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Critical Perspectives
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Abstract: Copper-containing fungicides have been used in agriculture since 1885. The divalent copper ion is a non-
biodegradable multisite inhibitor that has a strictly protective, nonsystemic effect on plants. Copper-containing plant pro-
tection products currently approved in Germany contain copper oxychloride, copper hydroxide, and tribasic copper sulfate.
Copper is primarily used to control oomycete pathogens in grapevine, hop, potato, and fungal diseases in fruit production.
In the environment, copper is highly persistent and toxic to nontarget organisms. The latter applies for terrestric and aquatic
organisms such as earthworms, insects, birds, fish, Daphnia, and algae. Hence, copper fungicides are currently classified in
the European Union as candidates for substitution. Pertinently, copper also exhibits significant mammalian toxicity (median
lethal dose oral = 300-2500 mg/kg body wt in rats). To date, organic production still profoundly relies on the use of copper
fungicides. Attempts to reduce doses of copper applications and the search for copper substitutes have not been successful.
Copper compounds compared with modern synthetic fungicides with similar areas of use display significantly higher risks for
honey bees (3- to 20-fold), beneficial insects (6- to 2000-fold), birds (2- to 13-fold), and mammals (up to 17-fold). These data
contradict current views that crop protection in organic farming is associated with lower environmental or health risks. Further
limitations in the range and use of modern single-site fungicides may force conventional production to fill the gaps with
copper fungicides to counteract fungicide resistance. In contrast to the European Union Green Deal goals, the intended
expansion of organic farming in Europe would further enhance the use of copper fungicides and hence increase the overall
risks of chemical crop protection in Europe. Environ Toxicol Chem 2024;43:19-30. © 2023 The Authors. Environmental
Toxicology and Chemistry published by Wiley Periodicals LLC on behalf of SETAC.
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longest-used active ingredients in plant protection (Beye, 1974;
Schmitt, 1969; Schwab, 2000). As early as 1720, copper sulfate
was used as a fungicide, initially as a cereal seed dressing
(Schwab, 2000). In 1807, Benedict Prévost discovered that
treating grains with copper salts reduced the development of
wheat blight (Ayres, 2004). Toward the end of the 19th century,
copper sulfate was used to control weeds in viticulture
(Schmitt, 1969), and at the beginning of the 20th century,
copper served as a herbicide in cereals (Schwab, 2000).
Importantly, in the early 1880s, the French botanist
Pierre-Marie Alexis Millardet discovered the fungicidal effect of

INTRODUCTION

Copper is a heavy metal and a transition element. As
an essential micronutrient, it is indispensable for numerous
metabolic functions in almost all organisms (Kaim & Rall, 1996;
Pascaly et al., 1999). Copper compounds are also among the
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copper against downy mildew of grapevine (Ayres, 2004). After
Millardet's experiments with different concentrations of lime
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and copper sulfate, the mixture became the first commercially
successful fungicide and was named “Bordeaux broth” in 1885
(Ayres, 2004; Clark, 1902). The effectiveness of “Bordeaux
broth” also against other pathogens and in other crops sub-
sequently made copper the most abundantly used fungicide in
crop protection (Clark, 1902). Until well into the 20th century,
application rates of 20 to 30kg of copper per hectare were
common, and sometimes up to 80kg per hectare and year
were applied (Kiihne et al., 2009). The improvement of copper
formulations and the discovery of dithiocarbamates, the first
organic synthetic fungicides, as well as forecasting models
and breeding of tolerant crop cultivars has contributed to a
reduction in the historically high amounts of copper applied
(Kihne et al., 2009).

The approval and use of copper as fungicide in crop pro-
tection to date is essentially based on its indispensability in
organic farming. Nevertheless, because of its critical toxico-
logical and ecotoxicological properties, a withdrawal of
the active ingredient approval is being considered by the
European Commission (Tamm et al., 2021), which has led to the
assignment of copper fungicides as candidates of substitution.
In this context, the present review aims to (1) provide an
overview of the mode of action and uses of copper in crop
protection, (2) highlight the risks associated with copper fun-
gicides in terms of phytotoxicity, mammalian toxicity, and
ecotoxicity, and (3) critically discuss the current status of efforts
to reduce copper application. Because the evaluation, ap-
proval, and use of copper-containing fungicides in crop pro-
tection are regulated at an European Union level, our analysis
with a focus on Germany can be considered relevant for all
European Union member states.

Mode of action

Copper compounds belong to the group of contact fungi-
cides; uptake through the plant cuticle hardly occurs (Berger
et al., 2012). In contrast to plants, fungal spores can take up
copper ions as well as complex-bound copper. As a transition
element, copper can easily interconvert between Cu'™ and Cu?t,
making this heavy metal an ideal redox component in copper-
containing proteins such as cytochrome c oxidase, superoxide
dismutase, ascorbate oxidase, microbial tyrosinases, and poly-
phenol oxidases called laccases, which are required for full viru-
lence in almost all microbial pathogens (Rolke et al., 2004,
Siafakas et al., 2006; von Tiedemann, 1997; Zhu et al., 2001).

Copper's cytotoxic effects have primarily been related to
free metal ions (Knauert & Knauer, 2008; Morel et al., 1978;
Sunda & Guillard, 1976). Importantly, unlike the mode of action
of modern selective fungicides, the toxicity of copper cannot
be related to one specific mode of action (Solioz, 2018).
Copper binds to sulfhydryl groups, which determine protein
structure and are thus indispensable for most, if not all, en-
zymes (De Filippis & Pallaghy, 1994; La Torre et al., 2018).
Because of the enormous number of putative binding sites, it is
plausible that copper affects several biochemical and devel-
opmental traits, resulting not only in a strong fungicidal but
also a general biocidal effect (Fernandes & Henriques, 1991).

