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SUMMARY

Background. Copper is a trace element that is involved in various metabolic reactions (cellular respiration,
hemoglobin formation and the development of connective tissue), acting with bacteriostatic and bactericidal
properties. It can be toxic and excessively excreted into the environment when used at high doses. There are many
studies with different levels of inclusion and times of dietary copper supplementation with variable results,
generating uncertainty among nutritionists. Objective. To measure the effect of dietary copper inclusion on
productive performance in pigs through the use of meta-analysis. Methodology. 24 analyzes were run from 28
scientific articles that included a total of 3908 animals. Under the random effects model, effect size, heterogeneity,
meta-regressions and publication bias were determined. Results. The results showed that copper supplementation
improved average daily weight gain (+30.61 g/day, p<0.00001), average daily feed intake (+18.726 g/day,
p=0.0001), feed conversion (-0.10009 kg/kg, p=0.00003) and feed efficiency (+0.00597 kg/kg, p=0.0052). High
values of heterogeneity (>80%) were found in most of the variables evaluated, so meta-regressions were performed
with the moderators: duration and level of supplementation, dietary level of crude protein, zinc, vitamins A and E,
and number of repetitions. Implications: Optimizing rations with these data maximizes swine performance and
mitigates the environmental impact of copper excretion. Conclusion. It was concluded that dietary copper
supplementation improved productive performance in pigs and these results are affected by other dietary nutrients.
Key words: Nutrition; piglets; fattening; minerals; environment.

RESUMEN

Antecedentes. EIl cobre es un oligoelemento que interviene en diversas reacciones metabdlicas (respiracion
celular, formacion de hemoglobina y el desarrollo del tejido conjuntivo), actla con propiedades bacteriostaticas y
bactericidas. Puede ser toxico y excretarse de manera exagerada al medio ambiente al ser usado a dosis altas. Existe
muchos estudios con diferentes niveles de inclusion y tiempos de suplementacién alimentaria del cobre con
resultados variables generando incertidumbre en los nutricionistas. Objetivo. Medir el efecto de la inclusion
alimenticia de cobre sobre el rendimiento productivo en porcinos a través del uso del meta-analisis. Metodologia.
Se ejecutaron 24 analisis a partir de 28 articulos cientificos que incluy6 un total de 3908 animales. Bajo el modelo
de efectos aleatorios se determiné tamafio de efecto, heterogeneidad, meta-regresiones y sesgo de publicacion.
Resultados. Los resultados mostraron que la suplementacion de cobre mejord la ganancia diaria de peso (+30.61
g/dia, p<0.00001), consumo diario de alimento (+18.726 g/dia, p=0.0001), conversidn alimenticia (-0.10009 kg/kg,
p=0.00003) y eficiencia alimenticia (+0.00597 kg/kg, p=0.0052). Se encontraron valores altos de heterogeneidad
(>80%) en la mayoria de las variables evaluadas, por lo que se realizaron meta-regresiones con los moderadores:
duracién y nivel de suplementacion, nivel dietario de proteina cruda, zinc, vitaminas A y E y nlimero de
repeticiones. Implicaciones: Optimizar raciones con estos datos maximiza el rendimiento porcino y mitiga el
impacto ambiental por excrecion de cobre. Conclusiones. Se concluy6 que la suplementacion alimenticia de cobre
mejoro el rendimiento productivo en cerdos y estos resultados son afectados por otros nutrientes dietarios.
Palabras clave: Nutricién; lechones; engorde; minerales; ambiente.
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INTRODUCTION

Modern pig production demands an efficient supply
of nutrients in the diet in order to cover nutritional
requirements and guarantee correct maturation of the
digestive system and thus achieve maximum
productive performance (Wang et al.,, 2022).
During growth, there are several challenges that the
piglet must face to be a good meat producer. Post-
weaning diarrhea is one of the main threats to the
pork industry, generating large economic losses
(Pluske et al., 2018). This event occurs most
frequently within the first two weeks after weaning
and is characterized by anorexia, dehydration,
profuse diarrhea, and loss of body weight in the
following stages (grow-finish) (Cao et al., 2022).
Mortality can vary between 20-30% in a period of
one to two months (Canibe et al., 2022). For many
years, nutritional strategies have been used (Tang et
al., 2024) to reduce the presentation of post-weaning
diarrhea and productive losses, including the use of
micro minerals (Huting et al., 2021). Trace minerals
act as catalysts in enzymatic and hormonal
processes, influencing bone maintenance, growth
and development (Sampath et al., 2023). Copper
(Cu) is involved in metabolic reactions such as
cellular respiration, hemoglobin formation and the
development of connective tissue and is absorbed
mainly in the duodenum (Manto, 2014).

