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Simple Summary: Supranutritional levels of copper with both inorganic and organic sources are com-
monly used as growth promoters for nursery piglets, but different responses are observed between
studies. Therefore, this study uses a combination of systematic review and meta-analysis to evaluate
the effects of supranutritional levels and sources of copper on the performance of nursery piglets.
Our results indicate that, regardless of the sources used in the diet, the best growth performance
results for nursery piglets were detected with dietary levels between 80 and 200 mg Cu/kg.

Abstract: This study evaluated the impact of different dietary levels and sources of copper on the
growth performance of nursery piglets through a combination of systematic review and meta-analysis.
The database for this study was created using articles selected from major electronic databases. Data
analysis involved forest plots and analysis of variance using mixed-effects models. The database
included 63 articles published between 1990 and 2021, comprising 21,113 piglets in 946 treatments.
Positive effects of supranutritional levels of copper from both inorganic and organic sources on the
growth performance of nursery piglets were detected using Forest plots and analysis of variance
(p < 0.001). Using mixed models, it was observed that piglet performance is influenced by body
weight (p < 0.001), age (p < 0.001), and copper intake (p < 0.001). Both organic and inorganic sources
of copper at supranutritional levels (>81 mg Cu/kg of diet) improved the performance of nursery
piglets, but levels higher than 201 mg Cu/kg of diet did not further improve growth performance
compared to 80–200 mg Cu/kg of diet. The feed conversion was worse in piglets fed with inorganic
Cu sources (p < 0.001). In conclusion, dietary Cu supplementation influenced the weight gain and
feed conversion rate in weaned piglets, particularly during the first few weeks post-weaning. Levels
of 81 and 200 mg Cu/kg improved growth performance, but no further benefits were obtained for
higher levels.

Keywords: copper level; copper source; meta-analysis; performance; pig

1. Introduction

High levels of dietary copper (Cu) are currently used as a growth promoter for nursery
piglets because of their effects on improving weight gain and feed efficiency and reducing
the occurrence of diarrhea in the first few weeks post-weaning [1]. Supplemented levels are
viable and may be as high as 250–500 mg Cu/kg of diet [2], which exceeds the nutritional
requirements of 5 to 15 mg/kg needed by piglets by a substantial amount [3]. Although high
levels of dietary Cu have potential bactericidal functions capable of controlling pathogens
at the intestinal level [4,5], such high levels lead to accumulation of this trace mineral in pig

Vet. Sci. 2024, 11, 68. https://doi.org/10.3390/vetsci11020068 https://www.mdpi.com/journal/vetsci

https://doi.org/10.3390/vetsci11020068
https://doi.org/10.3390/vetsci11020068
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/vetsci
https://www.mdpi.com
https://orcid.org/0000-0001-9964-6044
https://orcid.org/0000-0001-5857-8305
https://doi.org/10.3390/vetsci11020068
https://www.mdpi.com/journal/vetsci
https://www.mdpi.com/article/10.3390/vetsci11020068?type=check_update&version=3


Vet. Sci. 2024, 11, 68 2 of 18

slurry, creating potential environment concerns [6] and contributing to the development of
antimicrobial resistance to bacteria in the pig gut [7]. In the European Union, supplementary
Cu doses in pig diets are limited to 170 mg/kg, with recommendations for the inclusion of
sources with higher bioavailability [8].

Inorganic sources such as Cu sulfate (CuSO4) are more commonly used by the swine
industry [9], but organic sources such as Cu bound to peptides or polysaccharides show
higher intestinal absorption rates and retention in tissues [10]. Many studies have been
conducted to evaluate the effect of different Cu sources on the performance of nursery
piglets [6,10,11] and, although both sources appear to positively impact performance when
supplemented at supranutritional levels, it is still not clear which is the most appropriate
dose or source of copper for post-weaning piglets.

Meta-analysis allows us to group and compare different studies and estimate pooled
means, enabling the generation of new hypotheses, which could be limiting in individual
studies [12–14]. By using this approach, other studies evaluated supranutritional levels of
Zn [15] and plasmatic Zn and Cu relations [16] for nursery piglets. Additionally, the effect
of Zn inorganic sources for growing–finishing pigs in terms of growth performance and
carcass quality [17] were evaluated. Moreover, the digestibility of Zn and Cu in pigs [18]
and the impact of dietary Cu on broilers’ growth performance [19] were recently estimated.
However, some limitations, such as the limited number of studies and the temporal space
of publications in the databases, call for a new meta-analysis to evaluate different sources
of Cu on the growth performance nursery piglets.

