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ABSTRACT

ARTICLE HISTORY

Micronutrient malnutrition is widespread and is linked with diets low in fruit and vegetables.
However, during the twentieth century, declines in essential minerals in fruits and vegetables were
reported in the UK and elsewhere. A new analysis of long-term trends of the mineral content of
fruits and vegetables from three editions of the UK’s Composition of Foods Tables (1940, 1991 and
2019) was undertaken. All elements except P declined in concentrations between 1940 and 2019 –
the greatest overall reductions during this 80-year period were Na (52%), Fe (50%), Cu (49%) and
Mg (10%); water content increased (1%). There could be many reasons for these reductions, including changes in crop varieties and agronomic factors associated with the industrialisation of agriculture. Increases in carbon dioxide could also play a role. We call for a thorough investigation of these
reductions and steps to be taken to address the causes that could contribute to global malnutrition.
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Introduction
Globally, malnutrition in all its forms is the greatest
cause of death and morbidity. In 2017 as many as 11
million deaths annually and 255 million Daily Adjusted
Life Years1 (DALYs) could be attributed to malnutrition, and low intake of whole grains and fruits were
important contributors (Murray 2019). Mineral micronutrient malnutrition is widespread but there are insufficient global data to quantify the problem: only
anaemia (related to Fe deficiency and other causes)
and iodine status are assessed in any detail and the
data have not been updated since 2005. Iodine deficiency was estimated at 35% globally (WHO 2004),
and the global prevalence of anaemia for the general
population was estimated at 25% (WHO 2005). For
other essential mineral nutrients, a lack of data means
that the full extent of global deficiencies is unknown.
Historical declines in essential minerals in fruit and
vegetables (F&V) have been shown in several countries including the UK (Mayer 1997) and USA (Davis
et al. 2004). These reductions should act as a wakeup-call for the need to improve food systems to optimise the nutritional value of foods. There is a wellrecognised need to improve the nutritional quality of
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diets, with studies concurring that the best way to
achieve this is through the dual purpose approach of
making improvements to food systems to address
health and nutrition goals which also improve the sustainability of production (Global Panel on Agriculture
and Food Systems for Nutrition 2016). Dietary diversification is well recognised as an approach to ensure
that a range of foods are consumed to meet the overall nutrient requirements. Food-based approaches to
micronutrient malnutrition are gaining some attention, but still many programmes address one nutrient
at a time, for example by providing supplements of
iron or zinc (Mayer 2011; Nair et al. 2015). Strategies
have been identified to improve the nutritional quality
of food through production and post-harvest activities, including ‘fortification, plant breeding and soil
fertility management’ (FAO 2014). However, in practice, this is interpreted by industry as ‘industrial fortification’, ‘genetic biofortification’ or ‘agronomic
biofortification’. The problem with these reductionist
approaches is that they target only the most commonly identified deficiencies such as Fe, Zn and I,
whilst ignoring the other nutrients. Important opportunities for tackling multiple micronutrient malnutrition in a sustainable and holistic way are missed by
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targeting single foods for single nutrients. These
approaches also take the challenge out of the hands of
farmers who could otherwise play an important role
in defining the solutions.
Here we propose a strategy to systematically document, research, understand and rectify deficits in the
nutritional quality of foods.
The average contribution of F&V to the dietary
intake of mineral nutrients in 1988 in the UK was K
(37%); Mg (20%); P (12%); Cu (18%) and Zn (11%)
(Lewis and Buss 1988) and they can, therefore, be considered good sources of minerals. We have not found
more up-to-date information. Nutrient dense foods are
key to meeting nutrient requirements without overconsuming dietary energy. In our opinion, improving consumption of F&V and other nutrient-dense foods is
important to tackling global micronutrient deficiencies
and optimising the nutritional quality of these foods is
important to offer the best chance of meeting requirements. The nutritional value of these foods is therefore
critical to meeting requirements.
The evidence of a general decline in the nutritional
value of F&V consumed in the UK comes mainly
from statistical analyses of national data sets, the first
of which was published by Mayer in 1997 then in the
USA by Davis (Mayer 1997; Davis et al. 2004). Mayer
compared data from different editions of McCance &
Widdowson’s The Composition of Foods (COF) and
concluded that, in the UK, the average concentrations
of Ca, Cu, Mg, and Na in vegetables, and the average
concentrations of Cu, Mg, Fe and K in fruits,
decreased significantly between the 1930s and the
1980s. Similar reductions were found elsewhere as
described below.
Since the publication, in 1997, of the historical
changes between 1930s and 1980s in UK F&V data
(Mayer 1997) the UK government has released some
updated analyses of F&V (Department of Health UK
2013). We have, therefore, returned to the UK data to
update the historical changes, compare with other
country’s historical comparisons, discuss the nutritional implications and the possible reasons for the
declines and to suggest ways to improve the quality of
these foods through agricultural production. In this
way, the UK data are an example for what we suggest
is a global phenomenon.
We have focussed the analysis on fruit and vegetables because they are recognised as an important component of the diet and can help prevent illness. Fruit
or vegetables are associated with a ‘probable’ reduced
risk of cardiovascular disease and age-related cataracts,
and possible reduced risk of colon cancer, rectal

cancer, depression, pancreatic disease, hip fracture
(Angelino et al. 2019).
This current paper therefore poses and addresses
five distinct questions:
1.
2.
3.
4.
5.