The Cu nutritional requirements of pigs are 5 to 10
mg/kg; however, Cu can be incorporated at levels
that promote growth performance and reduction of
post-weaning diarrhea. It is known that the minimum
adequate requirement for Cu so that weaned piglets
do not show deficiency symptoms and contributes to
growth is 5 to 6 mg/kg (Hill, 2023). While the
National Research Council of the United States
(NRC) (2012) indicated that a level of 10 to 25
mg/kg of Cu should be used for maintenance and 100
to 250 mg/kg to provide effect growth promoter for
weaned piglets. Excessive use of Cu in diets can
generate resistance in gram-negative bacteria
(Escherichia coli, Pseudomonas syringae) and
gram-positive bacteria ~ (Bacillus  subtilis,
Lactococcus lactis) (Espinosa and Stein, 2021).
Additionally, the times (duration) of
supplementation, ages, and live weights of the pigs,
as well as the levels of nutrients in the diet, have been
variable, which generates uncertainty among
nutritionists. It is presumed that the dietary inclusion
of copper favors productive performance in pigs.
The purpose of this research work was to evaluate
the effect of dietary copper inclusion on productive
performance in pigs using meta-analysis.
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MATERIALS AND METHODS
Search for scientific articles

The methodology suggested by Moreira et al. (2020)
and Palencia et al. (2018) was followed for meta-
analysis studies in animal science. Between October
and November 2022, an electronic search was
carried out for scientific articles in journals indexed
to the following electronic databases: CAB direct,
Elsevier  biobase-CABS,  Google  Scholar,
MEDLINE, PubMed, Science Direct (Journal),
Scopus, Academic Search Complete. The key words
were used: trace minerals, trace elements, copper,
diet, feed, nutrition, pigs, piglets, sows and their
equivalent in English and Portuguese, without date
restrictions; however, the period of years that the
search included was between 1957 to 2022, with a
total of 129 articles.

Inclusion criteria

Experimental research articles were included in
which copper was administered exclusively through
diet and with healthy animals. The experiments must
have been carried out on pigs, without considering
race, sex or country as exclusion factors; as well as,
they had to include the number of experimental units
per treatment (repetitions), include at least 2
treatments (including the control group: without
copper), the sources of copper used and their level of
inclusion in the diet, contain at least one of the
variables dependents of interest with their respective
values of the mean (average), standard deviation
(SD), coefficient of variation (CV) or standard error
of the mean (SEM).

Based on these criteria, the process of selecting and
discarding the articles is shown below. A total of 28
articles were selected (Figure 1), which included a
total of 3908 repetitions (Table 1).

Data extraction and processing

A database was created in Microsoft Excel. For each
dependent variable, 3 meta-analyses (MA) were
executed: a general MA (without considering
productive stage: pigs-general) and another
considering the productive stage, which was divided
into two categories: (a) piglets-breeding and (b)
growing-finishing pigs. Quantifying a total of 12
MA.

To address high heterogeneity, a meta-regression
analysis was performed using the following
moderators:  duration and level of copper
supplementation, dietary crude protein and zinc
levels, vitamins A and E concentrations, and the
number of replicates per study.
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-The information could not be accessed
(n=10)
- Review articles (n=3)
- Other language (n=1)
- They did not use a control group (n=17)

-Inclusion of other minerals at the same
time along with Copper (n=10)
Variability measures were not included
(n=21)
- Sick animals (n=1)

-There are no changes in the
incorporation of Copper (n=4)
- There are no results tables (n=5)

- It does not have moderators for meta-
regressions (n=29)

Figure 1. Flowchart for selection and discarding of scientific articles.

Table 1. Sample size for productive performance
MA.

