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Abstract: Copper contamination stemming from copper-based pesticides poses a grave concern in vineyards and orchards, 
causing toxicity to soil organisms. Here, we present a comprehensive review of global data encompassing copper levels in 
these soils, coupled with variables such as the age of agricultural establishments, climate, soil organic matter content, soil 
pH, and farming practices (organic vs. conventional). The results suggest that there are three pivotal determinants driving 
copper content in vineyard and orchard soils: climate, the age of agricultural establishments, and soil organic matter con-
tent. It was impossible to estimate soil pH’s effect on soil copper content because of its dependence on precipitation. Copper 
content in vineyard and orchard soils worldwide follows a direct correlation with precipitation while inversely correlating 
with aridity (i.e. potential evapotranspiration divided by precipitation). Furthermore, a clear linkage emerges between farm 
age and increased copper content in soils globally. Intriguingly, the increased soil organic matter content has shown inverse 
impacts on soil copper levels. These effects of soil properties on soil copper contents were discussed in terms of copper 
losses from soil via surface runoff. However, no discernible disparities in soil copper content between organic and conven-
tional farming systems were found. This worldwide survey not only underscores the established influence of climate on 
European vineyards but also sheds novel light on the historical legacy of copper contamination in these landscapes.
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Copper-based pesticides have been used for over 
a century to combat bacterial and fungal diseases 
in crops. In 1880, Pierre Millardet serendipitously 
stumbled upon the Bordeaux mixture of CuSO4 + 
Ca(OH)2 (Johnson 1935). Subsequent experiments 
confirmed its effectiveness against downy mildew 
(Plasmopara viticola (Berk & Curt.) Berl. & de Toni) 
at a relatively low cost. This discovery marked the 
advent of the first widely utilised fungicide. The suc-
cess of the Bordeaux mixture paved the way for com-
mercialising various other copper-based pesticides 
in modern agriculture, including copper oxychloride 
and copper octanoate (DuPont et al. 2023).

It is important to emphasise that a significant 
portion of copper-based pesticides does not firmly 
adhere to the surfaces of plants (Perez-Rodriguez et 
al. 2016). Instead, they tend to leach from the foliage, 
finding their way into the soil. This characteristic 
leads to a widespread issue of elevated copper levels 
in soils within vineyards and orchards worldwide 
(Schoffer et al. 2020).

The high toxicity of copper in soil poses a significant 
challenge for replanting. Studies have documented 
this problem for both grapevines (Coïc and Coppenet 
1989, Romeu-Moreno and Mas 1999, Komárek et al. 
2010, Ambrosini et al. 2015, Brunetto et al. 2019, 
Cesco et al. 2021) and citrus trees (Alva et al. 1993, 
1995, 2000). This has prompted research into copper-
based pesticide contamination in these agricultural 
settings, seeking solutions to overcome this obstacle 
to replanting (Duplay et al. 2014, Brunetto et al. 
2016, Iñigo et al. 2020).

Inadvertent soil ingestion may represent an impor-
tant pathway for human exposure to trace elements, 
such as through hand-to-mouth contact (Mielke 
2016). In human health risk assessments, the US 
Environmental Protection Agency recommends using 
accidental soil ingestion rate estimates of 50 mg/day 
for children and 20 mg/day for adults (US EPA 2011). 
It must be emphasised that copper is generally con-
sidered safe for public health (Turnlund et al. 2005). 
Indeed, the regulatory limit for chronic daily cop-
per intake (0.04 mg/kg/day) is considerably higher 
than that for arsenic (3 × 10–4 mg/kg/day), which is 
considered a highly toxic element for human health 
(US EPA 2002).

Under normal circumstances, overwhelming the 
human body’s homeostatic defence mechanisms 
against copper toxicity through oral ingestion of 
this element is nearly impossible (Scheinberg 1979). 
However, instances of copper toxicity in humans 

have been reported in cases where copper salt was 
ingested as part of suicidal attempts, in agricultural 
workers exposed to CuSO4, and when acidic food or 
beverages were allowed to remain in contact with 
metallic copper for prolonged periods (Scheinberg 
1979, Van Campen 1991, Dameron and Howe 1998). 
Furthermore, cases of gastrointestinal illnesses have 
been reported following the consumption of potable 
water contaminated with copper (with a median level 
of about 3 mg/L of copper) (Dameron and Howe 1998).