Therefore, the aim of the present study is to use a meta-analytical approach to integrate
the available literature on dietary supplementation with different Cu dietary levels and
sources and quantify their effects on the growth performance of nursery piglets.

2. Materials and Methods
2.1. Systematic Review and Database Compilation

A thorough systematic analysis was conducted to select the studies included in the
database. The studies were primarily chosen from the main electronic databases (Pub Med,
Scholar Google, Science Direct, Web of Science, Periódicos Capes, Scielo, Highwire Press),
using search terms in Portuguese, English, and Spanish. The search strategy followed
the adapted PICO method, combining and varying terms to define the population (pigs,
nursery piglets), intervention (chelated Cu, organic Cu, inorganic Cu, Cu sulfate), and
outcome (performance, weight gain, and feed intake). No temporal limitations were
imposed during the literature search.

Following the selection criteria, studies were meticulously evaluated for their quality
and relevance to the proposed objectives before being included in the database. The
assessed criteria were (a) studies involving nursery piglets; (b) supplementation of organic
and/or inorganic sources of dietary Cu; (c) growth performance responses (average daily
gain, average daily feed intake, and feed conversion ratio). Studies that did not meet the
above-described criteria were excluded from the database. Studies that met the selection
criteria but presented results only in the form of graphs or figures were excluded as well.
The significance level (p-value) for the effect of Cu sources in the studies was not considered
a criterion for inclusion or exclusion in the eligibility analysis.

Following the selection process, the studies were included in a Microsoft Excel elec-
tronic spreadsheet in which each column represented a variable and each row represented a
treatment. The tabulated data included information related to bibliographic details (authors,
year, journal, country, and institution of origin, etc.), experimental characteristics (genetic
line, age, initial body weight, experiment duration, housing temperature, nutritional feed
composition, presence or absence of health challenge, type of challenge, pathogens, limiting
nutrients, etc.), treatments (sources and Cu dietary levels), and growth performance results.
The use of feed additives such as enzymes, antibiotics, or organic acids as performance
enhancers was excluded in the tabulation.
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2.2. Database Coding and Structuring

The definition of dependent and independent variables and the data coding were per-
formed to enable the analysis of inter- and intra-experimental effects [12,13,20]. Moderating
codes were created to consider (a) study effect, in which each article received a sequential
number (COD 01, 02, 03...), (b) inter-study coding (COD article 01 + treatment = 011), and
(c) intra-study coding, to consider the effects of repeated measurements over time. To
characterize treatments and standardize groups in data analysis, studies were coded based
on Cu source as basal diet (BD), inorganic and organic (COD BD, INO, and ORG) and Cu
levels. Thus, to consider appropriate copper levels for nursery piglets, we consider group-
ing based on the literature [3,8]. Copper levels, regardless of the source used, were classified
as follows: 1 to 15 mg Cu/kg diet was required to meet the nutritional requirements of
piglets [3]; 16 to 80 mg Cu/kg diet was considered intermediate; 81 to 200 mg Cu/kg diet
was considered supranutritional; and supplementations exceeding 201 mg of Cu/kg in
the diet were considered highly supranutritional [3,8]. Most studies presented treatments
containing different dietary levels of an organic or inorganic Cu source. Around 40% of
studies contained a treatment with up to 15 mg Cu/kg of diet, and thus were considered
BDs, along with increasing supranutritional Cu dietary levels which were then considered
pharmacological for nursery piglets. Other studies presented treatments comparing organic
and inorganic sources at different Cu levels. Other codes included classification for sources
according to the Association of American Feed Control Officials [21], the presence of health
challenges, piglet weaning age, sex, and genetic lineage.

The dietary composition was determined based on the original inclusion levels of
each ingredient used in the respective study. Subsequently, the nutritional composition
was recalculated using Evapig® (v. 1.4.0.1; INRA, Saint-Gilles, France). This method
was employed to minimize nutrient variations in diets across experiments (Table 1). The
Cu levels in the BD were used as a reference to estimate the variation in the nutritional
composition of each study. After this standardization, Zn and Cu intake were calculated
based on the respective micromineral levels in the diets multiplied by the average daily feed
intake for each treatment (Ingested Zn or Cu, mg/d). The Zn-to-Cu ratio was calculated by
dividing the Zn by Cu levels presented in the experimental diets.

