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Organic and conventional crop management systems differ in
terms of the fertilisers and plant protection methods used. Ecolog-
ical and agronomic research on the effect of fertilization on plant
composition shows that increasing availability of plant available
nitrogen reduces the accumulation of defense-related secondary
metabolites and vitamin C, while the contents of secondary metabo-
lites such as carotenes that are not involved in defense against
diseases and pests may increase. In relation to human health, in-
creased intake of fruits and vegetables is linked to reduced risk
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of cancer and cardiovascular disease. This benefit may be pri-
marily due to their content of defense-related secondary metabo-
lites, since most other constituents of fruits and vegetables either
are not unique to these foods or have been shown to not provide
health benefits when the intake is increased. A meta-analysis of
the published comparisons of the content of secondary metabolites
and vitamins in organically and conventionally produced fruits
and vegetables showed that in organic produce the content of sec-
ondary metabolites is 12% higher than in corresponding conven-
tional samples (P < 0.0001). This overall difference spans a large
variation among sub-groups of secondary metabolites, from a 16%
higher content for defence-related compounds (P < 0.0001) to a
nonsignificant 2% lower content for carotenoids, while vitamin C
showed a 6% higher content (P = 0.006). Based on the assump-
tion that increasing the content of biologically active compounds
in fruits and vegetables by 12% would be equivalent to increas-
ing the intake of fruits and vegetables by the same 12%, a model
developed to calculate the health outcome of increasing the intake
of fruits and vegetables was then used to tentatively estimate the
potential increase in life expectancy that would be achieved by
switching from conventional to organic produce without changing
the amount consumed per day, to 17 days for women and 25 days
for men.

Keywords Organic food, secondary metabolites, plant defense com-
pounds, health benefits, meta-analysis

I. INTRODUCTION
Consumers buy organic food for a variety of reasons, one of

them being an interest to promote their own health (Schiffer-
stein and Ophuis, 1998; Bourn and Prescott, 2002; Magkos et
al., 2003; Ekelund and Tjarnemo, 2004; Yiridoe et al., 2005;
Dangour et al., 2009). The present paper reviews and analyses
the present state of knowledge regarding how organic farming
methods affect the content of secondary metabolites and vita-
mins in fruits and vegetables compared with the methods used
in conventional agriculture, and how this may affect the health
of consumers, in particular as regards the risk of cancer and
cardiovascular disease.

A. Definition of Organic and Conventional Farming in
the Present Context

The basic principles of organic agriculture are ‘health, ecol-
ogy, fairness, and care’ (IFOAM, 2005). In many countries the
procedures and inputs allowed in agriculture to produce foods
labelled as organic are defined by law, including since 1991
the EU (Council Regulation (EC) No. 834/2007 (succeeding
Council Regulation (EEC) 2092/91) (European Commission,
2007)), and since 2002 the USA (The National Organic Pro-
gram (NOP)(USDA, 2009)). Regarding fruits and vegetables,
the legal standards ban or limit the use of synthetic pesticides,
fertilisers and other nonorganic inputs and define maximum al-
lowed use of organic fertilizer, and if products are offered for
sale to the public, the producer must be certified by an approved
certifying body. Within organic agriculture each organisztion
may then define standards for its members that go further than
the legal requirements. For example, some producers adhere to

biodynamic principles, which aim to ‘revitalise nature, grow
nourishing food and advance the physical and spiritual health
of humanity’ (Biodynamic Agricultural Association, 2009).

For nonorganic agriculture, Integrated Pest Management
(IPM), Integrated Crop Management (ICM) and similar reg-
ulated systems define their aims as to “coordinate the use of
pest biology, environmental information, and available tech-
nology to prevent unacceptable levels of pest damage by the
most economical means, while posing the least possible risk
to people, property, resources, and the environment” (Anony-
mous, 2004), while, by default, conventional agriculture aims
to maximize the return on investment within the conditions set
by environment protection legislation and customer specifica-
tions. Often these goals are not mutually exclusive, so while
the minimum standards for each system are similar across the
world, the differences in actual practices between production
systems can vary substantially in different regions. In Europe
and the United States, most fruits and vegetables are produced
using IPM/ICM systems, operated by supermarket chains, pro-
ducer cooperatives or other organisations [e.g., Assured Produce
(2008), EUREPGAP (2004)].

II. EFFECT OF PRODUCTION METHOD ON
COMPOSITION OF PLANT PRODUCTS

The composition of a fruit or vegetable is known to depend
on a wide range of genetic and environmental factors, many of
which, such as climate, ozone pollution and maturity at harvest,
are independent of the production system (Gobbo-Neto and
Lopes, 2007). Only factors that differ systematically between
organic and conventional farming have the potential to cause a
systematic difference in product composition. Such factors must
depend directly or indirectly on aspects that are universally spec-
ified in the rules and regulations defining organic farming. The
two groups of basic aspects that differ systematically between
organic and conventional farming systems are: 1. restrictions on
the use of synthetic pesticides, and 2. restrictions on the type
and intensity of fertilization.