In contrast, copper accumulation in vineyard and 
orchard soils is concerning. This enrichment can have 
toxic effects not only on young vines and trees but 
also on soil organisms. For instance, Van Zwieten 
et al. (2004) and Schoffer et al. (2024) documented 
the toxic effect of copper on earthworms exposed to 
soils treated with copper-based pesticides.

It must be emphasised that current soil remedia-
tion options for copper contamination offer limited 
effectiveness, such as metal phytoextraction (Santa-
Cruz et al. 2023), or are complex and expensive, such 
as in situ immobilisation with synthetic sorbents 
(Smorkalov et al. 2023). This highlights the critical 
importance of prioritising a preventive approach 
to reducing the application rate of copper-based 
pesticides in vineyards and orchards to mitigate 
copper toxicity. Droz et al. (2021) discuss detailed 
strategies to achieve this reduction.

A study by Droz et al. (2021) concluded that pre-
cipitation and aridity are the key factors explaining 
the variance in soil copper content in European 
vineyards. Likewise, Romić et al. (2014) study dis-
cussed farm age’s effect on soil copper content in 
Croatian vineyards. Although the studies by Romić 
et al. (2014) and Droz et al. (2021) significantly con-
tributed to our understanding of factors influencing 
copper content in agricultural soils, their focus was 
confined to European vineyards. In the present re-
view, we sought to broaden the geographical scope 
of data coverage and include vineyards and orchards. 
To this end, we reviewed worldwide data on copper 
content in vineyard and orchard soils, along with 
information on precipitation, aridity, and farm age.

Droz et al. (2021) proposed several hypothetical 
mechanisms through which soil pH and organic 
matter could potentially impact copper content in 
European vineyard soils. Therefore, in the context 
of the present study, we have included assessments 
of soil organic matter content and soil pH. This 
discussion on the effects of soil organic matter on 
copper mobility in soils focuses on oxic conditions 
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typical of vineyards and orchards due to the sensi-
tivity of crops to waterlogging stress (Kreuzwieser 
and Rennenberg 2014, Salvatierra et al. 2020). The 
effects of organic matter on copper (im)mobilisation 
under suboxic conditions are addressed elsewhere 
(Mehlhorn et al. 2018).

We also assessed the impact of different farming 
systems on copper content in vineyard and orchard 
soils. Some researchers have previously compared 
soil copper levels between organic and conventional 
vineyards (Probst et al. 2008, Steinmetz et al. 2017). 
However, these comparisons were constrained by 
a limited number of data points (n = 8 and n = 9, re-
spectively). To address this limitation, we conducted 
a comprehensive review of global data pertaining to 
copper content in soils from organic (n = 38) and 
conventional (n = 77) vineyards and orchards.

DATABASES

In the first database (n = 157, Online Supplementary 
Table 2), we included studies that provided clear 
indications of (1) the geographical location of the 
study; (2) the age of the vineyard/orchard (hereafter 
referred to as "age of the farm" or "farm age"), and 
(3) the total copper content in the topsoil. In this 
context, the "age of the farm" refers to the cumula-
tive duration the land has been under cultivation as 
a vineyard or orchard rather than the current age of 
the vines or fruit trees. Although growers periodically 
renew their vines and trees (Brunetto et al. 2019), 
our analysis is concerned with the overall time the 
land has been utilised as a vineyard/orchard. The 
term "total copper content in the topsoil" pertains 

to the copper content present within the vineyard or 
orchard rows, excluding the copper content between 
the rows. Furthermore, we have incorporated avail-
able information on soil pH and soil organic matter.

To assess the inf luence of geographical areas 
(Europe, Asia, Oceania, the Americas) and crop 
types (vineyards and orchards) on total soil copper, 
we opted for the Kruskal-Wallis test due to the imbal-
anced number of observations available in different 
categories for comparison. For instance, there were 
43 observations for orchards versus 113 observations 
for vineyards, requiring the use of non-parametric 
statistical analysis, such as the Kruskal-Wallis test. 
The results showed that total soil copper content 
was statistically significantly higher (P < 0.05) in 
South America (median of 456 mg/kg) compared to 
the rest of the world (median ≤ 60 mg/kg) (Table 1). 
It is worth noting that the South American data are 
exclusive to Brazil, where the prevalence of downy 
mildew is more severe due to the humid climate, 
requiring higher doses of copper-based pesticides 
(Komárek et al. 2010). Conversely, there was no 
statistical difference (P > 0.05) between vineyards 
and orchards concerning total soil copper content 
in the first database.

