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Optimal dietary copper levels for pig growth
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SUMMARY

Pharmacological levels of 250 mg copper/kg diet were found to increase
the growth rate of pigs. However, responses were not consistent among
studies, and the calculation of an optimal dietary copper level to obtain
maximum performance was hindered by a method to effectively account for
differences in experimental protocols. In the current evaluation the random
effects regression method, was used to compute relationships between total
dietary copper levels or intakes as explanatory variables, and average daily
gain, average daily feed intake, or feed conversion ratio as response variables.
Based on several selection criteria, such as copper sulphate as source of
copper supplementation, and treatment means from a minimum of five
independent experiments, results from experiments reported in 55 studies
could be divided into categories of different phases (postweaning, growth,
finisher, and combinations thereof) and countries (UK, USA). Experiments
within countries concurred in characteristics such as the frequency of zinc and
iron supplementation, feeding method, and main feed ingredients. Based on
initial visual inspection, linear and quadratic relationships could be used to
explore the relationships between fixed explanatory and response variables,
with experiment included as a random effect. Quadratic relationships indicated
that total dietary Cu contents of 253 and 230 mg copper/kg diet would result
in maximum average daily gain of pigs during the postweaning and growth-
finishing phases, respectively, when antibiotics were not added to USA diets.
Relationships, when detected, were predominantly linear with results from UK
experiments, ascribed to an upper supplementation level of 250 mg copper/kg
diet applied. It can be concluded from this study that any decrease in total
dietary copper to levels lower than 200 mg copper/kg diet will deteriorate
growth performance of pigs during the respective life phases from
postweaning to finishing.
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INTRODUCTION

The requirement for copper (Cu), an essential trace element needed by
pigs to prevent microcytic hypochromic anaemia, dermatosis and bone
marrow problems, maintain the integrity of the cardiovascular system, and
perform metabolic functions as a constituent of several enzymes systems in
the body (Omole, 1980), is probably not greater than a level of 5 to 6 mg Cu/kg
of the pig’s diet (NRC, 1998). However, after pioneering work by Braude in
1945, with numerous follow-up studies, it was recommended (Braude, 1967)
that supplementation of pig diets with 250 mg Cu/kg diet would result in
improved average daily gain (ADG) and feed conversion ratio (FCR). In recent
years, however, these high Cu levels have become an environmental hazard.
With most of the dietary Cu supply being excreted, pig manure application to
arable lands increases Cu soil contents, with subsequent negative
environmental effects. As a preventive measure, considerable lower levels of
170 mg Cu/kg diet for pigs up to 12 weeks and 25 mg Cu/kg diet for all other
types have been introduced in the European Union (European Commission,
2003a).

Although the modes of action of Cu are not fully explained, an original
unresolved hypothesis ascribed the growth-stimulating effects of Cu to its
antimicrobial actions (Fuller et al., 1960). More recently, both intestinal
(Radecki et al., 1992; Zhao et al., 2007) and systemic (Zhou et al., 1994a; b)
effects have been suggested as possible mechanisms for the action of Cu on
the growth of pigs.

Throughout the scientific literature, reports of pig responses on Cu
supplementation are inconsistent concerning the optimum level of
supplementation and phase when it has to be supplemented. Previous
attempts (Wilson et al., 1979; European Commission, 2003b; Jongbloed et al.,
2011) to find the most effective level of dietary Cu across studies were
restrained by the absence of a proper method to incorporate the variability
caused by different methodologies among studies. Ignorance of this variability
could result in considerable bias in the estimates of a regression equation.
However, with the random effects regression method, variance among studies
not accounted for by variables other than the fixed effects under evaluation,
could be represented by inclusion of experiment as a random effect (St-Pierre,
2001). Therefore this method was applied in the current evaluation to quantify
the effects of dietary Cu on performance of pigs from postweaning to finishing,
which would give an indication of an optimal level of Cu needed in the diet.
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MATERIAL AND METHODS

Selection of studies

Peer-reviewed studies that have evaluated the effects of pharmacological
Cu additions to pig diets on animal performance were identified by internet
search engines (Google Scholar, ISI Web of Science, PubMed and
ScienceDirect), and reviews of citations of retrieved articles. Performance was
identified by ADG (g), average daily feed intake (ADFI; g) and FCR (kg feed/kg
live weight increase). Supplementation should have been applied during the
different phases from postweaning to finishing. Copper carbonate, Cu chloride,
Cu-lysine complex, and organic and inorganic chelated forms of Cu have been
reported to be as effective as Cu sulphate, with the sulphide and oxide Cu salts
found to be as poorly available to pigs (Cromwell et al.,, 1998). However,
possible differences in absorption rates from these formulations could change
the transfer of the amounts of Cu from the intestine into the organism, which
would change the threshold Cu value for maximum animal performance
(Windisch et al.,, 2001). Consequently, Cu sulphate as source of
supplementation was included as a main selection criterion of studies because
of its extensive frequency of use. Other criteria included: (1) the presence of a
control treatment without Cu addition other than in the basal dietary mineral
mixture; (2) no confounding of Cu supplementation with other feed additives;
and (3) written in English. These criteria identified 77 studies with suitable
results for analyses.

Table 1. Distribution of studies according to phase, country and the presence or
absence of antibiotic in all treatments.

Phase Country  Antibiotic Live weight  Studies Exp® n°
added range (kg)
Postweaning Canada Yes 13.5-23.0 2 (0)° 2 (0) 4 (0)
No 5.5-22.8 2(2) 3(3) 6 (6)
China No 7.5-25.6 2(2) 2(2) 6(6)
Germany No 7.6-31.3 1(1) 3(3) 9(9)
UK Yes 3.6-20.5 1(1) 1(1) 2(2)
No 3.6-20.9 1(1) 1(1) 2(2)
USA Yes 4.5-25.5 12 (12) 21(21) 71(71)
No 4.3-32.7 19(17) 33(29) 91(83)
Growth Canada Yes 19.1-71.2 2 (1) 2 (1) 6(2)
No 11.3-72.9 3(3) 4 (4) 24 (24)
China No 21.2-41.0 1(1) 1(1) 2(2)
Denmark No 20.0-50.0 1(0) 1(0) 4 (0)
Korea No 21.5-55.8 1(1) 1(1) 3(3)
UK No 18.2-67.9 8(8) 10(10) 31(31)
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USA Yes 17.4-61.0 3(3) 4 (4) 15 (15)
No 13.8-67.6 9(8) 16 (13) 39(33)
Postweaning- Canada Yes 13.5-69.0 2 (0) 2 (0) 4 (0)
Growth
No N°-68.3 1(1) 1(1) 4 (4)
China No 12.5-45.8 1(1) 1(1) 3(3)
USA Yes 10.8-77.0 2(2) 4(4) 16(16)
No 6.4-56.8 2(2) 2(2) 6 (6)
Finishing Canada No 47.0-90.0 2(2) 4 (4) 22 (22)
Denmark No 50.0-90.0 1(0) 1(0) 4 (0)
UK No 45.5-93.2 7(7) 10 (10) 29 (29)
USA Yes 52.8-111.7 2(2) 2(2) 5(5)
No 47.6-108.0  4(3) 6(3)  14(8)
Growth-Finishing Canada No 11.3-123.0 2(2) 4 (4) 24 (24)
Ireland No 23.8-81.5 1(1) 1(1) 4 (4)
Germany No 27.0-93.0 1(1) 1(1) 2(2)
Denmark No 20.0-90.0 1(0) 1(0) 4 (0)
UK Yes 23.3-95.1 1(1) 1(1) 2(2)
No 14.2-96.0  14(14) 29(29) 74(74)
USA Yes 17.4-111.7 4 (4) 5(5) 15 (15)
No 13.8-96.9  11(11) 21(21) 60 (60)
Postweaning- Canada Yes 13.5-92.0 2(2) 4(2) 13 (9)
Finishing
No 5.5-91.7 2(2) 2(2) 4 (4)
USA No 6.4-108.0 6 (5) 8(7) 20(14)

