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Abstract The use of several plant protection inputs of
mineral origin, such as copper, sulphur or mineral oils is
seen as contentious by many consumers and stake-
holders within the organic sector. Although the use of
these inputs is legal in organic systems and also applied
in non-organic agriculture, their use by organic growers
raises questions for organic practice, which aspires to be
free from toxic, non-renewable chemicals. Data on the
current use of permitted plant protection inputs is

currently scarce, especially in horticulture where chem-
ical inputs deserve special attention since horticultural
products are often readily edible. A mapping of the use
of copper, sulphur and mineral oils was conducted by
collecting expert knowledge across 10 European coun-
tries during May–October 2018, i.e. before the limita-
tion of copper use to 4 kg ha−1 year−1 from February 1,
2019. Results show that copper is widely used by Med-
iterranean organic growers in citrus, olive, tomato and
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potato production. The annual limit of 6 kg ha−1 year−1

was not always respected. We also found that tomato
producers apply high amounts of copper in winter crops
in greenhouses. Mineral oils are applied to control
scales, mites and whiteflies. Sulphur is also commonly
used by organic vegetable growers, especially in green-
houses. We conclude that the high usage found in var-
ious different crops (especially Mediterranean crops)
confirms the need for researching alternatives.

Keywords Mediterranean crops . Greenhouse crops .

Tomato . Contentious inputs, plant protection

Introduction

Organic farming has enjoyed a rapid and significant
growth in many European countries since EU regula-
tions for organic production were first established in
1991 (EEC 1991), and subsequently revised in 2007
(EC 2007), 2008 (EC 2008a, b) and 2018 (EU 2018;
to be implemented as of January 1, 2021). During these
20 years, organic farming in Europe has grown from a
small niche to a major industry, covering more than 15
million hectares.

According to statistics compiled by the Research
Institute of Organic Agriculture, FiBL (Willer et al.
2020), the majority of organically managed land world-
wide is permanent grassland (67%), followed by arable
land (19%) and perennial crops (7%). In Europe, the
majority of organically managed land is arable land
(48%), followed by permanent grassland (40%) and
perennial crops (11%). European organic arable land,

perennial crops and permanent grassland amounted in
2018 to 1.1%, 2.9% and 1.5% of the world’s arable land,
perennial crops and permanent grassland, respectively.

In Europe, the nine organically grown commodities
covering the largest proportion of land in 2018 (exclud-
ing cereals) were olives, dry pulses and protein crops,
oilseeds, grapes, nuts, vegetables, fruits, root crops and
citrus (Fig. 1). Organic cereals were grown on about
2.64 million ha in 2018.

Worldwide, more than 872,000 ha of olives,
90,000 ha of citrus fruits and 387,000 ha of vegetables
were grown organically in 2018. As shown in Fig. 3,
about 70% of organic olives, and 50% of citrus and
vegetables are grown in Europe. Olives are mainly
grown around the Mediterranean Sea, with Tunisia be-
ing the major producing country, followed by Italy and
Spain. Turkey and Greece are also important producers.
For citrus, the largest organic producer is Italy with
nearly 36,000 ha, constituting 24% of Italy’s total har-
vested citrus fruit area, followed by Spain with
14,000 ha comprising 5%. Italy is also number two
among the world’s producers of organic vegetables
(Fig. 2), and France is also a leading country for organic
vegetables.

All products labelled as organic and sold in the EU
must be produced in accordance with EC (EC 2007; EC
2008a, b) and EU (EU 2018) regulations, which are also
important since they influence organic production even
outside the EU. The legal status of contentious inputs is
a key element in the regulatory and legislative frame-
work of organic agriculture. Indeed, some inputs were
seen as contentious but absolutely needed when the first
basic standards of IFOAM Organics International were

Fig. 1 Area covered by the nine
organic farming commodities that
correspond to the largest organic
area in Europe. Cereals cover the
largest organic farming area in
Europe (about 2.64 million ha).
(Source: Willer et al. 2020)
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established (Anonymous 1982). Among these are sev-
eral plant protection products against pathogens or pests,
such as sulphur and copper salts which were permitted
for use when required for plant disease management,
whereas mineral and paraffin oils were allowed for pest
management (Table 1). When the EU started to make
regulations for organic production, the basic standards
of IFOAM were an important source of information.
The current legal status for the use of copper, sulphur
and mineral oils in the EU is ruled by the European