In  the  s e cond  d at ab a s e  ( n  =  116 ,  Onl ine 
Supplementary Table 3), we included studies docu-
menting soil copper levels in conventional and or-
ganic vineyards/orchards. While some of the papers 
did not explicitly state "conventional" management, 
they did reference the use of synthetic products (e.g., 
synthetic pesticides), which are prohibited in organic 
farming (European Commission 1991, Ministério da 
Agricultura 2014). These farms were classified under 

Table 1. Distribution of total soil copper in the first database by geographical areas and crop types

Category of the variable n
Total soil copper (mg/kg)

median mean ± SD range
Geographical area

Asia 17 30A 54 ± 44 4–148
Europe 85 58A 85 ± 91 2–442
North America 23 60A 88 ± 73 5–257
Oceania 10 60A 62 ± 147 13–126
South America 21 456B 570 ± 603 33–2 198

Crop type
Orchard 43 63A 77 ± 61 4–257
Vineyard 113 72A 171 ± 329 2–2 198

Mean ± standard deviation (SD), range, and the number of observations (n) are shown. In the median column, different 
letters for the same group indicate statistically significant differences between categories (Kruskal-Wallis test, P < 0.05)
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the "conventional" category in such instances. Two 
studies that reported data on biodynamic vineyards 
(Di Giacinto et al. 2020, Hendgen et al. 2020) were 
categorised as "organic". Three studies that reported 
data on integrated vineyard management (Di Giacinto 
et al. 2020, Hendgen et al. 2020, Porizka et al. 2021) 
were classified as "conventional". These categorisa-
tions were based on integrated pest management 
practices incorporating chemical methods when 
biological approaches are deemed inadequate or inef-
fective (Porizka et al. 2021). To ensure consistency, 
we excluded studies involving vineyards/orchards 
that transitioned between different farming systems 
during their cultivation history. For example, if a farm 
began as conventional and subsequently converted 
to organic, we excluded it from our analysis.

None of the selected articles addressed pollution 
resulting from mining activities that might impact 
copper content in the studied soils. However, we spe-
cifically excluded articles that discussed the utilisation 
of animal manure (e.g., Sonoda et al. 2019, Pham et 
al. 2022) due to its potential to contribute to copper 
accumulation in the soil (Ramos et al. 2006, Yamamoto 
et al. 2018). Despite this exclusion, we opted to include 
farms in the database where animal manure was used, 
provided the authors indicated that its usage was 
limited and insufficient to account for soil copper 
enrichment (Fan et al. 2011, Wang et al. 2015).

Using the geographical locations of the chosen 
studies, climate data were obtained from the National 
Aeronautics and Space Administration Power project 
(Prediction of Worldwide Energy Resources), acces-
sible at https://power.larc.nasa.gov. Specifically, data 
regarding monthly precipitation, as well as monthly 
mean maximum and minimum temperatures, were 
retrieved. For each study in the database, climate 
data for the ten years preceding its publication were 
taken into account.

Using the climate data, the mean annual precipi-
tation over the course of ten years was computed 
(hereafter referred to as "precipitation" for simplicity). 
Similarly, the mean aridity index (AI) over a ten-year 
span was computed according to Droz et al. (2021):

 

where: ET0 – 10-year mean annual potential evapotranspi-
ration (mm); P – 10-year mean annual precipitation (mm). 
The aridity index is thus unitless. ET0 was calculated using 
the "SPEI" package of the RStudio version 1.4.1106, modified 
from the method of Hargreaves et al. (1985), according to 
Droogers and Allen (2002):

  
(2)

where: RA – amount of extraterrestrial radiation (MJ/m2/d); 
Tavg – daily mean temperature (°C) defined as the average 
of the daily maximum and minimum mean temperatures; 
TD (°C) – temperature range calculated as the difference 
between the daily maximum and minimum mean tempera-
tures; P – monthly precipitation (mm).

