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Abstract:

Copper-based plant protection products (PPPs) are widely used in both conventional and organic
farming, and to a lesser extent for non-agricultural maintenance of gardens, greenspaces, and
infrastructures. The use of copper PPPs adds to environmental contamination by this trace element.
This paper aims to review the contribution of these PPPs to the contamination of soils and waters by
copper in the context of France (which can be extrapolated to most of the European countries), and
the resulting impacts on terrestrial and aquatic biodiversity, as well as on ecosystem functions. It was
produced in the framework of a collective scientific assessment on the impacts of PPPs on biodiversity
and ecosystem services in France. Current science shows that copper, which persists in soils, can
partially transfer to adjacent aquatic environments (surface water and sediment) and ultimately to the
marine environment. This widespread contamination impacts biodiversity and ecosystem functions,
chiefly through its effects on phototrophic and heterotrophic microbial communities, and terrestrial
and aquatic invertebrates. Its effects on other biological groups and biotic interactions remain
relatively under-documented.

Introduction

Copper is an essential mineral nutrient that is vital to the health of all living organisms (including
humans) at trace concentrations, yet it also holds a special place in farming where it has been used as
a pesticide since the nineteenth century. Professor Alexis Millardet accidently discovered the
“Bordeaux mixture” in 1880 (Johnson 1935), and since then, copper-based plant protection products
(PPPs) have been widely used in both conventional and organic farming (and in more niche use for
non-agricultural maintenance of gardens, greenspaces, and infrastructures) to combat a variety of
fungal, bacterial, and oomycete diseases, mainly on wine grapes, fruit crops, and vegetable crops
(Andrivon et al. 2018; Tamm et al. 2022). According to Andrivon et al. (2018), copper is mainly used in
France as a PPP against grape downy mildew (vineyards occupied 782,700 ha of agricultural land in
France in 2016), apple scab (apple orchards occupied 36,500 ha of land in France in 2016), and potato
late blight (around 200,000 ha of potatoes are planted in France each year). Copper use as PPP in
organic grape production in France can reach average values of 5 kg Cu/ha/year in years marked by
intense downy mildew pressure. These values may also vary between regions, with less than 2 kg
Cu/ha/year in the Alsace region to more than 6 kg Cu/ha/year in the Champagne and Languedoc-
Roussillon regions (Andrivon et al. 2018) (Fig. 1). Other examples include organic olive and tomato
production, where despite these crops being far less widely grown in France, the estimated quantity
of copper used in 2018 reached about 5.0 and 5.5 kg/ha/year, respectively (Katsoulas et al. 2020). Over
the 2010-2019 period, the quantities of copper-based PPPs sold in France held relatively steady, with
total sales at 1500-2000 t copper/year, mainly as copper sulfate and, to a lesser extent, copper
hydroxide (Andrivon et al. 2018). In 2018, the EU passed a re-approval procedure that reduced the
maximum dose of copper-based formulations used in both conventional and organic farming systems
from 6 down to 4 kg/ha/year, averaged over a rolling 7-year period (i.e., a maximum of 28 kg/ha over
a period of 7 years; Regulation (EU) 1018/1981 2018).

2



Fig. 1: Main wine-growing regions of France highlighted by colored areas (1: Loire; 2: Bordeaux; 3: Southwest; 4:
Roussillon; 5: Languedoc; 6: Corsica; 7: Provence; 8: Rhone; 9: Bugey; 10: Savoy; 11: Beaujolais; 12: Jura; 13:
Burgundy; 14: Champagne; 15: Alsace; 16: Lorraine) and non-exhaustive illustration of surface vineyard soil
copper concentrations reported for seven of them (adapted and completed from Komdrek et al. 2010)

Champagne region
232 mg Cu/kg dw (Chopin et al. 2008)
248-378 mg Cu/kg dw (Besnard et al. 2001)

Alsace region
10-188 mg Cu/kg dw (Duplay et al. 2014)
89-243 mg Cu/kg dw (Probst et al. 2008)

Bourgogne and Beaujolais regions
17-342 mg Cu/kg dw (Dousset et al. 2007)
15-430 mg Cu/kg dw (Jacobson et al. 2005)
57-332 mg Cu/kg dw (Parat et al. 2002)
323 mg Cu/kg dw (Flores-Vélez et al. 1996)

Bordeaux region

28-238 mg Cu/kg dw (Ouedraogo et al, 2022)
1-383 mg Cu/kg dw (Anatole-Monnier, 2014)
6-250 mg Cu/kg dw (Pierdet, 2020)

Languedoc and Roussillon regions

14-251 mg Cu/kg dw (Brun et al.1998, 2001, 2003)
22-398 mg Cu/kg dw (Chaignon et al. 2002, 2003)
>39 mg Cu/kg dw (Ballabio et al. 2018)

>50 mg Cu/kg dw (Gis Sol 2013)

55-115 mg Cu/kg dw (Ribolzi et al. 2002)

32-184°» mg Cu/kg dw (Michaud et al. 2007)

a. Concentrations measured in newly-planted vineyards ; b. Localized contamination reaching 1030 mg Cu/kg dw (occasional spills of Cu)

BELGIUM

GERMANY

SPAIN

Several studies have highlighted widespread contamination of environmental compartments by
copper through agricultural uses (Rabiet et al. 2015; Ifiigo et al. 2020; Komarek et al. 2010; Tamm et
al. 2022). However, PPPs are not the only source of copper in the environment. First, as a natural
element in the Earth’s crust, copper exists naturally and natively in all the environmental
compartments, including soil, surface water, and sediment, with strong geographical variations
according to geochemical background (Reimann and Garrett 2005). In France, such geological
background has been estimated to result in 3 to 100 mg/kg of copper in uncontaminated soils
(Andrivon et al. 2018). Furthermore, copper is also approved as a biocide for various applications,
including as a disinfectant and an algicide (not intended for direct application to humans or animals),
and as an antifoulant (PPDB, Pesticide Properties DataBase 2023). A further agricultural source of
copper is fertilization with organic waste, particularly pig slurry (Panagos et al. 2018). These multiple
sources and vectors pose challenges for assessing the role of copper-based PPP use in environmental
contamination, the resulting impacts on biodiversity in terrestrial, freshwater and marine ecosystems,
and the consequences on ecosystem functions.