Liang and Zhou (2007) analyzed the toxic effect copper has
on the model yeast Saccharomyces cerevisiae. These authors
demonstrated that copper is capable of inducing extensive
formation of reactive oxygen species (ROS) and apoptosis-like
cell death. Apoptosis was indicated by cleavage of chromo-
somal DNA in copper-treated yeast cells (Madeo et al., 1997).
Apoptotic DNA cleavage produces fragments with free 3'-OH
termini, as detected by labeling with fluorescence-tagged nu-
cleotides, a reaction catalyzed by an enzyme called terminal
deoxynucleotidyl transferase (TUNEL assay). The TUNEL assay
revealed intensive fluorescent nuclear staining in yeast cells
already after 12 h of exposure to a copper concentration as low
as 6 mM (Liang & Zhou, 2007).

In addition to apoptosis, ROS are generated in copper-
treated yeast cells (see above). Because copper toxicity can be
reduced by overexpression of superoxide dismutase, ROS ap-
pear to be functionally linked to copper toxicity. Because
copper ions may block the glutathione reserves of the cell due
to their high affinity for thiol groups, further stabilization and
even an increase in the toxic effect may occur (Gisi, 2013)
by compromising the ROS scavenging capacity of the cell.
Visualizing the complexity of cellular stress responses to
copper, microarray analyses indicated that in CuSOjy-treated
yeast cells 143 open reading frames belonging to several dis-
tinct categories, including metabolism, cell cycle and DNA
processing, transcription and translation, were induced more
than twofold (Yasokawa et al., 2008). These data highlight
the extent of biochemical de-regulation occurring in copper-
treated fungi and contribute to understanding copper toxicity
at the molecular and cellular level. Because the majority of
these modes of action target highly conserved cellular func-
tions, copper damages essential processes in bacteria, fungi,
and mammals, making it a fairly toxic and nonselective plant
protectant. This striking lack of selectivity provides a further
strong argument for a phasing out of copper fungicides.

Forms of application

Besides the “Bordeaux broth” ([Cu(OH),]x x CaSOa), copper
has also been used in the form of various copper oxides
and chlorides. In Germany, only plant protection products
containing the active substances copper oxychloride (CuCl; x
3Cu(OH),), copper hydroxide (Cu(OH),), and tribasic copper
sulfate (CuSO4x 3Cu(OH),) are currently approved (Table 1;
Bundesamt fiir Verbraucherschutz und Lebensmittelsicherheit
[BVL], 2022a). Compared with the original “Bordeaux broth,”
the more recent chemical forms allow a more efficient dis-
tribution of copper on the plant surface, which contributes to a
reduction of applied copper dose rates.

Crops, target pathogens, and the use
of copper-containing fungicides

The main area of use of copper-containing plant protection
products is the control of oomycetes. Primarily based on
their filamentous growth, oomycetes have traditionally been
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TABLE 1: Copper-containing plant protection products authorized in Germany (BVL, 2022a)

Pure copper Main crops
Trade name Approved until Active substance content (examples) Target pathogens (examples)
Airone SC 31.03.2023 Copper oxychloride, 272.3¢g/L Potato Phytophthora infestans
Copper hydroxide Grapevine Plasmopara viticola
Hops Pseudoperonospora humuli
Apple, pear, quince Erwinia amylovora
BADGE WG 31.03.2023 Copper oxychloride, 279.97 g/kg Potato Phytophthora infestans
Copper hydroxide Grapevine Plasmopara viticola
Hops Pseudoperonospora humuli
Ornamental plants Puccinia allii
COPRANTOL DUO 31.03.2023 Copper oxychloride, 279.97 g/kg Potato Phytophthora infestans
Copper hydroxide Grapevine Plasmopara viticola
Hops Pseudoperonospora humuli
Peach, plum Taphrina deformans
Grifon SC 31.03.2023 Copper oxychloride, 272.3g/L Potato Phytophthora infestans
Copper hydroxide Grapevine Plasmopara viticola
Hops Pseudoperonospora humuli
Ornamental plants Cercospora species
Cuprozin progress 30.09.2023 Copper hydroxide 249.33g/L Potato Phytophthora infestans
Grapevine Plasmopara viticola
Hops Pseudoperonospora humuli
FUNGURAN-OH 31.12.2026 Copper hydroxide 499.77 glkg Potato Phytophthora infestans
50 WP
Funguran progress 30.09.2023 Copper hydroxide 349.59 g/kg Potato Phytophthora infestans
Grapevine Plasmopara viticola
Hops Pseudoperonospora humuli
Pome fruit Nectria galligena
COBOX 31.12.2026 Copper oxychloride 499.92 g/kg Potato Phytophthora infestans
Flowbrix 31.12.2022 Copper oxychloride 379.61g/L Tomato, aubergine Phytophthora infestans
cucumber, Pseudoperonospora cubensis
courgette
Cuproxat 31.10.2023 Copper sulfate, tribasic 190.1g/L Grapevine Plasmopara viticola

Pure copper contents are given as g/L or g/kg of the product. Pure Copper content is calculated from the Copper salt content in the plant protection product and the

Copper content of the chemical formulation.

classified in the kingdom Fungi. However, modern molecular
taxonomy suggests that oomycetes are more closely related to
heterokont algae within the Stramenopiles and have little
taxonomic relatedness to filamentous fungi (Kamoun, 2003). Of
particular importance is the control of downy mildew on
grapevine (Plasmopara viticola), downy mildew on hops
(Pseudoperonospora humuli), and the causative agent of late
blight or brown rot in potato and tomato (Phytophthora in-
festans). In fruit, vegetable, and ornamental plant cultivation,
copper is also used to combat various fungal pathogens, pri-
marily ascomycetes. In addition, some agents have a side effect
against bacteria such as fire blight (Erwinia amylovora;
BVL, 2022a; Kihne et al., 2017).

