyfe C, Johnstone A, McNeill G.
Livewell Report: a balance of healthy and sustainable choices. WWF report
2011. http://assets.wwf.org.uk/downloads/livewell_report_jan11.pdf
[accessed Oct 2015]

Dantzig G, Thapa M. Linear programming 1: introduction. New York:
Springer; 1997.

International Food Information Council Foundation. 2014 Food & Health
Survey, 2014. http://www.foodinsight.org/sites/default/files/
2014%20F00d%20and%20Health%20Survey%20F ull%20Report.pdf
[accessed Oct 2015]

Tversky A, Kahneman D. Rational choice and the framing of decisions.

J Bus. 1986;1986:5251-78.

Maillot M, Drewnowski A. A Conflict between nutritionally adequate diets
and meeting the 2010 dietary guidelines for sodium. Am J Prev Med.
2012;42(2):174-9.

Macdiarmid JI, Douglas F, Campbell J. Eating like there’s no tomorrow:
public awareness of the environmental impact of food and reluctance to
eat less meat as part of a sustainable diet. Appetite 2015 doi: 10.1016/j.
appet.2015.10.011.

Eating Better. Let's talk about meat: changing dietary behaviour for the 21st
century. 2014 Internet: www.eating-better.org/uploads/Documents/
Let'sTalkAboutMeat.pdf [accessed Oct 2015].

Drewnowski A. Energy intake and sensory properties of food. Am J Clin
Nutr. 1995,62(5, Suppl):10815-5S.

Hanlon P, Carlisle S. Is ‘modern culture’ bad for our health and well-being?
Glob Health Promot. 2009;16(4):27-34.

Fischler C. Food, self and identity. Soc Sci Inf Sur Les SciSoc. 1988,27(2):275-92.
Lee D. The cultural and emotional values of food. Merrill-Palmer Q. 1957,3:84-8.
Stead M, McDermott L, MacKintosh AM, Adamson A. Why healthy eating is
bad for young people’s health: Identity, belonging and food. Soc Sci Med.
2011;72(7):1131-9.

Fischler C. Commensality, society and culture. Soc Sci Inf. 2011;50:3-4. SI 528-548.
Macdiarmid JI, Blundell JE. Dietary under-reporting: What people say about
recording their food intake. Eur J Clin Nutr. 1997;51:3,199-200.

Poslusna K, Ruprich J, de Vries JH, Jakubikova M, van't Veer P. Misreporting
of energy and micronutrient intake estimated by food records and 24 hour
recalls, control and adjustment methods in practice. Brit J Nutr.

2009;101 Suppl 2:573-85.

47.

48.

Page 11 of 11

Jenkins DJ, Sievenpiper JL, Pauly D, Sumaila UR, Kendall CW, Mowat FM.

Are dietary recommendations for the use of fish oils sustainable? CMAJ.
2009,6:633-7.

Soden PM, Fletcher LR. Modifying diets to satisfy nutritional requirements
using linear programming. Br J Nutr. 1992,68(3):565-72.

Ferguson EL, Darmon N, Briend A, Premachandra IMJ. Food-based dietary
guidelines can be developed and tested using linear programming analysis.
Nutr. 2004;134(4):951-7.

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

* We provide round the clock customer support

e Convenient online submission

e Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BioMed Central



http://assets.wwf.org.uk/downloads/how_low_can_we_go.pdf
http://assets.wwf.org.uk/downloads/how_low_can_we_go.pdf
http://www.publications.parliament.uk/pa/cm201012/cmselect/cmsctech/1536/153602.htm
http://www.publications.parliament.uk/pa/cm201012/cmselect/cmsctech/1536/153602.htm
http://www.legislation.gov.uk/ukpga/2008/27/pdfs/ukpga_20080027_en.pdf
http://www.legislation.gov.uk/ukpga/2008/27/pdfs/ukpga_20080027_en.pdf
http://assets.wwf.org.uk/downloads/livewell_report_jan11.pdf
http://www.foodinsight.org/sites/default/files/2014%20Food%20and%20Health%20Survey%20Full%20Report.pdf
http://www.foodinsight.org/sites/default/files/2014%20Food%20and%20Health%20Survey%20Full%20Report.pdf
http://dx.doi.org/10.1016/j.appet.2015.10.011
http://dx.doi.org/10.1016/j.appet.2015.10.011
http://www.eating-better.org/uploads/Documents/Let'sTalkAboutMeat.pdf
http://www.eating-better.org/uploads/Documents/Let'sTalkAboutMeat.pdf

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Sample and data
	Current dietary intake data
	Greenhouse gas emissions data
	Dietary recommendations and greenhouse gas emissions target

	Analysis: linear programming optimisation
	Improving diets with minimal change
	Step 1 No change to the foods being eaten, only the quantity
	Step 2 Changes to the amount of any food already being eaten and addition of new foods
	Step 3 Greater reduction in the amount of any food already eaten and new foods added
	Step 4 Removal of any food from the current diet


	Results
	Minimising dietary change
	Dietary changes for healthy diets and sustainable diets


	Discussion
	Conclusions
	Competing interests
	Authors’ contributions
	Acknowledgements
	Funding
	Author details
	References