DATA ANALYSIS

The copper content within the examined soils 
did not follow a normal distribution but exhibited 
a log-normal pattern. This type of metal content 
distribution in the soil is typical of anthropogenically 
contaminated environments (Ott 1990). In such a case 
of log-normal pattern, the classical mode of statistical 
analysis involves log transformation of the response 
variable and the predictor variables before regression 
analysis (Draper and Smith 1998). The problem with 
this method is one of interpretation. Fitted values, 
as well as parameter estimates, are in terms of the 
log response. This obstacle often proves to be incon-
venient (Kutner et al. 2004). A better approach is to 
internalise the log transformation of the response 
within the model itself. The log link exponentiates 
the linear predictor rather than log-transforming the 
response to linearise the relationship between the 
response and predictors. This procedure, implicit 
within the generalised linear model algorithm, al-
lows easy estimates and fitted values interpretation 
(Hardin and Hilbe 2018).

Therefore, the statistical analysis of the first da-
tabase involved a generalised linear model of the 
Gaussian family, with a log-link function, using the 
"glm2" package in RStudio version 1.4.1106. In this 
model, the response is expressed as the logarithm of 
the expected values of the response variable (Hardin 
and Hilbe 2018).

Our analysis identified a strong negative Pearson 
correlation (–0.61, P < 0.001) between precipitation 
and soil pH (Table 2). This aligns with established 
knowledge about the effects of precipitation on soil 
pH, with arid regions generally exhibiting neutral 
or alkaline soils and humid regions having acidic 
soils (Figueroa and Neaman 2023). It is important 
to consider this correlation, as r values above 0.7 
introduce collinearity into statistical models (Belinda 
and Peat 2014, Young 2017).

(1)
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While the absolute value of Pearson correlation 
between precipitation and soil pH (r = 0.61) fell be-
low the commonly used multicollinearity threshold 
of 0.7, we opted to exclude soil pH from the model 
with precipitation. This decision was applied similarly 
to the aridity, even though its correlation with soil 
pH was weaker (0.43, P < 0.001). Consequently, our 
analysis could not estimate the effect of soil pH on 
copper content in the studied soils.

The aridity index, as expected, exhibited a strong 
negative correlation with precipitation (Table 2) due 
to its dependence on precipitation in its calculation 
(Eq. 1). Therefore, we excluded both variables from the 
same model to avoid redundancy. In all other cases, 
correlations between other investigated variables – 
farm age, precipitation (or aridity index, depending 
on the model), and soil organic matter – remained 
relatively weak (r ≤ 0.25, Table 2). This allowed us 
to incorporate these variables in the model without 
concerns about multicollinearity.

The data in the second database were analysed 
using the Kruskal-Wallis test to compare the two 
management types (organic and conventional), with 
soil copper content as the response variable. In ad-
dition, in order to enhance visual comprehension of 
the obtained results (Figure 1), we created a boxplot 
with notches (Marmolejo-Ramos and Tian 2010) using 
the "ggplot2" package in RStudio version 1.4.1106. 
The notches display confidence intervals around the 
median, which are calculated based on the formula: 
median ± 1.58* interquartile range/square root of n. 
Overlapping notches indicate that the medians do 
not differ statistically (Marmolejo-Ramos and Tian 
2010).

THE EFFECTS OF CLIMATE AND FARM 
AGE

The following equations were obtained for the first 
database, where Cut is total soil copper:

log expected value of Cut = 5.8 + 0.02 
farm age – 0.80 aridity index

log expected value of Cut = 1.7 + 0.01 
farm age + 0.002 precipitation

where: total soil copper is measured in mg/kg, farm age is 
measured in years, precipitation is measured in mm, and the 
aridity index is unitless. Eqs. 3 and 4 explained 47% and 60% 

Table 2. Pearson correlations between the variables of the first database

Total soil Cu Farm age Precipitation Aridity index pH Soil organic matter
Total soil Cu ns
Farm age 0.56*** ns
Precipitation 0.50*** 0.25** ns
Aridity index –0.27** ns –0.75*** ns
pH –0.23** –0.24** –0.61*** 0.43*** ns
Soil organic matter ns ns ns –0.20* ns ns