Restrictions on pesticides has the direct effect of reducing
the content in organic products of residues of pesticides that are
allowed in conventional farming (Lairon, 2010). Those same
restrictions also indirectly affect variety choices, since organic
farmers will put more emphasis on genetic resistance when
choosing plant varieties than corresponding conventional farm-
ers. Highly resistant varieties tend to have relatively high con-
tents of defense-related secondary metabolites (Sanford et al.,
1992; Leiss et al., 2009), so if they are overrepresented among
the organic produce on the market, as indicated by some studies
on apples (Veberic et al., 2005), it might affect the overall plant
food composition. This hypothesis would be relatively easy to
test, however, the authors are not aware of any research surveys
or other studies that have addressed it directly.

Restrictions on fertilizers directly result in a lower nitrogen
content in organic plant products compared with corresponding
conventional ones. In some cases, most commonly in cereals,
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AGROECOSYSTEM MANAGEMENT 179

the nitrogen content is presented as ‘protein,’ based on the as-
sumption that the protein content is directly proportional to
the nitrogen content. This is however not always the case, par-
ticularly not in vegetables where a proportion of the nitrogen
occurs as nitrate. However, the difference in availability of plant
available nitrogen also has a range of indirect effects, due to the
effect of nitrogen on plant metabolism and physiology, which
systematically affect the contents of some vitamins and plant
secondary metabolites, as detailed in the following section.

A. Ecological Background for Differences in
Composition

Extensive studies, reviewed e.g., by Koricheva et al. (1998)
and Stamp (2003), have explored how nutrient availability af-
fects secondary metabolism of plants in the context of ecol-
ogy, the science of the relationships between organisms and
their environments. Increased fertilisation with nitrogen (under
nitrogen-limited conditions) causes a reduction in the content
of phenolic compounds in the leaves, and this reduction has
been shown to match models of trade-off between growth and
defence (under conditions where no pesticides are used). Under
the conditions prevailing in most natural environments, when
plants gain access to an increased supply of nutrients, the opti-
mal improvement in fitness is achieved by using these additional
resources for increasing the growth rate, rather than for accu-
mulation of phenolic defense compounds (de Jong, 1995).

B. Effects of Fertiliser Dose on Contents of Secondary
Metabolites and Vitamins

Experiments with crops exposed to different intensities of
fertilization have shown similar effects as in natural environ-
ments (Norbaek et al., 2003; Gayler et al., 2004; Toor et al.,
2006; Palit et al., 2008; Sousa et al., 2008; Flores et al., 2009a).
Recently, a different line of research has developed ‘a systemic
approach monitoring the response of plants to withdrawal and/or
re-supply of mineral nutrients at the level of transcripts, metabo-
lites and enzyme activities’ (Fritz et al., 2006; Amtmann and
Armengaud, 2009). The results, that removal of N-fertilizer in-
creases the content of phenylpropanoid defencs compounds,
but not carotenes, are broadly in line with the plant-level exper-
iments, confirming that they reflect common or even universal
patterns of metabolic regulation, probably evolved to provide
optimal responses to natural fluctuations in nutrient availability.

Both approaches indicate that in an agricultural context a
decrease in nitrogen availability to the plants will result in in-
creased content of phenolic defense compounds, which then
increases the resistance of the plants to pests and diseases, al-
though at the cost of a lower growth rate and therefore in a lower
yield (Brandt and Molgaard, 2001).

Some authors have also suggested that the absence of pro-
tection from pesticides would result in initially higher rates of
attack by pests and pathogens in organic plants compared with
corresponding conventional ones, triggering the formation of
induced defense compounds, which then subsequently protect

the plant against diseases or pests (Bourn and Prescott, 2002;
Young et al., 2005). However, studies into the protein expression
profiles of potatoes grown in a factorial long-term experiment
set up as part of the Quality Low Input Food project (FP6-
FOOD-CT-2003-506358) showed that differences in the tuber
composition were mainly linked to differences in fertilisztion
rather than crop protection regimes between organic and con-
ventional systems (Lehesranta et al., 2007). Approximately 14%
of proteins were differentially expressed when potatoes grown
under conventional mineral fertilization were compared with
potatoes fertilized with composted manure-based organic fertil-
ization regimes in this study. Also in another study where the
hypothesis was tested experimentally, by using factorial com-
binations of organic and conventional fertilizers and pesticide
regimes under greenhouse conditions with low pest load, all the
differences in content of secondary metabolites were due to the
fertiliser treatments, with no effect of the pesticide treatments
(Zhao et al., 2009).

In the context of conventional agriculture, studies of fertiliza-
tion doses have rarely included measurements of the contents of
secondary metabolites, since most studies of plant composition
have focused on nutrients. However Gayler et al. (2004) found
similar effects as in the ecological studies performed in natural
rather than agricultural environments. In contrast many studies
show that increased fertilization tends to reduce the contents of
ascorbic acid (vitamin C), as reviewed by Lee and Kader (2000)
as well as increase the content of beta-carotene (which can
be converted into vitamin A) (Mozafar, 1993). For secondary
metabolites that are neither nutrients nor defence related, such
as colorants or (some) volatiles, only few data on the effect of
fertilisation are available, and no clear pattern is described.