Commission (EC) regulation no 889/2008 of 5 Septem-
ber 2008. The regulation in EC (2014) (Table 1) related
to the use of copper in organic production set the yearly
maximum limit at 6 kg Cu ha−1. In perennial crops,
more than 6 kg copper per hectare and year may be
applied by derogation in one given year, provided that
the average quantity actually used over a 5-year period
consisting of that year and the four preceding years does
not exceed 6 kg. On November 27, 2018, the European
Commission voted on the future of copper in European

Fig. 2 Countries with the largest organic area (in ha) worldwide in olives (left), citrus (center) and vegetables (right) (source: Willer et al.
2020)

Table 1 Substances permitted since the first IFOAM basic standards for traditional use in organic farming (EC 2014)

Name Description, compositional requirement, conditions for use

Copper in the form of copper hydroxide, copper oxychloride,
(tribasic) copper sulphate, cuprous oxide, copper octanoate

Fungicide up to 6 kg Cu ha−1 year−1

For perennial crops,Member States may, by derogation from the previous
paragraph, provide that the 6 kg copper limit can be exceeded in a
given year provided that the average quantity actually used over a
5-year period consisting of that year and of the four preceding years
does not exceed 6 kg

Sulphur Fungicide, acaricide, repellent

Lime sulphur (calcium polysulphide) Fungicide, insecticide, acaricide

Paraffin oil Insecticide, acaricide

Mineral oils Insecticide, fungicide; only in fruit trees, vines, olive trees and tropical
crops (e.g. bananas)
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agriculture, and decided to lower the limit to 4 kg Cu
ha−1 year−1 counted as an average over a 7-year period
(in other words, maximum 28 kg Cu ha−1 over 7 years).
These new rules have been enforced since February
2019, although some countries (like France) have opted
for a flat 4 kg ha−1 year−1 rate, without compensations
between years. The dose reduction decided in 2018
opens the way for future regulatory restrictions on cop-
per use after 2026, which may decrease the permitted
dose below the current 4 kg Cu ha−1 year−1 and to less
than 28 kg Cu ha−1 in 7 years.

However, both copper and sulphur are toxic to in-
sects, and especially to the soil fauna and beneficial soil
microbiota (Kandeler et al. 1996). Copper is also toxic
to many aquatic organisms (Solomon 2009), markedly
increases the development of copper-resistant bacterial
strains (Aiello et al. 2015; Benlau et al. 2012) and tends
to accumulate in soils during prolonged use, sometimes
to phytotoxic concentrations (Deng et al. 2009; Hippler
et al. 2018). The toxicity of sulphur to arthropods,
including beneficial species, could affect the efficacy
of biological control (e.g. Zappala et al. 2012). Provided
that pure paraffin oil is used, the application implies no
risk for growers and consumers (EFSA 2008). However,
paraffin oil is highly toxic for aquatic organisms, and
toxic for bees (EFSA 2008).

To address the issues related to copper use for plant
protection in organic or conventional systems and
search for alternatives, the EC funded over the years
successive research projects (e.g. CO-FREE, Blight-
MOP, REPCO) aiming at reducing or replacing copper
use in major crops, in particular potatoes, grapes and
apple. At the same time, national funding bodies also
supported several projects on the same topic. In the
latest of these projects, Schmitt (2016) concluded that
a range of measures that were developed in the frame of
the CO-FREE EC funded project were ready to be
implemented, while others needed further development;
for example, for several of the alternative compounds
investigated, the earliest registration is likely to be com-
pleted from 2022 only. Also, new varieties need time to
be adopted by farmers, retailers and consumers, and
communication and commitment along the whole value
chain is essential. These results indicated that strategies
including the use of alternative compounds as one com-
ponent together with DSS and further measures should
be the way forward to further reduce/replace copper.
However, the replacement and reduction of copper are
currently slowed down beyond the technical potential

by, for example, the legal frameworks, associated costs
or lack of markets.

Sulphur and mineral oils have until now not been
subjected to comparably comprehensive research ef-
forts, but their efficacy and negative impacts are being
discussed and it is questioned whether these pesticides
are actually better than synthetic pesticides (Bahlai et al.
2010).

In spite of the mentioned research efforts, copper and
several other contentious inputs are still widely used by
European organic growers. This is why the Organic
PLUS project aims to provide scientifically informed
decision support to assist policy makers on EU, national
and regional level in phasing out contentious inputs
from organic production across Europe. The project
more specifically targets, among others, the use of plant
protection inputs (copper, sulphur, mineral oils etc.) in
horticultural crops.