Table 1. Nutritional composition and adjusted means of experimental diets for nursery piglets
supplemented with different sources and levels of copper.

Nutrient 1 Mean Minimum Maximum

DE, kcal/kg 3388.0 3071.6 3843.1
ME, kcal/kg 3240.5 2947.6 3666.3

CP, % 20.0 11.67 25.29
Ca, % 0.85 0.134 1.64

P total, % 0.70 0.25 0.94
Ca:P 2.26 0.40 4.50

Lys, % 1.22 0.79 1.88
Met, % 0.34 0.25 0.70

Met + Cys, % 0.64 0.31 0.97
Thr, % 0.80 0.48 0.97
Trp, % 0.22 0.13 0.30

Copper, mg/kg 120.9 5.00 1500
Zinc, mg/kg 665.4 45.0 3125

Zn:Cu 13.92 0.05 250
1. DE: digestible energy, ME: metabolizable energy, Ca: calcium, CP: crude protein, P total: phosphorus total,
Lys: lysine, Met: methionine, Met + Cys: methionine and cystine, Thr: threonine, Trp: tryptophan, Zn: zinc;
Cu: copper.

2.3. Statistical Analysis

Three statistical approaches were applied to explore the impact of dietary Cu for
nursery piglets. (1) A comprehensive analysis using a forest plot, enabling a global view of
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the effects of Cu sources and levels; (2) analysis of variance using a mixed model to obtain
adjusted means for growth performance; and (3) multiple regression mixed models which
estimate and choose the best-fit models that explain the effects of Cu supplementation on
piglet performance.

The comprehensive meta-analysis using forest plots displays the effects of copper
supplementation in aggregated estimates for each study, the study’s contribution to the
meta-analysis (weight), and the effect size of the sample (risk ratio) within the 95% confi-
dence intervals [22]. In this analysis, the effects of organic and inorganic Cu were considered
separately and the subgroups for levels 16–80 mg Cu/kg, 81–200 mg Cu/kg and >201 mg
Cu/kg were analyzed. BD (1–15 mg Cu/kg) was considered as the control within each
analysis. The heterogeneity, which estimates the diversity among studies using Higgins’
I2 method and Cochran’s Q, was considered low, moderate, and high with I2 values of
25%, 50%, and 75%, respectively [23]. The plots were created using the metafor package
in R Studio 3.6.1. Regardless of intra-study variability (high heterogeneity), no study was
excluded from forest plot analysis.

Analysis of variance and mixed-effects models were conducted to investigate other
factors that potentially contribute to the heterogeneity among the studies. Prior to the
analysis of variance, data were assessed for coherence and biological distribution, normality,
and correlations. Correlation analysis between columns of the database was applied to
identify the presence of collinearity between variables. In the statistical modeling, Cu
sources and levels were treated as fixed effects, while the study was considered to have
random effects. Covariates, including weaning age and initial body weight, were examined
using Fischer’s test (p < 0.05) and incorporated into the statistical model. Least squares
means of inter-experimental data for Cu sources and levels were calculated using analysis
of variance, applying a generalized linear model with covariate adjustment and the study
as random effect. Using the weaning age demonstrated a superior model fit and was chosen
as covariate for the final model. The model initially included environmental temperature
and dietary patterns as random effects; however, these variables, though important, were
challenging to measure accurately and were consequently eliminated from the model.
The effects of sex (male/female), genetic lines, and year of publication as fixed effects
were found to be nonsignificant and were thus eliminated from the model. Moderating
variables, such as the number of repetitions and the number of animals per experiment,
were incorporated in the analysis of variance. Interactions between Cu source × levels were
evaluated for all parameters. Unfortunately, due to limited data availability, interactions
between weaning age and initial body weight were not measured. Comparisons between
the data were made at the 5% significance level using Tukey’s test.

Multiple regression mixed models were developed to estimate and choose the best fit
models for daily feed intake, average daily gain, and feed conversion of nursery piglets.
Studies were treated as random effects and Cu sources and levels in the diet were treated
as fixed effects. Data highly correlated with treatments were submitted, allowing the
inclusion of various effects in the model, such as initial age, initial body weight, Zn and Cu
intake, Zn/Cu ratio, and Cu sources. The data were analyzed using the lmer and summary
functions in the lmer4 package, generating relevant values for each model created, including
its intercept. The performance package was utilized to evaluate the models and determine
the best-fit model based on Akaike’s Information Criterion (AIC), Bayesian Information
Criterion (BIC), Root Mean Square Error (RMSE), coefficient of determination (R2), and
Intraclass Correlation Coefficient (ICC) for mixed-effects models [24]. Data analysis and
visualization were performed using R Studio software (version 3.6.1; R Foundation for
Statistical Computing, Vienna, Austria).