Productive performance n

ADG Pigs (general) 1361
Piglets - Rearing 827
Growth-Fattening 534

ADFI Pigs (general) 1421
Piglets - Rearing 635
Growth-Fattening 786

FC Pigs (general) 512
Piglets - Rearing 374
Growth-Fattening 138

FE Pigs (general) 614
Piglets - Rearing 296
Growth-Fattening 318

ntotal 3908

Statistical analysis

MIX 2.0 Pro software was used using the random
effects model (Bax, 2016). Tests of effect size (by
difference in means), heterogeneity (Inconsistency

Index), meta-regressions and publication bias
(Egger's Test) were carried out (Higgins and
Thompson, 2002) (Egger et al., 1997).

RESULTS AND DISCUSSION
Study Limitations

Despite the methodological rigor employed, this
meta-analysis has inherent limitations that should be
considered when interpreting the results regarding
copper supplementation in swine diets. First, there is
a potential risk of publication bias, given that studies
with non-significant results often have lower
dissemination rates. Furthermore, the detected
heterogeneity may stem from variability in
experimental designs, the animals' productive
stages, and the environmental conditions of each
study. Therefore, the validity of these conclusions is
tied to the quality of the available primary data and
should be interpreted as a synthesis of the scientific
evidence reported under those specific conditions.
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Summary dependent variables

Table 2 shows the average value of the evaluated
production parameters. The general analysis of the
average daily gain (ADG) variable demonstrates that
pigs supplemented with copper showed greater gain
compared to pigs in the control group. In the same
way, the analysis of both piglets-rearing and the
growing-fattening pigs of the evaluated group had
higher ADG. In the case of average daily feed intake
(ADFI), the individuals in the general analysis,
piglets-rearing and growth-fattening that received
copper had a higher feed consumption compared to
the control group.

The feed conversion (FC) was lower in all
productive stages of pigs (general), piglets- rearing
and in the growth- fattening stage compared to the
control group. Feeding efficiency (FE) was higher in
the treated group in all stages evaluated.

Effect size

The effect size expressed in mean difference (MD)
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shows how copper supplementation increased ADG
by 30.610 g/day (p<0.00001) in pigs (general),
34.959 (p<0.00001) g/day in rearing piglets and
19.602 g/day (p=0.00011) in the growth-fattening
stage above the control group (Table 3).

Regarding ADFI, the dietary inclusion of copper
caused a considerable increase of 18.726 g/day
(p=0.0001) in pigs (general) and 34.666 g/day
(p<0.00001) in rearing piglets compared to the
control group. On the other hand, in the growth-
fattening stage the addition of copper did not favor
the evaluated parameter (p=0.49877) and it was the
control group that presented a higher value.

Negative values were observed in the FC variable,
which expresses that the dietary inclusion of copper
makes the pig more efficient in the general analysis
(p=0.00003), in piglets-rearing (p=0.00001) and in
growth- fattening (p= 0.04354). Thus, the pigs
(general) in the treatment group require consuming
100 g less food to produce 1 kg of weight, likewise,
76.48 g less in piglets-rearing and 165.06 g less in
the growth- fattening stage compared to the control

group.

Table 2. Summary of dependent variables for the MA of the effect of dietary copper inclusion on ADG,

ADFI, FC and FE in pigs.

Productive parameter Meta-analysis Treatment Control
Mean SD Mean SD
ADG (g/day) Pigs (general) 477.131 243.487 447.817 248.868
Piglets - Rearing 374.429 150.003 341.558 132.699
Growth-Fattening 661.992 270.649 639.082 293.012
ADFI (g/day) Pigs (general) 912.317 684.722 892.304 704.400
Piglets - Rearing 511.323 137.345 479.039 131.043
Growth-Fattening 1306.397 774.814 1298.444 798.034
FC (kg/kg) Pigs (general) 1.869 0.439 1.960 0.422
Piglets - Rearing 1.702 0.155 1.761 0.167
Growth-Fattening 2.242 0.616 2.404 0.483
FE (kg/kg) Pigs (general) 0.565 0.142 0.552 0.142
Piglets - Rearing 0.665 0.070 0.644 0.096
Growth-Fattening 0.455 0.116 0.452 0.115
SD: standard deviation.
Table 3. Effect size of dietary copper inclusion on ADG, ADFI, FC and FE in pigs.
Productive Meta-analysis MD Cl p-value
parameter
ADG (g/day) Pigs (general) 30.610 22.749 38.472 <0.00001
Piglets - Rearing 34.959 21.741 48.177 <0.00001
Growth-Fattening 19.602 9.693 29.510 0.00011
ADFI (g/day) Pigs (general) 18.726 9.291 28.161 0.0001
Piglets - Rearing 34.666 27.289 42.043 <0.00001
Growth-Fattening 6.969 -13.225 27.164 0.49877
FC (kg/kg) Pigs (general) -0.10009 -0.14702 -0.05316 0.00003
Piglets - Rearing -0.07648 -0.10954 -0.04343 0.00001
Growth-Fattening -0.16506 -0.32533 -0.00478 0.04354
FE (kg/kg) Pigs (general) 0.00597 0.00178 0.01016 0.0052
Piglets - Rearing 0.01634 0.00683 0.02586 0.00076
Growth-Fattening 0.00216 -0.00142 0.00574 0.2367