This article aims to set out the main conclusions about the contribution of copper-based PPPs to the
environmental copper contamination in the context of France (which can be extrapolated to most of
the European countries) and the resulting impacts on terrestrial and aquatic biodiversity, as well as on
ecosystem functions. This work is based on a collective scientific assessment performed from 2020 to
2022 by a panel of 46 scientific experts to analyze the science on impacts of PPPs (including but not
limited to copper) on biodiversity and ecosystem services (Pesce et al. 2023). Collective scientific
assessment, which differs from meta-analysis or systematic review, is intended to inform public policy
and foster public debate (Pesce et al. 2021).



The use of copper as a plant protection product contributes to the contamination of soil and aquatic
environments

Contamination of soil ecosystems

Only a fraction of copper found in soil is (bio)available. This fraction is classically evaluated by mild
extraction techniques using various salts or complexing agents such as CaCl2 or EDTA (Brun et al. 1998,
2001; Chaignon et al. 2003). Furthermore, there is evidence that Cu(EDTA) and Cu(CaCl2)
concentrations could make indicators of a potential risk for soil organisms (Michaud et al. 2007;
Komarek et al. 2010; Sereni et al. 2023). Copper concentrations in French soils were accurately mapped
by the French Soil Quality Monitoring Network (‘Réseau de Mesures de la Qualité des Sols’ (RMQS) in
French; Gis Sol 2013) via a first sampling campaign (2002—2009), based on a systematic 16 x 16 km grid
covering the entire French mainland. The campaign evidenced strong variability in copper
concentrations according to soil type, ranging from less than 1 mg/kg in sandy soil to more than 100
mg/kg in other types. However, differentiating between natural Cu and anthropic-origin Cu remains
an as-yet-unresolved challenge. Attempts using the 65Cu isotope or 65Cu/63Cu ratio were not
systematically successful (El Azzi et al. 2013; Babcsanyi et al. 2016; Blotevogel et al. 2018). However,
the Cu concentration extracted by EDTA has been demonstrated to correlate with intensity of copper
treatment in vineyards (El Hadri et al. 2012) or, more generally to an anthropic origin (Saby et al. 2009).
Soil surveys have shown that vineyard and orchard soils generally present the highest levels of
contamination by copper (Saby et al. 2009; El Hadri et al. 2012; Ballabio et al. 2018; Panagos et al.
2018). Ballabio et al. (2018) reported a pan-EU average copper concentration of about 49 mg/kg in
vineyard topsoils, and France had the highest national average concentration (91 mg/kg). A review by
Komarek et al. (2010) concluded that intensive use of copper-based fungicides is a major source of
contamination of vineyard soils (Fig. 1). Total copper concentrations in vineyard soils often exceed 200
mg/kg and can occasionally reach 1000 mg/kg (Flores-Vélez et al. 1996; Michaud et al. 2007). However,
vineyard-soil copper contamination is highly dependent on climate, which modulates the likelihood of
downy mildew growth (and thus the need to use copper-based fungicides). For example, the soils of
French Mediterranean vineyards contain lower levels of copper than those of the Champagne wine
region that is located in the colder and rainier north-eastern region of France (Brun et al. 1998; Besnard
et al. 2001) (Fig. 1).

However, and as mentioned above, vineyard practices are not the only source of copper in the
environment. The RMQS database made it possible to define the main sources of copper in French
soils according to its use on different types of crops or other uses and to regional characteristics (Saby
et al. 2009; 2011; El Hadri et al. 2012). For instance, while vineyard practices are probably the main
source of copper in soils in the French regions with a strong wine industry (e.g., Nouvelle Aquitaine,
Occitanie and Grand-Est regions), this is not the case in Brittany, where soil contamination by copper
is largely driven by the use of pig manure as a soil amendment. Furthermore, in some regions, such as
Massif Central one (central France), the main source of copper in soils may be a geological origin (Saby
et al. 2011). At European scale, studies have reported high copper concentrations in olive-grove and
fruit-orchard soils, especially when the climate is humid and therefore when antifungal treatments are
frequently required (Ballabio et al. 2018).

There has been little research into the effects of the non-agricultural use of copper as a PPP on soil
contamination. Joimel et al. (2021) recently measured copper concentrations in topsoil samples from
a set of 104 urban vegetable gardens at 26 allotment sites selected in three French cities (i.e., Nancy,
Nantes, and Marseille), and showed that copper concentrations were higher in gardens treated with
“Bordeaux mixture” (78 mg/kg on average) compared to untreated soils (49 mg/kg). A study by Zhong



et al. (2022) suggests continued use of “Bordeaux mixture” under the same conditions in these areas
would lead to a > 180% increase in copper concentration in the allotment garden soils after a century.
Copper is generally largely immobilized in soil. Soils with high contents of Fe-(hydr)oxides or humic
substances, such as humic acid and fulvic acid, possibly have the greatest copper retention capacity
(see Komdrek et al. 2010; and references therein). However, copper can transfer from soils to aquatic
systems, especially from acidic soils (as an acidic pH facilitates copper export through particulate
transport), tilled soils, and soils affected by intensive erosion. Copper transfer through infiltration is
also greater in sandy soils than in clay soils (Komarek et al. 2010). Several types of organisms can also
influence the fate of copper in soils (Komarek et al. 2010; Mackie et al. 2012). Some plants able to
absorb copper in its reduced form via their root system transfer it to the upper part of the plant where
copper can accumulate (Mackie et al. 2012; Mir et al. 2021). However, recent studies have reported
that some perennial plants can exude copper from their root system, and thus release copper into the
soil (Cesco et al. 2021). The complexity of rhizosphere dynamics means that soil management under
perennial crops requires a deeper understanding of the soil-plant system and its dynamics, and the
role of in-soil microorganisms, some of which can increase Cu solubility (Lin et al. 2022). Invertebrate
organisms, such as earthworms, can also influence the fate of copper in soil by sequestering it in their
tissues (Mackie et al. 2012; Zeb et al. 2020) or through bioturbation processes (Van Zwieten et al.
2004).