The Bundesamt fir Verbraucherschutz und Leb-
ensmittelsicherheit (BVL; German Federal Office of Consumer
Protection and Food Safety) currently lists (as of October 23,
2022) 10 approved copper-containing plant protection prod-
ucts (Table 1). Four products combine copper oxychloride and
copper hydroxide (Airone SC, BADGE WG, COPRANTOL
DUO, Grifon SC). Three products only contain copper hy-
droxide (Cuprozin progress, FUNGURAN-OH 50 WP, Funguran
progress), two contain copper oxychloride (COBOX, Flowbrix)
and one (Cuproxat) contains tribasic copper sulfate. Because
the authorization for Cueva expired on January 31, 2020, no
plant protection products containing copper octanoate

are currently available in Germany (BVL, 2022a, 2022b). The
authorizations of most of the copper-containing plant pro-
tection products expire in the course of 2023. FUNGURAN-OH
50 WP and COBOX are authorized until the end of 2026.

In accordance with the German Plant Protection Act, man-
ufacturers, first distributors, and importers must submit the
quantity of copper-containing plant protection products an-
nually marketed in Germany to the BVL. These numbers allow
the rough estimation of the volume of copper-containing plant
protection products applied in Germany, as well as the long-
term trends (BVL, 2022c). After copper sales decreased in
Germany from 2000 to 2012, quantities of pure copper com-
pounds marketed steadily increased again from 2013 to 2021
and have remained stable on an elevated level since. In 2021,
sales figures were as high as in 2003 (Figure 1). Intriguingly, in
2021, 383.95 t of copper hydroxide, 18.61 t of copper oxy-
chloride, and 25.66 t of tribasic copper sulfate were sold, cor-
responding to a total of 275.16 t of pure copper at present
annually applied in Germany. Clearly, these figures show that
copper minimization strategies have not been successful, and
copper application rates have not been significantly reduced in
the last 10 years. Instead, the latest trend indicates an increase
in copper applications.

Copper is used not only in organic farming, but also in
conventional farming. It is important to note that conventional
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FIGURE 1: Development of sales of copper-containing plant pro-
tection products in Germany from 2000 to 2021. Data from BVL
(BVL, 2022c).

agriculture uses copper to prevent the evolution of fungicide-
resistant pathogen populations (Wilbois et al., 2009). Because
more single-site fungicides will be banned by stricter regu-
lation, the use of multisite copper fungicides may therefore be
expected to increase in the future to compensate for the nar-
rowed range of modes of action (Oliveira-Garcia et al., 2021).
Interestingly, in 2013, the amount of copper applied in con-
ventional agriculture in Germany was estimated at 84.8 t of
copper compounds, which corresponds to 76% of the total
copper applied in crop protection, with the remaining 24%,
that is, 26.5 t of copper, being applied in organic cultivation.
However, copper in organic farming is used on a much smaller
area of cultivation. In conventional cultivation, in 2013, copper
was applied on an area of 75 200 ha, compared with 13784 ha
in organic cultivation. Thus, the average dose of copper ap-
plied per hectare was 1.9kg in organic and 1.1 kg in conven-
tional production. Such differences are much higher in
viticulture, where 2.29 kg per hectare was applied by organic
growers, as compared with 0.8 kg per hectare in conventional
vineyards (Kihne et al., 2016). The total use of copper-
containing fungicides in organic farming in 12 European
countries was estimated at 3258 t in 2017. The amount of
copper used was highly correlated to the organically managed
area (Tamm et al., 2021).

State of approval of copper compounds as
active substances in the European Union

Current approval of copper as active substance in fungicides
in the European Union has been in place since January 2019 and
will expire on December 31, 2025. In the Renewal Report of
November 27, 2018, the European Union member states rep-
resented in the Standing Committee on Plants, Animals, Food
and Feed agreed on a renewed and extended approval of
copper-containing fungicides (Regulation (EU) 2018/1981 of 13
December 2018). With this regulation, copper compounds were
classified as candidates for substitution (CFS) for the first time
within a re-approval process. In the European Union, active
compounds are labelled CFS when fulfilling at least two of the
three persistent, bioaccumulative, toxic (PBT) cut-off criteria. Of

these, copper indeed fulfills two, namely persistent and toxic.
The approval is therefore only valid for a period of 7 years and as
long as an adequate substitute has not been found. Because
European Union member states are in charge of authorizing
plant protection products, copper fungicides—in spite of copper
being approved as active ingredients on a European Union
level—are not authorized as plant protection products in
Denmark, Sweden, Finland, the Netherlands, and Estonia.

Until the end of 2025, to protect nontarget organisms, ap-
plications are limited to a total of 28 kg of copper per hectare
over 7 years, representing an average application rate of 4 kg
of copper per hectare and year. Farmers can thus vary the
amount of copper annually applied based on the requirements
by the particular disease severities (European Union Commis-
sion, 2018).

Articles 24(1a) and (3b) of the European Union Organic
Farming Regulation (EC) No 2018/848 of May 30, 2018, permit
the use of active substances of mineral origin for plant pro-
tection. Thus, copper can be legally used in organic farming.
The use of copper compounds in organic agriculture is further
regulated in the European Union by the implementing
Regulation (EU) 2021/1165 of July 15, 2021.