The project activities started by mapping the current
use of contentious inputs across Europe as a basis for
developing alternatives. This paper reports on the map-
ping data generated within Organic PLUS for the plant
protection products (copper, sulphur and mineral oil)
currently allowed but contentious in organic crops, with
a focus on horticultural productions. This mapping will
serve as a basis for evaluating the need for alternatives to
these contentious inputs.

Methodology

To achieve a comprehensive overview of the current use
of and need for external inputs, we carried out a map-
ping activity in 2018 (Katsoulas et al. 2018). Since the
use of inputs is highest in horticulture, the mapping
concentrated on the most important organically grown
horticultural crops in each country. For this purpose, an
open-type questionnaire was developed and used
(Table 2). The questionnaire included also questions
related to the methods, practices and products used in
practice by the growers as alternatives to or for reduction
of the use of contentious inputs for plant protection in
organic farming.

To complete the survey, expert knowledge and a per-
crop approach was used. Information was received from
one to three experienced advisors and/or farm managers
and organic certification bodies per crop and country,
for 14 crops in 10 countries (Table 3). Each question-
naire therefore represents the input from several actors.
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The crops selected are important organic crops in the
respective country. In total, 68 questionnaires were ob-
tained, relating to the following crops: apple, broccoli,
cabbage, carrot, citrus, cucumber, eggplant (aubergine),
lettuce, olive, potato, pepper, strawberry and tomato
(Table 3). Quantitative data were averaged per crop
and country, while the qualitative text data were sum-
marized per crop and country.

Results

Copper inputs

In 8 out of 10 countries surveyed, copper-based products
have been permitted as bactericides and fungicides for
plant protection and in organic growing since 1994. In
Norway, the use of copper was not permitted for organic
growing until March 2017, when the EC regulation 834/
2007 was fully implemented. However, the national limit
for copper use in agriculture in Norway is
4 kg ha−1 year−1; thus, it is easier for these growers to
comply with lower limits of copper from 2019. By Sep-
tember 2018, copper use in Norway was reported only in
apples, in amounts less than 4 kg ha−1 year−1. By the time
of the study, many farmers and even advisors were still
not aware that such use was permitted since 2017.

In Denmark, copper is not applied as a pesticide in
organic growing because national authorities have not
(yet) been asked to approve any commercial product
containing copper, or have not approved it. The use of

Table 2 Questionnaire used for the collection of information
related to contentious inputs use for crop protection in organic
farming

-Region to which the information applies

-Crop

-Dominating varieties

-Propagation material

-Soil type, cultivation system and crop rotation. If under cover
indicate the type of typical structure

-Fertilization: indicate the calendar the type and quantities
(per year and unit land area) of fertilizers and manure used

-Crop protection: indicate the type and quantities of crop
protection products used
with special reference to copper, mineral oils and sulphur used
per year and unit land area

-What is a typical/representative yield level? (kg ha−1)

-Alternatives used for crop protection/comments
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copper in Denmark is forbidden also for conventional
growers. However, since copper is also an essential
micronutrient for plants, if there is evidence for copper
deficiency, and a certified organic advisor reports the
deficit, copper fertilizer as leaf spraysmay be used. Such
use of copper as a micro-nutrient may actually also work
as a masked plant protection measure.

In the following sections, details on copper use in
olives, citrus, vegetables and potatoes are given.

Olives

In France, olive growers use copper in the form of
Bordeaux mixture with 2 to 3 applications per year,
which result in a total Cu dosage of 5 kg ha−1 year−1.
In Greece, depending on (i) the weather conditions in
particular areas, (ii) grower’s knowledge and (iii) culti-
var sensitivity (cultivars ‘Kalamata’ and ‘Chondrolia’
are more sensitive to disease than ‘Conservolea’),
growers apply between 1 and 6 kg Cu ha−1 year−1

(Fig. 3).
In Italy, the dry weather conditions in Sicily and the

existing resistant olive varieties allow for only 1 or 2
applications per year of copper oxychloride, whereas in
Calabria, the main cultivated variety (Carolea),which is
susceptible to Colletotrichum gloeosporioides,
Spilocaea oleagina and Pseudomonas savastanoi, and
the comparatively rainy weather prompt a higher num-
ber of copper applications (up to 8 per year). The aver-
age copper use in olives in Italy ranges from 1.8 to
6.0 kg ha−1 year−1.