Have there been systematic declines in the mineral content of F&V in the UK?
Have there been systematic declines in the mineral content of F&V in other countries?
What are the possible nutritional implications of
a decline in mineral content of F&V in the UK?
What are the possible causes of any declines in
mineral content of F&V?
What are the implications for the UK and globally of any declines in mineral content of F&V?

The methods used to answer each question are
described below.

Materials and methods
Have there been systematic declines in the
mineral content of F&V in the UK
This study follows the methodology used by Mayer
(1997), with three key differences; firstly, instead of
comparing F&V separately, these are now combined
to improve statistical power, and secondly with new
data analysis available, three time points are now
compared. The data are also now adjusted for dry
matter content whereas the original analysis was on a
fresh weight basis.
The data used in this analysis were obtained from
three editions of the UK’s Composition of Foods
(COF) Tables. There have been seven editions to date
of these tables since the first edition was published in
1940. This first edition provided data based on analyses of various foodstuffs which were carried out
between 1925 and 1939 (McCance and Widdowson
1940). The data for F&V remained unchanged until
the fifth edition, published in 1991 (Holland et al.
1991). The analyses for this fifth edition were carried
out between 1982 and 1990. The seventh edition, published in 2015, included new analyses for commonly
consumed F&V carried out between 2011 and 2012
(Finglas et al. 2015). Although the COF is still published in hard copy, the dataset is also available online
as the Composition of Foods Integrated Dataset
(COFID). The latest version of COFID, published in
2019, includes values published in the seventh edition
as well as further updates provided by Public Health
England based on analysis carried out in 2015 (Public
Health England 2017). To avoid confusion, these three
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time points are referred to by the date of publication
(1940, 1991 and 2019). The reasons for the particular
choice of fruits and vegetables targeted for reanalysis
at each time point are not provided in the
COF tables:
The data on F&V selected for this paper had to
meet the following criteria:
1.

2.

3.
4.
5.
6.

Values were available for the three time points;
only fruit and vegetables with new values published in 1940, 1991 and 2019 were included in
the analyses.
The descriptions of the analysed portion of the
food were comparable. For example, if both samples were peeled.
Only raw samples were included.
The food was not dried or rehydrated.
The food was not a condiment (e.g. horseradish root).
The analysis was limited to F&V, and did not
include nuts, cereals or pulses.

The need to have mineral data available at all three
time points means that not all F&Vs are included.
Only the original seven minerals reported in the
1940 edition were included throughout, so for
example, Zn is not included because it was first listed
in the 1991 edition. The minerals included are therefore Na, K, Ca, Mg, P, Fe and Cu. Dry matter and
water are also included to enable adjustment for dry
matter in the analysis which allows for comparisons
of the mineral contents of F&V independent of their
water content. Dry weight is calculated as 100 – water
content. All statistical analysis was carried out using
dry weight-adjusted values. These were calculated
multiplying the fresh weight (FW) mineral concentration by the sample fresh weight to dry weight (DW)
ratio. The sample fresh weight was 100 g in all cases,
and the equation used was:
DW Mineral concentration in mg=100g