Many organic growers' associations impose more restricted
quantity limits of copper use on their members. Bioland, a
major German certification agency, allows the application of a
maximum of 3 kg of copper per hectare and year, with an ex-
ception for hops, where 4kg per hectare and year are ac-
cepted. The application is mainly limited to horticulture and
perennial crops. Exceptions are possible for potatoes. If the
application of copper is indispensable, the soil of treated
fields must be continuously tested for its copper content
(Bioland, 2022). Demeter, another German agency, only allows
the use of copper in perennial crops. Averaged over 5 years, a
maximum of 3 kg of copper per hectare and year may be ap-
plied, preferably in doses of less than 500 g of copper per spray
(Demeter, 2022). Since 2009, some European Union member
states, including Germany, have set the quantity limit to 3 kg of
copper per hectare and year (4 kg of copper per hectare and
year for hops), in accordance with the rules of the growers'
associations (Kihne et al., 2016).

Hazards and risks associated with copper use

The hazard properties associated with copper use in crop
protection have obtained increasing attention recently
(Lamichhane et al., 2018) and have led legislators to classify
copper compounds as CFSs in the current approval (see
above). As a result, withdrawal and replacement of copper as
active ingredient in crop protection products has become an
issue. The main reason is the accumulation of copper in the soil
and its ecotoxic effects as a heavy metal (Ballabio et al., 2018).
Moreover, copper is relatively toxic to plants and mammals
(La Torre et al., 2018). Toxicity to nontarget organisms is based
on the same unspecific cell toxicity in target pathogens. Protein
functions are disrupted due to the high affinity of copper for
amino and carboxyl groups, and to its pronounced affinity for

© 2023 The Authors

wileyonlinelibrary.com/ETC

85U8017 SUOWWOD @AReaI 3(ded!|dde au Ag peusenoh ae ssjoiie VO ‘88N JO S9N 40} Ariq1 8Ul|UO /8|1 LD (SUOTPUOD-PUR-SLLIBY/WI0D A8 | 1M Afe.d 1 Bu 1 [UO//:SdNL) SUORIPUOD Pue SWLB | 8U388S *[1202/T0/yz] uo Akeiqiauljuo AB|IM ‘STISRAIUN BYINT Ul IN-Yed AQ 99/G18/200T 0T/I0P/W0D A8 |im Afe.q 1 |pul U Je1es//Sd1y WOl pepeojumoq ‘T ‘¥20Z ‘8TI8ZSST



Risks of copper fungicides—Environmental Toxicology and Chemistry, 2024;43:19-30

23

thiol groups, leading to loss of function of sulfur-containing
proteins (see above).

Phytotoxicity

For almost any living organism, including plants, copper is
an essential micronutrient (Andresen et al., 2018; Panagos
et al., 2018). As a component of plastocyanin, for example,
copper has an essential function in the thylacoid electron
transport chain and thus in photosynthesis. Copper is also an
essential co-factor of plant copper/Zn superoxide dismutases,
which have important functions as ROS scavenging enzymes
localized in the cytoplasm, the stroma of chloroplasts, and
peroxisomes. Sufficient copper supply is therefore necessary
for plants, and plant protection measures using copper can
counteract deficiency. For example, the annual copper uptake
of hops may reach up to 2 kg per hectare, a demand for copper
that is relatively high compared with other micronutrients
(Wilbois et al., 2009).

However, copper may be harmful to plants in two ways: as
spray damage and through soil contamination. Due to the
unselective action of copper, excessive use of copper-
containing plant protection products is more likely to cause
damage to plant tissues. The chemotherapeutic index of
copper fungicides, which is the ratio between effective and
phytotoxic doses, is rather unfavorable. Thus, careful and pre-
cise dosing of copper compounds is mandatory. Particularly at
low temperatures and under humid weather conditions,
damage to plants may occur. Typical symptoms are “russeting”
of fruits, leaf necrosis, partial shedding, and reduced growth
(Winkler et al., 2022; Figure 2). In hops, under warm and humid
weather conditions, an excess of copper can lead to the de-
velopment of light spots on the leaf blade, and the plant tissue
may dry out (Calderwood et al., 2015).

Sensitive culltivars of fruit species, for example grapes,
and ornamental plants are particularly at risk. For hops
and apple, it is known that varieties differ with regard to
tolerance to copper-containing plant protection products
(Calderwood et al., 2015; LTZ, 2022). Further improvement of

formulation may allow more efficient distribution of copper on
the plant surface and thus a reduction in the required amount
of copper and phytotoxicity risks. The latest development of an
active ingredient, copper octanoate, displaying the lowest
chemical copper load, is currently not approved as an active
ingredient at European Union level.

Copper uptake by plants and soil organisms depends on the
concentration of bioavailable copper in soil (Felgentreu
et al., 2017). This proportion varies mainly depending on the
total copper content and decreases with increasing soil re-
tention time (Felgentreu et al., 2017), the chemical state and
binding form, and soil conditions. Copper mainly occurs as a
cation in soil but may be complexed in various ways such as
with clay minerals, organic matter, phosphorus, and sulfate
(Mackie et al., 2012). This chemical status determines mobility
and thus bioavailability and leaching/translocation of copper in
the soil (Berger et al., 2012; Mackie et al., 2012). As soil pH and
cation exchange capacity decrease, mobility and thus the
proportion of bioavailable copper increase (Berger et al., 2012;
Felgentreu et al., 2017; Smolders et al., 2009). Conversely,
bioavailability of copper decreases with increasing soil organic
matter content (Sauve et al., 2000) as stable complexes of
copper with low-molecular weight organic acids as well as with
humic and fulvic acids are formed (Berger et al., 2012). Con-
sequently, copper deficiency, for example leading to plant
disorders called "heather bog disease,” predominantly occurs
in crops grown on organic soils such as peat. Interestingly,
phytotoxic effects were also recorded in wheat grown on soils
from former vineyards contaminated by long-term use of ele-
vated copper doses (Michaud et al., 2007).