In Spain, copper is usually applied in olives once or
twice a year (spring and autumn treatments), but one

more autumn treatment can be carried out in wet years.
Total copper quantities applied can vary from 4.2 to
6.3 kg ha−1 year−1. Irrigated crops can afford the cost
of treatments. Without irrigation, it is quite common to
completely avoid fungicide applications. In Turkey, due
to moderately sloping land that makes the use of ma-
chinery for spraying applications difficult and to the dry
climate, at least 80% of olives under organic farming
management are grown without any copper inputs.

Citrus

The copper use in different countries in organic citrus
production is summarized in Fig. 4. In Greece, copper is
used in Citrus against Phytophthora spp., Alternaria
spp. and Colletotrichum spp., as 1–2 applications per
year according to the weather conditions and the infec-
tion intensity, for an average amount of copper of 1–
3 kg ha−1 year−1.

In Italy, orange and mandarin are sprayed once or
twice a year with copper oxychloride, the total number
of applications depending on rainfalls. The average
copper amount sprayed ranges from 2.5 to
4.1 kg ha−1 year−1, with main indications against
Phytophthora, Colletotrichum, Alternaria and Pseudo-
monas. In lemons, depending on annual climate, 2 to 4
applications per year of copper oxychloride or hydrox-
ide are used (4.0 to 8.0 kg ha−1 year−1). The number of
applications depends on rainfalls, wind-driven rainfalls
and hail showers (which cause wounds favouring the
infection by Plenodomus tracheiphilus).

In Spain, copper in citrus production is normally
applied once during the winter, that means a copper

Fig. 3 Copper use in different
countries in organic olive
production (in kg ha−1 year−1).
The error bars represent the range
of Cu inputs within countries
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amount of about 1.2 kg ha−1 year−1 if the highest con-
centration of copper oxide (75% Cu) is used.

In Turkey, copper sulphate and Bordeauxmixture are
used in citrus to control P. tracheiphilus and
Phytophthora spp. with an application rate of
6 kg ha−1 year−1.

Tomato

The copper use in different countries in organic tomato
production is presented in Fig. 5. In tomato and other
vegetables, copper is used as a preventive fungicide, but
is also applied as soon as the first symptoms of diseases
appear. Some growers use the maximum dose (4 to
6 kg ha−1 year−1) in a single pass, whereas fractionation
at 400 g ha−1 is recommended for the first passages (in
the absence of disease).

In Greece, organic tomato is cultivated in green-
houses with adequate climate control, which can ensure
acceptable levels of temperature all year round. The
number of yearly applications against Xanthomonas
spp. and Pseudomonas spp. may vary between 4 and
10 (1–4 kg ha−1 year−1), according to outside weather
conditions (and accordingly internal, greenhouse envi-
ronment) and infection intensity. In France, the use of
copper is close to the limit of 6 kg Cu ha−1 year−1 in
most tomato production. Standard schedules usually
involve three applications of Bordeaux mixture (5 kg
Cu ha−1 year−1) between planting and early harvest.
Extra ‘curative’ applications (up to 4 year−1) may in-
clude copper hydroxide if symptoms of Phytophthora
infestans, Cladosporium cladosporioides, Botrytis
cinerea or Alternaria solani are seen. In Sicily (Italy),
organic tomatoes are generally grown in greenhouses
with 3 to 8 applications per year of copper hydroxide,
for an average copper use ranging from 1.5 to
6.0 kg ha−1 year−1. The number of copper applications,
mainly against Phytophthora infestans, Xanthomonas
and Pseudomonas, depends on air humidity inside the
greenhouses. In Spain, open-field tomato crops (North-
ern Spain) use 0.5 kg Cu ha−1 year−1 in the form of
copper oxychloride. In greenhouses (South-Eastern
Spain), the consumption of copper is being reduced
due to the substitution of classic copper formulations
by copper gluconate that contains only 6% Cu. The
main tomato cycle in greenhouses is conducted in win-
ter, so in this case copper is applied 2–5 times, resulting
in a maximum of up to 0.6 kg Cu per hectare and
growing cycle. However, still many growers using clas-
sic copper formulations reach a maximum consumption
of 6 kg ha−1 year−1 (e.g. 4 applications of copper
oxychloride (75%)). In Turkey, copper is applied to
tomato as copper sulphate and Bordeaux mixture at
6 kg Cu per hectare and year.