3. Results
3.1. Literature Search

The study’s temporal scope spanned 31 years (1990–2021). Considering the search
strategy, approximately 112 articles published between 1990 and 2021 were initially selected
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for eligibility. After the analysis, 60 studies constituted the database, including 54 scientific
articles and nine works from dissertations or theses, comprising 65 experiments. The
PRISMA flowchart proposed by Moher et al. [25] illustrates the process of selecting studies
for inclusion in the database (Figure 1).

Vet. Sci. 2024, 11, 68  5  of  19 
 

 

and visualization were performed using R Studio software (version 3.6.1; R Foundation 

for Statistical Computing, Vienna, Austria). 

3. Results 

3.1. Literature Search 

The study’s  temporal scope spanned 31 years (1990–2021). Considering  the search 

strategy, approximately 112 articles published between 1990 and 2021 were initially se-

lected for eligibility. After the analysis, 60 studies constituted the database, including 54 

scientific articles and nine works from dissertations or theses, comprising 65 experiments. 

The PRISMA flowchart proposed by Moher et al. [25] illustrates the process of selecting 

studies for inclusion in the database (Figure 1). 

. 

Figure 1. PRISMA flowchart describing the selection process of studies related to the effects of inor-

ganic and organic copper sources in diets of weaned piglets. 

3.2. Database Description 

The database comprised 25,053 nursery piglets (on average, 272 animals per study), 

with body weights ranging from 7.0 kg (SD = 2.1) to 17.7 kg (SD = 7.3). The piglets were 

assessed at ages ranging from 28.1 days (SD = 9.0) to 49 days (SD = 13.6) and were distrib-

uted into 946 experimental groups. The experimental duration varied from a minimum of 

10 days to a maximum of 60 days, with an average duration of 32.0 days. The temporal 

scope of the database spanned 31 years, with the oldest article published in 1990 and the 

most recent in 2021; the mode was 2011. The electronic Excel spreadsheet comprised 946 

rows and 169 columns. Most studies were conducted in American institutions (44.44% of 

the articles), followed by Brazilian (20.63%), Chinese (17.5%), and Italian (3.05%) institu-

tions. Among  these  treatments,  429  (45.35%)  involved  inorganic  sources,  323  (34.14%) 

Figure 1. PRISMA flowchart describing the selection process of studies related to the effects of
inorganic and organic copper sources in diets of weaned piglets.

3.2. Database Description

The database comprised 25,053 nursery piglets (on average, 272 animals per study),
with body weights ranging from 7.0 kg (SD = 2.1) to 17.7 kg (SD = 7.3). The piglets were
assessed at ages ranging from 28.1 days (SD = 9.0) to 49 days (SD = 13.6) and were dis-
tributed into 946 experimental groups. The experimental duration varied from a minimum
of 10 days to a maximum of 60 days, with an average duration of 32.0 days. The temporal
scope of the database spanned 31 years, with the oldest article published in 1990 and
the most recent in 2021; the mode was 2011. The electronic Excel spreadsheet comprised
946 rows and 169 columns. Most studies were conducted in American institutions (44.44%
of the articles), followed by Brazilian (20.63%), Chinese (17.5%), and Italian (3.05%) insti-
tutions. Among these treatments, 429 (45.35%) involved inorganic sources, 323 (34.14%)
involved organic sources, and 194 treatments were part of the basal group (20.51%). Basal
treatments had copper supplementation levels of up to 15 mg/kg of Cu in the diet. Nu-
tritional levels (1 to 15 mg Cu/kg) were present in 194 treatments (20.51%), intermediate
levels (16 to 80 mg Cu/kg) were observed in 167 treatments (17.65%), supranutritional
levels (81 to 200 mg Cu/kg) were detected in 456 treatments (48.20%), and concentrations
above 201 mg Cu/kg were present in 129 treatments (13.64%). A comprehensive descrip-
tion of the database employed in the meta-analysis of Cu sources and supplementation
levels in nursery piglet diets is presented in Supplementary Table S1. The majority (78%)
of the papers used hybrid piglets, 15% identified the piglets used as crossbreed and 63%
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identified the piglets used as being from specific genetic lines, whereas 21.6% did not report
the piglets’ genetic lineage. Barrow/male and female piglets (mixed lots) accounted for
82% of the piglets, male piglets accounted for 15.8%, whereas 0.05% of the papers did not
report any gender information.