Mammalian toxicity

Copper is an essential micronutrient not only for plants and
most microorganisms, but also for humans (Andresen
et al., 2018; Panagos et al., 2018). For example, copper plays
an important role in the formation of haemoglobin and hae-
mocyanin (Solomon, 2009). Humans take up copper primarily
through plant and animal products, drinking water and food

FIGURE 2: Phytotoxic effects of copper containing fungicides. (A) Russeting and necrosis on apple fruits. (B) Phytotoxic effects of copper on
grapevine leaves treated under cool and humid conditions. Photographs: T. Réhmer, Versuchsstation fiir Obst- und Weinbau, Haidegg, Austria (left)

and INRA, Ministry of Agriculture and Food, France (right).
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supplements. Of minor importance is the intake via food sup-
plements or biocides, such as some disinfectants (Michalski,
2015). The ingested copper is absorbed especially by the small
intestine and in small amounts by the stomach. Intriguingly, the
higher the copper intake, the lower the absorption (ltter &
Pabel, 2013). After absorption, copper is passed on to the
liver. Bound to caeruloplasmin, copper ions are distributed in
the body through blood circulation (European Food Safety
Authority [EFSA], 2018).

Humans and other mammals require a copper concentration
of 5 to 20 ug per gram of body weight. Excess copper is se-
creted via kidneys and liver, and thus is regarded as harmless.
These organs produce metallothionein, a protein that is able to
bind copper. A water-soluble metallothionein-copper complex
is formed that is excreted via the bile or faeces (ltter &
Pabel, 2013; Solomon, 2009). However, the acute toxicity of
copper-containing fungicides, as measured as median lethal
dose (LDsp) in rats after oral uptake, is clearly higher than that of
modern fungicides such as strobilurins (e.g., Kresoxim-methyl),
and copper fungicides are also much more toxic than the
herbicide glyphosate or even the neurotoxic pyrethroid in-
secticide Fenvalerate. For comparison of the toxicity of copper
fungicides with that of other natural and synthetic compounds,
see Figure 3. Importantly, copper fungicides are only moder-
ately less toxic than DDT, which was banned in the 1970s be-
cause of its significant persistence in the environment and
accumulation in food chains (see below). Although the mobility
and environmental fate of copper and DDT are different, it
must be emphasized that copper cannot be degraded and is
even more persistent than DDT.

If the body's regulatory detoxification measures are not
sufficient, symptoms of copper toxicity may occur. In rats,
chronic oral copper sulfate exposure results in liver and kidney
dysfunction as well as in neurobehavioral abnormality. In these
organs, increased copper concentration was observed. In these
studies, the liver was the most susceptible organ and copper

toxicity increased in a dose- and duration-dependent manner
of exposure (Kumar et al., 2015). Older findings suggest that
the lungs may also be damaged. The term “vineyard sprayer's
lung” refers to a disease occurring among vineyard workers
characterized by detrimental changes in the lungs and liver.
The disease is caused by exposure to “Bordeaux broth” over a
long time in combination with old application techniques. The
effect of the “Bordeaux broth” may have been exacerbated by
the workers' tobacco consumption (EFSA, 2018).

In 2018, the EFSA found no evidence of direct adverse ef-
fects of copper on reproduction and fertility in rats. In mice,
however, there were negative effects on development, with
reduced weight of fetuses, increased fetal mortality, and mal-
formations occurring at increased frequencies. Negative effects
on development, to a lesser extent, have also been observed in
rabbits. The German Federal Institute for Risk Assessment (BfR)
also reported on weight and tissue changes in reproductive
organs in animal experiments at doses as high as 12 mg/kg
body weight (Itter & Pabel, 2013). Intriguingly, copper accu-
mulation in the human brain may occur in patients suffering
from heritable diseases such as Wilson's disease and Menkes
syndrome. However, no neurotoxic effects have been reported
for healthy people (EFSA, 2018).

There are different findings regarding the genotoxicity of
copper. According to the EFSA, some DNA damage was ob-
served in in vivo tests. Under normal conditions of use, however,
this is unlikely to occur. Moreover, experiments on rats have not
provided evidence for carcinogenic effects of copper nor have
immunotoxic or endocrine disrupting effects been detected so
far under realistic copper concentrations (EFSA, 2018).

In 2018, the EFSA confirmed the acceptable daily intake
(ADI) for copper at 0.15mg copper per kg body weight and
day, which had already been defined by the European Union in
2008 (EFSA, 2018). The World health Organization had already
set this value in 1996. Instead of a value of 0.2 mg copper per
kg body weight and day, a lower value was used for infants
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FIGURE 3: Median lethal dose (LDsp) values of different natural and synthetic compounds, as measured in rats after oral application. From Deising

(2022) modified.
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(World Health Organization, 1996). The BfR also emphasized an
increased risk for children (Michalski, 2015). The acceptable
operator exposure level, previously set at 0.072 mg copper per
kg body weight and day, was raised by the EFSA to 0.08 mg
copper per kg body weight and day (EFSA, 2018). The LDsq of
copper is 115 puM in cell cultures (Singh et al., 2006) and 300 to
2500 mg/kg body weight (oral) in mammalians (European
Chemicals Agency [ECHA], 2021). The mammalian toxicity of
copper oxychloride and copper hydroxide is 10 to 20-fold
higher than that of several modern synthetic fungicides with
similar areas of use (Table 2).