Other vegetables and potatoes

In Greece, copper is applied (1–2 kg ha−1 year−1) to
control Alternaria brassicae and Peronospora
brassicae in broccoli. In Germany, asparagus, onion
and carrot growers apply from 1 to 2 kg Cu
ha−1 year−1. In Turkey, copper is applied to pepper and
eggplant as copper sulphate and Bordeaux mixture at
6 kg Cu ha−1 year−1.

The main reason for Cu application in potato is to
control Phytophthora infestans. The data collected in

Fig. 4 Copper use in different countries in organic production of
citrus. The error bars represent the range of Cu used

Fig. 5 Copper use in different countries in organic production of
tomato. The error bars represent the range of Cu used
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France for potatoes indicate that the average use of
copper is about 4 kg Cu ha−1 year−1, but with strong
discrepancies between regions and growers. Potato
growers in coastal areas of the northern half of France
apply up to 6 kg Cu ha−1 year−1 due to the environmen-
tal conditions (high humidity and moderate tempera-
tures, favouring late blight infections). In Germany,
the typical amount of copper applied in potato is be-
tween 1.4 to 1.9 kg ha−1 year−1, with some farms ap-
plying up to 3 kg and others no copper at all. In Greece
and Italy, Cu applications on potato reach on average 5–
6 kg ha−1 year−1, with 6–8 applications per year accord-
ing to the weather conditions and the infection intensity.
In Sicily (Italy), organic potatoes are grown during two
different periods: early seeding in September and late
seeding in January, to avoid infections of Phytophthora
infestans at an early stage of crop growth. Up to 12
applications of copper per year are performed, using
either copper oxychloride or hydroxide and resulting
in a year-round copper use that highly exceeds the limit
of 6 kg ha−1 year−1. In the UK and Poland, copper is
used in the form of copper oxide or oxychloride at a rate
of 2.5–3 kg ha−1 year−1. Many small-scale farms, and
also larger farms, use no copper inputs in potato.

Mineral oils inputs

Not many quantitative data could be obtained about the
use of mineral oils. Nevertheless, the limited data ac-
quired show that in some situations (e.g. in citrus), min-
eral oils can be considered as the main contentious input.

In Italy, mineral oils are applied to control scales,
mites and whiteflies in citrus and olive orchards and
occasionally in tomato. In citrus, they are usually applied
once or twice per year, with an average quantity of 30 to
100 l ha−1 year−1. In olives and tomato, the average
mineral oil use is up to 30 and 10 l ha−1 year−1, respec-
tively. In other crops, they are of minor use or concern,
and can in any case be easily replaced by plant-based oils.

In France, mineral oils are used in seed potato to
prevent attacks by virus-transmitting aphids. By 2018,
all organic seed potato growers in France have replaced
mineral oils by organic oils of plant origin, mainly
oilseed rape. In Norway, the use of mineral oil became
permitted in 2017. Only one commercial product con-
taining paraffin oil is available, which was approved
after 2018. The main recommended use is against
aphids in (seed) potatoes, to avoid spreading of virus
(max. 1 application in 3 years). It may also be used in

fruits against various insects such as mites, aphids and
pear psyllid (Cacopsylla pyri) once per year, at a rate of
10–20 l ha−1 year−1.

In Germany, paraffin oil is used by about 10% of the
Demeter Association growers to fight red spider mite,
but is not allowed within the Naturland Growers Asso-
ciation. Paraffinic oil is applied sporadically (1–2 appli-
cations) in organic greenhouses with tomatoes in Spain.
This product is not compatible with sulphur, which
limits its use. The maximum application would reach
less than 13 l ha−1 year−1. Mineral oils are rarely used in
olives in Spain while in citrus, their use is high due to the
wide spectrum of the product. A maximum of
90 l ha−1 year−1 of (54%) product is applied, i.e. approx-
imately 50 l ha−1 year−1 of paraffinic oil.

In Denmark, Greece and UK, no use of mineral oils
was reported. This does not mean they are not used at
all, but most likely only very little. The use of paraffin
oil is permitted by EU regulations as preventive acari-
cide and insecticide to horticultural crops. There is no
maximum level restriction for the amount of mineral oils
to be used per hectare and year, but for the studied crops,
it is considered that a reduced use is currently
manageable.

Sulphur inputs

Sulphur is very commonly used by organic vegetable
growers, especially in greenhouses. It is a repellent to
pests, killer of mites, and effective against powdery
mildews. Sulphur use can range between 10 and
100 kg ha−1 year−1 depending on the production system
and the incidence of pests.