*Number of experiments.

®Number of treatment means.

“Values in parentheses indicated numbers obtained for variables in which feed intake was accounted for.
“No information available.

Classification according to phase, country and the presence or absence of
antibiotic in all treatments (including the control), resulted in a distribution of
studies as presented in Table 1. Phases were as indicated in the respective
experiments, or when unspecified, identified according to the live weight
range. When Cu sulphate supplementation was reported at different crude
protein, fat, calcium or ingredient dietary contents, with different protein or
fat sources, and for various feeding or housing systems, means from each
treatment within studies were tabulated. Some studies presented treatment
means across experiments or experimental stations, and were used as such.
An average value was calculated when means were separate reported for
males and females, and a weighted average when indicated for specific periods
within a phase.
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To prevent bias, a minimum of five experiments was arbitrarily set as
requirement for any category to be evaluated. These additional criteria
eliminated 22 studies (Appendix A of Electronic Supplementary Data) from the
database. Finally, treatment means from 55 studies (Appendix B of Electronic
Supplementary Data) could be distributed across phases and countries, as
characterized in Table 2.

Table 2. Characteristics of final data sets.

Phase Country Antibiotic < Number of treatment means Cu
added 1975° added
Zinc  Iron® Zincand Ad Maize, Barley, (mg
iron libitum soy®  fishmeal® Cu/kg
feeding diet)°
Postweaning USA Yes 12 71(71) 71(71) 71(71) 71(71) 71(71) 0(0) 250
(12
No 4(3) 91(83) 91(83) 91(83) 85(79) 89(81) 0(0) 550
Growth UK No 8(8) 13(13) 11(11) 11(11) 6(6) 4(4) 21(21) 250
USA No 3(2) 39(33) 39(33) 39(33) 37(31) 37(31) 0(0) 375
Finishing UK No 7(7) 13(13) 11(11) 11(11) 2(2) 4(4) 14 (14) 250
USA No 3(2) 14(8) 14(8) 14(8) 14 (8) 14 (8) 0(0) 250
Growth- UK No 14 10(10) 8(8) 8(8) 4(4) 4(4) 54 (54) 250
Finishing (14)
USA Yes 1(1) 15(15) 15(15) 15(15) 15(15) 15(15) 0(0) 250
No 7(7) 56(56) 56(56) 56(56) 60 (60) 60 (60) 0(0) 750
Postweaning- USA No 3(3) 18(12) 20(14) 18(12) 20(14) 20(14) 0(0) 250
Finishing

*Number of studies published before or in 1975.

®Cu, copper; maximum copper added from copper sulphate.

“Zinc added (40 — 200 mg zinc/kg diet) from the basal mineral mixture.

%ron added (10 — 200 mg iron/kg diet) from the basal mineral mixture.

*Main energy and protein sources used in diets.

*Values in parentheses indicated numbers of studies or treatment means used for variables in which feed
intake was accounted for.

Description of database

Data sets showed a high degree of agreement within country for the
characteristics indicated in Table 2. Most studies were reported before or in
1975. However, several USA studies were published after 1975 for the
postweaning (without antibiotics added), growth and growth-finishing phases.
Zinc and iron were predominantly supplemented in basal mineral mixtures in
USA treatments, but not in UK data sets. Whereas almost all treatments in the
US data sets applied ad libitum feeding regimes, with maize and soybean as
the main dietary energy and protein sources, respectively, restricted or semi
ad libitum feeding (unlimited feed supply for a specific time period per day),
with barley and fishmeal diets, were dominant in the UK treatments. Phases
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where Cu were supplemented at levels of higher than 250 mg Cu/kg diet were
postweaning, growth and growth-finishing, all without antibiotics added to
diets, and conducted in the USA. In all treatments, calcium was supplemented
as some source (calcium carbonate, calcium phosphate) in the basal diets.
Durations of treatments varied from 10 to 56, and 61 to 116 days, for the
postweaning and growth-finishing phases, respectively. For other phases
treatment periods were seldom reported.

Ranges of means for Cu treatments (total dietary contents and intakes)
and response variables are presented in Table 3. When not presented by
studies, total dietary Cu content was calculated from the sum of the amounts
provided by dietary ingredients using values reported by NRC (1998), Cu added
from the trace mineral premix, and any additional Cu sulfate supplementation.
Tabulated NRC (1998) values and diet compositions in studies were expressed
on an as-fed basis. Total dietary Cu intakes were computed as total dietary Cu
content multiply by ADFI. Feed conversion ratio, when absent in experiments,
was calculated from ADG and ADFI. Similarly, ADFI was derived from FCR.
Dietary nutrient composition was rarely reported in experiments. Where
indicated, dietary crude protein (the dietary nutrient most frequently stated)
varied from 155 to 229, 145 to 181, and 119 to 181 g/kg for the postweaning,
growth, and finishing phases, respectively.

Table 3. Ranges of treatment means for explanatory and response variables in the
respective data sets.