Statistically significant correlations are shown in bold (***P < 0.001; **P < 0.01; *P < 0.05). ns – not statistically 
significant

Figure 1. Copper content in the soils was studied as 
a function of a farming system. The box plots show 
the lower, median and upper quartile, with whiskers 
extending to the most extreme data points, while cir-
cles represent outliers. The notches display confidence 
intervals around the median, which are calculated based 
on the formula: median ± 1.58* interquartile range/
square root of n. Overlapping notches indicate that 
the medians do not differ statistically

 (4)
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of the expected values of total soil copper, respectively, and 
all predictor variables were highly statistically significant 
(P < 0.001) (Tables 3 and 4), respectively.

Our review suggests that climatic effects have 
a more pronounced impact in humid regions, where 
the prevalence of downy mildew is more severe, 
requiring higher doses of copper-based pesticides 
(Komárek et al. 2010). As mentioned above, the aridity 
index has an inverse correlation with precipitation 
(Eq. 1 in the Databases section and Table 2), which 
explains the negative sign in Eq. 3. The results derived 
from the global dataset of vineyards and orchards 
in this study align with those reported by Droz et 
al. (2021) for European vineyards. Furthermore, our 
study provides evidence that the age of the farm 
plays a pivotal role in influencing copper content in 
vineyard and orchard soils, echoing the findings of 
Romić et al. (2014) for Croatian vineyards.

THE EFFECT OF SOIL ORGANIC MATTER

The following equations best explain the variance 
of total soil copper content in the studied soils, where 
Cut is total soil copper, and SOM is soil organic matter:

log expected value of Cut = 7.5 + 0.03 
farm age – 1.7 aridity index – 0.23 SOM

log expected value of Cut = -0.57 + 0.02 
farm age + 0.004 precipitation – 0.30 SOM

where: total soil copper is measured in mg/kg, farm age is 
measured in years, precipitation is measured in mm, and the 
aridity index is unitless. Eqs. 5 and 6 explained 59% and 74% 
of the expected values of total soil copper, respectively, and 
all predictor variables were highly statistically significant 
(P < 0.001) (Tables 5 and 6), respectively.

It is well-established that rainfall can amplify the 
export of copper-based pesticides from soils via 
surface runoff (Palleiro et al. 2012). Copper can be 

exported from the soil through two primary mecha-
nisms: (1) as dissolved copper complexed by dissolved 
organic carbon, and/or (2) as copper absorbed onto 
organic matter particles within the soil solid phase 
(Babcsányi et al. 2016, Imfeld et al. 2020).

It is worth emphasising the negative sign of soil 
organic matter in Eqs. 5 and 6, suggesting that an 
increase in soil organic matter content contributes 
to copper losses from the soil, either indirectly by 
promoting the formation of dissolved organic sub-
stances in the soil solution that complex copper ions, 
or directly by binding copper to soil organic matter 
in the solid phase.

These mechanisms align with observations in 
European soils (Babcsányi et al. 2014, 2016). These 
studies demonstrated that increased soil organic 
matter content promotes copper losses via runoff. 
Similarly, Shi and Schulin (2019) reported that dis-
solved organic carbon (DOC) plays a role in copper 
losses through surface runoff from arable soils. Their 
study showed that adding organic residue to soil 
reduced runoff during heavy rainfall, but the runoff 
from these amended soils had higher concentrations 
of DOC and copper compared to the control.

Shi and Schulin (2019) highlight the complex role of 
soil organic matter in influencing surface runoff and 
subsequent copper losses. They reveal a double-edged 
sword effect: soil organic matter reduces surface 
runoff during rainfall events, but it also increases 
copper concentrations in the runoff by forming copper 
complexes with dissolved organic matter. Considering 
this long-term effect, our analysis suggests a net 
negative relationship between soil organic matter 
content and total copper concentration in vineyard 
and orchard soils.