Given that yields in organic systems are usually significantly
lower than in conventional production, it appears that the yield
reduction and changes in composition caused by the restric-
tions in fertilizer use are directly linked. If so, future improve-
ments in organic production methods (e.g., improved fertiliza-
tion regimes), which would allow farmers to achieve higher
growth rates (yields), may also result in more similar prod-
uct compositions between organic and conventional products,
as suggested by Brandt and Mølgaard (2001) and Benbrook
(2007). However, the temporal nutrient release patterns from
mineral fertilizers differ significantly from those of organic fer-
tilizers, mainly because macro- and micro-nutrients in organic
fertilizzers only become plant available after mineralization by
the soil biota (Lambers et al., 2009). Contrasting relative avail-
ability pattern throughout the growing season may therefore
result in differences in composition even at similar yield levels.

III. PLANT FOODS AND CONSUMER HEALTH

A. Research on Organic Foods in Relation to Consumer
Health

The studies comparing nutrient content of organic and con-
ventional foods have been extensively reviewed (e.g, Woese
et al., 1997; Heaton, 2001; Worthington, 2001; Bourn and
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Prescott, 2002; Gennaro and Quaglia, 2002; Williams, 2002;
Magkos et al., 2003; Winter and Davis, 2006; Rembialkowska,
2007; Benbrook et al., 2008; Dangour et al., 2009; Lairon,
2010).

While most of these reviews described systematic differences
in composition, only very few of them attempted any assessment
of the relevance of these differences for population health. Com-
pared with conventional high-input production, in cases where
there are differences in composition, organic plant foods tend to
show higher levels of vitamin C, less nitrate, less total protein,
higher levels of plant secondary metabolites (phytochemicals),
lower contamination with mycotoxins and pesticide residues
and a higher proportion of essential amino acids in the protein.
However, it is also emphasized in most reviews that for any
one nutrient most studies show no significant differences, and
that these differences are not sufficiently consistent to predict
the content in a food, based on knowledge about its production
system.

Another general observation emphasised in most of the re-
views is that many other factors affect the concentrations of all
these nutrients, and often by much more than the production
system. For example, for most compounds studied the vari-
ation from year to year or from variety to variety has much
greater effect on the content than whether the plant is grown
in an organic or conventional production system. Depending
on the context of the review, and on whether it addresses the
interests of the individual consumer (‘value for money’) or the
nutritional status of a population, but seemingly irrespective
of whether the review was purely qualitative (Woese et al.,
1997; Bourn and Prescott, 2002; Gennaro and Quaglia, 2002;
Williams, 2002; Magkos et al., 2003; Winter and Davis, 2006;
Lairon, 2010) or included a more or less systematic quantitative
element (Heaton, 2001; Worthington, 2001; Rembialkowska,
2007; Benbrook et al., 2008; Dangour et al., 2009) the range of
interpretations of the limited experimental data is remarkably
wide, from ‘crops are significantly different’ (Heaton, 2001) to
‘no evidence for a difference’ (Dangour et al., 2009). In most
cases the authors of the reviews then conclude that more studies
are needed before it is possible to make any firm conclusions
about the potential consequences of any differences for human
health.

B. Effects on Health of Fruits and Vegetables and Their
Constituents

In developed countries such as the UK, the majority of the
population obtain sufficient or more than sufficient amounts of
vitamin C, minerals and protein, and if any widespread defi-
ciencies are identified, fortification programs are established to
alleviate them (Hoare et al., 2004). Of the few people who are
deficient in nutrients that are present in substantial amounts in
vegetables and fruit, most eat next to nothing of these foods,
so these population segments would not benefit from increased
concentrations of these nutrients in the produce. The intake sur-

vey data are supported by intervention studies with vitamin C
and other vitamins and carotenoids common in plants, which
show either no effect or an increase in the risk of diseases such
as cancer (Gaziano et al., 2009; Lin et al., 2009) or cardiovas-
cular disease (Bjelakovic et al., 2008).

Still, many studies show negative associations between the
intake of fruits and/or vegetables and the risk of cancer (Lin-
seisen et al., 2007; Murthy et al., 2009) or cardiovascular disease
(Dauchet et al., 2009), indicating a preventive role of these foods
that cannot be explained merely by the supply of vitamins. Such
studies form the basis for methods developed to estimate the
effect on public health of factors that change the intake of fruits
and vegetables (Veerman et al., 2006).

In contrast, in low-income populations, mainly in develop-
ing countries, vegetables and fruits are important sources of
essential vitamins, minerals, and high-quality proteins in short
supply in the population’s diet, so for them the content of nu-
trients in vegetables and fruits are important for health (Ali and
Tsou, 1997). Vitamin C and vitamin A deficiency are common
in some developing countries, and here an increase in concen-
trations would be beneficial for health. However, we found no
studies that compared the vitamin C or beta-carotene contents in
organically produced vegetables with the contents in vegetables
from the low-input “subsistence” agriculture, which shows crop
yields that are lower than on comparable organic farms (Badg-
ley et al., 2007), and provides most of the vegetables and fruits
that are available for the poorest populations. Due to this, the
present review is only discussed in relation to the nutritional sit-
uation in more affluent populations, where most of the fruits and
vegetables originate from commercial horticultural production.