100
¼
Sample dry weight
 FW mineral concentration in mg=100g
The analysis of most of the minerals included a
numerical value because the mineral contents were
within the detectable range of analysis. For Na, however, the analyses includes ‘Tr’ (trace) and is clarified
as <0.5 or <1.0; to be able to include these data
points, we have entered these ‘Tr’ entries as 0.5 and
1.0 mg/100 g,
respectively,
according
to
the
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information given in the COF version (Department of
Health UK 2013).
Statistical analysis
Statistical analysis was carried out in SPSS (SPPS Inc.,
Chicago, IL). Three time comparisons of the mineral
contents of F&V were carried out: period 1 from 1940
to 1991; period 2 from 1991 to 2019 and the overall
period from 1940 to 2019. For each of these time periods, for each fruit and vegetable, ratios were calculated (new: old) for each dry-adjusted mineral value,
and from these the geometric means were calculated
for all F&Vs. The geometric mean of the rations
(new:old) are presented as % change from the
older data.
Repeated Analysis of Variance was used to test the
significance of changes in mineral content of the F&V
for each time period. For the overall period, the
within subject-effects tests, the values shown are those
for the Greenhouse–Geisser test. To further examine
and confirm these results paired samples t-tests (2tailed, p < 0.05) were used to test the significance of
the changes in mineral content between time periods
1 and 2.
Repeated analysis of variance is a parametric test
which assumes normality, this test was preferred over
the non-parametric equivalent (Friedmann test). It is
more robust and gives more information about the
direction of changes in addition to the overall result.
The dataset is large enough (n ¼ 29) to assume a normal distribution. As a further check the Friedmann
test was also carried out. Significant changes in mineral content over the overall time period (1940–2019)
identified in the repeated analysis of variance also significant in the Friedmann test (p < 0.05) (data
not shown).
Have there been systematic declines in the
mineral content of F&V in other countries
A literature review was conducted to identify other
historical analyses of the mineral content of F&V in
other countries. Where the same data are analysed
several times, we present the first and/or most comprehensive publication of the same data.
What are the possible nutritional implications of a
decline in mineral content of F&V in the UK?
We examined the most recent dietary data to determine whether mineral requirements are generally met
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in the UK. This gives us an indication as to whether
declines in the mineral content of F&V are likely to
be nutritionally important.
The National Diet and Nutrition Survey (NDNS) rolling programme is a continuous, cross-sectional survey in
the UK (Public Health England, Food Standards Agency,
NatScen and MRC Human Nutrition Research 2016). It
is designed to collect detailed, quantitative information
on the food consumption, nutrient intake and nutritional
status of the general population aged 1.5 years and over
living in private households in the UK. The survey covers
a representative sample of around 1000 people per year.
The publication calculates total dietary nutrient intakes
using the results of daily foods consumed and the latest
COF tables. The total dietary nutrient intakes are then
compared to nutrient recommendations (Committee on
Medical Aspects of Food Policy 1991). These data provide an indication of the adequacy of UK diets with
respect to the minerals under consideration in this paper.
It is not possible to recreate historical mineral consumption data using the NDNS and the different COF tables
because the data were updated at different times in each
set of publications.
What are the possible causes of any declines in
mineral content of F&V?
A list of hypothetical explanations for the changes in
mineral nutrient content of F&V was compiled by reference to the results of the nutrient analysis in this
paper, Mayer and Davis’s earlier historical comparisons, and statements in the COF tables as well as the
experience of the authors (Mayer 1997; Davis et al.
2004; Department of Health UK 2013). Each of these
proposed hypotheses was examined for their feasibility
by searches of the literature.
What are the implications, for the UK and
globally, of any declines in mineral content
of F&V?

Results
Have there been systematic declines in the
mineral content of F&V in the UK?
The updated 2019 data includes 29 F&V that match
both the 1991 data and the 1940 data and satisfy our
own inclusion criteria. These were: cabbage – winter,
carrots – old, cauliflower, celery, cucumber, leeks, lettuce, mushrooms, onions, peas, potatoes – old, radishes, runner beans, tomatoes, watercress, avocado,
bananas, blackberries, cherries, eating apples, grapefruit, grapes, nectarines, oranges, pears, pineapple,
plums, raspberries, strawberries.2,3
Supplementary data (Table ST1) shows all the data
included in the analysis. Table 1 presents the results
of mineral content comparisons for the whole time
period from 1940 to 2019, and for the periods 1940 to
1991 and 1991 to 2019. Figure 1 highlights the percentage changes in the mineral nutrient contents over
the whole period. These data confirm that since the
original 1940 analyses of F&V in the UK, there have
been reductions in their mineral content adjusted to
the dry weight of the original data. The data are presented as three separate time comparisons:
1.

2.

3.

Recommendations for research and policies are made
by reference to the preceding sections.

In the first period, from 1940 to 1991, there were
significant reductions (p < 0.05) in Na, Ca, Mg
and Cu. The greatest reductions were Cu (60%)
and Na (32%). There were also increases in water
content. This is of interest because it shows that
by 1991 the fruits and vegetables contained more
water and nutrient density – on a fresh weight
basis – has consequently decreased.4 Comparisons
of these data were published separately for fruits
and vegetables on a fresh weight basis by Mayer
in 1997 (Mayer 1997).
In the second period, from 1991 to 2019, there
was a significant reduction in Fe (36%) and a significant increase in Mg (18%). There was also a
further reduction in Na and increase in water that
was not statistically significant (p < 0.05).
The overall longer-term comparison of data from
1940 to 2019 shows that the mineral contents of
fruits and vegetables remain lower than in 1940.

Table 1. Comparisons of minerals, water, and dry matter content of fruits and vegetables between 1940–1991, 1991–2019
and 1940–2019.
Comparison
Period 1, 1940–1991
P-value (paired T-test)
Period 2, 1991–2019
P-value (paired T-test)
Overall period, 1940–2019
P-value (Greenhouse–Geisser)

Na

K

Ca

Mg

P

Fe

Cu

Water

Dry matter

232.2%
0.025
28.7%
0.215
51.7%
0.022

6.1%
0.525
þ1.5%
0.156
4.7%
0.411

5.5%
0.012
þ3.2%
0.183
2.5%
0.078

23.3%
0.000
117.8%
0.011
9.7%
0.001

þ9.6%
0.769
8.3%
0.523
þ0.5%
0.800

22.8%
0.351
35.5%
0.001
50.2%
0.001

60.1%
0.005
þ29.2%
0.921
49.1%
0.041

þ0.8%
0.234
þ0.6%
0.070
þ1.4%
0.072

5.8%
0.234
6.2%
0.070
11.6%
0.072
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Figure 1. Percentage change in mineral nutrient content of
fruits and vegetables between 1940 and 2019. Significant
change (p < 0.01); significant change (p < 0.05).