Contamination of aquatic ecosystems

Copper concentrations in French freshwater ecosystems range from a few pg/L to tens of pg/L in
surface waters, and from tens to hundreds of mg/kg in sediments. Like for soils, the bulk of scientific
articles dealing with freshwater contamination by copper due to its specific use as a PPP have focused
on streams and rivers located in vineyard areas. El Azzi et al. (2013) studied the isotopic composition
of copper in rivers located in southern France and estimated that more than 75% of the total copper
concentration measured in surface sediments and suspended particulate matters came from
anthropogenic sources. This finding is consistent with Perk and Jetten (2006) who demonstrated that
vineyard soil erosion is a major source of copper pollution in aquatic environments in Mediterranean
vineyard regions. The quantity of copper exported by soil erosion from the two vineyard plots studied
averaged 0.74 kg/ha/year and 1.02 kg/ha/year, respectively, and the highest value observed came
from the steeper-sloped plot (Perk and Jetten 2006). Their data was corroborated by the recently
performed mapping of potential copper transfers from vineyard soils to water at Europe-wide scale
(Droz et al. 2021). The alternating cycle of rainy periods and drought periods (as in the Mediterranean
Region and/or in case of climate extreme events) induces a higher risk of transfer, especially if the
organic matter content of the soil is low and the slope is steep. In the Beaujolais vineyard region
(central-eastern France), Rabiet et al. (2015) estimated that up to 70% of copper export from a
vineyard watershed to its receiving stream took place in the dissolved phase in base flow conditions,
whereas during intense rainfall events, copper transfer to the stream was predominantly driven by the
particulate fraction (74%—80%; Rabiet et al. 2015). Consequently, more than 90% of copper export
over the course of the study occurred within a very short period of time (less than 17% of the period
studied; Rabiet et al. 2015). This observation supports the general idea that copper transfers from
vineyard soils to adjacent rivers increase with larger rainfall events and soil erosion (Babcsanyi et al.
2016; Meite et al. 2018; Imfeld et al. 2020).

In the marine environment, copper has been detected in coastal surface waters, sediments and biota
(e.g., Fey et al. 2019; Ong et al. 2021). The highest sedimentary copper content measured on the
French coastline was at the Cortiou station at the sea outfall of treated wastewaters from the Marseille
urban area (943.7 mg/kg dw; Mauffret et al. 2018). However, this high copper concentration in a



natural coastal environment is probably mainly caused by biocidal uses of copper. Among these uses,
anti-fouling paints used to control biofouling on ships contribute significantly to harbor sediment
contamination, with surface sediment concentrations in ten French harbors ranging from 10 to 170
mg/kg dw (CEREMA 2020; Mauffret et al. 2018), with the highest concentration observed in the largest
European marina at Port Camargue (maximum: 1961 mg/kg dw in the upper 10-cm-layer surface
sediment; Briant et al. 2022). The Port Camargue sediment cores showed higher copper concentrations
in the upper layers (0—10 cm) than below (10—-40 cm). Studying copper contamination in the muddy
plug of the Gironde estuary, Petit et al. (2013) showed that the isotope fractionation method was able
to help discriminate inputs related to the use of copper as a PPP (i.e., agricultural fungicide) from inputs
originating from wastewater treatment plant discharges from the city of Bordeaux and from natural
sources. However, this kind of approach is still in its early stages, and further development is needed
to better characterize sources of copper contamination in marine environments or to use stable copper
isotopes as effective tracers of the antifouling paints in marine environments (Araujo et al. 2019, 2021,
2022). Regarding the biota, copper accumulation has been reported in more than 40 different marine
species, including primary producers (such as seagrass and phytoplankton; Chouvelon et al. 2019;
Lewis and Devereux 2009), invertebrates (such as echinoderms, crustaceans, and mollusks; Metian et
al. 2010, Breitwieser et al. 2020), fish (Oliveira Ribeiro et al. 2005; Burgeot et al. 2017; Chouvelon et
al. 2019; Dron et al. 2019), and mammals (Frodello and Marchand 2001). For instance, a maximum
average copper concentration of 59 pug/g dw was reported by Chouvelon et al. (2019) in 6—60 um size
plankton collected in spring and summer 2010 in the East part of the Gulf of Lions in the French
Mediterranean Sea. Copper concentrations reached 22 pg/g dw in roots and rhizomes of Posidonia
oceanica sampled in French and Italian Mediterranean Sea (Lewis and Devereux 2009). Breitwieser et
al. (2020) reported copper concentrations up to 353 pg/g dw in the shellfish’s digestive glands of the
scallop Mimachlamys varia sampled in the La Rochelle marina (French Atlantic coast). Copper
concentrations up to 1097 ug/g dw were also measured in the hepatopancreas of a pooled sample of
the Pacific blue shrimp Litopenaeus stylirostris, collected in the aquaculture farm of Saint- Vincent, SW
New Caledonia (Metian et al. 2010). Finally, copper concentrations reached about 72 pg/g dw in eel
liver in the Camargue nature reserve (Anguilla Anguilla from the Vaccares lagoon; Oliveira Ribeiro et
al. 2005) and about 46 pg/g dw in five toothed whale species of the Mediterranean Sea (Frodello and
Marchand 2001).

The use of copper as a plant protection product contributes to ecotoxicological effects on terrestrial
and aquatic biodiversity

Levels of knowledge on the effects of copper on biodiversity vary widely among different types of
organisms. Indeed, most of the published studies concern microorganisms and invertebrates in
terrestrial and aquatic environments.