Phase Country Antibiotic Total Total Average Average Feed Reference”
added dietary Cu dietary Cu daily gain daily feed conversion
(mg Cu/kg intake (mg (g) intake (g) ratio
diet)® Cu/day)
Postweaning USA Yes 12-289 5-216 107-593 246-939 1.35-2.38 3,4, 20,22,
24, 27, 30, 34,
48, 49,51, 55
No 4-580 2-342 127-670 350-1230 1.41-3.01 2,4,16,17,
19, 20, 22, 23,
28, 29, 30, 32,
46, 47, 49, 50,
53, 54, 55
Growth UK No 6-285 9-561  409-736 1228 2.45-4.00 1,7,10,12,
2173 14, 35, 39, 40
USA No 8-386 17-749  559-830 1506— 2.50-3.72 21,25, 32, 33,
2882 43, 44, 45, 50,
53
Finishing UK No 6-278 15-763 571-798 2291- 3.24-4.80 7,10, 12, 14,
2955 35, 39, 40
USA No 6-264 21-839 650-920 1957- 2.94-4.18 18,32,43,53
3173
Growth- UK No 6-279 12-645  494-820 1819- 2.02-4.40 1,5,6,7,8,9,
Finishing 2495 10, 11, 14, 15,

35, 39,40, 41
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USA Yes 11-262  25-665 726950 2055— 2.70-3.26 4,25,42,52
2945
No 7-780  14-1527 377-860 1514- 2.69-4.14 19, 21,25, 26,
3110 36, 37, 38, 43,
44, 45,52
Postweaning- USA No 7-264 15-592 550-760 1875- 2.86-3.41 13,18, 31,32,
Finishing 2370 33,53

® Cu, copper.
® From Electronic Supplementary Data Appendix B.

Data analysis

Visual evaluation of data, as suggested by Sauvant et al. (2008), presented
evidence of linear and curvilinear intra- and interexperiment relationships
between explanatory and response variables. Attempts to relate total dietary
Cu contents or intakes (x) to the respective response variables (y) by two-slope
broken-line models (Robbins et al., 2006) with the NLMIXED procedures of SAS
Inc., (2008), failed. In these models experiment was included as a random
effect to represent the variance among experiments not accounted for by fixed
explanatory variables in the models. Although models converged to a solution
for most data sets, a final Hessian that was not positive definite, and elements
of the projected gradient greater than 0.001, were found. These indicated that
the variance of some parameter estimates was zero or linearly related, or that
the models may not have fully converged, which resulted in unrealistic and
unreliable estimates. Consequently, linear (y = a + bx) and quadratic (y = a + bx
+ cx?) relationships were calculated with the MIXED procedures of SAS Inc.
(2008) according to methodology described by St-Pierre (2001). Total dietary
Cu content or intake was included as a fixed effect, and the effect of
experiment as random. An unstructured variance-covariance matrix was added
to the random part of the model. The absence of a measurement of variation
in numerous experiments, and the need to calculate ADFI or FCR in several
treatments, prevented the weighing of treatment means to ensure
homogeneity of variance for models. Response variables were considered
significant at P<0.05, with a tendency for significance at P<0.10. The quadratic
relationship was accepted if the quadratic term was significant, regardless of
the significance of the linear term. For all models residual plots (residual versus
predicted values) were visually evaluated to assess whether any patterns
existed (Draper and Smith, 1981).

Root mean square errors were calculated after y-values were adjusted for
the random effect of experiment (St-Pierre, 2001) to indicate the magnitude of
variation. Contrary to fixed effects models, R*-values, as indication of the
fraction of variability that can be explained by the relationship, may actually
decrease when explanatory variables are added to the fixed effects part of a
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random effects model (Zanton and Heinrichs, 2005). Therefore, no R*-values
were reported in this study. With quadratic regression equations, a minimum
(when ¢>0) or maximum (when c<0) x-value, where the function turns
direction (vertex), was calculated by -b/(2a). The asymptotic standard error of
the vertex was calculated according to the delta method, as described by Kuha
and Temple (2003):

b_z[ﬁ+ﬁ_ﬂ}
4c*| b* ¢*  be

where o, is the variance of b, o, is the variance of c, and o is the
covariance between b and c. Variance and covariance estimates of the fixed
effects were obtained with the COVB option in the MODEL statement of the
MIXED procedures of SAS Inc. (2008).

RESULTS

Quadratic and linear relationships obtained between total dietary Cu
contents or intakes (x) and response variables (y), which presented coefficients
with a significance of <0.10, are indicated in Tables 4 and 5, respectively. With
all models, the estimated generalised matrix was not positive definite when an
unstructured variance-covariance matrix was included in the random part.
Because this implied that one or more variance components on the RANDOM
statement were estimated to be zero, the variance-covariance matrix was
removed from models.

Table 4. Relationships (y = a + bx + sz) between total dietary Cu content or
intake (x) and response variables (y) with significant (P<0.05, except stated
otherwise) quadratic regression coefficients (+ standard errors).

Phase Country  Antibiotic % a b c RMSE®  Vertex
added

Total dietary Cu content
(mg Cu/kg diet)

Postweaning USA No ADG 325+19.2 0.384+ -0.00076+  20.0 253+
0.0499  0.000124 17.9

Yes ADFI  530+30.3 0.958+ -0.00259+  33.1 185 +

0313 0.00115 21.1

No ADFI  594+37.3 0555+ -0.00113+  29.4 245 +

0.080 0.000194 336

No FCR 2.02+ -0.00114+ 236E-06+ 0.126 241%

0.061 0.000335  8.1E-07 70.1

Growth USA No ADFI 1850+ 110+ -0.00266+  53.0 208 +
96.3 0.436 0.00143° 40.2

Growth- USA No ADG 697+12.6 0.392+ -0.00085+  43.6 230+
Finishing 0.0911 0.00014 34.8
No ADFI 2327+ 0.698+ -0.00165+ 132 211+

55.2 0.306 0.000484 40.0



Archiva Zootechnica 17:2, 5-25, 2014 13

No FCR 333+ -0.00083+ 1.729E-06+ 0.113 242+

0.0529 0.000267 4.237E-07 77.2

Postweaning- USA No ADG 698+229 -0544+ 000221+  15.6 123°

Finishing 0.306 0.00118"
Total dietary Cu intake
(mg Cu/day)

Postweaning USA No ADG 298+14.8 0.696+ -0.00212+  16.6 164 +
0.0811  0.000329 16.8
No ADFI  595+37.4 0754+  -0.002 + 315 188 +

0.155 0.000629 27.8
No FCR 201 -0.00225+ 8.84E-06+ 0.129 127+

+0.058 0.000609  2.44E-06 13.2
Growth UK No ADFI 1551+ -0.295+ 0.000904+  30.2 163 +
1394 0.156 0.000336 335
USA No ADG  638+20.5 0.197+  -0.0002 + 18.8 491 +

0.0653  0.000105 113
Finishing UK No ADFI 2591+ -0.311+ 0.000451+ 253 345 +
52.5 0.171  0.000242° 47.7
Growth- UK No ADG 639+11.6 -0.180+ 0.000448+  17.2 201+
Finishing 0.0929  0.000157 75.2
No ADFI 2151+ -0.658+ 0.00130+  37.7 254 +

26.2 0.204 0.000343 10.7
USA No ADG 699+150 0.178+ -0.00019+  46.9 479 +

0.0521  0.000043 54.4
No ADFI 2331+ 0281+ -0.00032+ 146 438 +

58.9 0.172 0.000144 159
No FCR 333+ -0.00042+ 4.44E-07+ 0.117 482+

0.0542 0.000141 1.187E-07 157
Postweaning- USA No ADG 717+17.3 -0360+ 0.00066+  14.1 273+
Finishing 0.189  0.000324° 30.5

a

ADFI, average daily feed intake (kg); ADG, average daily gain (kg); FCR, feed conversion ratio.