The greatest overall reductions during this 80-year
period were Na (52%), Fe (50%) Cu (49%) and Mg
(10%). There was a 12% decrease in dry matter
content that was not statistically significant.
Overall, these results indicate very important and
significant reductions systematically across the range
of essential mineral nutrients. The magnitude and direction of the changes in nutrient content over the 80year period varied considerably.
Have there been systematic declines in the
mineral content of F&V in other countries?
Similar historical comparisons of the mineral content
of F&V have been conducted in several countries. A
summary of the historical changes is presented in
Table 2. The F&V included in the analyses are shown
in Supplementary Table 2 (ST2). The publications
selected for inclusion in Table 2 are all analyses of
national data sets; later reviews of this same evidence
are not included unless the analysis is different from
the earlier publication (as is the case for the last
two entries).
Although there are commonalities, the F&V
included in these historical comparisons are not the
same. In each case, the authors of the publications
based their analysis on a typical ‘basket’ of F&V consumed in their country, details can be found in
Supplementary Table ST2. Excepting the values shown
for Cunningham et al. (2002), the values shown in
Table 2 as significant and non-significant were those
reported in each of the publications. Cunningham et
al. (2002) reported increases and decreases without
statistical analysis, we analysed their data using the
methods described by Mayer (1997) and values shown
in bold were found to be significant.

5

It shows that, rather than being an isolated case,
many countries have experienced declines in the mineral nutrient content of fruits and vegetables since the
1940s. For most of these studies, there is a decline in
nutrients or no change with the exception of the
Australian data that used a much later date (1980s) as
the baseline. These data accord with our hypothesis
that there has been a decline since the introduction of
industrialised agriculture.
What are the possible nutritional implications of a
decline in mineral content of F&V in the UK?
Table 3 shows the Lowest Reference Nutrient Intake
(LRNI) described by COMA (Committee on Medical
Aspects of Food Policy 1991) for the minerals of
interest that were included in the COF tables from
1940 to 2019. The LRNI is the lowest standard for
dietary adequacy of the individual minerals.
Table 4 shows the results for the latest National
Diet and Nutrition Survey data from years 2012/13 to
2013/14 on dietary intake for those minerals that are
included in the COF tables, compared to the LRNI. It
shows that there are significant proportions of the
population consuming less than the LRNI for the
minerals of interest. Since the LRNI is a minimum
standard for adequacy, there is a real concern that
certain groups are not meeting even this requirement.
Teenage girls are particularly prone to inadequacy of
all the listed minerals: about half consume less than
the LRNI for Mg and Fe. Fe intake is important for
women due to high demands of menstruation, pregnancy and lactation and, hence, women of reproductive age are at high risk of deficiency. Mg is also of
particular concern not only for teenagers but also all
adults; it is important for bone, nerve and muscle
function. Ca is also needed for a range of functions
including bone development so poor intake during
adolescence is a concern. Each of these minerals is
essential and has key biochemical functions that can
cause sub-optimal health when inadequate (Public
Health England, Food Standards Agency, NatScen and
MRC Human Nutrition Research 2016).
The NDNS accords with this observation (Public
Health England, Food Standards Agency, NatScen and
MRC Human Nutrition Research 2016).
‘there was evidence of intakes below the LRNI in a
substantial proportion of older children and adults for
some minerals, particularly magnesium, potassium
and selenium5’

Many people do not consume a sufficiently varied
diet and teenagers, in particular, have poor diets, with
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Table 2. Summary of changes over time in mineral content of horticultural produce reported in the literature (does not include
reviews but only includes studies which performed analysis on national data sets).
Changes in mineral content found in study

Author(s)
Mayer (1997)

Country (and
time period)
UK (1930s–1980s)

No
significant
change

Significant
decreases

Significant
increases

Ca, Mg, Cu, Na
in vegetables
Mg, Fe, Cu, K in fruits

Fe, K, P

N/a

Ca, Na, P

N/a

Cunningham et al.
(2002) C

Australia
(1980s–2000s)

Fe, Zn

N/a

Mg, Na, K, Ca

Davis et al. (2004)

USA (1950s–1990s)

Ca, P, Fe

N/a

N/a

Ekholm et al. (2007)

Finland (1970s–2000s)

K, Mn, Zn, Cu, Ni (Cd,
Al, Pb)d

Co, Fe, P, Ca, Mg

Se

White and
Broadley (2005)