Effects on terrestrial biodiversity

The analysis of the corpus considered in the collective scientific assessment identified only a few
studies assessing the direct unintended effects of copper-based PPPs on higher plants. Simonin et al.
(2018) found no effect of treatments with copper-based PPPs in nanoparticle form (30 mg/m2 Kocide
formulation containing 26.5% copper as the hydroxide salt) on non-target plant species. Nonetheless,
several studies have observed effects of copper on plants through the response of root symbiotic
microorganisms. Sharaff and Archana (2015) showed negative effects of copper (CuSO4 at above 250
mg/kg soil) on the rhizobacterial diversity of mung beans (Vigna radiata). Conversely, Bary et al. (2005)
studied soils taken from golf courses regularly exposed to synthetic and mineral fungicides (including
copper, at concentrations between 1 and 9 mg/kg) and showed that neither copper nor synthetic



fungicides affected the establishment of the annual bluegrass Poa annua root colonization by
endomycorrhizal fungi. More recently, Zhang et al. (2022a) showed by high-throughput sequencing
that fungal diversity increases under long-term moderate contamination of soil by copper (50 mg/kg)
but decreases under far higher contamination levels than those observed in soils treated by copper-
based PPPs (1600 and 3200 mg/kg). The relative abundance of arbuscular mycorrhizal fungi increased
under the moderate contamination level, leading to an improvement of plant nutrient absorption, but
decreased at the highest levels. There was a significant positive correlation between fungal species
richness and plant (maize and wheat) dry weights (Zhang et al. 2022a).

Most of the knowledge about copper effects on soil microbial communities (reviewed by Giller et al.
2009) is based on microcosm experiments using different copper-based fungicides used alone or in
combination with other synthetic PPPs (fungicides and herbicides). Vazquez-Blanco et al. (2020)
compared the impact of copper salts (copper sulfate and copper nitrate) and four commercial copper
fungicides on microorganisms by exposing soil collected from a two-year-old vineyard to five
concentrations ranging from 127 to 2033 mg/kg for 91 days. The highest concentrations of copper salts
(>500 mg Cu/kg) substantially decreased soil pH (a loss of 1-2 pH units depending on copper
concentration applied) as well as bacterial and fungal growth basal soil respiration, without recovery
over the duration of the experiment. In contrast, the application of commercial Cu-based products did
not affect soil pH or basal respiration of soil microflora (Vazquez-Blanco et al. 2020). However, early
during exposure, commercial Cu-based products significantly decreased bacterial growth regardless of
the dose applied, but bacterial growth then showed recovery 2 to 3 months after soil treatment
(Vazquez-Blanco et al. 2020). Keiblinger et al. (2018) studied two different agricultural soils (an acidic
sandy loam and an alkaline silt loam, respectively) treated with a commercially available copper-based
fungicide at five concentrations (from 50 to 5000 mg Cu/kg) and evidenced a clear negative dose—
response relationship between copper concentrations and both soil microbial biomass carbon and soil
fungal biomass (estimated from soil ergosterol concentration). The half-maximal effective
concentration (EC50) of EDTA-extractable copper in soil ranged between 76 and 142 mg/kg for
microbial biomass carbon, and between 9 and 94 mg/kg for fungal biomass depending on sampling
timepoint (4 or 15 weeks) and soil type. Microbial respiration was also reduced in a similar range of
copper concentrations, but only in the acidic soil (Keiblinger et al. 2018). The influence of soil
characteristics on both the fate and effects of copper on soil microbial communities was also
demonstrated by Ranjard et al. (2006). Moreover, Keiblinger et al. (2018) observed a copper-induced
change in fungal community composition in vineyard soils. The composition and structure of microbial
communities can also be modified by the development of copper-resistant microbial populations
following prolonged exposure in soil repeatedly treated by copper (Lamichhane et al. 2018 and
references therein). Such modifications can lead to increased community tolerance to copper toxicity,
in line with the concept of pollution-induced community tolerance (PICT, first introduced by Blanck et
al. 1988). For instance, PICT processes were reported in different soils historically treated with copper
using short-term toxicity tests on substrate-induced microbial respiration (Wakelin et al. 2014), on
thymidine and leucine incorporation (Diaz-Raviiia et al. 2007), and on potential nitrification rate
(Mertens et al. 2010). Copper-polluted soils are also frequently contaminated by other PPPs, but the
effects of these combined exposures on soil microbial communities are still under-researched. In
planted soil microcosms, Parada et al. (2019) showed that the combined application of copper
nanoparticles and the herbicide atrazine could lead to a 60% decrease in bacterial abundance
compared to atrazine alone.

There are very few ecotoxicological studies addressing the effects of contaminants on terrestrial
microalgae and cyanobacteria. However, Kuzyakhmetov (1998) demonstrated that copper used at
agronomic doses has effects on the diversity of soil microalgae and cyanobacteria, which can explain,

7



at least partially, the particularly low levels of algal and cyanobacterial diversity and biomass in wine-
growing soils compared to other types of agroecosystems (Zancan et al. 2006). Concerning lichens,
copper accumulation measurements, and physiological response assessment (mainly related to
photosynthesis) have been studied as indicators of aerial pollution (Garty et al. 2000).

The scientific literature also evidences effects of copper on soil invertebrates, including earthworms
(Paoletti et al. 1998; Komarek et al. 2010; Mackie et al. 2012; Amossé et al. 2020). These extremely
useful soil organisms are particularly sensitive to copper, and many studies have shown their copper-
induced harm manifests at different levels of biological organization (Uwizeyimana et al. 2017; Bart et
al. 2017). Several studies have reported negative effects of copper on earthworm populations, and
even population eradication at copper concentrations above 200-250 mg/kg in sandy agricultural soils
(Klok et al. 1997; Ma 2005; Klok 2007). Other studies have reported lower copper-toxicity thresholds
for earthworms, based on laboratory experiments (e.g., Zhou et al. 2013, with weight loss and reduced
cocoon production at 50 mg/kg copper nitrate) or field exposures (e.g., van Rhee 1967, with
eradication at concentrations >80 mg/kg). Ma (2005) proposed using critical body residue values as
thresholds of copper toxicity (in the range of a few mg/kg to a tens of mg/kg body weight for adult
Lumbricus rubellus and Aporrectodea caliginosa earthworms) based on ecotoxicological effects on
mortality, fecundity and field recolonization rate. Nematodes can also be impacted by copper, as
shown in soil microcosms (Martinez et al. 2016; Chauvin et al. 2020). On nematodes, copper can impair
population fitness, change interspecific interactions (Martinez et al. 2016), and modify community and
taxonomic richness (Chauvin et al. 2020). This is also the case for the smaller Oligochaetes, i.e.,
Enchytraeidae. Indeed, Maraldo et al. (2006) reported a reduced diversity of enchytraeids in copper-
polluted soils, with substantial changes in population density and species composition at
concentrations higher than 300 mg Cu/kg dry soil. By contrast, Amossé et al. (2018) did not observe
any effects on enchytraeid populations in plots contaminated with up to ten times the recommended
rate of the fungicide formulation Cuprafor Micro® composed of 500 g/kg copper oxychloride. Based
on two studies performed under laboratory conditions with natural soils (Bogomolov et al. 1996; Bart
et al. 2017), Karimi et al. (2021a) concluded that earthworm biomass was reduced by 15% after
application of 200 kg Cu/ha/year, microbial activity decreased by 30% in soils receiving copper at
application higher than 400 kg/ha/year, and collembola and enchytraeid reproduction declined by 50%
after application of 400 and 1895 kg Cu/ha/year, respectively. In contrast, nematode abundances were
not affected by copper concentrations up to 3200 kg/ha/year.