In Norway, sulphur is the most commonly applied
commercial pesticide in organic crops. It is used in
apples, strawberries and tomatoes, but not potatoes or
carrots. It was permitted for organic growing in Norway
when the first regulations were introduced, in 1991, and
is still permitted with no maximum limit as to the dose
per hectare and year. Currently, only one commercial
product containing elementary sulphur is available,
called Thiovit Jet (Syngenta). This is ground elementary
sulphur (80%) mixed with compounds facilitating ap-
plication in field and adhesion to plant organs. The
applied doses vary according to crops, but are highest
in strawberries, where the suggested ones are up to
7.5 kg ha−1 each 10–12 days from early spring to
flowering, and after harvest. Other berries are more
sensitive, and a maximum of 3–4 applications per year
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is recommended, with 4.5–7.5 kg ha−1 per application.
In fruit, 1–3 applications before flowering are recom-
mended, with doses up to 12 kg ha−1 per application.

In France, sulphur is used against some fungal dis-
eases (mainly powdery mildews) and as an acaricide
against spider mites. Its use in tomato is very occasional,
and very rare in eggplants where black soap is preferred.
In Greece, sulphur is used in tomato as 2–3 applications
up to flowering with an average rate of 2.5–
5 kg ha−1 year−1, according to the infection intensity
(pathogens and mites). It is also used in olives against
leaf-feeding insects, at a rate of 15–20 kg ha−1 year−1,
depending on insect pressure.

In Italy, sulphur is used as a fungicide in tomato crops,
and sporadically as an insecticide or acaricide in citrus
orchards and potato crops; it is not used at all in olive
orchards. Sulphur is normally applied as sulphur proteinate
(45% sulphur) at rate of about 3.5 kg ha−1 year−1 to control
of scales and mites. It is important to note that in recent
years, the use of Citrange spp. in place of sour orange as
rootstock triggered the use of sulphur, as a powder, to
correct soil pH. For this purpose, 400 kg ha−1 year−1 of
sulphur is used. Sulphur in Italy is also used 1–2 times a
year at an early stage of tomato growth in absence of
bumble bees in the greenhouses, and 2.5–5 kg sulphur
per hectare and year is applied to control mites and path-
ogens. Finally, in potato, sulphur compounds are com-
bined with copper to reduce the inputs of copper.

Sulphur is also used in high amounts in tomato
greenhouses in Spain. Its main targets are powdery
mildews and tomato russet mite, but it is also applied
as a powder formulation to repel whiteflies. Powdered
sulphur can be applied up to 3 times (25 kg ha−1 per
application), followed by up to 4 treatments with pul-
verized sulphur (80% maximum richness) per cycle
depending on environmental conditions. This is, in the
highest case, a total of 95 kg ha−1 year−1. This extreme is
sometimes reached in tomatoes cherry or cocktail types,
because these tomatoes are washed with water before
packing (so sulphur is removed). Conventional green-
house growers apply about 30% less sulphur than or-
ganic, and substitute sulphur by synthetic fungicides. In
open fields, there is a typical consumption of 10–
12 kg ha−1 year−1 powdered sulphur (98%). It is worthy
to mention that in Spain, the use of powdered sulphur is
only allowed in open fields since 2019, i.e. after this
survey was carried out.

In Turkey, it seems that it is traditional to use sulphur
twice a month at the beginning of transplantation

seedlings to the open field in tomato, pepper, eggplant
and strawberry even if pathogen was not determined in
both open field and greenhouse production.

Alternatives to copper

Alternatives to copper currently in use by growers in
citrus, olives, tomato, eggplant and potato include:

& Low-copper-grade formulations, with reduced cop-
per content (2–6%) and which allow a smaller
amount of copper to be applied per hectare;

& Inorganic substances: potassium salts (potassium
hydrogen carbonate, K2SiO3), lime-sulphur used as
a spray to control fungal infections with some effect
on insects and bacteria; sprayable zeolite and kaolin
for abiotic stress protection and olive fruit fly
protection;

& Natural alternative formulations, applied to replace
or reduce copper dosage, used alternately or in com-
bination with copper. Some of them are included in
Annex II to EC (2008a, b), permitted for plant
protection in organic crop production;

– Plant extracts with biocidal properties and/or which
stimulate plant defences;

– Essential oils: commercial formulations of citrus
essential oils are approved for use in organic
systems;

– Herbal preparations, including decoctions of nettle
(Urtica dioica) and horsetail (Equisetum spp.).

– Compost/compost teas: compost tea, vermicompost
and vermicompost tea.