Despite the broad range of general risks caused by increased
copper exposure, various authors suggest that the risk of copper
to consumers should not be overestimated in relation to its use in
crop protection (Diesner et al., 2014; Wilbois et al., 2009). Phy-
totoxicity already occurs at copper concentrations that are not
toxic to humans, and one may argue that this toxicity gap be-
tween plants and humans may represent an effective barrier for
copper intoxication through ingestion with treated plant prod-
ucts (Wilbois et al., 2009). This is consistent with consumer ex-
posure not exceeding 15.1% of the ADI in drinking water and
72.3% of the ADI in plant- and animal-based food (EFSA, 2018).

Ecotoxicity

Ecotoxicity and high persistence are the main reasons for
the recurring discussion on withdrawing the approval of copper

compounds in plant protection. Comparison of key ecotox-
icological risk indices of the two most often used copper
compounds indicates that copper hydroxide has a higher tox-
icity to aquatic organisms and a lower toxicity to terrestric or-
ganisms than copper oxychloride. Both copper compounds,
however, are significantly more toxic to nontarget organisms
than modern synthetic fungicides that are authorized for similar
uses in crop protection, such as mandipropamid, zoxamide,
cymoxanil, and fluopicolide (Table 2). This particularly concerns
biological risks for terrestric organisms such as earthworms,
honey bees, beneficials (parasitic wasps, predatory mites),
birds, and mammals. Most strikingly, significantly increased
ecotoxicity of copper compounds compared with modern
synthetic chemistries is recorded for honey bees (3- to 20-fold),
beneficial insects (6- to 2000-fold), birds (2- to 13-fold), and
mammals (up to 17-fold). Modern synthetic chemistries also
display significantly lower risks toward aquatic organisms
compared with copper hydroxide, while copper oxychloride is
in the same range. Boscalid, a compound used as a fungicide
against ascomycetes and basidiomycetes, has a consistently
more benign ecotoxicological profile than the two copper
compounds. Besides the significantly more critical ecotoxico-
logical data, the maximum total doses at which copper fungi-
cides are applied, for example for the control of grapevine
downy mildew, are four to 20 times higher than for modern
synthetic fungicides (Table 2).

Soil contamination with copper can vary greatly depending
on the crop, the year, and the region. During 2009 to 2014,

TABLE 2: Sensitivity of aquatic and terrestric organisms to copper containing active ingredients used in plant protection products and permitted
maximum doses compared with modern synthetic fungicides

Copper Copper Mandi-
Target organism, parameter oxychloride hydroxide Boscalid propamid Zoxamide Cymoxanil Fluopicolide
Aquatic
Fish, acute 96 h, LCso (mg/L) >43.8 0.017 2.7 >2.9 0.16 29 0.36
Daphnia, acute 48 h, ECsq (mg/l) 0.29 0.038 53 7.1 >0.78 27 >1.8
Algae, acute 72 h, ECsg (mg/L) 165.9 0.009 3.8 >19.8 0.011 0.254 0.029
Terrestric
Earthworms, acute 14 days, LCsg >490 >677 >500 >500 >1070 >1000 >500
(mg/kg)
Earthworms, chronic NOEC (mg/kg) <40.5 <15 1.197 >16.0 66.7 6.6 62.5
Honey bee, oral acute LDsp (ug/bee) 12.1 49.0 >166 >200 >147 >85.3 >241
Beneficial insects, parasitic wasps, 3.97 50 >3600 827 >300 >480 8230
mortality, LRsg (g/ha)
Beneficials, predatory mites 14.9 >149 >3600 >900 >300 >480 7130
mortality, LRsg (g/ha)
Birds, acute, LDsg (mg/kg) 173 223 >2000 >1000 >2000 >486 >2250
Mammals, acute oral, LDsq rat 299 >489 >5000 >5000 >5000 356 >5000
(mg/kg body wt)
Maximum permitted dose per 538° 613 600 120 180 90 100
application (g a.i./ha)
Maximum total dose per season 26882 4290 600 360 360 270 200

(g a.i/ha)

“Badge contains 235.3 g/kg copper oxychloride and 215 g/kg copper hydroxide, calculation is based on copper oxychloride only, but the real copper dose is nearly
double.

Dose comparisons are made for control of grapevine downy mildew in Germany.

Data sources: Pesticide Properties DataBase, University of Hertfordshire, UK, 2023; Bundesamt fiir Verbraucherschutz und Lebensmittelsicherheit, online database, 2023.
Doses data were used from solo formulations as far as available (copper hydroxide, Boscalid) and the doses shown are those permitted in grapevine for control of downy
mildew (Boscalid: Botrytis grey mold). Products considered were copper oxychloride (Badge, Gowan Crop Protection Limited), copper hydroxide (Cuprozin Progress,
Cosaco GmbH), boscalid (Cantus, BASF SE), mandipropamid (Ampexio, Syngenta Agro), zoxamide (Zorvec Vinabel, Corteva Agriscience Germany), cymoxanil (Afrasa
Triple, Industrias Afrasa S.A.), fluopicolide (Profiler, BayerCropScience Germany).

LCso = median lethal concentration; LDsg = median lethal dose; ECso = median effect concentration; NOEC = no observed effect concentration; LRsq = median lethal rate
(kg per hectare).
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total copper loads between 7 and 97 mg per kg of soil were
found in German orchards and 14 to 252 mg of copper per kg
of soil in German vineyards (Felgentreu et al., 2017). While
copper contamination in most fruit-growing areas (83%) in
Germany can be classified as harmless, vineyards suffer much
more from copper toxicity in the soil. A global survey on
copper contents in vineyard soils revealed levels of con-
tamination of up to 1500 mg/kg of total copper and 418 mgrkg
of extractable copper (Mackie et al., 2012). A similar situation
exists across Europe. While copper levels in arable soils are at
18.9 mg/kg on average, average levels in vineyard soils are
49.3 mg/kg, in orchards are 27.4 mg/kg, and in olive plantations
are 33.5mg/kg. Almost 15% of samples from European vine-
yards exceeded the critical value of 100mg/kg (Ballabio
etal., 2018). Interestingly, the total copper content did not vary
significantly between organic and conventional farm soils. This
is due to a long history of copper-intensive farming in all ag-
ricultural areas before synthetic fungicides became available,
which has led to a significant background accumulation of
copper (Felgentreu et al., 2017). However, because accumu-
lation continues with further use, the present levels do not
justify continued application of copper fungicides at any rates.