MD: mean difference; CI: confidence interval
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In the FE parameter, the pigs (general) and suckling
piglets supplemented with dietary copper gained
respectively 5.9 (p=0.0052) and 16.34 g (p=0.00076)
of additional weight from each kg of feed consumed
versus the control group. Pigs in the growth-
fattening stage gained 2 g of additional weight
(p=0.2367).

The present meta-analysis shows in a general way
that the dietary inclusion of copper (pigs-general: 5-
650 ppm; piglets-rearing: 5 - 300 ppm; growth-
fattening pigs: 25 - 650 ppm) favored productive
performance since improved ADG, ADFI and FE.
The results of the improvement in ADG agree with
those presented by Espinosa et al. (2017) and Zhou
etal. (1994), who found that copper supplementation
improved productive performance in piglets,
associating it with an increase in nutrient
digestibility since Cu favors the activity of lipase and
phospholipase A enzymes in the small intestine,
increasing the absorption of fatty acids and therefore
growth  (Sampath et al., 2023) (Dove, 1995) .
Similarly, in research carried out by Wang et al.
(2012) the ADG increased significantly by 31.10%
more in 21-day-old piglets, fed with diets that
included Cu at a level of 100 mg/kg.

The data presented in this research regarding pigs in
the growth-fattening stage agree with Feng et al.
(2007) and Coble et al. (2018), who presented in
their work that the incorporation of Cu into the diet
increased ADG by 8.47% and 2.4% respectively.
Associated with improvement in intestinal health
and balance in the microbiota of the digestive system
(Blavi et al., 2021) (Espinosa et al., 2019).

The data that ADFI and FE were higher for rearing
piglets fed diets containing Cu as opposed to piglets
fed the control diet agree with the results of Zhou et
al. (1994) and Wang et al. (2012), in which they are
13% and 13.70% higher (p<0.05) respectively. The
piglets in the control group had a higher FC
compared to those that received copper. Wang et al.
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(2016) and L. et al. (2008) showed that FC decreased
by 10.58% and 11.1% respectively (p<0.05);
demonstrating better use of nutrients.

On the other hand, in the results presented by
Espinosa et al. (2017) it was found that ADFI
increased in pigs in the growth-fattening stage,
which is why FE did not improve. Based on these
results, they concluded that the improvement in pig
growth was due to ad libitum access to feed
supplemented with Cu, influencing intestinal
parameters such as the intestinal microbiome
(Holman and Chénier, 2015).

Heterogeneity

Table 4 presents the results of 12 for each variable
analyzed. The FE in pigs (general) and piglets-
rearing stage presented a value of 21.48% and 31.7%
respectively; that is, low heterogeneity. All other
productive parameters showed high percentages of
heterogeneity, demonstrating variability among the
studies that were part of this meta-analysis. In this
way, it was found that through meta-regressions the
moderators  used affected the productive
performance in pigs supplemented with copper.

Meta-regressions
Duration and level of copper supplementation

The research used supplemented copper between 7
to 117 days (pigs-general), 7-45 days (piglets-
breeding), 5-117 days (growth-finishing). For each
day of copper supplementation in the diet, the daily
weight gain in piglets-rearing increased by 5.377 g
(p<0.001) compared to those individuals that did not
receive copper (Table 5). Similarly, an increase in
feed consumption was observed by 5.03696 g/day
(p<0.001). However, feed conversion tends to
increase by 0.00208 g/g (p=0.02763) for each
additional day of supplementation.