UK (1930s–2000s) and
USA (1950s–1990s)

Mg, Cu, Na (UK
vegetables)
K, Fe, Cu (UK fruit)
Ca, Fe, Cu (US fruit
and vegetables)

K, Ca, Fe, Cl, P (UK
vegetables)
Ca, Mg, Na, Cl, P (UK
fruit)
K, Mg, P (US fruit
and vegetables)

Davis (2011)

USA (1950s–2009)

Median changes: Ca
12%, P 10%,
Fe 43%

Methods and other key
information
Change in mineral content
per fresh weight for 20
vegetablesa and 20 fruits,
from the 3rdb and 5th
editions of COF.
Geometric mean changes
from parametric analysis.
Changes in moisture
content observed
Change in mineral content
per fresh weight for 44
fruits and vegetables,
1981–1985 to 2000–2001.
Moisture levels are
reported as similar at the
two dates
Change in mineral content
per dry weight for 39
vegetables and 4 fruits,
from 1950 and 1999
USDA tables. Parametric
and non-parametric
analyses are similar
[median changes: Ca
16%, P 9%, Fe 15%]
Directional change in mineral
content per dry weight
for 1980 versus 2000s.
published values (17
vegetables, 7 fruits, 4
grains). No quantitative
changes reported
Change in mineral content
per dry weight for 26 UK
vegetables and 27–38 UK
fruits published between
1929–1944 and 2002, plus
16–50 US foods published
in 1941 and 2004.
Geometric mean changes
from parametric analysis
Change in mineral content
per dry weight for 41
botanical fruits, from 1950
and 2009 USDA tables.
Parametric and nonparametric analyses
are similar

a

Includes mushrooms.
Values for fruits and vegetables unchanged between 1st and 4th editions.
c
Cunningham et al. reported increases and decreases without statistical analysis, we analysed their data using the methods described by Mayer and the
values shown in bold were found to be significant.
d
Elkholm et al. also reported values for non-essential, potentially toxic elements shown in brackets.
b

only 2.9 portions of F&Vs on average for 11–15-yearolds; only 9% meet the recommendation of 5 portions
per day. For adults aged 50–64, by contrast, the average
was 4.7 portions with 38% meeting the recommendation. In addition, the lowest income groups consumed
the fewest number of fruit and vegetable portions.
In our opinion, therefore, good nutritional quality
of F&Vs is key, particularly for those groups who are
vulnerable to deficiency.

What are the possible causes of any declines in
mineral content of F&V?
The ‘Nutrient analysis of Fruits and Vegetables’
(Department of Health UK 2013) includes the following statement:
‘It is not possible to make robust comparisons
between current data and existing data held for F&Vs
largely derived from earlier analytical surveys
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Table 3. Lower Reference Nutrient Intake (LRNI) values in the UK.
LRNI
Age (years)
Children 1.5–3
Boys 4–10
Girls 4–10
Boys 11–18
Girls 11–18
Men 19–64
Women 19–64 (non-pregnant or lactating)
Men 65þ
Women 65þ

K mg/d

Ca mg/d

Mg mg/d

Fe mg/d

Zn mg/d

800
1550
1550
3300
3300
3500
3500
3500
3500

350
500
500
1000
800
700
700
700
700

85
160
160
290
290
300
270
300
270

6.9
7.4
7.4
11.3
14.8
8.7
11.7
8.7
8.7

5.0
6.7
6.7
9.2
8.0
9.5
7.0
9.5
7.0

Data taken from Committee on Medical Aspects of Food Policy (1991).

Table 4. Percentage of UK NDNS participants with average
daily intakes below the LRNI for mineral nutrients from
food sources.
% below the LRNI
Age (years)

K

Ca

Mg

Fe

Zn

Children 1.5–3
Boys 4–10
Girls 4–10
Boys 11–18
Girls 11–18
Men 19–64
Women 19–64
Men 65þ
Women 65þ

0
0
0
15
33
11
26
9
24

0
1
1
12
19
4
8
3
8

0
0
3
27
48
12
11
16
15

9
1
3
9
48
1
27
2
3

5
4
13
17
22
6
6
6
3

Taken from Table E (Public Health England, Food Standards Agency et al.
2016), No explanation has been given for the exclusion of Na. LRNI is not
available for Cu and P.

undertaken between 1982 and 1990. Since that time
(between 1982 and 1990 and the 2010s), there have
been changes in agricultural practices (particularly
the type of fertilisers used, as well as the cultivars
grown and geographical origin of some produce) that
might affect the nutrient composition of the produce’

We question this statement because this is the very
reason for carrying out the comparison, to determine
whether representative fruits and vegetables, then and
now, are different in mineral nutrient content and
what the causes could be. In this statement are three
possible explanations for the changes, i.e. type of fertiliser; type of cultivar and geographical origin. Each
of these potential explanations and our own hypotheses is examined below.
Changes in geographical origin of F&V
The source of F&V in the UK during the 80 years of
the comparison has changed substantially. During the
Second World War, and the ‘Dig for Victory’ campaign, households were encouraged to produce as
much of their own food as possible. In 1940 as much
as 92% of fruit and vegetables were supplied by gardens in the winter and 98% in the summer in rural
households but only 12% and 49% in urban households in winter and summer. In more recent years,
the contribution of UK production to total fruit and

vegetable supply in the UK decreased from 42% in
1987 to 22% in 2013 (Scheelbeek et al. 2020), meaning
the largest proportion of F&Vs are imported. How
these changes in the source of foods affect the mineral
content will depend on a number of factors that are
explored below.