3.3. Comphreensive Meta-Analysis

Fifty-six studies containing inorganic copper sources were compared to the basal
treatments in each study regarding the average daily gain outcome (Figure 2). The addition
of inorganic copper had a positive effect on the weight gain of nursery piglets, as indicated
by the pooled mean difference SMD (SMD = 0.63, 95% CI: 0.55 to 0.71, p = 0.000), regardless
of the inclusion levels.
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Figure 2. Forest plot (random effects model) depicting the results of a meta-analysis investigating the
effects of inorganic copper on average daily gain in weaned piglets. Each square in the plot represents
study-specific risk estimates, with the size of the square reflecting the specific statistical weight of the
study. Horizontal lines indicate the 95% confidence intervals (CIs) for each study, and the diamond at
the bottom of the plot signifies the summarized relative risk with its corresponding 95% CI.
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The addition of organic copper compared to the basal treatments involved 27 studies
(Figure 3) and indicated a positive effect on the average daily gain of nursery piglets
(SMD = 0.60, 95% CI: 0.49 to 0.74, p = 0.000), regardless of the inclusion levels. The high
heterogeneity observed between the studies for both inorganic copper (I2 = 94.8%) and
organic copper sources (I2 = 96.7%) was expected and can be explained by inherent intra-
study factors in animal experimentation, such as animal and environmental characteristics,
feeding, experimental design, and sample size.

Vet. Sci. 2024, 11, 68  8  of  19 
 

 

 

Figure 3. Forest plot (random effects) of the meta-analysis examining the effects of organic copper 

on average daily gain in weaned piglets. The squares in the plot represent study-specific estimates 

of  the mean difference  in average daily gain  (the size of each square corresponds  to  the specific 

statistical weight of the study), while horizontal lines indicate the 95% confidence intervals (CIs). 

The diamond located at the bottom of the plot represents the summarized effect size (mean differ-

ence) with its associated 95% CI. 

Figure 3. Forest plot (random effects) of the meta-analysis examining the effects of organic copper on
average daily gain in weaned piglets. The squares in the plot represent study-specific estimates of the
mean difference in average daily gain (the size of each square corresponds to the specific statistical
weight of the study), while horizontal lines indicate the 95% confidence intervals (CIs). The diamond
located at the bottom of the plot represents the summarized effect size (mean difference) with its
associated 95% CI.
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When stratified by Cu levels, the pooled risk ratio for the average daily gain of nursery
piglets within the 16–80 mg Cu/kg diet category, involving 23 studies, was 0.76 (95% CI:
0.62 to 0.93, p = 0.000; Figure 4). The risk ratio for the 81–200 mg Cu/kg diet category of
nursery piglets was 0.60 (95% CI: 0.52 to 0.70, p = 0.000), comprising 45 studies (Figure 5).
For diets with >201 mg Cu/kg in nursery piglets, involving 21 studies, the risk ratio was
0.68 (95% CI: 0.58 to 0.80, p = 0.000) (Figure 6). The Higgins index was 96.6%, 94.3%, and
84.3%, respectively.
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Figure 4. Forest plot (random effects model) of the meta-analysis regarding the effects of levels
between 16 and 80 mg Cu/kg in diets compared to the basal diet (1–15 mg Cu/kg) on the average
daily gain of weaned piglets. The squares represent study-specific estimates of the mean difference in
average daily gain (the size of the square corresponds to the statistical weight of the study); horizontal
lines depict 95% confidence intervals (CIs). The diamond at the bottom of the plot indicates the
summarized effect size (mean difference) with its corresponding 95% CI.
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Figure 5. Forest plot (random model effects) illustrating the results of a meta-analysis examining the
effects of copper levels between 81 and 200 mg/kg in diets compared to a basal diet with 1–15 mg/kg
of copper on the average daily gain in weaned piglets. The squares represent study-specific estimates
of the mean difference in average daily gain (the size of the square corresponds to the statistical
weight of the study); horizontal lines depict 95% confidence intervals (CIs). The diamond at the
bottom of the plot indicates the summarized effect size (mean difference) with its corresponding
95% CI.
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Figure 6. Forest plot (random effects) of the meta-analysis regarding the effects of levels between
>201 mg Cu/kg in diets in relation to a basal diet (1–15 mg Cu/kg) on average daily gain in weaned
piglets. The squares represent study-specific risk estimates (the size of the square reflects the specific
statistical weight of the study); horizontal lines indicate 95% confidence intervals (CIs); the diamond
indicates the summarized relative risk with its 95% CI.