Table 4. Inconsistency index of dietary copper inclusion on ADG, ADFI, FC and FE in pigs.

Productive parameter Meta-analysis 12 (%)
ADG (g/day) Pigs (general) 100
Piglets - Rearing 100
Growth-Fattening 100
ADFI (g/day) Pigs (general) 100
Piglets - Rearing 99.999
Growth-Fattening 100
FC (kg/kg) Pigs (general) 96.528
Piglets - Rearing 89.413
Growth-Fattening 98.57
FE (kg/kg) Pigs (general) 21.481
Piglets - Rearing 31.7
Growth-Fattening 0
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Table 5. Meta-regression for the duration and level of Cu supplementation.

Productive Meta-analysis Duration of supplementation Copper level
parameter Regression coefficient Regression coefficient
Slope p-value Slope p-value
ADG (g/day) Pigs (general) -0.05264 <0.001 0.09716 <0.001
Piglets - Rearing 5.37783 <0.001 0.12049 <0.001
Growth-Fattening -0.17857 <0.001 0.07787 <0.001
ADFI (g/day) Pigs (general) 0.12676 <0.001 0.05568 <0.001
Piglets - Rearing 5.03696 <0.001 0.0118 <0.001
Growth-Fattening -0.12987 <0.001 0.06949 <0.001
FC (kg/kg) Pigs (general) 0.00458 <0.001 -0.00035 <0.001
Piglets - Rearing 0.00208 0.02763 -0.00053 <0.001
Growth-Fattening 0.00424 <0.001 -0.00009 0.087
FE (kg/kg) Pigs (general) -0.00005 0.28011 0.00001 0.613
Piglets - Rearing -0.00052 0.28199 0.00009 0.058
Growth-Fattening 0.00001 0.88913 0.00001 0.79

For each unit of copper that was increased in the diet,
the variables ADG and ADFI in all stages increased
(p<0.001). For its part, FC in all productive stages
decreased by -0.00035 g/g (pigs-general, p<0.001), -
0.00053 g/g (piglets-rearing, p<0.001) and -0.00009
0/g (growth-fattening, p=0.087). The copper values
in the diet of the experiments used varied between 6
to 650 ppm.

In the case of the level of Cu in the diet, the effects
found have shown that added Cu can influence
intestinal morphology. Di Giancamillo et al. (2018)
reported that 150 mg/kg Cu in the diet increased
duodenal villus length and reduced crypt depth in
piglets relative to diets without added Cu. However,
Coble et al. (2018) found that the addition of 150
mg/kg Cu did not generate changes in the height of
the villi or the depth of the crypts (p > 0.10). In
contrast, Fry et al. (2012) reported that pigs fed 225
mg/kg Cu added in the form of CuSO. had reduced
villus height in the duodenum and proximal jejunum
compared to those fed without added Cu. Pigs fed

high levels of Cu for a long period of time could be
toxic (Espinosa and Stein, 2021, National Research
Council, 2012). In this sense, in a study carried out
by Veum et al. (2004) it was determined that the
longer the supplementation time, the greater the
response; however, the exact time or clear reason is
not defined.

Level of crude protein (CP) and zinc in the diet

For each percentage unit of CP that increased in the
diet, the ADG increased in pigs-general (3.0228 g;
p<0.001), piglets-rearing (22.751 ¢; p<0.001) and
growth-fattening (6.502 g; p<0.001); as well as, in
the ADFI variable in pigs in piglets-rearing (15.021
0; p<0.001). Crude protein levels in the diets were
11-22% for general pigs, 17-22% for rearing piglets
and 11-21% for growing-fattening pigs. On the
contrary, ADFI in pigs-general and growth-fattening
decreased (p<0.001) (Table 6).

Table 6. Meta-regression for level of crude protein and zinc in the diet.