& Biological control agents with a variety of mecha-
nisms of action against fungal and bacterial patho-
gens which have a stimulating effect on plant de-
fences. Bacillus subtilis, Bacillus amyloliquefaciens,
Pseudomonas spp., Trichoderma spp., Pythium
oligandrum and Streptomyces spp., are examples
of BCAs currently available to growers.

& Plant defence stimulators, such as chitosan, a natural
polymer derived from chitin, reported to be directly
effective against a variety of microorganisms and to
stimulate plant defence mechanisms, or seaweed
extracts (Ascophyllum nodosum and Laminaria
digitata) Laminarin extracted from L. digitata does
not have a bactericidal or fungicidal effect, but en-
hances plants’ resistance to pathogens.
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& A number of resistant cultivars are available, for all
market segments. Their resistance comes from dif-
ferent physiological mechanisms, and can be highly
effective in a wide range of environments, but is not
always durable.

Alternatives to mineral oils and sulphur

The results of the survey showed that the usual substit-
uent for mineral oils is plant oils (e.g. from rapeseed), in
particular in seed potato production. The substitution
provides a satisfactory efficacy, organic and mineral oils
having a similar performance in preventing insect-borne
viral transmission. It should however be noted that
organic oilseed rape production is scarce, and that some
growers report efficacy limitations with plant oils com-
pared with mineral oils. The wide spectrum of effective-
ness of mineral oils makes them more versatile than
other alternatives which currently include:

& Soft potassium soaps (potassium salts of fatty acids)
& Zeolite, kaolin and diatomaceous earth
& Plant defence stimulators
& Biological control agents, in the form of predators or

parasitoids of insects and mite pests: Aphytis
melinus, Cryptolaemus montrouzieri, Leptomastix
dactylopii, Amblyseius andersoni, Neoseiulus
californicus, Phytoseiulus persimilis

Alternatives to sulphur are not currently applied,
mainly for economic reasons since sulphur is cheap
compared with other compounds. Moreover, since sul-
phur can be an alternative to mineral oils used to control
insects and mites in citrus and olive orchards and occa-
sionally in tomato, its use is not easily reduced.

Discussion and conclusion

Data on the current use of legal but contentious plant
protection inputs in organic systems are currently
scarce, especially in ‘minor crops’ such as horticulture
which are less commonly surveyed but generate readily
edible products. Themapping conducted withinOrganic
PLUS and reported here partly fills this gap, by offering
synthetic data on the use of three important types of
active ingredients (copper, sulphur and mineral oils)
over a range of countries and crops.

The data were collected in a participatory way, by
synthesizing expert knowledge (organic certification
bodies, horticultural advisors, growers) with a semi-
structured questionnaire. This method allowed to rapid-
ly generate the data corpus, but also to involve a wide
range of actors, countries and crops. Therefore, and
despite the apparently limited number of questionnaires
generated, the data offer a consolidated appraisal of the
extent and distribution of these contentious uses in
European horticulture. It is reassuring that the data ob-
tained in potato match quite well with a similar survey
conducted almost two decades ago on copper use
(Tamm et al. 2004), which validates the method and
contents of the current survey.

Copper is still the most contentious input for plant
protection in organic farming in Europe. By compari-
son, sulphur and mineral oils are currently under less
scrutiny than copper, although their contentious status is
also clear for toxicological reasons (especially their
negative impact in insects) and, at least in the case of
copper and mineral oils, because of their mode of pro-
duction (oil chemistry from fossil, non-renewable
hydrocarbures; chemical synthesis of non-native prepa-
rations in the case of copper). It is somewhat surprising
that sulphur, which is toxic to arthropods (including
pollinators) and has no legal application limits, is sel-
dom considered problematic, except as a main compo-
nent of sulphites in wine production. However, it is not
selective, and it has harmful effects on beneficial insects
and mites. So the use of sulphur can limit biological
control and be very negative for bees, bumblebees and
beneficial arthropods (Efrom et al. 2012; Ndakidemi
et al. 2016; Gesraha and Ebeid, 2019).

For crops like citrus and olives, the former limit of
copper quantities allowed (6 kg ha−1 year−1) was not
always respected. Mediterranean tomato producers also
apply high amounts of copper in winter crops (green-
houses). This high and widespread use confirms the
need for developing alternatives, especially in the cur-
rent dynamics of progressive reduction of legal maxi-
mum limits. Certification bodies need to audit these
crops carefully, so as to make sure that the new, lower,
EU copper limits of 4 kg ha−1 year−1, with no more than
28 kg ha−1 over the next 7 years (2019–2015), are
indeed met.