C. Choice of Topics for More Detailed Analysis
The present review focuses on secondary metabolites and

vitamins in fruits and vegetables including herbs. These two
relatively well-defined (although partially overlapping) groups
of compounds represent a large proportion of all the available
data on compositional differences between organic and conven-
tional foods, while for most other groups of compounds, only
a few comparable studies are available for each. The secondary
metabolites and vitamins are often considered the main benefi-
cial components of vegetables and fruits (Brandt and Mølgaard,
2001; Brandt et al., 2004). To some extent this view is deduced
by elimination, since for most other nutrients in plants, such as
minerals and proteins, fruits and vegetables are not the main
dietary sources and therefore they cannot be responsible for the
above-mentioned health benefits of this food category. The two
other groups of dietary constituents where fruits and vegetables
are the primary dietary sources are pesticide residues and nitrate.

Regarding pesticide residues, despite well known harmful
effects at elevated exposure levels (Brandt, 2007; Lairon, 2010)
to the best of the authors’ knowledge, no published studies have
shown any unequivocal health benefits nor detrimental effects of
the pesticides currently licensed in Europe at the levels normally
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found in fruits and vegetables, possibly because the benefits of
consumption of these foods tend to outweigh potentially nega-
tive effects of the pesticide residues in them (Juhler et al., 1999).
So even for a very substantial relative difference in content, it
would be difficult to estimate any consequences for consumer
health.

Regarding nitrate, as mentioned above, the difference in con-
tent between organic and conventional produce can be seen as a
direct consequence of the restrictions on fertilizer use in organic
farming, and is mentioned in most reviews of the topic (Woese
et al., 1997; Bourn and Prescott, 2002; Williams, 2002; Magkos
et al., 2003; Winter and Davis, 2006). Several reviews have re-
ported estimates of the difference in nitrate content between or-
ganic and conventional products: 16% with P = 0.19 (Dangour
et al., 2009); difference in 14 of 16 studies (Heaton, 2001); ap-
proximately 50% (Lairon, 2010); 49% (Rembialkowska, 2007),
and 15.1% with P < 0.0001 (Worthington, 2001). However,
while an increasing number of studies indicate that and how
plant-derived nitrate may provide significant benefits for human
health (McKnight et al., 1999; Lundberg et al., 2008), quan-
titative data on consequences for health of the consumer are
scarce and controversial, and some data are being published in
support of the view of nitrates as a health hazard, e.g., Winter
et al. (2007), which forms the basis for the present restrictive
standards (Santamaria, 2006). Due to this, while acknowledg-
ing that the difference in nitrate content exists and is likely to
be important for health, the present review will not attempt to
address the magnitude of the difference in nitrate content nor
the potential impact on human health.

Regarding primary metabolites, such as sugars, simple or-
ganic acids, proteins, and minerals, there is very little if any
information in the literature on what effect a (modest) differ-
ence in intake might have on health. For these compounds there
is also no clearly defined background information that would
allow predictions of how the differences between the produc-
tion systems will affect the content in the plants, so it would
not be possible to compare any effects on content with the bi-
ological mechanism or at least selection pressures involved. As
for nitrate, this is something that it might be relevant to return
to, once the relevant background knowledge linking intake and
health outcomes has been established.

IV. META-ANALYSIS OF DIFFERENCES IN CONTENTS
OF SECONDARY METABOLITES AND VITAMINS IN
FRUITS AND VEGETABLES

To assess the (potential) effect on consumer health of differ-
ences in composition between organic and conventional plant
foods, it is necessary to estimate the magnitude of this differ-
ence. This can be done using the method of meta-analysis, where
data from different studies are combined to improve the ability
to detect and quantify effects of systematic factors, irrespec-
tive of randomly occurring factors such as climate, soil type, or
variety.

A. Methods
Papers were identified through an initial search of the liter-

ature using the search terms ‘(organic* or ecologic* or biody-
namic*) and (conventional* or integrated) and (fruit* or veg-
etable* or strawberr* or apple* or spinach or carrot* or pea* or
lettuce or currant* or cherr* or potato* or cabbage* or banana*
or tomato*)’ with Web of Science, for the period January 1992
– October 2009. This provided 2,512 references, where titles
and (if available) abstracts were checked, to extract 84 studies
reporting original data of comparisons of vitamins or secondary
metabolites of fruits, herbs, and vegetables grown using or-
ganic and conventional methods, as well as eight reviews of the
topic. Further hand searches of reference lists of reviews and
original papers provided 34 additional references. Of these 118
references, 11 were unavailable and five turned out to contain
‘duplicate’ data from the same experiment and year(s), leaving
102 separate relevant papers. In two cases sets of papers were
partial duplicates, where one paper reported the first year of a
trial and another paper the average of two or three years.

Each paper was graded for a range of criteria (Tables 1 and
2) to determine their relevance for the study. As recommended
by Englund et al. (1999), the criteria for inclusion and exclusion
were examined critically to avoid unnecessary loss of statistical
power due to unconscious bias.