Productive Meta-analysis Crude protein Zn level
parameter Regression coefficient Regression coefficient
Slope p-value Slope p-value
ADG (g/day) Pigs (general) 3.0228 <0.001 0.27495 <0.001
Piglets - Rearing 22.75141 <0.001 4.19256 <0.001
Growth-Fattening 6.50179 <0.001 0.29692 <0.001
ADFI (g/day) Pigs (general) -3.77082 <0.001 0.53457 <0.001
Piglets - Rearing 15.02065 <0.001 2.36693 <0.001
Growth-Fattening -4.73262 <0.001 0.61797 <0.001
FC (ka/kg) Pigs (general) 0.04082 <0.001 -0.00116 <0.001
Piglets - Rearing 0.04101 <0.001 0.00125 <0.001
Growth-Fattening 0.02315 0.005 -0.00157 <0.001
FE (kg/kg) Pigs (general) 0.00135 0.015 0.00023 0.148
Piglets - Rearing 0.00085 0.884 -0.00083 0.187
Growth-Fattening -0.00011 0.9 -0.0001 0.648
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For Tang et al. (2019), crude protein (CP) in the diet
is one of the nutrients that affects the gastrointestinal
health of weaned pigs. It should be considered that a
high level of CP and an imbalance of amino acids in
diets predispose to diarrhea, generate enormous
protein waste and greater environmental pollution in
the pork industry (Xia et al., 2022).

Zinc levels in the diets of the studies used were 73-
200 ppm (pigs-general and piglets-rearing) and 80-
178 ppm (growth-fattening). For each unit of zinc
that was increased in the diet, ADG and ADFI in all
productive stages increased (p<0.001). The FC in the
pigs-general and grow-fattening stages decreased by
0.00116 g/g (p<0.001) and 0.00157 g/g (p<0.001)
respectively (Table 6).

Regarding dietary zinc, Lee et al. (2016) observed
considerable increases in ADG and FE of pigs
supplemented with Zn, associated with the
improvement in intestinal barrier function (digestion
and absorption of nutrients) (Diao et al., 2021).

The digestibility of Zn and Cu depends on the dietary
supplementation of these minerals in the diets, but
also on the interaction between these minerals
(Ketata et al., 2023). The interaction between Cu and
Zn in weaned pigs has been described by Smith et al.
(1997) who found an increase of 17% in ADG and
14% in ADFI from 3000 ppm of ZnO and 250 ppm
of Cu. Excess Zn excreted negatively affects the
environment, it can also accumulate in tissues, which
has been related to increased cellular stress and
lower absorption of other micro and macroelements
(Burrough et al., 2019).

Level of vitamin A and E in the diet

Dietary levels of vitamin A (1U/kg feed) were 1500-
14000 (pigs-general), 2200-14000 (piglets-rearing)
and 1500-11000 (growing-fattening). For each
international unit of vitamin A that increased in the
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diet, the ADG increased in general pigs (0.00158
g/day; p<0.001) and rearing piglets (0.00709 g/day;
p<0.001). In rearing piglets, FC tended to decrease
0.00001 g/g (p<0.001) (Table 7).

Vitamin A is an important nutrient to regulate the
growth of piglets, because it can favorably affect the
intestinal epithelial structure in weaned piglets,
producing an increase in the height and surface of the
villi counteracting the effects produced by weaning
(Wang et al., 2020).

Ayuso et al. (2015) observed that pigs fed diets
restricted in vitamin A had lower ADG and FE
during the growth period. Thus, affirming the data
obtained in the present study and the research of
Wang et al. (2020) that indicates that dietary
supplementation of 16 mg/kg vitamin A helped to
relieve the stress produced by weaning and led to an
increase in significantly from ADG and FE.

Dietary vitamin E levels (IU/kg feed) were 10-3500
(pigs-general and growth-fattening) and 11-1700
(piglets-rearing). For each international unit of
vitamin E that was increased in the diet, the ADG in
rearing piglets increased by 150182 g/day
(p<0.001), in the other productive categories it
decreased (p<0.001). However, in all cases the FC
increased (p<0.001) (Table 7). Vitamin E has been
shown to be a powerful antioxidant of fatty acids, as
well as regulate the immune system, favoring the
productive performance and carcass quality of pigs.
(Lauridsen et al., 2021, Lewis et al., 2019).

Number of repetitions

For each repetition that increases, all the variables
analyzed in the piglets-breeding category tend to
increase: ADG (19.52305 g/day; p<0.001), ADFI
(35.73886 g/day; p<0.001) and FC (0.0137 g/day;
p<0.001) and FE (0.00953; p=0.053) (Table 8).
Obviously, the greater the number of repetitions per

Table 7. Meta-regression for level of Vitamin A and E in the diet.