Root mean square error, adjusted for the random effect of experiment.

Mean calculated as (b/(-2c)), calculation of the standard error presented in section on data analysis.
0.05<P<0.10.

Presented an unexplained negative variance.

During the postweaning phase, total dietary Cu contents or intakes were
quadratically related to all response variables when antibiotics were excluded
from diets in USA experiments, with a maximum ADG obtained at a total
dietary Cu intake of 164 mg Cu/day (Table 4). In contrast, when antibiotics
were added to diets, relationships were found to be linear (Table 5), except for
ADFl. However, ADFl can be ascribed as a secondary response variable
compared to ADG and FCR.

Average daily gain and FCR responded in a linear mode to increasing total
dietary Cu contents or intakes during the growth phase in the UK data set
(Table 5). The quadratic relationship between total dietary Cu intake and ADFI
found for this data set (Table 4), presented c>0 with a minimum ADG value at
the turning point, whereas c<0 with a maximum ADF| was obtained in other
relationships. Although visual inspection of residuals did not reveal evidence of
any irregularities for this relationship, it could be regarded as an artifact.
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Table 5. Relationships (y = a + bx) between total dietary Cu content or intake (x) and
response variables (y) with significant (P<0.05, except stated otherwise) linear
regression coefficients (+ standard errors).

Phase Country Antibiotic Y a b RMSE®
added

Total dietary Cu content
(mg Cu/kg diet)

Postweaning USA Yes ADG 311+20.1 0.203 £0.0332 25.0
-0.000363 +
Yes FCR 1.81 +0.050 0.000137 0.105
Growth UK No ADG 495+19.8 0.189+0.0348 18.7
-0.000819 *
No FCR 3.13+£0.087 0.000217 0.118
USA No ADG 670+20.7 0.0984 +0.0451 25.2
Growth-Finishing UK No ADG 634+124 0.177 £0.0231 19.0
No ADFI 2136 +28.8 0.217 +£0.0513 42.2
-0.000557 +
No FCR 3.39 +0.045 0.00009 0.075
Total dietary Cu intake
(mg Cu/day)
Postweaning USA Yes ADG 311+189 0.339+0.0517 24.6
Yes ADFI 544 +28.4  0.453 +0.0692 32.9
-0.000495 +
Yes FCR 1.80 + 0.049 0.000221 0.108
Growth UK No ADG 494 +18.7 0.123 £0.0206 17.9
-0.000497 +
No FCR 3.12 +0.089 0.000135 0.118
-0.000258 +
Growth-Finishing UK No FCR 3.39+0.045 0.000041 0.074

a

b

ADFI, average daily feed intake (kg); ADG, average daily gain (kg); FCR, feed conversion ratio.
Root mean square error, adjusted for the random effect of experiment.

Significant relationships were absent in results from USA experiments
during the growth phase, although quadratic trends were identified between
total dietary Cu content and ADFI (P=0.080), and total dietary Cu intake and
ADG (P=0.068). No relationships were detected with ADG and FCR as response
variables during the finishing phase with UK results, and ADFI was quadratically
related to total dietary Cu intakes with c¢>0 (Table 4). Too few USA experiments
were available during the finishing phase (Table 1) for analysis of results.

In categories where successive phases were combined, no relationships
were obtained when antibiotics were included in USA diets during the growth-
finishing phase. However, when diets were supplemented with antibiotics, all
response variables were quadratically related to total dietary Cu contents or
intakes (Table 4). Variability in FCR was more profound than in ADG, as
illustrated in the standard errors of the vertex. Performance characteristics
responded linearly to increasing total Cu contents in growth-finishing results
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from UK experiments, whereas responses on total dietary Cu intakes were
quadratic for ADG and ADFI with ¢>0 (Table 5), and linear for FCR (Table 4).
Quadratic trends during the postweaning-finishing phase in the USA data set
between total dietary Cu content and ADG (P=0.090), and total dietary Cu
intake and ADG (P=0.098), presented quadratic coefficients of greater than 0.

DISCUSSION

Evidence is presented in this study that the total dietary Cu contents to
achieve maximum ADG in pigs should be above 200 mg Cu/kg diet. These
values were calculated as the maximum vertex of quadratic relationships
determined with treatment means from empirical studies conducted in the
USA in which antibiotics were not added to diets during the postweaning and
growing-finishing phases, with variability caused by differences in dietary
nutrient contents other than Cu, housing systems, and other methodologies
among experiments, included as a random effect in models. This is in
agreement to an optimal level of 224 mg Cu/kg diet calculated by Wilson et al.
(1979) from quadratic regression equations obtained with 1343 results from
129 studies with pigs in the live weight range 4-100 kg. In contrast, Jongbloed
et al. (2011) found a considerable lower maximum value for ADG at 146 mg
Cu/kg diet calculated from a quadratic regression containing 252 observations
from pigs varying in live weight from 5 to 25 kg, with a maximum ADFI at 150
mg Cu/kg diet. In other weight classes (5-45 kg; 20-45 kg; 45-100 kg),
Jongbloed et al. (2011) failed to demonstrate significant linear or quadratic
effects of supplementary Cu on ADG, ADFI or FCR in most cases. In an empirical
study, Cromwell et al. (1989) have determined a quadratic maximum ADG at
242 mg Cu/kg diet, supplemented as copper sulphate to an upper limit of 500
mg Cu/kg diet, for pigs during growth from 6.7 to 18.0 kg. Previous studies,
however, have only considered the supplemented Cu levels, whereas the
current study accounted for the contribution of Cu from feed ingredients and
basal mineral mixes. When Cu contents are related to ADG, ADFI or FCR, any
variability in the level of feed intake could affect the content of Cu needed in
the diet. Although optimal total dietary Cu contents presented in the current
evaluation were from experiments that have used ad libitum feeding systems,
which would result in optimal feed intakes, optimal values were also presented
as the daily intake of total dietary Cu.