The retained criteria related to the experimental design rather
than to the general scientific quality of the paper, although some
papers of low general quality still had to be excluded because
the method description was not sufficiently detailed to determine
all critical aspects of the design. Specifically, conference pro-
ceedings and other non-reviewed publications were included
with the same weight as articles in peer-reviewed journals,
if the description of the experimental design was sufficiently
clear and detailed to assess that the design was appropriate.
The criteria for inclusion (Table 2) were as recommended by
Harker (2004): appropriate experimental treatments; relevance
of the organic/conventional practices used; that the same vari-
eties were used in both systems; and that products from both
production systems were grown in (approximately) the same
location.

Regarding experimental treatments, the description had to
be sufficiently detailed to allow assessment of the other criteria;
the plant product should be a food or drink or raw material
for such products, and if processed, the processing methods
should not differ between organic and conventional samples;
the sample size and sample preparation should meet minimum
standards comparable to the requirements for publication in
a low-impact journal, defined as that a sample should contain
material from at least three separate plants or five randomly
chosen fruits or vegetables, e.g., as a comparable amount of
product by weight, and represent all of the edible part of the
product (with or without edible peel/skin/pomace if relating
to a product that does not necessarily contain these parts), and
that the sample preparation should not include steps appearing
to severely degrade the compound in question.
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Regarding analytical methods, we did not require a detailed
description, but we checked whether the values found were of
the same order of magnitude as normally seen for the type of
compound and species of plant, in particular for papers where
methods were not described in detail. However, the only major
deviation observed was in a paper with a detailed and appropri-
ate method description (Sousa et al., 2005) (Table 1). These data
were therefore retained in the analysis, since the out-of-range
values were considered most likely to result from a simple scal-
ing error that would affect all data within the study by the same
incorrect factor, and therefore have no influence on the ratio of
the values within the study.

Regarding relevance of the organic/conventional practices
used, relevance of the organic was assessed by requiring at
least one of three forms of documentation; 1. that input lists
in the method description conformed to the requirements of
Regulation (EC) No. 834/2007 or its predecessors; 2. that the
growing location was certified; or 3. that the statement that a
treatment was organic was made in a place (e.g., EU or USA)
and time (>1992 or >2002, respectively) where it would be
illegal to designate something as organic if it did not conform
to the relevant regulations (Table 1).

Regarding relevance of the conventional treatment: where
more than one form was included, only the data from ‘conven-
tional’ treatments were used at the expense of ‘integrated’ or
‘soilless,’ based on the assumption that where these systems
are the norm, they would not be contrasted with something else
called ‘conventional.’ Where only one form of nonorganic treat-
ment was used, this was considered the ‘conventional,’ unless
indications were present that this was not the authors’ intention.
It is recognied that both organic and conventional crop man-
agement methods change considerably with time, so data from
crops grown before 1992 were not included, to ensure that the
results are relevant for the present situation.

For varieties, the variety name was required, since providing
only the botanical cultivar classification such as ‘white cabbage’
or ‘Brassica oleracea cv capitata,’ which may include any white
cabbage varieties, was not considered sufficient to control this
variable. Growing conditions were accepted as being the same
if the paper included some statement indicating that provision
of similar climate and soil type was taken into account in the
selection of growing sites.

Among included papers, further quality criteria were defined
(Table 1) relating to the number of replications and type of study,
however these criteria were not used for weighting, and are pre-
sented here mainly to illustrate the wide range of designs among
the studies, and the potential for future more detailed studies of
the effect of study design on outcome. Generally, replicated
field trials are considered the ‘gold standard’ for plant produc-
tion experiments, because they allow full control of many of the
confounding factors such as soil type and quality, plant geno-
type and (micro-) climate. However, they are costly and difficult
to manage, in particular for treatments that must be established
several years before a test can take place, as for comparisons of

organic and conventional production systems. Even replicated
field trials are susceptible to certain forms of inadvertent bias,
for example if the crop does not mature at the same rate in each
treatment or the trial’s technical manager has less prior practical
experience with one system than with the other, in particular if
this manager does not have a background in commercial farm-
ing operations. Other options are farm trials and surveys, where
farmers using already established different production systems
grow a crop as part of their normal crop rotation. Here ‘farm
trials’ are defined as studies where the investigator has influence
on the crop and its cultivation, e.g., provides the seed and/or de-
fines variables such as sowing dates, while ‘farm surveys’ rely
on the purchase of material resulting from the normal activity
of the farm. Farm trials and surveys can be paired (comparing
farms or fields located near or even adjacent to each other to
minimise differences in soil type and climate) as well as repli-
cated, and well-designed farm-based studies can therefore in
some cases provide more accurate estimates of the effects of
commercially relevant production systems than field trials, de-
spite less precision due to greater effect of random differences
between experimental units. Surveys may also be conducted at
the retail stage (‘shopping basket surveys’), but while for some
crops it would hypothetically be possible to purchase organic
and conventional material of the same variety and produced in
the same general area, in the present study no publications of
shopping basket surveys were identified that met these criteria
(Tables 1 and 2).