However, our results diverge from other investiga-
tions that reveal a positive correlation between soil 
organic matter and soil copper content at a regional 

 (6)

 (5)

Table 4. Results of the generalised linear model of the 
Gaussian family, with a log-link function (Eq. 4). Re-
sponse variable: log expected value of total soil copper

Coefficient Estimate Standard error P-value
(Intercept) 1.7187 0.4814 0.00047
Precipitation 0.0024 0.0003 3.15e-12
Farm age 0.0134 0.0014 < 2e-16

Null deviance: 12647188 on 163 d.f.; residual deviance: 
5065231 on 161 d.f.; Akaike information criterion (AIC): 
2168.9; R2: 0.60

Table 3. Results of the generalised linear model of the 
Gaussian family, with a log-link function (Eq. 3). Re-
sponse variable: log expected value of total soil copper

Coefficient Estimate Standard error P-value
(Intercept) 5.8438 0.3155 < 2e-16
Aridity index –0.7982 0.1703 6.9e-12
Farm age 0.0189 0.0017 < 2e-16

Null deviance: 12647188 on 163 d.f.; residual deviance: 
6702651 on 161 d.f.; Akaike information criterion (AIC): 
2214.8; R2: 0.47
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scale in European soils (Duplay et al. 2014, Ballabio et 
al. 2018). This discrepancy underscores the nuanced 
nature of the relationship. Consequently, this global 
review provides new insights into the intricate effects 
of soil organic matter on soil copper contents globally.

On the other hand, it is widely acknowledged that 
surface runoff is more pronounced in regions with 
higher levels of rainfall (Youlton et al. 2010). In this 
context, it is worth noting that in our analysis, the 
interaction term SOM × precipitation exhibited 
a negative sign and was found to be statistically 
significant (P < 0.001) (Table 6). This suggests that 
the loss of copper from the soil via surface runoff 
is more likely to occur with increased precipitation.

Likewise, the interaction term SOM × aridity index 
exhibited a positive sign and was statistically signifi-
cant (P < 0.05) (Table 5), suggesting that the loss of 
copper from the soil via surface runoff is reduced 
in more arid conditions. These findings are consist-
ent with the mechanism of losses of copper-based 
pesticides from soil by surface runoff, which tends 
to be greater in regions with higher levels of rainfall.

Rainfall acts as a double-edged sword, encouraging 
copper pesticide export through runoff while driv-
ing down mildew outbreaks that necessitate higher 
pesticide use (Komárek et al. 2010). Our analysis 
suggests this dual effect results in a net positive re-
lationship between precipitation and copper content 
in vineyard and orchard soils in humid regions.

CONVENTIONAL VS. ORGANIC FARMING

It is important to emphasise that the use of naturally 
occurring copper sulfates is permitted in organic 
agriculture (Barker 2010). However, the use of cop-
per sulfate in organic farming remains a subject of 
controversy (Lamichhane et al. 2018), and until this 

controversy is addressed, the broader adoption of 
organic farming could be hindered. In this study, 
we observed no statistically significant difference 
(P > 0.05) between organic and conventional manage-
ment concerning the total copper content in soils, 
as determined by the Kruskal-Wallis test. Notably, 
the data from conventional farming exhibited several 
outliers (Figure 1).

In addition to curbing the use of copper-based 
pesticides, it is crucial to encourage the search for 
alternatives to copper compounds. In conventional 
agriculture, such alternatives might encompass nan-
oparticle-based metallic formulations (Lamsal et al. 
2011). In the context of organic agriculture, options 
are somewhat more constrained and may involve 
the use of biological control agents (Dagostin et al. 
2011) or the cultivation of pathogen-resistant crop 
genotypes (Cesco et al. 2021).

In certain countries, including the EU, the use of 
copper pesticides is tightly regulated within both 
conventional and organic farming practices (European 
Commission 2018). This is why soil contamination 
resulting from copper is more severe in countries 
lacking such regulations. A pertinent example is 
Chile, where copper-based pesticides are employed 
according to guidelines provided on product labels. 
Unfortunately, these guidelines do not include any 
information on the potential adverse effects of these 
compounds on soil or aquatic organisms. Notably, in 
Chile, applying copper-based pesticides is mandatory 
under certain circumstances (SAG 2017) to man-
age Pseudomonas syringae pv. actinidiae. However, 
a regulatory authority overseeing soil quality is non-
existent. Therefore, there is an urgent need to expedite 
the establishment of regulations on the use of copper 
pesticides in conventional agriculture in Chile and 
other countries that currently lack such directives.