Response variables during the growth and finishing phases across UK or
USA studies were either not related, or mostly linearly related to total dietary
Cu contents or intakes. This tendency was also illustrated during the growth-
finishing phase across UK studies. The aforementioned is not surprising, seen
that the maximum supplementation in these studies, with the exception of
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studies conducted in the USA during the growth phase, was restricted to 250
mg Cu/kg diet. This value was determined to be near to the turning point for
responses when limits were extended beyond 250 mg Cu/kg diet.
Furthermore, it is generally accepted that the regulatory capacity of Cu
metabolism in pigs is overcharged when levels of above 250 mg Cu/kg diet are
fed for extended periods. As a result, excessive accumulation of Cu in tissues
might cause Cu toxicity (NRC, 1998), with a consequently decrease in animal
performance. Linear responses on Cu supplementation (up to 280 mg Cu/kg
diet additional to that in feed ingredients and the basal mineral mixture) in the
fraction of improvement in ADG were also observed with results across studies
by the European Commission (2003b) for pigs from weaning to approximately
25 kg live weight, with no trends found during the growth or growth-finishing
phases.

Although this study was not designed to evaluate the interactions of
dietary Cu with antimicrobial agents, which was banned in animal feeds
throughout the European Union in 2006 after much controversies (Zhao et al.,
2007), an indication of the effects of these substances was prevented by the
upper limit of 250 mg Cu/kg diet in treatments in which they were applied.
This limitation also restricted information on the possible interactions of Cu
supplementation with diet composition, supplementation of zinc and iron, and
method of feeding, which could be illustrated by categorising studies according
to the country in which studies were conducted. In pigs, Cu has been proved to
be antagonistic to elements such as cadmium, iron, molybdenum and zinc (see
Omole, 1980; Shuttle, 2010). Other factors which might have an influence on
the growth-promoting effects of Cu in pig diets included type and level of
protein (Braude, 1967; Omole, 1980), fat source (Dove, 1995), method of
feeding, and different environmental conditions (Braude, 1967).

Quadratic responses in ADF on increased total Cu contents or intakes
during the postweaning (without antibiotics added to diets) and growth-
finishing phases in results from USA studies were reflected in ADFI and FCR
responses. Optimal values obtained with the different response variables were
in close approximation of each within phases, although ADG presented the
least variability. Similarly, ADG, ADFI and FCR during the postweaning phase
when antibiotics were added to USA diets, and in the growth-finishing phase
across studies performed in the UK, responded all linearly to total Cu intakes
and contents, respectively. These might indicated that an increased ADFI was
not the only factor responsible for increased growth. An increase in feed intake
upon stimulation of the secretion of neuropeptide Y secretion by Cu was
suggested by Zhou et al. (1994b) to increase growth, and verified in pigs by Li
et al. (2008). However, intravenously injected Cu, which bypassed the
gastrointestinal tract, was found to stimulate pig growth (Zhou et al., 1994a).
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This might have resulted from a direct action of Cu on the growth regulatory
system (Zhou et al., 1994b).

CONCLUSIONS

A Cu content of above 200 mg Cu/kg diet on an as-fed basis is needed to
obtain maximum growth in pigs. It appears that this level should be applied
during all phases of the life cycle from postweaning to finishing. This study
presented viable models that could be applied within the conditions under
which they were established to calculate the reduction in growth and
economic returns when dietary Cu levels are decreased. If the aim would be to
sustain maximum growth, any lower dietary Cu levels because of the potential
environmental hazard of Cu will have to be counteracted by alternative dietary
components or management techniques.

REFERENCES

Braude, R., 1945. Some observations on the need for copper in diet of
fattening pigs. J Agric Sci 35, 163—-167.

Braude, R., 1967. Copper as a stimulant in pig feeding (cuprum pro pecunia).
World Rev Anim Prod 3, 69-82.

Cromwell, G.L., Stahly, T.S., Monegue, H.J., 1989. Effects of source and level of
copper on performance and liver copper stores in weanling pigs. J Anim Sci
67, 2996-3002.

Cromwell, G.L., Lindemann, M.D., Monegue, H.J., Hall, D.D., Orr Jr., D.E., 1998.
Tribasic copper chloride and copper sulfate as copper sources for weanling
pigs. J Anim Sci 76, 118-123.

Dove, C.R., 1995. The effect of copper level on nutrient utilization of weanling
pigs. J Anim Sci 73, 166-171.

Draper, N.R., Smith, H., 1981. Applied Regression Analysis. Second ed., John
Wiley & Sons, New York, NY, USA.

European Commission, 2003a. Commission Regulation (EC) No. 1334/2003
amending the conditions for authorisation of a number of additives in
feedingstuffs belonging to the group of trace elements. OJ EU, L 187, 26
July 2014, 11-15.

European Commission, 2003b. Opinion of the scientific committee on animal
nutrition on the use of copper in feedstuffs. European Commission, Health
and Consumer Protection Directorate, Brussels, Belgium.

Fuller, R., Newland, L.G.M., Briggs, C.A.E., Braude, R., Mitchell, K.G., 1960. The
normal intestinal flora of the pigs. IV. The effect of dietary supplements of



18 J. Sales

penicillin, chlortetracycline or copper on the faecal flora. J Appl Bacterial
23, 195-205.

Jongbloed, A.W., Bikker, P., Thissen, J.T.N.M., 2011. Dose-response
relationships between dietary copper level and growth performance in
piglets and growing-finishing pigs and effect of withdrawal of a high
copper level on subsequent growth performance. Report 483,
Wageningen URL Livestock Research, Lelystad, The Netherlands.

Kuha, J., Temple, J.,, 2003. Covariate measurement error in quadratic
regression. Int Stat Rev 71 131-150.

Li, J., Yan, L., Zheng, X., Liu, G., Zhang, N., Wang, Z., 2008. Effect of high dietary
copper on weight gain and neuropeptide Y level in the hypothalamus of
pigs. J Trace Elem Med. Biol 22, 33-38.

National Research Council (NRC), 1998. Nutrient Requirements of Swine. Tenth
revised ed., National Academic Press, Washington, DC, USA.

Omole, T.A., 1980. Copper in the nutrition of pigs and rabbits: a review. Livest
Prod Sci 7, 253-268.

Radecki, S.V., Ku, P.K., Bennink, M.R., Yokoyama, M.T., Miller, E.R., 1992. Effect
of dietary copper on intestinal mucosa enzyme activity, morphology, and
turnover rates in weanling pigs. J Anim Sci 70, 1424-1431.

Robbins, K.R., Saxton, A.M., Southern, L.L., 2006. Estimation of nutrient
requirements using broken-line regression analysis. J Anim Sci 84, E155—
E165.

SAS Inc., 2008. SAS/STAT User’s Guide. Release 9.2, SAS Inc., Cary, NC, USA.

Sauvant, D., Schmidely, P., Daudin, J.J., St-Pierre, N.R., 2008. Meta-analyses of
experimental data in animal nutrition. Animal 2, 1203-1214.