Based on best practice in meta-analyses of ecological ex-
periments (Osenberg et al., 1999), studies carried out in differ-
ent years/growing seasons were considered independent, while
replications of variety, place/farm pair and harvest time were
considered not independent. So for each study, where possi-
ble, data were presented as averages of all comparable data
within a species, compound and year/growing season. When
data were reported as averages of several years, an attempt was
made to obtain the data per year/season from the authors. Data
from noncomparable samples were excluded from the calcula-
tion of averages, for example for a variety found only in one
production system but not in the other. For post-harvest treat-
ments, only data from the most freshly harvested treatment was
used, partly because the present review focuses on the effect
of the production phase, and partly since post-harvest con-
centration changes often are nonlinear and it therefore would
be difficult to devise a consistent method for calculation of
a meaningful average value across several durations of post-
harvest storage.

Within a study and year/growing season, the data for each
reported secondary metabolite or vitamin were recorded on fresh
weight basis if reported (or possible to calculate), otherwise on
dry matter basis. Regarding the number of different compounds
measured within a class, it was observed, as noticed before
(Benbrook et al., 2008), that this differed substantially among
the publications, in particular in terms of detail, in the sense that
some studies would report a wide range of different compounds
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FIG. 1. Graphical representation of the distribution of ratios of content in organic and conventional fruits and vegetables, for different categories of compounds.
The vertical line indicates 100% (where the concentrations are equal).

within a class of compounds, while others would report only the
total of all compounds measured within a class. This may reflect
efforts by authors to analyse as many compounds as possible
in order to try to find a significant difference, and therefore
poses a potential risk of inflating the effect size. The method
chosen to (at least partially) alleviate this issue was that if the
paper reported more than six different secondary metabolites,
the contents of the members of groups of compounds were
added up to fewer figures according to the following criteria
(listed in order of priority): 1. Closely related structures such
as isomers of the same compound; 2. Glucosides of the same
aglycon; 3. Compounds of the same compound class present at
similar levels. In this way each study could provide a maximum
of six data pairs (organic compared with conventional) per plant
species and year/growing season. Where available, data on dry
matter content were also collected for each year/growing season

and plant species. Data presented only in graphical form were
read off the graphs by hand (after appropriate enlargement) using
a ruler, except for one dataset (Stracke et al., 2009a) where this
was not practically feasible because the graph was shown only
on a logarithmic scale.

Each pair of values was used to calculate the ratio, as the con-
tent in the organic sample in % of the content in the conventional
sample. The compounds were grouped into seven groups accord-
ing to a combination of chemical structure and their function
in the plant: 1. Total phenolics (as measured using the Folin-
Ciocalteu method); 2. Phenolic acids; 3. Other defense com-
pounds (tannins, alkaloids, chalcones, stilbenes, flavanones and
flavanols, hop acids, coumarins and aurones); 4. Carotenoids; 5.
Flavones and flavonols; 6. Other non-defense compounds (com-
prising mainly anthocyanins and volatiles); and 7. Vitamin C.
The values used were as reported in the study, or calculated
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arithmetic averages of several reported values from a study.
Information on confidence intervals or other statistical data were
not used for the meta-analysis, and therefore also not used as a
criterion to select studies to include.

Since, as reported by Woese et al. (1997) and Heaton (2001),
dry matter content tends to be higher in organically grown
plants than in comparable conventionally grown ones, Bourn
and Prescott (2002) recommended to express measured values
on fresh matter basis. Expression of nutrient content on fresh
matter basis is common practice in the area of human nutrition
(Food Standards Agency, 2002), because it is generally assumed
that humans will consume a constant number of portions of a
set weight or volume, so the amount of a vegetable or fruit
consumed by humans does not depend critically on dry mat-
ter content (although the authors have not been able to locate
any literature reporting to have tested this assumption experi-
mentally). In contrast, both in animal nutrition research and in
ecological research it is customary to express nutrient content
on dry matter basis or energy basis, illustrating an interesting
barrier to cross-disciplinary research. From the 67 data pairs for
which values for dry matter content was available, an average
value for the difference in dry matter content was calculated
as the ratio of dry matter content in the organic samples di-
vided by dry matter content in the conventional samples. For
those sets of data that were reported only on dry matter basis,
the ratios were then adjusted by multiplying with the average
difference ratio. The table of extracted values is available on
the website of the project ‘Meta-analysis of data on compo-
sition of organic and conventional foods’ (MADOC) (http://
research.ncl.ac.uk/madoc/).

To calculate significance and magnitude of differences in
contents of the compounds, the ratio (in %) was ln-transformed,
and the transformed values were used to determine if the arith-
metic average of the ln-transformed ratios were significantly
different from ln(100), using resampling (Hedges et al., 1999).
Back-transformation of these average values provided an esti-
mate of the average difference in content between the systems
(Table 3). None of the data points differed so much from other
points in the same group that there was a need to exclude outliers
(see Figure 1). Despite most of the distributions deviating sig-
nificantly from a normal distribution, for comparison with other
meta-analyses significance was also calculated using a t-test, as
well as the average and t-test significances for the normalised
differences as used by Worthington (2001) and Dangour et al.
(2009) (Table 3).

B. Results and Discussion
Of the 102 papers initially identified as relevant, 65 papers

met the inclusion criteria, while 37 papers were excluded (Tables
1 and 2). The analysis of secondary metabolites resulted in 275
data pairs, of which 212 were reported on fresh weight basis,
while 63 data pairs were provided on dry matter basis. (Table
3, and supplementary material online). For vitamin C, 83 of 86
data pairs were on fresh weight basis.