Productive Meta-analysis Vitamin A Vitamin E

parameter Regression coefficient Regression coefficient
Slope p-value Slope p-value
ADG (g/day) Pigs (general) 0.00158 <0.001 -0.00326 <0.001
Piglets - Rearing 0.00709 <0.001 1.50182 <0.001
Growth-Fattening -0.00208 <0.001 -0.00438 <0.001
ADFI (g/day) Pigs (general) 0.00034 <0.001 0.00183 <0.001
Piglets - Rearing 0.004 <0.001 0.8478 <0.001
Growth-Fattening -0.0052 <0.001 -0.00187 <0.001
FC (kg/kg) Pigs (general) 0 <0.001 0.00004 <0.001
Piglets - Rearing -0.00001 <0.001 0.00003 <0.001
Growth-Fattening 0.00002 <0.001 0.009 <0.001
FE (kg/kg) Pigs (general) 0 0.3769 0 0.18487
Piglets - Rearing -0.00001 0.28498 0.00016 0.67718
Growth-Fattening 0 0.69416 0 0.91749
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Table 8. Meta-regression for the number of repetitions.
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Productive Meta-analysis Number of repetitions
parameter Regression coefficient
Slope p-value
ADG (g/day) Pigs (general) 3.14869 <0.001
Piglets - Rearing 19.52305 <0.001
Growth-Fattening -4.35314 <0.001
ADFI (g/day) Pigs (general) -2.9345 <0.001
Piglets - Rearing 35.73886 <0.001
Growth-Fattening -9.95333 <0.001
FC (ka/kg) Pigs (general) 0.02417 <0.001
Piglets - Rearing 0.0137 <0.001
Growth-Fattening 0.04479 <0.001
FE (kg/kg) Pigs (general) -0.00225 0.0431
Piglets - Rearing 0.00953 0.053
Growth-Fattening -0.00087 0.5613

treatment it would be possible to detect statistical
differences. Therefore, Aaron and Hays (2004)
highlight the importance of the number of adequate
repetitions per treatment when calculating the
sample size and design of the experiment. The
number of repetitions in each treatment was from 3
to 10 in the investigations that were part of this meta-
analysis.

Publication bias

Regarding publication bias, it is observed that the FC
pigs-general variable (p=0.00143) had bias, that is,
preference was given to articles in which positive
results were obtained in productive performance
after dietary copper supplementation. In the
variables ADG of pigs-general (p=0.897), ADFI (p=
0.796) and FE (p=0.55806) there was no bias (Table
9). In the study carried out by Galiotto Miranda et al.
(2024) publication bias was not evaluated.

Table 9. Publication bias of dietary copper
inclusion on ADG, ADFI, FC and FE in pigs.

Productive Meta- Egger test (p-
parameter analysis value)
ADG (g/day) Pigs 0.897
(general)
ADFI (g/day) Pigs 0.796
(general)
FC (kg/kg) Pigs 0.00143
(general)
FE (kg/kg) Pigs 0.55806
(general)

The detection of publication bias in the FC (Feed
Conversion)  variable suggests a potential
overestimation of the actual effect size of dietary
copper. This asymmetry indicates that studies failing
to report significant improvements in feed

conversion may have remained unpublished, leading
to a cautious interpretation of the magnitude of the
performance benefits observed in this meta-analysis.

Comparison between copper sources

The effect size expressed in mean difference (MD)
shows how supplemented inorganic copper
significantly increased ADG by 34.99 g/day
(p<0.00001) in general pigs compared to the control
group (Table 10). In the same parameter, organic
copper increased by 26.55 g/day (p<0.00001). In the
productive piglet-breeding stage, inorganic copper
increased by 48.09 g/day (p=0.00003) versus the
control group. While organic copper increased by
27.47 g/day (p<0.00001). In the growth-fattening
stage, organic copper increased 33.91 g/day
(p=0.00002) compared to the control group.
Meanwhile, supplemented inorganic  copper
increased 14.99 g/day (p=0.02973) versus the
control group.