Change in crop varieties
Varieties grown by modern commercial producers are
very different to those grown in the early twentieth
century. Today most varieties have been bred to
improve their productivity and profitability and this
focus on yield has largely ignored any implications for
nutritional quality (Carli et al. 2004; Morris and Sands
2006). Davis, in his analysis of US horticulture, noted
that significant yield increases have been achieved
since the Second World War, but that during this
same time period mineral losses were greatest in vegetables. He attributed this to a ‘dilution effect’, that is
as yield increases, dry matter and carbohydrate (which
is more than 80% of dry matter in F&Vs) also
increases; without a concurrent increase in minerals
the relative proportions are changed or diluted (Davis
2009). Therefore, one of the possible explanations for
changes in mineral content of UK F&Vs is that varieties consumed now are higher yielding but less nutrient dense than those grown and eaten in the 1930s
and 1980s. Significant variation in mineral content
between cultivars has been observed in a number of
crops including potato, raspberry and broccoli (White
and Broadley 2005; Farnham et al. 2011). There is evidence that, at least in the case of cereals, modern varieties contain lower concentrations of several minerals
– this change was clearly linked to the development of
high yielding short straw varieties (Fan et al. 2008).
However, the evidence for genetic dilution in horticultural crops is much less clear cut (White and Broadley
2005) and additional research is needed to examine
the phenomenon in a greater range of F&Vs.
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Change to less agroecological methods of farming
Organic farming systems, and related agroecological
approaches, rely on the management of soil organic
matter to enhance the chemical, biological, and physical properties of the soil, in order to optimise crop
production (Watson et al. 2002). In the absence of
archived samples, modern organic produce can serve
as a proxy for fruits and vegetables produced before
industrial agriculture became established. There have
been several reviews of comparisons of organically
grown fruits and vegetables and nutrient content but
few that included the mineral nutrients that are of
interest. A much cited review concluded that there
was no evidence of a difference (Dangour et al. 2009),
but statistical power was lost by the exclusion of a
very large proportion of potential studies; the full supplemental data showed higher nutrients in organic
compared to conventionally grown food (Benbrook et
al. 2009). A more recent review showed higher mean
percentage differences in micronutrient content in
organic versus conventional, favouring organic
(þ5.9%, p < 0.001) (Hunter et al. 2011). Higher mineral nutrient concentrations (Fe, Mg and dry matter)
were also found in organically grown compared to
conventional (Lairon 2010; Popa et al. 2019).
Changes in soil microbiology related to a shift to
industrial agriculture
Plants grow and take up minerals from the soil in
conjunction with a complex relationship with soil
organisms. One example of this is the arbuscular
mycorrhizal fungi (AMF) symbiosis with plant roots
which enables better uptake of soil nutrients as a
larger volume of soil can be effectively utilised by the
plants. Agroecological farming methods are likely to
promote AMF symbiosis because of the avoidance of
artificial fertilisers and fungicides. Minimum tillage
and agrobiodiversity also promote this symbiosis (He
and Nara 2007). Encouraging AMF to support plant
nutrition has been proposed as a route to biofortification6 rather than using plant breeding or application
of artificial fertilisers (He and Nara 2007).
A review of AMF inoculation studies showed that
measurements of the nutrient content of roots, leaves
and shoots and micronutrient uptake are more common than studies of the edible portion of crops
(Antunes et al. 2012). However, some evidence of
improved nutrient profile with AMF inoculation was
evident: higher concentrations of P, Zn, Cu and N
were found in leeks (Sorensen et al. 2008). There was
approximately 20% higher Zn, Cu and Se content in
the edible portion of a range of vegetable crops with