The bioavailability of copper for soil microbes is variable and
depends on various factors, as described above for plant up-
take. Copper damages various soil organisms after extended
application. Among these, soil bacteria and soil fungi are
particularly threatened because of the high bactericidal and
fungicidal potential of copper (Biinemann et al., 2006). Con-
sequently, soil microbial communities were significantly altered
in copper polluted soils (Collins et al., 2012). Long-term use of
copper fungicides in an avocado orchard resulted in reduced
microbial biomass carbon and enhanced soil respiration
(Merrington et al., 2002). Such effects may affect the essential
soil functions required for the degradation of xenobiotics (Gaw
et al., 2003). Copper may also amplify the antimicrobial effects
of xenobiotics in soil. Copper enhanced the effects of sulfo-
methoxale, a sulfonamide contained in poultry farm manure, on
soil microbial biomass, composition, and enzymatic functions.
Significantly negative interactive effects were found on soil
enzyme activities and the total soil microbial biomass. In ad-
dition, soil microbial composition was shifted by a significant
decrease in the bacteria to fungi ratio (Liu et al., 2016). A recent
report indicated another particular side effect of the extensive
use of copper in orchards and vineyards resulting in the en-
hanced development of antibiotic resistance in Escherichia
coli against chloramphenicol and tetracycline. The present
study revealed that copper hydroxide fungicides induce up-
regulation of multidrug efflux pump genes and oxidative stress-
related genes, which partially explains the emergence and se-
lection of antibiotic resistance (Yu et al., 2022).

Under laboratory conditions, damage to soil invertebrates
was observed at and above 55mg of copper per kg of soil
(Jansch & Rémbke, 2009). Among soil invertebrates, collem-
bola are particularly sensitive to copper pollution (Frampton
et al., 2006). Field studies with microarthropods indicated that
the species composition of communities reacts more sensitively
than the number of individuals within a single species

population (Bruus Pedersen et al., 1999). Although a clear
correlation between increased copper levels and decreasing
abundance has only been found for sensitive species, the
Shannon-Wiener index as a measure of biodiversity decreased
linearly with increasing soil copper concentrations. This can be
explained by the fact that individual species respond differ-
ently, leading to shifting of the species composition accord-
ingly (Riepert, 2009). However, soil functions do not necessarily
seem to suffer. For example, copper tolerance acquired on
heavily polluted soils had no influence on the function of
nitrifying microorganisms (Mertens et al., 2010).

Earthworms are among the most sensitive soil invertebrates
to copper toxicity. Negative effects were observed in the field
at and above 50mg copper per kg soil (Jdnsch & Rémbke,
2009). This was confirmed by a study on growth of the earth-
worm Eisenia fetida, which was significantly reduced at and
above 50 mg copper per kg soil (Zhou et al., 2013). Accord-
ingly, the endpoints of no observed effect and lowest observed
effect concentrations for copper toxicity to Lumbricus rubellus
have been set to 10 and 40 mg/kg for metabolic responses,
respectively (Bundy et al., 2008). In contrast to plants, earth-
worms also incorporate bound copper (Berger et al., 2012).
Both the abundance and biomass of earthworms decreased
with increasing copper input. In addition, higher species di-
versity among earthworms has been found in farming systems
with low copper use, such as kiwifruit cultivation (Paoletti
et al., 1998). Depending on their lifestyle, different earthworm
species respond differently to increased copper doses. Results
from previous studies indicate that endogeic earthworms in-
habiting the topsoil are particularly affected by applications
of copper compounds and elevated copper levels in soil
(Felgentreu et al., 2017; Paoletti et al., 1998). Accordingly,
anoecious earthworm species are less affected by soil pollution
with copper (Felgentreu et al., 2017; Paoletti et al., 1998).
Anoecious earthworms bore vertically through the soil and are
thus only temporarily exposed to elevated copper concen-
trations in top layers. This implies that negative effects mainly
derive from more recent copper applications, but not from
copper already fixed in soil (Felgentreu et al., 2017). Copper
contamination can vary greatly locally with the kind of culti-
vated crop. Because earthworms avoid substrates with higher
copper loads, earthworm populations may recover in less
polluted niches in the soil (Felgentreu et al., 2017).

Through surface leaching, copper can reach surface waters
and be harmful to aquatic organisms. As with terrestrial organ-
isms, both the bioavailability and concentration of copper are
crucial for toxicity in water (de Oliveira-Filho et al., 2004). Ele-
vated copper concentrations pose a high risk to fish and crus-
taceans. According to an earlier source (Solomon, 2009), these
animals are 10 to 100 times more sensitive than mammals, and
recent toxicity data suggest that these values even under-
estimate sensitivities (Table 2). In fish, as in other aquatic or-
ganisms, copper can accumulate in tissues (Padrilah et al.,
2018). In addition to possible exposure through the food chain,
aquatic animals are particularly threatened by copper through
their gills, therefore irritated gills may be a symptom of increased
copper exposure (Solomon, 2009). The exchange of salts such as
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sodium chloride and potassium chloride is disturbed, which can
cause loss/disturbance of the salt balance of the body. Under
normal conditions, these salts perform important functions in the
cardiovascular and nervous systems (Solomon, 2009). Copper
can also affect the sense of smell in fish by occupying binding
sites on olfactory receptors and even causing their destruction in
the long term. In addition, because the sense of smell sig-
nificantly influences the behavior of fish, copper-induced be-
havioral disorders such as problems in salmon migration may
occur (Baldwin et al., 2003). Other negative effects on re-
production, for example on egg and sperm production, have
also been observed in various fish species (Solomon, 2009).
Algae are even more affected by elevated copper concentrations
than fish and crustaceans, which may render them less available
as food in the event of copper contamination (Solomon, 2009).
Significantly more information regarding the aquatic toxicity of
copper would exceed the space limitation of this review. For
details, the reader is referred to the US Environmental Protection
Agency's water quality criterion document for copper (United
States Environmental Protection Agency, 2007).