Suttle N.F., 2010. Mineral Nutrition of Livestock. Fourth ed., CABI Publishing,
New York, USA.

St-Pierre, N.R., 2001. Integrating quantitative findings from multiple studies
using mixed model methodology. J Dairy Sci 84, 741-755.

Windisch, W.M., Gotterbarm, G.G., Roth, F.X., 2001. Effect of potassium
diformate in combination with different amounts and sources of excessive
dietary copper on production performance in weanling piglets. Arch Anim
Nutr 54, 87-100.

Wilson, P.N., Brigstocke, T.D.A., Cooke, B.C., 1979. Copper as an inexpensive
growth promoter for pig. Process Biochem 48, 10-16.

Zanton, G.l., Heinrichs, A.J., 2005. Meta-analysis to assess effect of prepubertal
average daily gain of Holstein heifers on first-lactation production. J Dairy
Sci 88, 3860-3867.

Zhao, J., Harper, A.F., Estienne, M.J.,, Webb Jr., K.E., McElroy, A.P., Denbow,
D.M., 2007. Growth performance and intestinal morphology responses in
early weaned pigs to supplementation of antibiotic-free diets with an



Archiva Zootechnica 17:2, 5-25, 2014 19

organic copper complex and spray-dried plasma protein in sanitary and
nonsanitary environments. J Anim Sci 85, 1302-1310.

Zhou, W., Kornegay, E.T., Lindemann, M.D., Swinkels, J.W., Welton, M.K.,
Wong, E.A., 1994a. Stimulation of growth by intravenous injection of
copper in weanling pigs. J Anim Sci 72, 2395-2403.

Zhou, W., Kornegay, E.T., van Laar, H., Swinkels, J.W., Wong, E.A., Lindemann,
M.D., 1994b. The role of feed consumption and feed efficiency in copper-
stimulated growth. J Anim Sci 72, 2385-2394.

ELECTRONIC SUPPLEMENTARY DATA

Appendix A

Studies eliminated when classification was done according to stage of growth,
country and the presence or absence of antibiotic in all treatments, and
the additional criterion of five experiments per data set to prevent bias
was introduced.

1 Amer, M.A,, Elliot, J.I., 1973. Influence of supplemental dietary copper and
vitamin E on the oxidative stability of porcine depot fat. ] Anim Sci 37, 87—
90.

2 Castell, A.G., Bowland, J.P., 1968. Supplemental copper for swine growth,
digestibility and carcass measurement. Can J Anim Sci 48, 403—-413.

3 Drouliscos, N.J., Bowland, J.P., Elliot, J.I., 1970. Influence of supplemental
dietary copper on copper concentration of pig blood, selected tissues and
digestive tract contents. Can J Anim Sci 50, 113-120.

4  Elliot, J.I.,, Amer, M.A., 1973. Influence of level of copper supplement and
removal of supplemental copper from the diet on the performance of
growing-finishing pigs and accumulation of copper in the liver. Can J Anim
Sci 53, 133-138.

5 Feng, J.,, Ma, W.Q., Gu, Z.L., Wang, Y.Z., Liu, J.X., 2007. Effects of dietary
copper (IlI) sulfate and copper proteinate on performance and blood
indexes of copper status in growing pigs. Biol Trace Elem Res 120, 171—
178.

6 Hanrahan, T.J., O'Grady, J.F., 1968. Copper supplementation of pig diets.
The effect of protein level and zinc supplementation on the response to
added copper. Anim Prod 10, 423—432.

7 Hansen, V., Bresson, S., 1975. Copper sulphate as a feed additive to bacon
pigs. Acta Agric Scand 25, 30-32.

8 Ho, S.K, Elliot, J.I., 1973. Supplemental dietary copper and the
desaturation of 1-**C-stearoyl-coenzyme A by porcine hepatic and adipose
microsomes. Can J Anim Sci 53, 537-545.



20

J. Sales

10

11

12

13

14

15

16

17

18

19

20

Ho, S.K., Elliot, J.1., Jones, G.M., 1975. Effects of copper on performance,
fatty acid composition of depot fat and fatty acyl desaturase activities in
pigs fed a diet with or without supplemental copper. Can J Anim Sci 55,
587-594.

Hoefer, J.A., Miller, E.R., Ullrey, D.E., Ritchie, H.D., Leucke, R.W., 1960.
Interrelationships between Ca, Zn, Fe and Cu in swine feeding. J Anim Sci
19, 249-259.

Huang, Y., Zhou, T.X., Lee, J.H., Jang, H.D., Park, J.C., Kim, I.H., 2010. Effect
of dietary copper sources (cupric sulfate and cupric methionate) and
concentrations on performance and fecal characteristics in growing pigs.
Asian-Australas J Anim Sci 23, 757-761.

Li, J., Yan, L., Zheng, X., Liu, G., Zhang, N., Wang, Z., 2008. Effect of high
dietary copper on weight gain and neuropeptide Y level in the
hypothalamus of pigs. J Trace Elem Med Biol 22, 33-38.

Lucas, I.LA.M., Livingstone, R.M., Boyne, A.W., McDonald, I., 1962. The
early weaning of pigs. VIII Copper sulphate as a growth stimulant. J Agric
Sci 58, 201-204.

Ladke, H., Schone, F., 1988. Copper and iodine in pig diets with high
glucosinolate rapeseed meal. 1. Performance and thyroid hormone status
of growing pigs fed on a diet with rapeseed meal treated with copper
sulphate solution or untreated and supplements of iodine, copper or
quinoxaline derivative. Anim Feed Sci Technol 22, 33-43.

Myres, A.W., Bowland, J.P., 1972. Effects of high levels of dietary copper
on endogenous lipid metabolism in the pig. Can J Anim Sci 52, 113-123.
Myres, A.W., Bowland, J.P., 1973. Effects of environmental temperature
and dietary copper on growth and lipid metabolism in pigs. I. Growth,
carcass quality, and tissue copper levels. Can J Anim Sci 53, 115-120.
Ritchie, H.D., Luecke, R.W., Baltzer, B.V., Miller, E.R., Ullrey, D.E., Hoeffer,
J.A., 1963. Copper and zinc interrelationships in the pigs. J Nutr 79, 117-
123.

Windisch, W.M., Gotterbarm, G.G., Roth, F.X., 2001. Effect of potassium
diformate in combination with different amounts and sources of excessive
dietary copper on production performance in weanling piglets. Arch Anim
Nutr 54, 87-100.

Xia, M.S.,, Hu, C.H., Xu, Z.R. 2005. Effects of copper bearing
montmorillonite on the growth performance, intestinal microflora and
morphology of weanling pigs. Anim Feed Sci Technol 118, 307-317.