AMF inoculation and also an increase in yield (Ward
et al. no date). Tomatoes had higher mineral value
(particularly N, P, and Cu) with AMF inoculation
(Hart et al. 2015). On the other hand, high AMF colonisation did not correspond with greater crop
growth, yield, or uptake of P, K, Ca, Cu or S in wheat
or field pea although there was a positive effect on
total crop Zn-uptake and grain Zn concentration
(Ryan and Angus 2003).
Large applications of fertiliser N and P inhibit Fe,
Mn and Zn uptake in plants that form symbiotic relationships with AMF (Azc
on et al. 2003) whilst organically farmed soils have been shown to contain a
greater abundance of AMF spores (Gosling et al.
2010). This range of studies suggests that a decline in
the symbiotic relationship with plant roots could at
least partially explain the historical declines in mineral
content of F&Vs that has occurred since agricultural
industrialisation.
Agronomic dilution effect
The usage of fertilisers, particularly those containing
nitrogen, phosphorus and potassium increased rapidly
from the 1940s onwards, increasing crop yields.
Calcium is routinely applied (as lime) to crops to
regulate soil pH and sulphur is often given to brassica
crops, but micronutrients are generally not applied as
fertilisers unless a particular deficiency is suspected or
identified through soil testing. There is a view that a
decline in minerals in crops may be due to the consequent depletion of soil trace elements (Thomas 2001).
This has, however, been refuted by Fan et al. (2008)
who believe that the decline in minerals measured in
grain from the Broadbalk experiments was due to the
dilution effect of increased yield made possible by
more productive varieties. More work is necessary to
see if the same is true with fruits and vegetables.
A switch to soil-less growing techniques
Field vegetables and top fruit are still grown in soil
but almost all UK conventional protected fruit crops
(e.g. tomatoes, peppers and aubergines) are produced
in soil-less culture such as hydroponics. These systems
are optimised to maximise yield, using artificial fertilisers, so nutritional value of the produce is not considered an issue; plants grown in soil may be able to
take up some micronutrients in greater amounts
(especially those, like Se that are not actually required
by plants). However, the issue is not clear cut (Gruda
2009). There is a surprising lack of robust studies that
compare the mineral composition of crops grown in
soil with soil-less production systems.
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Change in the use of metal-based fungicides
Copper has been used as a fungicide since the nineteenth century but since the Second World War a succession of new pesticides were developed that were
more active, less phytotoxic and easier to prepare; this
has led to a great reduction in the amount of copper
used in agriculture that may be partly responsible for
the decline in copper shown in our results between
1940 and 1992s. Farias et al. (2018) found that potatoes grown in vineyard soil where Cu fungicides had
been routinely used for many years had elevated levels
of Cu in the tubers.
Change in climate
Experimental results where carbon dioxide is artificially increased suggest that elevated concentrations in
the air can reduce mineral nutrient concentration in
fruits and vegetables (Loladze 2014; Myers et al.
2014). For the periods covered by this analysis, average values for atmospheric CO2 concentration were
308 ppm CO2 in the 1930s, 345 ppm CO2 in the
1980s, 398 ppm CO2 in the 2010s (European
Environment Agency 2020). The elevated CO2 values
used in the above experiments are more than the
changes in atmospheric CO2 recorded between 1930
and 2019, but elevated concentrations could still have
contributed to the observed reductions in mineral
content. Historical records show that the average global surface temperature is now around 1  C higher
than that of the pre-industrial period and that globally
17 of the 18 warmest years have occurred since 2000
(Blunden et al. 2018). However, the published evidence available to support the impact of climatic
changes, such as increased temperature, atmospheric
ozone and drought on mineral nutrition in UK fruits
and vegetables is insufficient to draw conclusions.
Changes in post-harvest handling
There have been considerable changes in the supply
chain and post-harvest handling since the first edition
of the Chemical Composition of Foods was published
(McCance and Widdowson 1940). The changes have
been supported by improvements in transport infrastructure and in storage and harvesting technology,
having been driven by the changing requirements of
the food supply chain. In the present day a large proportion of UK F&Vs are purchased in supermarkets.
Supermarkets demand that produce meets exacting
quality control standards; they require that produce is
of uniform size and colour, blemish and pest free,
washed to remove soil, trimmed, chilled and also
often pre-packaged. Unlike vitamins, mineral
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concentrations in raw F&Vs are little affected by the
processes that occur in the post-harvest period such
as exposure to heat, light, or oxidising agents
(Rickman et al. 2007) although trimming may remove
plant tissues that are rich in minerals such as the
outer leaves (Makhlouf et al. 1995). In the three time
point comparisons in this paper, we were careful to
include fruits and vegetables that had been prepared
in comparable ways, so differences in trimming and
removing outer leaves, should not explain the declining mineral nutrients. Washing may remove soil particles which contain minerals (Makhlouf et al. 1995).
Bouzari et al. (2015) found that removal of soil particles affected the mineral content of spinach and carrots resulting in small losses in Fe. This finding might
be important because, overall declines in Fe were
found in each time period.
What are the implications for the UK and globally
of any declines in mineral content of F&V?
Our results clearly show that there has been a systematic reduction in the mineral nutrient content of fruits
and vegetables consumed in the UK since the 1930s;
this is particularly evident for some elements such as
Fe that are known to be of nutritional concern. This
is despite an assertion in 2013 by the Department of
Health in its publication ‘Nutritive Value of Fruits
and Vegetables’ (Department of Health UK 2013) that
any such declines are not nutritionally important:
‘These results are broadly similar to existing data
held. There is no evidence of major changes in the
nutrient content of F&Vs based on this survey’.