DISCUSSION

The present study summarizes key reports and documents
to highlight the toxicological and ecotoxicological risks asso-
ciated with the use of copper compounds in crop protection.
Copper-containing fungicides are essential for organic farming,
a growing agricultural sector in Europe that invariably depends
on their use in crop protection (Tamm et al., 2021). Yield losses
in organic production have been estimated at 50% to 100% if
copper fungicides were no longer available as plant protection
products in hops, grapes, and various fruit crops. For potatoes,
losses have been estimated at 15% to 20%, while in vegetable
and ornamental plant production losses of 10% to 15% would
occur (Wilbois et al., 2009). More recent studies indicate that
this dependency is continuing and that the unavailability of
copper fungicides would render organic cultivation no longer
profitable (Gitzel & Kihne, 2016; Kihne et al., 2017; Tamm
et al.,, 2021). According to the current European Union regu-
lation, copper may still be approved as an active substance
because it fulfils only two of the three PBT criteria (European
Union Commission, 2018). However, since 2015, copper has
been listed as a candidate for substitution (ECHA, 2020;
European Union Commission, 2018).

So far all efforts to develop formulations with lower copper
contents have been unsuccessful and thus have not led to a
significant reduction in copper application in agriculture. Sim-
ilarly, the search for alternatives to copper fungicides permitted
in the protection of organic crops has not been successful. The
quantities permitted and used above all strongly depend on
the disease pressure due to seasonal weather conditions and
recent years have demonstrated that these rates may not be
sufficient to protect susceptible crops. The current approval
also takes into account that an active substance can be ap-
proved if it is of public interest and no sufficient substitute is
available (ECHA, 2020). However, in contrast to the current

goals of the European Green Deal, the societal as well as the
political interest to maintain and even further expand organic
farming will lead to an increase in copper use and thus worsen
the ecological situation in European crop production.

In Germany, substantial funding, for example by the Federal
Programme for Organic Farming and Other Forms of Sustain-
able Agriculture, provided by the Federal Ministry of Food and
Agriculture, has promoted the search for alternatives allowing
the replacement and minimization of copper from as early as
2001 (Gitzel & Kihne, 2016). Improved formulations and
alternative chemical forms of copper have brought some
progress, but have not sufficiently reduced copper loads.
Similarly, minimization strategies including nonchemical
measures of integrated crop protection, such as the in-
troduction of new, more robust varieties, forecasting systems,
and the promotion of advisory services, have not been suffi-
cient to avoid severe crop damage at high disease pressure.

The development of new plant protection products based
on natural substances such as plant extracts or microorganisms
that can be used in organic farming may be a long-term al-
ternative but currently cannot replace copper fungicides.
Moreover, consumer risk associated with the use of natural
compounds or antagonistic microorganisms remains to be
carefully assessed (Deising et al., 2017; Oliveira-Garcia
et al., 2021). Potential alternative agents such as potassium
phosphonate, which has a significantly more favorable eco-
toxicological profile than copper, had to be abandoned be-
cause the active ingredient was classified as a synthetic plant
protection product and thus has not been permitted in organic
farming since October 2013.

With its high persistence and toxicity to aquatic and terrestric
nontarget organisms, copper compounds stand out compared
with the modermn synthetic fungicides currently approved in the
European Union because they fall significantly below the high
standards met by modern compounds. In addition, a recent
EFSA statement pointed out that nondegradable transition
metals such as copper used as active compounds in fungicides
defy a proper environmental risk assessment because their be-
havior and toxicity are distinctive characteristics not covered in
the current guidance documents for synthetic plant protection
products. Because current risk assessment covers only a defined
period of time, assessment of the long-term hazards of copper
accumulated in particular environmental compartments is lim-
ited. As a result, the nondegradability of copper makes a robust
estimation of long-term risks in the environment very difficult, if
not impossible, and represents a consistent unresolved issue,
although the protection goals for the environment remain the
same as for synthetic plant protection products (EFSA PPR panel;
Hernandez-Jerez et al., 2021).

Our comparison of copper fungicides with modern synthetics
with regard to risks for nontarget organisms in agro-ecosystems
indicates that their replacement by the latter would be a sig-
nificant contribution to risk reduction in chemical crop protection
in Europe. However, because important sectors in organic pro-
duction essentially rely on the availability of copper compounds
(Andrivon et al., 2018; Gitzel & Kihne, 2016) and substitutes
meeting the organic certification requirements are not in sight,
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the future use of copper compounds in crop protection will
clearly depend on the organic production area. Further ex-
pansion of organic farming, which is on the Green Deal agenda
of the European Commission, will therefore inevitably further
increase the use of copper compounds and result in significant
worsening of the ecological quality of crop protection. European
Union policies concurrently leading to a reduction of available
synthetic fungicides will further aggravate this trend because
copper fungicides will partially return to conventional production
to fill the gaps and mitigate development of fungicide resistance
caused by narrowing the range of available single-site synthetics.
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