Effects on aquatic biodiversity

There is an extensive literature on the effects of copper on the biodiversity of phototrophic and
heterotrophic aquatic microbial communities. Most of this literature reports ecotoxicological effects
of environmental copper concentrations. Concentrations in the range of just a few tens of pg/L (e.g.,
10-30 pg/L) have been shown to significantly reduce the biomass of freshwater periphytic
communities within just a few weeks (Serra and Guasch 2009; Lambert et al. 2012; 2016; Pesce et al.
2018), although this is not always the case (Tlili et al. 2010). Chronic exposure to copper generally
favors green algae to the detriment of diatoms (Serra and Guasch 2009; Lambert et al. 2016), whereas
cyanobacteria seem indifferent or even tolerant (Massieux et al. 2004; Serra et al. 2009). Copper
effects on freshwater diatom communities include changes in specific diversity (Serra et al. 2009;
Lavoie et al. 2012; Morin et al. 2017), with a selection of copper-tolerant species from the genera
Achnanthidium (Lavoie et al. 2012; Morin et al. 2017) and Nitzschia (Pesce et al. 2018). Teratologic
impacts were also observed, with a significant increase in the proportion of deformed frustules with
increasing exposure to copper (Lavoie et al. 2012; Morin et al. 2012a). Diatom adaptation to copper
can occur at the species level: Roubeix et al. (2012) observed higher tolerance to copper in a strain of



the diatom Encyonema neomesianum isolated downstream of a copper-contaminated river, compared
to the strain collected upstream. Several studies have also focused on marine phototrophic microbial
communities, but most of them tested much higher copper concentrations than those found in marine
environments, which strongly limits the possibility of extrapolating the results to realistic exposure
contexts and linking them directly to the impacts induced by copper used as a PPP. However, toxicity
thresholds close to or at the upper limit of environmental concentrations have been reported. For
example, De la Broise and Palenik (2007) observed changes in natural phytoplankton communities
exposed to copper at 2.5 pg/L in in situ mesocosms. These effects mainly consisted in a drastic drop in
the abundance of cyanobacteria in the genus Synechococcus while the abundance of photosynthetic
picoeukaryotes increased (De la Broise and Palenik 2007). Changes in the structure and diversity of
marine phytoplankton communities following chronic exposure to copper can result in increased
copper tolerance, as shown by Biswas and Bandyopadhyay (2017). This is again coherent with the
concept of PICT, which has been mainly applied to freshwater ecosystems in studies on environmental
effects of copper. Indeed, several studies have reported an increase in tolerance of freshwater
phototrophic microbial communities to copper toxicity following chronic copper exposure (Tlili et al.
2010; Lambert et al. 2012; Larras et al. 2016; Pesce et al. 2018).

This increase in copper tolerance in response to chronic copper exposure was also reported, in
combination with changes in community structure and diversity, in heterotrophic microbial
communities from periphyton (Tlili et al. 2010; Pesce et al. 2018) and sediment (Mahamoud-Ahmed et
al. 2020). Environmentally realistic exposure to copper (45-55 mg/kg) can thus drive drastic shifts in
the structure of bacterial communities in river sediments from as early as 7 days of exposure
(Mahamoud-Ahmed et al. 2018), due to a significant decrease in bacterial diversity (Mahamoud-
Ahmed et al. 2020). Carley et al. (2020) also showed a significant effect of copper nanoparticles (as
copper hydroxide) on bacterial community diversity as well as protozoan and fungal community
structure in a wetland sediment.

The acquisition of copper tolerance by (heterotrophic and autotrophic) microbial communities has
been widely reported, but recovery of these copper-impacted communities is less clear. For example,
Larras et al. (2016) showed a recovery of phytoplankton communities in Lake Geneva after 10 years of
reduced copper contamination. In contrast, Dorigo et al. (2010) did not observe complete recovery in
a 9-week periphyton transplantation experiment in a river. Besides the exposure level (i.e., duration
and concentration) and the duration of the recovery period, the architecture of microbial communities
environment (e.g., extracellular polymeric substances organic matrix of periphytic assemblages; Serra
and Guasch 2009) is an important factor in community responses to copper. In addition, the
connectivity between pristine and previously exposed communities (e.g., between upstream non-
contaminated and downstream contaminated sections along the river continuum) is also a key driver
of the recovery of phototrophic communities after copper contamination, due to the role of
immigration in microbial recolonization processes (Lambert et al. 2012; Morin et al. 2012b).