3.4. Effects of Copper Supplementation on Piglets Growth Performance

In the variance analysis, we identified that weaning age directly influences piglet
performance. This effect was included as a covariate, and the results were adjusted for
the initial housing age. Both dietary Cu sources increased piglet average daily gain by
8% compared to the basal diet (p = 0.013, Table 2) and improved piglet feed conversion
by 4% compared to piglets fed with the basal diet (p = 0.02). No difference was detected
for any performance parameters for dietary copper levels between 81 and 200 mg/kg and
>201 mg/kg (p < 0.05). Supranutritional levels >81 mg Cu/kg increased weight gain by 7%
(p = 0.005) and decreased piglet feed conversion by 7% compared to levels <80 mg Cu/kg
(p < 0.001). Copper sources and levels did not interfere with piglet feed intake (p > 0.05).
There was no interaction between copper sources and levels for the analyzed variables.
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Table 2. Effect of copper supplementation on growth performance of nursery pigs.

N 1 ADFI 2, kg/d ADG 3, kg/d F: G 4

Copper Sources

Basal 194 0.561 ± 0.08 0.344 ± 0.05 a 1.65 ± 0.03 a

Inorganic 429 0.596 ± 0.09 0.374 ± 0.06 b 1.61 ± 0.03 b

Organic 323 0.589 ± 0.08 0.372 ± 0.06 b 1.58 ± 0.02 b

Copper levels

1–15 mg/kg 194 0.597 ± 0.09 0.343 ± 0.06 a 1.70 ± 0.02 a

16–80 mg/kg 130 0.595 ± 0.09 0.363 ± 0.05 a 1.64 ± 0.03 a

81–200 mg/kg 429 0.584 ± 0.08 0.375 ± 0.05 b 1.57 ± 0.03 b

>201 mg/kg 125 0.586 ± 0.12 0.384 ± 0.07 b 1.54 ± 0.04 b

Effects p-value 5

Sources 0.663 0.013 0.020
Level 0.166 0.005 <0.001

Sources * Level 0.478 0.210 0.515
Weaning Age, d <0.001 <0.001 0.005

Initial body weight,
kg <0.001 <0.001 <0.001

1 N = number of observations of treatments. 2 ADFI: average daily feed intake; 3 ADG: average daily gain; 4 F:G:
feed to gain ratio. * Least squares means adjusted by covariate to weaning age. a,b Means in a column followed by
no common letter differ significantly (p < 0.05). 5 p-value: significance level of α = 0.05 was considered.

Mixed-effects models allow the evaluation of factors that interfere with piglet perfor-
mance and can explain the high heterogeneity in the forest plots meta-analysis (Table 3).
Several mixed linear models were developed, but in this study, we present only the models
that collectively showed the best AIC-, BIC-, R2-, RMSE-, and ICC-adjusted coefficients.
Factors that did not indicate any statistical effects, such as sex, lineage, experimental design,
sample size, among others, were excluded from the models.

Table 3. Multiple regression using mixed models to evaluate the efficiency of supplementation with
copper sources and levels on nursery piglet performance.

ADFI (kg/d) ADG (kg/d) F: G

Model 1 (SE) Model 2 (SE) Model 3 (SE)

Intercept −0.0059 (0.0284) 0.0433 (0.0187) * 1.381 (0.0369) ***
Ingested Cu, mg/d 0.0022 (0.0004) *** 0.0013 (0.003) *** 0.00002 (0.0004) *
Ingested Zn, mg/d 0.0003 (0.00005) *** 0.00001 (0.00011) *** 0.00007 (0.00005)

Zn/Cu ratio 0.00005 (0.00017) −0.00001(0.00001) 0.00005 (0.0003)
Initial BW, kg 0.02681 (0.0027) *** 0.0128(0.002) *** 0.0154 (0.0032) ***