Our comparisons
to question.

bring

this

statement

in

Recommendations
United Kingdom
 We recommend the UK Department of Health set
up regular analyses of the nutritional quality of
F&Vs. These should be compared to previous data
in a time series to create greater transparency and
awareness of changes in nutrient content. In addition, there should be a comprehensive monitoring
of the nutritional value of different varieties,
related to different methods of production
and processing.
 There is a disconnect between the NDNS data and
recommendations contained therein for action. For
example, the Mg data suggest a widespread
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deficiency, but no recommendations are given for
action. The Department for Health needs to launch
a strategy for addressing the deficiencies shown in
the NDNS.
 With the seemingly systematic reductions, it is
necessary to have a holistic approach rather than
an approach that takes each nutrient one at a time.
It is important that all foods are grown and processed in a way that optimises their nutrient content
from production through to consumption.
 We do not recommend dietary supplements to
meet the gap in nutrients supplied by fruits and
vegetables. Unless for diagnosed specific problems,
these foods remain the best source of nutrients.
Globally
 Global databases of the COF could be examined
for historical changes in the nutrient content of
F&Vs, particularly to highlight problems in countries with high prevalence of micronutrient
malnutrition.
 Nutrition programmes that have historically
focussed on a very limited range of mineral micronutrients (I, Fe and Zn) should give attention to
the full range of nutrients that could be deficient
through food-based approaches.
 For a range of reasons, agroecological farming
should be supported in the context the global climate emergency and loss of biodiversity. The limited evidence that compares nutritional value of
organic versus conventionally grown F&Vs adds an
extra reason to switch from industrial to agroecological farming.
 Plant breeding should aim to improve a whole basket of mineral nutrients, not just targeted to one
nutrient at a time, as is the current approach of
biofortification programmes.
 Farmers and other actors in the food system need
to be provided with practical information to
improve the nutritional quality of fruits and vegetables although further research is needed to fill
the gaps in knowledge about how to improve
nutritional quality of foods.
 The phenomenon of the ‘genetic dilution effect’
needs investigation with side-by-side field trials
comparing modern and older varieties. Similarly,
to examine the effect of agronomic dilution, side
by side trials of the same variety could be undertaken whilst varying the agronomic conditions to
increase yield. Long-term trials of organic versus
conventionally grown foods are still needed using

agreed protocols. Where existing field trials are
carried out for agronomic purposes, an extra analysis of the nutritional quality of the produce could
be added. With the latest analysis technology, this
should be relatively straightforward compared to
similar analyses in the 1930s.

Conclusions
In the last 80 years, there have been reductions in concentrations of a range of nutritionally important minerals in UK fruits and vegetables, as published by UK
Government sources. These reductions have been
accompanied by a transformation of agriculture and
widespread environmental changes. From 1940 to
1991, there were significant reductions in Na, Ca, Mg,
and Cu; in the latest data, from the 2010s, there have
been further significant reductions in Fe and some
recovery in Mg. Therefore, in the overall 80-year
period, there were significant and nutritionally
important reductions in Na (52%), Fe (50%), Cu
(49%) and Mg (10%). For some vulnerable groups,
and those with poor diets, these reductions are
important because they make a bad situation worse –
teenagers are at particular risk of inadequate diets.
The potential causes have been explored in this
paper; these are likely to be systematic across the mineral nutrients and include the choice of cultivar or
plant variety, agronomic factors associated with a shift
from largely organic practices to industrial practices.
Changes to the soil ecosystems related to this shift are
likely to be important, for example the loss of mycorrhizal colonisation of plant roots or soil-less farming
such as hydroponics. Increases in atmospheric or artificially elevated carbon dioxide could play a role in
the wide range of reductions in minerals. Declines in
specific minerals could have particular causes, for
example, Fe reductions could be caused by more thorough washing of vegetables in later samples and Cu
contamination could have been present in earlier samples from copper-based fungicides.
We are also concerned that fruits and vegetables
could have lost their value for other essential trace
elements that were not included in early versions of
the COF tables, such as Se, I and Zn.

Notes
1.

One DALY can be thought of as one lost year of
‘healthy’ life. The sum of these DALYs across the
population, or the burden of disease, can be
thought of as a measurement of the gap between
current health status and an ideal health situation
where the entire population lives to an advanced
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2.
3.

4.

5.

6.

age, free of disease and disability (World Health
Organisation).
Tomatoes and peppers are technically fruits but
are included as vegetables in the COF tables.
The fruits and vegetables included in the COF
represent common sources in the UK at the time
of analysis and could include foods grown in the
UK or abroad.
Nutrient density is the content of mineral
nutrient in the fruit or vegetable as a proportion
of the energy content.
Selenium has not been included in Tables 1 and
2 because it was only added recently to the
Composition of Foods Tables.
Biofortification: the process of increasing the
bioavailable concentrations of an element in
edible portions of crop plants through agronomic
intervention or genetic selection.
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