Despite the existence of various studies on the toxicity of copper to invertebrates, including
experimental assessment and prediction (e.g., Biotic Ligand Model; De Schamphelaere et al. 2006;
Beaudouin and Péry 2013), and on detoxification mechanisms (e.g., metallothioneins, Palacios et al.
2011; reviewed in Calvo et al. 2017), less investigation has been focused on the specific effects of
copper-based PPPs on macroorganisms in contaminated aquatic ecosystems. De Caralt et al. (2020)
revealed that although adult biomass, height, and photosynthetic yield of the marine macroalgae
Carpodesmia crinita remain almost unaffected in long-term copper laboratory exposures, low Cu levels
of 30 pg/L completely suppress adult fertility. In addition, all the assays have a strong and negative
impact on the survival and growth of recruits, suggesting that the long-term viability of C. crinita may
be severely compromised. In invertebrates, a mesocosm experiment showed that vorticella can
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proliferate under copper contamination, whereas other planktonic taxa, such as rotifers, cladocerans,
and copepods, proved to show a dose-dependent pattern of sensitivity to copper exposure (Joachim
et al. 2017). Some aquatic invertebrate populations can adapt to cope with copper toxicity following
chronic or acute exposure. For instance, the freshwater snail Lymnaea stagnalis showed genetic
variation in response to copper (Cote et al. 2015). A study using the PICT concept was applied to
nematodes and showed higher copper tolerance of nematode communities from a Cu-contaminated
estuary compared to those from an adjacent less-contaminated estuary (Millward and Grant 2000).
Furthermore, the diversity of nematodes was lower in the contaminated estuary than in the less-
contaminated estuary. Moreover, genotype diversity can promote the persistence of certain
populations in the event of severe copper stress, as demonstrated by Loria et al. (2022) with Daphnia
populations. Buffet et al. (2013) described several effects of two forms of copper (CuO nanoparticles -
NPs- and soluble salt CuNO3) on two marine endobenthic species (Scrobicularia plana and Hediste
diversicolor), during outdoor mesocosms experiments. Bioaccumulation of CuO NPs was observed in
both species. Copper uptake was higher in worms exposed to CuO NPs vs soluble copper, whereas in
clams the opposite was observed, suggesting that copper accumulation rate was specie- and its form-
dependent. After 14 days of exposure, the activity of the worm H. diversicolor was reduced (i.e., the
burrowing/undulation frequency and head movements/feeding significantly decreased). Slower
burrowing by endofauna could make it more vulnerable to predators in environments impacted by
CuO NPs. The authors described also genotoxic effects on worms exposed to copper (Buffet et al.
2013). Embryotoxic and genotoxic effects of copper were similarly described for the oyster Crassostrea
gigas larvae from copper concentrations of 10 pg/L and 1 pg/L, respectively (Sussarellu et al. 2018).
Akcha et al (2022) recently showed that trophic transfer of copper from contaminated phytoplankton
to oyster spats decreased the condition index in Crassostrea gigas spat in concomitance with a change
in the microalgal fatty acid profile and enhanced oyster energy demand. These effects, while not
directly letal to shellfish larvae, tend to weaken them through genotoxicity or in terms of energy
reserves, possibly making them less viable to become mature individuals.

Besides direct toxic effects, copper can indirectly impact aquatic invertebrates through trophic
interactions with photosynthetic microorganisms, as shown by Mensens et al. (2018) who observed
that copepods fed with diatoms exposed to 500 ug/L copper had a 50% lower essential fatty acid
content compared to copepods fed with non-exposed diatoms. Although this type of study is rare, the
few results available illustrate the potential impacts of copper on the quality of trophic resources and
energy transfers in aquatic biota.

Knowledge on the effects of copper on aquatic populations from higher trophic levels is also difficult
to connect to the specific context of copper used as a PPP, and it mainly concerns biochemical or
molecular responses in individual fish species. Copper is an essential element that is involved in various
physiological functions, particularly for biochemical processes related to energy and oxidative
metabolism (Grosell 2011). Accidental acute exposures may therefore have significant toxicological
impacts on higher-trophic-level organisms. For example, Maes et al. (2016) showed that a 7-day
exposure of juvenile roach (Rutilus rutilus) to copper at 10, 50, and 100 pg/L led to disturbances in
their cell energy metabolism (e.g., a decrease in ATP concentrations and an increase in AMP
concentrations), which was associated with an increase in anaerobic metabolism. Like other PPPs,
copper is known to induce oxidative stress in aquatic vertebrates by modulating the activities of
antioxidant enzymes such as Cu/Zn superoxide dismutase (Grosell 2011). In this context, copper
induces oxidative stress in the liver and lymphoid anterior kidney of common carp (Cyprinus carpio L.;
Dautremepuits et al. 2004; Zhang et al. 2022b). Juvenile carp exposed to 0.2 mg/mL of copper for 30
days also showed disturbances in gut microbiota richness (Zhang et al. 2022b).
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We currently have no data available on the effects of copper PPPs on aquatic vertebrate biodiversity.
Indeed, most of the experimental strategies used to date are not adapted to the context of natural
populations exposed to variable copper concentrations in space and time. Moreover, in natural
environments, aquatic vertebrates may be able to detect and escape copper contamination (Islam et
al. 2019). It is therefore very difficult at this point to firmly rule on whether contamination of
hydrosystems by copper-based PPPs does or does not damage aquatic vertebrate populations.
However, some authors have been able to extrapolate consequences at fish-populations scale from
data acquired in laboratory experiments. For example, the growth rate of Chinook salmon
(Oncorhynchus tshawytscha) juveniles submitted to chronic exposure at low copper concentrations
(i.e., a few pg/L) was reduced by about 7%, that could be enough to cause significantly reduced survival
(from 23 to 52%) in a natural environment (Mebane and Arthaud 2010). In contrast, a lab-bred
population of three-spined sticklebacks (Gasterosteus aculeatus) chronically exposed to a high but
realistic copper concentrations (75 pg/L) for 18 months in an outdoor mesocosm showed significantly
higher body length and abundances (due to higher reproduction rates) compared to the non-exposed
populations (Roussel et al. 2007).This finding may be due to indirect ecological parameters (food and
habitat availability, lower predation pressure on eggs and juveniles) that need to be taken into account
to improve ecotoxicological risk assessments on copper for aquatic vertebrate populations (Roussel et
al. 2007).

Copper effects on terrestrial and aquatic biodiversity have consequences on ecosystem functions
Ecosystem functions potentially directly and/or indirectly impacted by PPPs were classified into 12
categories by the scientific experts involved in the collective scientific assessment (Pesce et al. 2023).
The literature corpus mobilized by these experts documented that environmental contamination due
to the use of copper as a PPP generates risks and/or effects for at least 7 of these 12 categories.