Initial age 0.0107 (0.0010) *** 0.006 (0.0006) *** 0.00297 (0.0012) *
Inorganic Cu 0.0222 (0.0157) −0.0024(0.009) 0.07437 (0.0182) ***
Organic Cu 0.0084 (0.0132) 0.00352(0.008) 0.0179 (0.0153)

AIC 1 −1600.6 −798.3 −539.1
BIC −1553.3 −751.1 −491.9

Observations 834 834 834
Variance 0.01 0.02 0.04

Residual variance 0.01 0.02 0.02
Conditional R2 0.737 0.735 0.654

Marginal R2 0.365 0.455 0.080
RMSE 0.081 0.133 0.153
ICC 0.586 0.514 0.623

ADFI: average daily feed intake; ADG: average daily gain; F:G: feed to gain ratio. 1 AIC: Akaike information
criteria; BIC: Bayesian information criteria; R2: determination coefficient; RMSE: root mean square error; ICC:
intraclass correlation coefficient. Significance level * (p < 0.05); *** (p < 0.001).
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In the models for feed intake, average daily gain, and feed conversion, the ingested
copper, initial weight, and initial age were significant (p < 0.05). Ingested zinc and Zn/Cu
ratio did not affect feed conversion (p > 0.05). The coefficient of determination (conditional
R2) for the studies was high, with the model developed for feed intake explaining 73.7%
of the variability in response data. In the models for weight gain and feed conversion,
the coefficient of determination was 73.5% and 65.4%, respectively. The AIC for all three
models developed was low, with the lowest value observed in Model 1 (−1600.6). The
same trend was observed in the Bayesian Information Criterion (BIC), which describes the
relationship between the dependent variable and the various explanatory variables among
the models. Therefore, the lower the BIC, the better the model fit, similar to AIC. Model 1
shows the lowest results (−1553.3), although the other models also have similar BIC and
AIC values. The residual variances of the models were small, as well as the Root Mean
Square Error (RMSE), indicating that the models were accurate due to the low values found
in the mentioned variables. We consider that the Intraclass Correlation Coefficient (ICC)
in the models partially explains the relationships between the effects. In Model 2, nursery
piglets exhibit a linear response for average daily gain (ADG), assuming that daily copper
intake improves weight gain in the nursery by 0.0013 kg. In Model 3, we identified a slight
worsening in feed conversion for piglets fed diets containing inorganic copper sources. The
lack of significance of organic sources in the mixed models is probably associated with the
smaller number of articles compared to inorganic sources.

4. Discussion

When comparing the meta-analysis approaches used, both the forest plot and the
analysis of variance–covariance indicated similar trends. However, it is worth noting
that the experimental design of each study should be carefully evaluated for use in a
forest plot. The I2 values in both figures were above 50%, indicating high heterogeneity
among the studies. In subgroup analysis, we identified that all Cu levels added to the diet,
regardless of the source, positively influenced the average daily gain of nursery piglets. The
heterogeneity tended to decrease, as the studies had similar methodological characteristics
(experimental design, sources and doses, animal weight and genetics). Therefore, we
chose to analyze the topic using more exploratory methods. Due to the experimental
design, variability in piglet weight and age, and different Cu sources and levels in the diets,
we considered it more appropriate, for the objective of this study, to analyze data using
variance, covariance, and mixed models.

Cu inorganic sources, mainly Cu sulfate (CuSO4), are commonly supplemented in
the different stages of pig production and have been used for several decades as growth
promoters. Recently, due to increasing concerns about the environmental impact of live-
stock production, alternative sources with higher bioavailability, such as organic sources,
have been sought. In our study, the main organic Cu sources, according to AFFCO [21]
classification, were the chelates metal–amino acid complex, lysine, and methionine (30.27%
of treatments). Other sources such as Cu proteinates (3.8%), organic metal–acid chelates
(2.4%), and Cu complexed with polysaccharides (1.4%) were present in the database,
but with a smaller number of treatments. Although it has been shown that Cu organic
sources, especially chelates, may yield superior performance results compared to inorganic
sources [10,26], in the present study, both sources enhanced piglets’ performance compared
to the BD, but did not differ between them (Table 2). However, it is worth mentioning
that at supranutritional doses (80–200 mg/kg), the growth performance results were more
homogeneous across studies when using organic Cu, with fewer discrepancies compared
to those observed when using inorganic forms. Although the explanation for these results
may be outside the scope of this study, it can be argued that it is relevant due to the greater
stability provided by the chelating agent [27]. Chelated minerals are more stable and less
prone to reactions and interactions with other elements in the gastrointestinal tract [27].