The average dry matter content of the organic material was
103.4% of the corresponding conventional material, with P =
0.006 or P = 0.0017 for the significance of this difference,
using a t-test or re-sampling test, respectively.

The average differences and significances for each group of
compounds are given in Table 3, and illustrated graphically in
Figure 1. For vitamin C and all groups of secondary metabolites
other than carotenes and the other ‘non-defense compounds,’
anthocyanins, tocopherols and volatiles, the average content
in organic plant material were higher than in the correspond-
ing conventional samples. The secondary metabolites appear to
group in three categories corresponding to the functional divi-
sions. The first category comprises defense-related compounds,
represented by phenolic acids (group 2) and other defense com-
pounds (group 3) as well as the less well-defined ‘total phe-
nolics’ (group 1), which show substantially higher contents in
organically grown plants than in conventional ones. The second
category consists of flavones and flavonols (group 5) and other
non-defense-related compounds mostly involved in signalling
(color, scent) (group 6), where the differences in content be-
tween organic and conventional produce is only slightly higher
than the difference in dry matter content, although this still re-
sults in a significant difference when calculated on fresh weight
basis. Vitamin C, while not a secondary metabolite, shows a
similar distribution. The last category are the carotenes (group
4), where it appears that organic products tend to have lower
content than the conventional, although the difference was not
significant in the present dataset, also not if calculated on dry
matter basis (data not shown).

In relation to the ecological relevance, the relatively strong
effect for defence related secondary metabolites compared with
non-defense-related compounds is completely in line with the
theoretical considerations (Stamp, 2003), and matches the ef-
fects seen in woody plants, which have been extensively studied
in this regard (Koricheva et al., 1998; Gayler et al., 2004). To
the best of the authors’ knowledge, the difference in dry matter
content between plant material from organic and conventional
systems has not been described in the context of ecology or
plant physiology, so no explanations or even speculations about
the physiological relevance are found in the literature. Scattered
data indicate that this may also be a general fertilizer-related
effect (Kaack et al., 2001; Norbaek et al., 2003), however, it
appears that most studies in ecology or plant physiology have
not included data on dry matter percentage in their reporting,
and therefore not allowed assessment of this effect.

Regarding the risk of bias, in particular publication bias and
other forms of unbalanced selection of data, the present study
did not attempt to quantitatively assess possible relations be-
tween study quality and outcome. However, one indication can
be found in the distributions of groups of compounds shown
in Figure 1. For the defense-related compounds (1a), there is
no indication of a dip around 100% (which would have been
expected if lack of significant differences reduced the chance
of publication), while this cannot as clearly be ruled out for the
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non-defense compounds. Another more important indication is
the substantial differences between the distributions of groups
of compounds with different functions in the plants. Many re-
searchers working on food quality and production systems are
familiar with the concept of a relatively high water content
in conventional/fast-growing plants, and correspondingly lower
content of all other compounds. So this effect, which explains
approx. a third of the overall average difference found, could be
supported or even caused by a bias towards publication of stud-
ies showing the expected results. In contrast, comparatively few
researchers in this area are aware that the defence compounds
(some of which are considered ‘toxicants’ and therefore unde-
sirable in food) would be expected to be affected differently by
differences in growth conditions than non-defense compounds
(or even which compounds belong to each of these classes).
So the much greater difference between production systems in
the content of defense compounds compared with non-defense
compounds is unlikely to reflect expectations of researchers or
reviewers in the area, indicating that it is much less likely to be
caused by bias and thus probably a genuine effect of the grow-
ing conditions. Finally, a bias could be caused by researchers
more or less intentionally selecting what they considered the
best items when they were collecting samples from the system
that they believed to be best, and the worst items from the other
system. However, since the low content of secondary metabo-
lites are associated with slower growth, a comparison of the
largest fruits or vegetables in an organic batch with the smallest
from a conventional batch would result in a smaller difference
between the compositions than an unbiased selection, while
a bias favoring conventional products would increase the dif-
ference. In conclusion, it appears to the authors that the most
obvious potential forms of bias are unlikely to account for a
substantial part of the observed differences, in particular for
the defense-related compounds, although this is a question that
warrants more detailed analysis in future research.

V. CONSEQUENCES FOR HUMAN HEALTH OF
CONSUMING ORGANIC FRUITS AND VEGETABLES

A definitive assessment of the consequences for human health
of consuming organic fruits and vegetables would require an in-
tervention study of immense dimensions and cost. One of many
steps before embarking on such a challenge is to estimate the
likely outcome under as precise as possible assumptions about
the mechanisms and magnitudes of effects. The calculations
below provide such an estimate, and also point out which as-
sumptions it is based on.

A. Systematic Differences Versus Random Variation
A wide range of external factors influence the composition

of plant products, and most of them have much greater effects
than the production system effect seen here. Varieties often
differ by factors of 2 or 3 in the content of various secondary
metabolites (Schindler et al., 2005; Kreutzmann et al., 2008)

and weather/ climate conditions can cause similar variation, as
seen when comparing data from different years of the same
study (supplementary material online).