Consequences on the regulation of gaseous exchanges

In aquatic environments, copper contamination can reduce oxygen production through its impact on
photosynthesis in phototrophic communities. For example, a significant reduction in the
photosynthetic activity of aquatic microbial communities has been demonstrated at copper
concentrations of a few tens to a few hundred pg/L (e.g., Massieux et al. 2004; Tlili et al. 2010;
Oukarroum et al. 2012; Lambert et al. 2016). This impact is sometimes transient, suggesting a possible
resilience of the microbial communities (Barranguet et al. 2003). Environmental copper concentrations
can also impair respiration and denitrification processes involving heterotrophic microorganisms, as
shown by Mahamoud-Ahmed et al. (2018) in river sediments. Based on a meta-analysis, Karimi et al.
(202143, b) estimated that microbial respiration was reduced by 50% in soils experiencing several years
of copper applications at 200 kg/ha/year. They suggested that applying the dose recommended by the
European Commission (i.e., 4 kg/ha/year; Regulation (EU) 2018/1981 2018) would not substantially
alter the biological quality of vineyard soils. However, this conclusion was challenged by Imfeld et al.
(2021) who argued that it is necessary to take into account local variables encountered in vineyards,
such as the level of previous copper contamination in soils or soil pH which has a major influence on
the in-soil speciation of copper and its ecotoxicity with respect to organisms living in the soil. In their
response to Imfeld et al. (2021), Karimi et al. (2021b) agreed that the ecotoxicological risk of copper
used as a PPP depends on both the dose applied, the amount of copper already present in the soil, and
on soil physical-chemical parameters, such as pH and organic matter content that influence copper
bioavailability in the soil. They confirmed that the application of copper at the authorized annual dose
of 4 kg/ha would have no impact on soil quality in the short-term, but they also flagged the fact that
we do not have enough scientific information to document the long-term effect of repeated
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applications of copper at the European Commission-authorized dose in vineyards, thus echoing the
concern raised by Imfeld et al. (2021).

Consequences on the dissipation of contaminants

Several studies have reported copper retention through accumulation in aquatic biota. For example,
Bonnineau et al. (2021) reviewed the literature on trace element and organic contaminants in aquatic
biofilms and showed that adsorption of copper (and other trace elements) in the biofilm matrix was
fairly fast and well correlated with exposure concentrations in surface waters. Based on the dataset
analyzed, they suggested that a saturation of cellular binding sites may occur at high exposure
concentrations to mixtures of contaminants, resulting in competitive sorption (thus removal) of the
contaminants (including copper).

Other competitive mechanisms have been described in soil microorganisms. High copper
concentrations can limit the adsorption of organic PPPs to soil, thus making them more bioavailable or
more mobile, and thus potentially more accessible to microorganisms capable of degrading them. Such
a hypothesis was supported by Abiven et al. (2006) who studied the influence of copper on sorption
of the herbicide terbumeton (and its transformation products) onto soils, and by Pérez Guaita et al.
(2011) who studied adsorption via complexation of flumequine, a quinolone antibiotic, but not by
Jacobson et al. (2005) studying the herbicide diuron. Demanou et al. (2006) showed that copper oxide
applied at 128 mg/kg did not modify the microbial activity responsible for mineralization of the
fungicide mefenoxam applied at 4 mg/kg.

Consequences on production and inputs of organic matter

The literature shows that environmental concentrations of copper can negatively impact primary
production and sometimes highlights a tight link with photosynthesis inhibition. However, although
this could therefore have repercussions on the production of organic matter, the quantitative impact
of copper (or other PPPs) on this type of function is hardly ever discussed. Mensens et al. (2018)
showed an ecotoxic impact of copper on the transfer of organic matter and energy to higher trophic
levels in a marine environment after exposure of phytoplankton to high copper concentrations (200
and 500 pg/L).

Consequences on nutrient regulation

Several studies have reported that environmental concentrations of copper can either inhibit or
stimulate, in either a transient or a prolonged manner, various different microbial processes involved
in the biogeochemical cycles of carbon, nitrogen and phosphorus, thus potentially disrupting the
regulation of nutrient cycles in terrestrial and aquatic ecosystems. Wang et al. (2009) investigated the
effects of long-term application of Cu-based fungicides on apple orchards soils and showed that soil
copper contamination could explain a large part of the total variance of microbial biomass and
activities, with possible consequences on microbial-mediated ecological processes such as nutrient
cycling. In a vineyard context, Wightwick et al. (2013a) observed that phosphomonoesterase, urease,
arylsulfatase, and phenol oxidase enzyme activities were lower in copper-treated vineyard soils (n = 10,
copper concentrations ranging from 19 to 162 mg/kg) than in non-treated reference soils (n = 10). In
general, the measured enzyme activities (i.e., phosphomonoesterase, urease, and arylsulfatase) were
lower in the treated soils than in the reference soils. However, a negative relationship between copper
concentration and enzyme activity was only found for phosphomonoesterase activity, and soil
physical-chemical properties (i.e., organic carbon, pH) were the greatest determinants of soil enzyme
activities (Wightwick et al. 2013a). Wightwick et al. (2013b) went on to perform a microcosm study but
did not observe any significant impact of copper hydroxide (up to 156 mg/kg) on soil
phosphomonoesterase and urease activities. Similarly, in the microcosm study by Demanou et al.
(2006), the combined application of copper oxide (128 mg/kg) and the fungicide mefenoxam (4 mg/kg)
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on soils did not affect most of the measured enzyme activities (cellobiohydrolase, xylosidase,
aminopeptidase, and phosphatase), but the treatment led to an in increase in chitinase and laccase
activities, whereas B-glucosidase activity was increased at 24 days after treatment but returned to its
initial state at 2 months after treatment. In aquatic environments, Lambert et al. (2012) and
Mahamoud-Ahmed et al. (2018) observed that environmental concentrations of copper (about 20 pg/L
and 40 mg/kg sediment, respectively) significantly inhibited the B-glucosidase activity of periphytic and
sediment microbial communities, respectively. In addition, Mahamoud-Ahmed et al. (2018) also
reported a significant decrease in leucine amino-peptidase and phosphatase activities in sediment
chronically exposed to copper.

Copper contamination can also negatively impact the decomposition of particulate organic matter in
both terrestrial and aquatic ecosystems. A review by Schoffer et al. (2020) found that the accumulation
of copper in orchard soil due to repeated application of copper-based fungicides can generate a
decrease in microbial litter decomposition. In addition, it has been suggested that high copper
concentrations would explain a significant accumulation of particulate organic matter in vineyard soils
due to a decrease in decomposition rates, thus modifying the distribution of organic carbon among
the particle-size fractions (Parat et al. 2002).