In terms of the effects of copper levels, this meta-analysis indicates that high dietary
Cu levels influence the performance responses of nursery piglets, particularly the average
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daily gain and feed conversion ratio. Nevertheless, regression models (linear, quadratic,
or linear plateau models) were initially employed as the primary approach to estimate
the optimal Cu level for piglet performance. Initial body weight, weaning age, and study
effects were included in the models. However, the regression coefficients, characterized by
low values, provided limited insight into the influence of Cu levels on average daily gain
and feed conversion. Increasing levels of dietary Cu improved the daily weight gain and
feed conversion ratio up to 200 mg Cu/kg, particularly in younger piglets (post-weaning),
supporting the current Cu supplementation strategies using concentrations significantly
higher than the NRC (2012) recommendations to enhance piglets’ performance during
the nursery phase [28]. We identified that weaning age interferes with the response to
Cu supplementation for nursery piglets. The effects of Cu supplementation appear to be
more effective in younger piglets, independent of Cu sources or supranutritional levels.
This result was verified by the variance and covariance analysis. However, no further
benefits were detected with levels >200 mg/kg Cu or in older piglets (end of nursery). The
mechanisms behind such effects are not yet fully understood. Some studies attributed these
effects to local (intestine) antimicrobial functions of copper [1,29], whereas others [30–32]
claim a systemic effect involving the interactions between copper and zinc. Although the
present experimental approach does not allow any extrapolation of physiological and/or
metabolic mechanisms, the mixed-models analysis indicate that Zn intake is indeed relevant
to the effects of copper, irrespective of dietary Cu levels (see discussion below). Copper also
has effects on energy metabolism, modulating both lipid absorption and lipogenesis [33],
leading to an increase in fatty acid concentrations in the bloodstream [34] as well as ATP
synthesis in the body [35]. These processes could potentially improve the animal’s energy
efficiency, with implications for feed efficiency, as demonstrated by the present results. In
terms of Cu’s effects on feed intake, it has been shown that Cu may modulate appetite,
leading to increased feed intake [36].

A key factor interfering with Cu metabolism is Zn supplementation levels. The esti-
mated average Zn supplementation in the present study was 665.4 mg/kg. The present
mixed-models analysis (Table 3) indicated that the ingested Zn levels in piglet diets influ-
ence feed intake and average daily gain. Although restrictions on the use of high Zn levels
in pigs’ diets have been imposed in many countries, pharmacological levels of dietary Zn
are still used in some parts of the world. [2,37,38]. Although an accurate assessment of the
inflexion point has yet to be performed, dietary levels between 1500 and 3000 mg/kg [39]
can impair Cu metabolism due to the increased production and synthesis of metalloth-
ionein, a metalloprotein responsive to dietary Zn levels but with a greater affinity for
copper. Under high dietary Zn supplementation, Cu is trapped by metallothionein within
enterocytes impairing its release and further flow to the liver, eventually resulting in sys-
temic copper deficiency [39]. According to Dalto et al. [40], a low dietary Zn/Cu ratio is
desirable to avoid compromising piglets’ health with high systemic Zn concentrations and
to avoid a potential Cu deficiency resulting from long-term high dietary Zn oxide during
the post-weaning period.

Investigating the impact of Cu sources and their levels through meta-analysis showed
limitations in studies (a lack of information on nursery phase duration, detailed information
of the presence or absence of additives in diets, complete feed nutritional composition, and,
in particular, a lack of Zn-level information). Such limitations may be partly responsible for
the high heterogeneity between studies. Future research should explore the modulation of
minerals and amino acids in diets, gut health responses, and microbial modulation during
nutritional challenges. This would help us to develop a better understanding of the effects
of Cu on the performance of nursery piglets and would help guide the rational use of
sources and levels of zinc and copper in pig farming.

5. Conclusions

Dietary copper supplementation influenced the weight gain and feed conversion
rate in weaned piglets, particularly during the first few weeks post-weaning. Copper
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supplementation levels between 81 and 200 mg Cu/kg improved growth performance, but
no further benefits were obtained with higher levels. Such effects were independent of Cu
sources, which did not differ between them for any of the studied parameters. High Zn
levels in copper diets impair piglet performance.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/vetsci11020068/s1, Table S1: Database used in meta-analysis
approach of copper fonts and levels supplemented in nursery piglet’s diets [10,11,29,30,41–96].
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