Compared with this, the relatively small effect of produc-
tion system might seem unimportant. However, compared with
differences due to climate and soil, which cannot easily be con-
trolled, and differences between varieties, which appear to be
random and show no trends across different species, the differ-
ence in the content of secondary metabolites between organic
and conventional fruits and vegetables is systematic and control-
lable. The difference in content of secondary metabolites is not
sufficiently systematic to be used as a tool for authentication of
organic origin, since despite a highly significantly higher aver-
age content in the organic samples, in 32% of the data pairs the
conventional product had the largest or same value as the organic
one (Figure 1). Still, because the production system appears to
affect the content of all of the classes of secondary metabolites
apart from carotenoids, it is likely that it also affects the largely
unknown compounds that are responsible for the health benefits
of consumption of fruits and vegetables.

B. Magnitude of Impact on Consumer Health
If a person changes from consuming exclusively conven-

tional fruits and vegetables, to choosing the organic versions
of the same products in the same amounts, the intake of all
secondary metabolites will increase by approx. 12% (Table 3).
From a health perspective, for the reasons provided in section
IIIC, it is a reasonable assumption to expect that this would
correspond to an increase in the consumption of these foods
by 12%. If assuming that the effect is more specifically due to
defense-related secondary metabolites, the increase would be
even higher, such as 16%. So to set the differences in content in
perspective, the question is, how much would such a modest in-
crease in fruit and vegetable intake actually matter for consumer
health?

This question has been addressed by Veerman et al. (2006),
who developed a model to estimate changes in life expectancy
caused by changes in fruit and vegetable intake, in relation to
assessment of EU policies influencing consumption of vegeta-
bles and fruit. The model includes a scenario where an increased
intake due to a policy change is proportional to the intake before
the change. If there is no change in intake on a g per day basis,
and the health impact solely is due to a higher content of the
health-beneficial compounds in the food, then the increase in in-
take of health promoting compounds will be proportional to the
habitual intake of fruits and vegetables, so this variant of their
model corresponds to a hypothetical situation where consumers
change from conventional to organic fruits and vegetables, with-
out changing anything else in their diet or lifestyle. The formula
estimated that under these assumptions, in the Dutch population,
an increase in the intake of fruit and vegetables of 1.8% would
increase life expectancy by 2.6 days for women and 3.8 days for
men (Veerman et al., 2006). The figures will be slightly different
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in other populations with different disease patterns and habitual
diets. Under the same assumptions, the 12% increase caused
by switching to organic fruits and vegetables would correspond
to an increase in life expectancy of, on average, 17 days for
women and 25 days for men. To put this in perspective, screen-
ing for breast cancer has been calculated to provide an average
increase in life expectancy of 35 days (Bonneux, 2003), which
at the level of the entire population can be considered to be of
similar magnitude. Or as another comparison, being overweight
by 25 kg will reduce life expectancy by three years (Whit-
lock et al., 2009), so the 17 days increased life expectancy for
women could be described as comparable to the health benefits
of a weight loss of 390g, with 570g as the corresponding value
for men. This comparison may be particularly relevant, since a
likely mechanism for the benefit of increased consumption of
vegetables and fruits is the potential ability of defense-related
secondary metabolites such as resveratrol to mimic the effect
of caloric restriction (Brandt and Mølgaard, 2001), a hypothe-
sis that has subsequently been supported experimentally (Baur
and Sinclair, 2006). This effect corresponds with the ecological
function of many of these defense compounds to act as anti-
nutrients, making the plant material less attractive to herbivores
by reducing their ability to utilize nutrients, thus restricting ef-
fective nutrient intake of those who consume foods containing
these compounds. It also leads to the interesting possibility that
consumers of organic fruits and vegetables may achieve the in-
creased lifespan as a consequence of a corresponding weight
loss (or lack of weight gain), which many would consider an
added bonus.

The calculations behind these estimates depend on estimates
of the relative risks of disease incidences according to fruit and
vegetable consumption, most of which are known only with
substantial uncertainty (Veerman et al., 2006). It would have
been particularly useful to be able to relate the compositional
data to more relevant measures of quality of life than simple life
expectancy, such as life expectancy after 60 years of age, but
such data were not available. Still, by integrating the available
data in this way, and identifying the key sources of uncertainty,
research can be focused on studies to reduce this uncertainty and
thus refine the validity and accuracy of the estimates of benefits.

VI. CONCLUSIONS
The amount of data on compositional differences between or-

ganically and conventionally produced fruits and vegetables is
now sufficient to not just detect significant differences, but also
estimate their magnitude with reasonable precision. The ob-
served differences are that the content of secondary metabolites
is approximately 12% higher in organic produce than in cor-
responding conventional samples, with a larger difference for
defense-related compounds and no difference for carotenoids.
This corresponds with the predictions from ecology and fertil-
izer studies, indicating that the differences in content primarily
are caused by the differences in fertility management between

the systems. If secondary metabolites are responsible for the
health promoting effect of consumption of fruits and vegeta-
bles, then this means that switching to organic produce will
benefit health as much as a 12% increase in intake of fruits and
vegetables.
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