Table 5. Results of the generalised linear model of the 
Gaussian family, with a log-link function (Eq. 5). Re-
sponse variable: log expected value of total soil copper

Coefficient Estimate Standard error P-value
(Intercept) 7.4558 0.4432 < 2e-16
Aridity index –1.7107 0.3037 9.74e-08
Farm age 0.0271 0.0032 2.26e-14
SOM –0.2317 0.0540 3.33e-05

SOM – soil organic matter; Null deviance: 12308080 on 
139 d.f.; residual deviance: 5021333 on 136 d.f.; Akaike 
information criterion (AIC): 2214.8; R2: 0.59

Table 6. Results of the generalised linear model of the 
Gaussian family, with a log-link function (Eq. 6). Re-
sponse variable: log expected value of total soil copper

Coefficient Estimate Standard error P-value
(Intercept) –0.5741 0.6190 0.355
Precipitation 0.0044 0.0004 < 2e-16
Farm age 0.0204 0.0018 < 2e-16
SOM –0.3048 0.0348 6.81e-15

SOM – soil organic matter; Null deviance: 12308080 on 
139 d.f.; Residual deviance: 3165893 on 136 d.f.; Akaike 
information criterion (AIC): 1811; R2: 0.74
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POSSIBLE OTHER FACTORS 

Several additional factors, such as soil texture and 
topography, have been recognised as influential con-
tributors to soil copper content in agricultural soils 
(Ballabio et al. 2018). Similarly, various agricultural 
practices, including mulching, could serve as poten-
tial confounding factors in our analysis. Notably, 
mulch can act as a protective barrier, impeding the 
incorporation of copper-containing pesticides into 
soils (Schoffer et al. 2020, 2021, 2022). Regrettably, 
comprehensive information on these factors was not 
uniformly available across all studies incorporated 
into this review. Consequently, our ability to assess 
the nuanced influence of these factors in our global 
review was constrained, underscoring the need for 
future studies to provide further depth to our findings.

Furthermore, elevated concentrations of potentially 
toxic elements in soils cannot solely be attributed 
to anthropogenic influences; they can also be linked 
to the natural abundance of these elements in the 
soil’s parent rock (Novoselov et al. 2022). While it is 
well-established that the composition of soil parent 
material impacts the concentrations of trace elements 
in soils (Tapia-Gatica et al. 2022), specific patterns 
for different rock types remain undefined, given the 
significant variability in geochemical data across 
various rock types (GEOROC 2021).

However, the majority of studies examining copper 
content in vineyard and orchard soils have overlooked 
the reporting of rock lithology. While large-scale 
global lithological maps provide valuable insights, 
they often lack the resolution needed for farm-level 
analysis (Hartmann and Moosdorf 2012). Rock types 
can vary significantly within the confines of a single 
farm, rendering these broad-scale maps insufficient for 
capturing this crucial detail. Given the unavailability 
of detailed lithological maps for accurate assessments 
at the farm scale for our study areas, we could not 
estimate the impact of rock lithology on soil copper 
content. Consequently, a notable gap exists in the cur-
rent understanding of the impact of soil parent rock 
on the natural copper levels within agricultural soils.

CONCLUSION

This review underscores the presence of at least 
three key factors influencing soil copper content 
in vineyards and orchards: (1) climate; (2) farm 
age, and (3) soil organic matter. The analysis has 
demonstrated that soil copper content in vineyards 

and orchards worldwide is directly proportional to 
precipitation while inversely impacted by aridity. 
Furthermore, older farms have been associated with 
elevated copper content in vineyard and orchard 
soils on a global scale. Likewise, the increased soil 
organic matter content has shown inverse impacts 
on soil copper levels. These effects of soil properties 
on soil copper contents were discussed in terms of 
copper losses from soil via surface runoff. Finally, no 
statistically significant distinction between organic 
and conventional vineyards and orchards about soil 
copper content has emerged.

This comprehensive overview of vineyards and 
orchards worldwide not only reaffirms earlier find-
ings regarding the influence of climate and farm age 
on soil copper content in European vineyards but 
also introduces novel insights into the importance 
of vineyard and orchard farming type and the ef-
fects of soil processes on copper losses from soil 
via surface runoff. 

SUPPLEMENTARY DATA

Supplementary data to this article can be found 
online.
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