The negative impact of environmental concentrations of copper (40 mg/kg) on the decomposition of
particulate organic matter in river surface sediments was also shown experimentally by Pesce et al.
(2020), and an in situ study conducted by Fernandez et al. (2015) in 17 stream sites in a German
vineyard area. These works showed that both leaf litter decomposition rates by invertebrates and
gammarid feeding rates were negatively correlated with sediment copper concentrations.

Consequences on soil (and sediment) structure formation and maintenance

There is some work showing the effects of copper on soil structure, through a decrease in bioturbation
activities of the copper-contaminated soil by invertebrates (Van Zwieten et al. 2004), which may lead
to anincrease in soil bulk density (Eijsackers et al. 2005; Bunemann et al. 2006). Furthermore, there is
evidence that other biological communities, such as microorganisms known to act on erosion
limitation through soil and sediment structure (e.g., Crouzet et al. 2019; Gerbersdorf et al. 2020), are
sensitive to copper. However, no study to our knowledge has focused on the effects of copper on
microorganism-driven soil and sediment maintenance.

Consequences on the dispersion of propagules

Duarte et al. (2008) assessed the ecotoxicological effect of copper and zinc mixtures at concentrations
(several mg/L) far higher than those measured in contaminated aquatic ecosystems and reported a
significant decrease in sporulation rates of aquatic hyphomycetes colonizing decaying leaves.
However, Roussel et al. (2008) tested more environmentally realistic copper concentrations (5 to 75
pg/L) and did not observe any effects on fungal sporulation in copper-contaminated freshwater
mesocosms.

Consequences on the provision and maintenance of biodiversity and biotic interactions

Effects of copper-based PPPs on terrestrial and aquatic biodiversity are described in the section “The
use of copper as a plant protection product contributes to ecotoxicological effects on terrestrial and
aquatic biodiversity.” For some of these effects, the literature sometimes informs on causes or
consequences that are associated with biotic interactions, such as symbiotic plant—-microorganism
relationships at root-systems level (Sharaff and Archana 2015), lytic induction of cyanobacterial phages
(Lee et al. 2006), or indirect effects through trophic links (Barranguet et al. 2003; Mensens et al. 2018).
For instance, Mensens et al. (2018) demonstrated that copper exposure resulted in a decrease in the
quantity of lipids in phytoplankton, thus impacting the quality of the diet of copepods feeding on it. In
addition, Soares et al. (2017) suggested that copper can affect biotic interactions involved in biological
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control by inhibiting the vegetative growth and sporulation (but not germination) of Beauveria
bassiana, an entomopathogenic fungus used to control crop pests. These interactions were affected
regardless of whether the fungus was inoculated before or after the application of copper as a
fungicide. However, the findings of this work need to be confirmed before they can be generalized to
the natural environment.

Effects of copper on biodiversity and ecosystem functions are modulated by various environmental
factors

The ecotoxicological effects of copper are primarily driven by its environmental bioavailability in both
terrestrial and aquatic ecosystems. Therefore, all the environmental parameters that can modify the
bioavailability of copper are likely to modulate its effects, including both physical factors, such as pH,
temperature and light, and chemical factors, such as (dissolved) organic matter and nutrients. For
example, the bioavailability and toxicity of copper in soil and aquatic environments vary according to
its complexation capacity, which is dictated by pH (among other factors; Barranguet et al. 2000; Le
Jeune et al. 2007; Levy et al. 2009; Komarek et al. 2010; Sereni et al. 2023). Increasing temperatures
were also shown to decrease copper bioavailability to freshwater biofilms (Lambert et al. 2016). For
the same reasons, the binding capacity of organic matter in soils, which limits microbial community
exposure to copper in PICT bioassays, may lead to an overestimation of copper-induced tolerance
(Campillo-Cora et al. 2023). Cheloni et al. (2014) showed that the copper tolerance of biofilm
communities decreased with increasing light intensity during colonization. Besides influencing copper
exposure through bioaccumulation in microbial assemblages, these factors also modify the
composition of microbial communities, which could also play a role in modulating their sensitivity to
copper (Morin et al. 2017; Pesce et al. 2018).

In surface water, the ligand complexation capacity can also be modulated by the concentrations of
dissolved organic matter (Grosell et al. 2002), and nutrients such as nitrates or phosphates (Serra et
al. 2010; TIili et al. 2010). Therefore, in agricultural watersheds, the toxic impact of copper may be
partially masked by concomitant fertilizer inputs. Guasch et al. (2004) experimentally demonstrated
that periphyton in oligotrophic streams were more sensitive to copper than periphyton in more
eutrophic environments. Given the many environmental parameters that influence copper toxicity,
but also the intrinsic properties of microbial communities which evolve over time through species
succession, Navarro et al. (2002) and Larras et al. (2016) logically observed seasonal differences in the
copper sensitivity of phototrophic communities (river periphytic biofilms) and microalgal communities
(lake phytoplankton).

Although less studied, prey—predator relationships are also likely to modulate the effects of copper on
aquatic microbial communities by impacting top-down control, as illustrated for example by
Barranguet et al. (2003) and Le Jeune et al. (2007). However, cascading effects associated with copper
trophic exposure has been poorly studied, and the indirect effects of copper on food webs have not
yet been documented in either terrestrial or aquatic ecosystems.

Conclusions

The widespread use of copper-based formulations as a plant protection product in both conventional
and organic agriculture as well as for non-agricultural uses, together with its natural native sources
and its wider use as a biocide, makes copper an ubiquitous contaminant in the different environmental
compartments, where it tends to accumulate over time. Copper that persists in soils can be partially
transferred to adjacent aquatic environments (in surface water and sediment) and, ultimately, to the
marine environment. The results presented here clearly highlight that this contamination, which is
mainly reported in vineyard areas, impacts biodiversity and ecosystem functions, in particular through
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effects on phototrophic and heterotrophic microbial communities, and on terrestrial and aquatic
invertebrates. There is still a shortage of knowledge on the effects of copper on other biological groups
and biotic interactions, despite the fact that copper is still in massive use worldwide.
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