Young, L.G., Brown, R.G., Ashton, G.C., Smith, G. C., 1970. Effect of copper
on the utilization of raw soybeans, by market pigs. Can J Anim Sci 50, 717—-
726.



Archiva Zootechnica 17:2, 5-25, 2014 21

21

22

Young, L.G., Jamieson, J.D., 1970. Protein and copper supplementation of
corn-soybean meal diets for young pigs. Can J Anim Sci 50, 727-733.

Zhu, D., Yu, B., Ju, C., Mei, S., Chen, D., 2011. Effect of high dietary copper
on the expression of hypothalamic appetite regulators in weanling pigs. J
Anim Feed Sci 20, 60-70.

Appendix B
Studies from which treatment means were used in final data sets.

1

10

11

Allen, M.M., Barber, R.S., Braude, R., Mitchell, K.G., 1961. Further studies
on various aspects of the use of high-copper supplements for growing
pigs. Br J Nutr 15, 507-522.

Apgar, G.A.,, Kornegay, E.T., Lindemann, M.D., Notter, D.R.,, 1995.
Evaluation of copper sulfate and a copper lysine complex as growth
promotors for weanling swine. J Anim Sci 73, 2640—-2646.

Armstrong, T.A., Cook, D.R., Ward, M.M., Williams, C.M., Spears, J.W.,
2004. Effect of dietary copper source (cupric citrate and cupric sulfate) and
concentration on growth performance and fecal copper excretion in
weanling pigs. J Anim Sci 82, 1234-1240.

Armstrong, T.A., Spears, J.W., van Heugten, E., Engle, T.E., Wright, C.L.,
2000. Effect of copper source (cupric citrate vs cupric sulfate) and level on
growth performance and copper metabolism in pigs. Asian-Australas J
Anim Sci 13, 1154-1161.

Barber, R.S., Bowland, J.P., Braude, R., Mitchell, K.G., Porter, J.W.G., 1961.
Copper sulphate and copper sulphide (CuS) as supplements for growing
pigs. Br J Nutr 15, 189-197.

Barber, R.S., Braude, R., Mitchell, K.G., 1955. Antibiotics and copper
supplements for fattening pigs. Br J Nutr 9, 378-381.

Barber, R.S., Braude, R., Mitchell, K.G., 1960. Further studies on antibiotic,
copper and zinc supplements for growing pigs. Br J Nutr 14, 499-508.
Barber, R.S., Braude R., Mitchell, K.G., 1962. Copper sulphate and
molasses distillers dried solubles as dietary supplements for growing pigs.
Anim Prod 4, 233-238.

Barber, R.S., Braude, R., Mitchell, K.G., 1971. Arsanilic acid, sodium
salicylate and bromide salts as potential growth stimulants for pigs
receiving diets with and without copper sulphate. Br J Nutr 25, 381-389.
Barber, R.S., Braude, R., Mitchell, K.G., Harding, J.D.J., Lewis, G., Loosmore,
R.M., 1968. The effects of feeding toxic groundnut meal to growing pigs
and its interaction with high copper diets. BrJ Nutr 22, 535-554.

Barber, R.S., Braude, R., Mitchell, K.G., Rook, J.A.F., Rowell, J.G., 1957.
Further studies on antibiotic and copper supplements for fattening pigs. Br
J Nutr 11, 70-79.



22

J. Sales

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Bellis, D.B., 1961. Supplementation of bacon pig rations by aureomycin
and two levels of copper sulphate. Anim Prod 3, 89—95.

Bradley, B.L., Graber G., Condon R.J., Frobish, L.T., 1983. Effects of graded
levels of dietary copper on copper and iron concentrations in swine
tissues. J Anim Sci 56, 625-630.

Braude, R., Ryder, K., 1973. Copper levels in diets for growing pigs. J Agric
Sci 80, 489-493.

Braude, R., Townsend, M.J., Harrington, C., Rowell, J.G. 1962. Effect of
oxytetracycline and copper sulphate, separately and together in the
rations of growing pigs. J Agric Sci 58, 251-256.

Bunch, R.J., Speer, V.C., Hays, V.W., Hawbaker, J.H., Catron, D.V., 1961.
Effects of copper sulfate, copper oxide and chlortetracycline on baby pig
performance. J Anim Sci 20, 723-726.

Bunch, R.J., McCall, J.T., Speer, V.C., Hays, V.W., 1965. Copper
supplementation for weanling pigs. J Anim Sci 24, 995-1000.

Bunch, R.., Speer, V.C., Hays, V.W., McCall, J.T., 1963. Effects of high
levels of copper and chlortetracycline on performance of pigs. J Anim Sci
22, 56-60.

Clawson, A.J., Alsmeyer, W.L., 1973. Chemotherapeutics for pigs. J] Anim
Sci 37, 918-926.

Coffey, R.D., Cromwell, G.L., Monegue, H.J., 1994. Efficacy of a copper-
lysine complex as a growth promotant for weanling pigs. J Anim Sci 72,
2880-2886.

Cromwell, G.L., Hays, V.W., Clark, D.D., 1978. Effects of copper sulfate,
copper sulfide and sodium sulfide on performance and copper stores of
pigs. J Anim Sci 46, 692—-698.

Cromwell, G.L., Lindemann, M.D., Monegue, H.J.,, Hall, D.D., Orr Jr., D.E.,
1998. Tribasic copper chloride and copper sulfate as copper sources for
weanling pigs. J Anim Sci 76, 118-123.

Cromwell, G.L., Stahly, T.S., Monegue, H.J., 1989. Effects of source and
level of copper on performance and liver copper stores in weanling pigs. J
Anim Sci 67, 2996—-3002.

Davis, M.E., Maxwell, C.V., Brown, D.C., de Rodas, B.Z., Johnson, Z.B.,
Kegley, E.B., Hellwig, D.H., Dvorak, R.A., 2002. Effect of dietary mannan
oligosaccharides and (or) pharmacological additions of copper sulfate on
growth performance and immunocompetence of weanling and growing—
finishing pigs. J Anim Sci 80, 2887—-2894.

de Lima, R.F., Stahly, T. S., Cromwell, G.L., 1981. Effects of copper, with
and without ferrous sulfide, and antibiotics on the performance of pigs. J
Anim Sci 52, 241-247.



Archiva Zootechnica 17:2, 5-25, 2014 23

26

27

28

29

30

31

32

33

34

35

36

37

38

DeGoey, L.W., Wahlstrom, R.C., Emerick, R.J., 1971. Studies of high level
copper supplementation to rations for growing swine. J Anim Sci 33, 52—
57.

Dove, C.R., 1993. The effect of adding copper and various fat sources to
the diets of weanling swine on growth performance and serum fatty acid
profiles. J Anim Sci 71, 2187-2192.