Vittersø et al. (2019), who carried out a parallel
survey on public opinion in Europe regarding conten-
tious inputs as an activity within the Organic PLUS
project, reported that Cu is in the second position (after
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antibiotics) of inputs considered contentious by the pub-
lic, while mineral oils are in the fifth position (synthetic
vitamins and plastic packaging are 3rd and 4th, respec-
tively). Their survey also showed that, in all countries, a
large number of respondents are in favour of stricter
regulations on the use of copper. Especially, more than
half of the respondents in Italy and Spain support this
solution. Asmuch as one-third of the Polish respondents
want to ban the use of copper and also one in four in
Germany, France, Italy and Spain are in favour of ban-
ning the use of copper altogether. Norwegians and Brit-
ish respondents are less inclined to completely ban
copper use, and here more respondents than in the other
countries (17 and 16% respectively) think that one can
continue with the same use as today. However, as much
as 17% of the total sample answer ‘do not know’ to this
question, and again the Norwegian (28%) and UK
(22%) respondents are those with the highest scores.
These results confirms also the fact that copper is less
used as an input in these countries, while in southern
European countries, the use of copper to a greater extent
are viewed as an environmental/food safety issue. The
report of Vittersø et al. (2019) also presents that frequent
organic buyers have greater willingness to pay more for
Cu free products, but this willingness decreases in less-
frequent buyers.

Phasing out such contentious inputs from organic
agriculture is usually not straightforward. It requires a
dedicated effort both from consumers, advisors and
farmers and growers, who are often under economic
pressure and adverse towards further change of organic
regulations.

The alternatives to copper used by the respondents of
the survey could be grouped, according to their under-
lying mode of action, in three main categories, as given
by Andrivon and Savini (2019): (a) Methods that act
directly on the pathogen itself. These include not only
the application of biocidal substances (primarily plant
extracts with antimicrobial properties) but also the use
of biocontrol organisms that act directly on the pathogen
through antagonism: antibiosis, hyperparasitism or eco-
logical competition. (b) Methods that make use of
plants’ own capacity for resistance such as the develop-
ment of resistant varieties, exploiting the genetic re-
sources of the cultivated species or related species; the
application of plant defence stimulators. Plant resistance
can indeed be constitutive, or it can be induced by
infection or other external stimuli. However, only a
few alternatives that could be grouped to and (c)

Methods that use agronomic practices to fight primary
infection (prevention) or secondary infections (avoid-
ance). Prevention methods include the management of
potentially infected crop material (gathering, shredding
or burying of litter; selection of disease-free seeds and
plants). Avoidance methods include covering crops to
avoid contamination by airborne or splash-borne spores;
reducing the time during which above-ground plant
parts are exposed to moisture, to limit spore germination
and infection; and minimizing damage to foliage and
other plant parts, which can create entry points for
pathogens.

While the questionnaire identified some solutions
already available or used by growers (resistant cultivars,
biocontrol methods, vegetable oils instead of mineral
ones, decision support systems…), the frequent and
abundant use of copper and, to a lesser extent, sulphur
and mineral oils shows that these solutions are either not
widely adopted or not fully satisfactory.

The clearest example for these difficulties is again
copper. Many alternatives to copper are under develop-
ment, but few are already available on the market, and
fewer still are currently used by growers to any substan-
tial extent (Andrivon and Savini 2019). Furthermore,
zero-copper in plant protection cannot be achieved by a
simple substitution strategy (for instance, replacing cop-
per by biocontrol products); it requires a more or less
profound reconstruction of the crop production system,
including changing cultivars (to favour resistant ones),
developing prophylaxis and sanitation measures,
adjusting fertilization, etc. This requires an integrative
approach, which is still under-developed. The increas-
ing restrictions on the amount of copper continue to
drive the recurrent demand for research on ‘alterna-
tives’. Although the questionnaire that forms the basis
of this paper attempted to contribute detailed knowledge
on use of alternatives in European organic horticulture,
especially in Mediterranean crops, further research is
needed also regarding how growers cope with the re-
duction from 6 to 4 kg ha−1 year−1 in the most critical
crops. There could also be unintended consequences by
growers reverting to conventional production. We thus
hope that this mapping review will assist in identifying
research priorities and developing tailor-made recom-
mendations for the practical implementation of these
alternatives in specific crops.
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