In the case of FC, its evident decrease showed that
the inclusion of inorganic copper in the pig-general
stage was significantly favorable (p=0.01627),
therefore, this group required consuming 113.1 g
less feed to produce 1 kg of weight compared to pigs
fed diets that did not include copper. In the piglet-
rearing stage, they needed to consume 86.1 ¢
(p=0.00108) less organic copper feed to produce 1
kg of weight in relation to the control group. In
growth-fattening they needed to consume 74.6 g
(p<0.00001) less organic copper compared to the
control group. The ring structure formed by the
chelating reaction in organic minerals protects
organic Cu against chemical reactions at low pH and
makes it more stable in the gastrointestinal tract of
animals (Elliott et al., 2017, Sandstrém, 2001).
Organic sources of copper have shown benefit on the
intestinal microbiota and reduce copper excretion
into the environment (Wen et al., 2022).
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Table 10. MA of organic and inorganic copper sources in dietary inclusion on ADG, ADFI, FC and FE in pigs.

Productive parameter

Meta-analysis

ADG (g/day) Pigs (general)

Piglets - Rearing

Growth-Fattening
ADFI (g/day) Pigs (general)
Piglets - Rearing

Growth-Fattening

FC (kokg) Pigs (general)
Piglets - Rearing
Growth-Fattening
FE (ka/kg)

Pigs (general)
Piglets - Rearing

Growth-Fattening

MD Cl p
Inorganic  34.9853  22.735  47.235  <0.00001
Organic  26.5491  19.357  33.741  <0.00001

Inorganic  48.0923 25.322 70.861 0.00003
Organic ~ 27.4660  23.012 31.920
Inorganic  14.9943 1.4744 28.514 0.02973
Organic ~ 33.9070 18.379 49.434 0.00002
Inorganic  13.5409  -1.7637 28.845 0.0829

<0.00001

Organic ~ 31.9839 23.044 40.923  <0.00001
Inorganic  38.0983 23.807 52.388  <0.00001
Organic ~ 28.0980 22.586 33.536  <0.00001

Inorganic  -0.5895  -29.403 28.224 0.96801
Organic ~ 32.1271 12.672 51.582 0.00121
Inorganic  -0.1131  -0.2054  -0.0208  0.01627
Organic -0.084 -0.1245  -0.0434  0.00005
Inorganic  -0.0686  -0.1081  -0.0291  0.00066
Organic -0.0861  -0.1378  -0.0345  0.00108
Inorganic  -0.2014 -0.4774 0.0745 0.15252
Organic -0.0746  -0.1051 -0.0441  <0.00001
Inorganic  0.00593  0.00074  0.01113  0.02515
Organic ~ 0.00908 -0.00005 0.01821  0.05117
Inorganic  0.03329  0.01235 0.05423  0.00183
Organic ~ 0.00908 -0.00005 0.01821  0.05117
Inorganic  0.00216 -0.00142  0.00574 0.2367
Organic All studies tested inorganic source

MD: mean difference; Cl: confidence interval; p: probability value.

In FC, general pigs gained 5 g (p=0.02515) of
additional weight from each kg of feed with
inorganic copper consumed as opposed to feed that
did not include copper. In the piglet-rearing stage
they gained 33 g (p=0.00183) of weight from each
kg of feed added with inorganic copper versus
control diets. In the growth-fattening stage it was
observed that, from each kg of feed with inorganic
copper, they gained 2 g (p=0.2367). Organic Cu has
the advantage of minimizing the formation of bonds
between minerals and phytic acid, thus favoring its
absorption in the small intestine. It has also been
suggested that organic Cu may increase phosphorus
(P) absorption by decreasing complex formation
between P and other minerals in a plant-based diet
(Liu et al., 2014). In a recent meta-analysis it was
found that copper levels between 81 to 200 mg/kg
favor productive performance, however no benefit
was found above these levels. Furthermore, it was
found that these effects were independent of the
copper source (Galiotto Miranda et al., 2024).

In light of the environmental trade-off, our results
demonstrate that copper supplementation increased
ADG by 26.55 g/day. However, to mitigate risks
such as bacterial resistance and toxicity, optimizing
retention efficiency is essential. The use of organic
copper sources emerges as a key strategy for
sustainability; due to their higher bioavailability,
these sources could allow for lower inclusion doses
without  compromising the +26.55 g/day
performance benefit identified in this meta-analysis,
thereby reducing mineral excretion into the

environment
CONCLUSIONS

Copper  supplementation  favors  productive
performance (ADG, ADFI, FC and FE) in pigs. The
benefit is greater in rearing piglets versus grower-
fattening pigs. The effect of moderators (nutrients)
should be considered for the development of
balanced diets or for future experiments.
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