Dove, C.R., Haydon, K.D., 1991. The effect of copper addition to diets with
various iron levels on the performance of weaning swine. J Anim Sci 69,
2013-2019.

Dove, C.R., Haydon, K.D., 1992. The effect of copper and fat addition to
the diets of weaning swine on growth performance and serum fatty acids.
J Anim Sci 70, 805-810.

Edmonds, M.S., Izquierdo, O.A., Baker, D, Il., 1985 Feed additive studies
on newly weaned pigs: efficacy of copper, antibiotics and organic acids. J
Anim Sci 60, 462—-469.

Eisemann, J.H., Pond, W.G., Thonney, M.L., 1979. Effect of dietary zinc and
copper on performance and tissue mineral and cholesterol concentrations
in swine. J Anim Sci 48, 1123-1128.

Gipp, W.F., Pond, W.G., Walker Jr., E.F, 1973. Influence of diet composition
and mode of copper administration on the response of growing-finishing
swine to supplemental copper. J Anim Sci 36, 91-99.

Hawbaker, J.H., Speer, V.C., Hays, V.W., Catron, D.V., 1961. Effect of
copper sulfate and other chemotherapeutics in growing swine rations. J
Anim Sci 20, 163-167.

Hill, G.M., Cromwell, G.L., Crenshaw, T.D., Dove, C.R., Ewan, R.C., Knabe,
D.A,, Lewis, A.., Libal, G.W., Mahan, D.C., Shurson, G.C., Southern, L.L,,
Veum, T.L.,, 2000. Growth promotion effects and plasma changes from
feeding high dietary concentrations of zinc and copper to weanling pigs
(regional study). J Anim Sci 78, 1010-1016.

King, J.O.L., 1964. The effect of the level of protein in the diet on the
efficacy of copper sulphate as a growth stimulant for pigs. Br Vet J 120,
531-534.

Kline, R.D., Corzo, M.A., Hays, V.W., Cromwell, G.L., 1973. Related effects
of copper, molybdenum, and sulfide on performance, hematology, and
copper stores of growing pigs. J Anim Sci 37, 936-941.

Kline, R.D., Hays, V.W., Cromwell, G.L, 1971. Effects of copper,
molybdenum and sulfate on performance, hematology and copper stores
of pigs and lambs. J Anim Sci 33, 771-779

Kline, R.D., Hays, V.W., Cromwell, G.L.,, 1972. Related effects of copper,
zinc and iron on performance, hematology and copper stores of pigs. |
Anim Sci 34, 393-396.



24

J. Sales

39

40

41

42

43

44

45

46

47

48

49

50

51

Lucas, I.LA.M., Calder, A.F.C., 1957. Antibiotics and a high level of copper
sulphate in rations for growing pigs. J Agric Sci 49, 184-199.

Lucas, I.A.M., Livingstone, R.M., Boyne, A.W., 1962. Copper sulphate as a
growth stimulant for pigs: effect of composition of diet and level of
protein. Anim Prod 4, 177-183.

Moore, J.H., Christie, W.W., Braude, R., Mitchell, K.G., 1969. The effect of
dietary copper on the fatty acid composition and physical properties of pig
adipose tissues. BrJ Nutr 23, 281-287.

Myer, R.O., Lamkey, J.W., Walker, W.R., Brendemuhl, J.H., Combs, G.E.,
1992. Performance and carcass characteristics of swine fed diets
containing canola oil and added copper to alter the unsaturated:saturated
ratio of pork fat. J Anim Sci 70, 1417-1423.

NCR-42 Committee on Swine Nutrition, 1974. Cooperative regional studies
with growing swine: effects of vitamin E and levels of supplementary
copper during the growing-finishing period on gain, feed conversion and
tissue copper storage in swine. J Anim Sci 39, 512-520.

Prince, T.J., Hays, V.W., Cromwell, G.L., 1979. Effects of copper sulfate and
ferrous sulfide on performance and liver copper and iron stores of pigs. J
Anim Sci 49, 507-513.

Prince, T.J., Hays, V.W., Cromwell, G.L., 1984. Interactive effects of dietary
calcium, phosphorus and copper on performance and liver stores of pigs. J
Anim Sci 58, 356—361.

Ragland, D., Schneider, J.L., Amass, S.F., Hill, M.A., 2006. Alternatives to
the use of antimicrobial feed additives in nursery diets: a pilot study. J
Swine Health Prod 14, 82-88.

Shelton, N.W., Tokach, M.D., Nelssen, J.L., Goodband, R.D., Dritz, S.S.,
DeRouchey, J.M., Hill, G.M., 2011. Effects of copper sulfate, tri-basic
copper chloride, and zinc oxide on weanling pig performance. J Anim Sci
89, 2440-2451.

Smith, J.W., Il., Tokach, M.D., Goodband, R.D., Nelssen, J.L., Richert, B.T.,
1997. Effects of the interrelationship between zinc oxide and copper
sulfate on growth performance of early-weaned pigs. J Anim Sci 75, 1861—
1866.

Stahly, T.S., Cromwell, G.L., Monegue, H.J., 1980. Effects of the dietary
inclusion of copper and (or) antibiotics on the performance of weanling
pigs. J Anim Sci 51, 1347-1351.

Stansbury, W.F., Tribble, L.F., Orr, D.E.J., 1990. Effect of chelated copper
sources on performance of nursery and growing pigs. J Anim Sci 68, 1318—
1322.

Veum, T.L., Carlson, M.S., Wu, C.W., Bollinger, D.W., Ellersiek, M.R., 2004.
Copper proteinate in weanling pig diets for enhancing growth



Archiva Zootechnica 17:2, 5-25, 2014 25

52

53

54

55

performance and reducing faecal copper excretion compared with copper
sulphate. J Anim Sci 82, 1062-1070.

Wallace, H.D., McCall, J.T, Bass, B., Combs, G.E., 1960. High level copper
for growing-finishing swine. J Anim Sci 19, 1153-1163.

Ward, T.L., Watkins, K.L., Southern, L.L.,, Hoyt, P.G., French, D.D., 1991.
Interactive effects of sodium zeolite-A and copper in growing swine:
growth, and bone and tissue mineral concentrations. J Anim Sci 69, 726—
733.

Yen, J.T., Pond, W.G.,, 1993. Effects of carbadox, copper, or Yucca
schidigera extract on growth performance and visceral weight of young
pigs. J Anim Sci 71, 2140-2146.

Zhou, W., Kornegay, E.T., van Laar, H., Swinkels, J.W., Wong, E.A.,
Lindemann, M.D., 1994. The role of feed consumption and feed efficiency
in copper-stimulated growth. J Anim Sci 72, 2385-2394.



