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ABSTRACT Copper sulfate is often added to broiler
and laying hen diets at prophylactic dosages due to its
antimicrobial and growth promoting effects despite re-
duced P digestibility, whereas P use from other Cu
sources is unknown. Therefore, male broiler chicks were
fed diets containing 0 or 250 ppm Cu from Cu sulfate
(Cu SUL), Cu citrate (Cu CIT), Cu lysinate (Cu LYS), or
CuCl from 9 to 22 d of age (8 cages/diet, 6 birds/cage)
to determine the effect of each Cu source on performance
characteristics, bone mineralization, and P retention.
Body weight gain was not different among treatments (P
> 0.05). Supplementation with 250 ppm Cu from Cu LYS
resulted in chicks having greater toe and tibia ash weights
as compared with chicks fed Cu SUL (P ≤ 0.05) but was
not significantly different from those of birds fed Cu CL,
Cu CIT, and 0 ppm Cu diets. Supplementation with Cu
LYS resulted in birds with greater toe ash percentage as
compared with birds fed Cu CIT, Cu SUL, and the 0 ppm
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INTRODUCTION

Copper is an essential mineral required for proper bone
growth and development as well as enzyme function.
Copper is often added to poultry diets at prophylactic
concentrations for its growth promoting effects (Pesti and
Bakalli, 1996). With increasing demands to move away
from antibiotic treatments, Cu has become a very popular
feed additive. However, studies have shown great differ-
ences in the availability of alternative sources of mineral
compounds in poultry diets as well as various other ani-
mal species diets.

Phytin has chemical characteristics enabling it to bind
to Cu and other divalent and trivalent minerals within
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Cu diets (P ≤ 0.05) but was not significantly different than
those of birds fed the CuCl diet. Birds fed the Cu LYS
diet had greater tibia ash percentage as compared with
birds fed Cu SUL and 0 ppm Cu diets (P ≤ 0.05) but were
not significantly different than birds fed the Cu CL or Cu
CIT diet. Supplementation with 250 ppm Cu SUL or Cu
CIT reduced apparent P retention by 0.029 and 0.053 per-
centage-units of the diet, respectively (P ≤ 0.05) as com-
pared with the 0 ppm diet; whereas the apparent P
retention when 250 ppm Cu LYS or Cu CL was fed was
not different from the 0 ppm Cu diet (P > 0.05). Feeding
of different Cu sources in a subsequent experiment had
no influence on P retention in laying hens (P > 0.05). In
conclusion, supplementation with 250 ppm Cu from Cu
CIT or Cu SUL resulted in decreased apparent P retention.
Supplementation with 250 ppm Cu CL or Cu LYS, how-
ever, improved apparent P retentions as compared with
Cu CIT or Cu SUL.

the digesta of the small intestine and render the minerals
less available for absorption because the resulting salt
reduces solubility of the Cu-containing complex (Maenz
et al., 1999). The maximum binding of divalent and triva-
lent cations occurs at pH 6.0, the normal pH of the duode-
num, which is the major site of mineral absorption
(Oberleas, 1973).

According to Maenz et al. (1999), Cu is capable of form-
ing a soluble chelate with phytin P at 1 mM Cu:10 mM
phytate. At identical ion:phytate M ratios and pH values,
phytate has a greater binding affinity for Cu2+ than Zn2+

as reported by Champagne et al. (1990). At pH similar to
that of the small intestine, if equimolar or low phytate:di-
valent cation M ratios are present, insoluble complexes
with more than one cation per phytate molecule are
formed (Champagne et al., 1990). Therefore phytin can
bind to Cu as well as other minerals concurrently. The
resulting insoluble complexes do not allow for the hydro-

Abbreviation Key: AIA = acid-insoluble ash; Cu CIT = copper citrate;
Cu LYS = copper lysinate; Cu SUL = copper sulfate; NPP = nonphy-
tate phosphorus.
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TABLE 1. Basal diet formulation for broiler chicks, Experiment 1

Ingredient (%) Basal diet

Corn 56.38
Soybean meal 34.79
Soy oil 3.70
Salt 0.41
DL-Methionine 0.19
L-Lysine HCl 0.01
Limestone 1.41
Monocalcium phosphate 0.33
Vitamin-mineral premix1 0.24
Celite2 1.5
Solka-Floc3 to 100
Calculated analyses

MEn, kcal/kg 3,070
CP, % 22
Calcium, % 0.7
Total phosphorus, % 0.46
Phytin phosphorus, % 0.25
NPP,4 % 0.20
Lysine, % 1.2

Determined analyses
CP, % 21.9
Total phosphorus, % 0.492
Cu, ppm 10.2
Calcium, % 0.79
Ether extract 6.59

1Supplied per kilogram of diet: vitamin A, 9,169 IU; vitamin D3, 4,598
IU; vitamin E, 30.6 IU; vitamin K, 3.1 mg; thiamine, 1.5 mg; riboflavin,
4.6 mg; niacin, 61.1 mg; pyridoxine, 2.3 mg; vitamin B12, 17.2 mg; panto-
thenic acid, 16.8 mg; folic acid 0.76 mg; biotin, 0.23 mg; choline, 464
mg; iron from ferrous sulfate, 35 mg; zinc from zinc oxide, 87 mg;
manganese from magnesium oxide, 87 mg; copper from copper sulfate,
5.3 mg; iodine from ethylene diamine dihydroiodide, 1.5 mg; and sele-
nium from sodium selenite, 0.21 mg.

2Celite Corporation, Lompoc, CA.
3International Fiber Corp., North Tonawanda, NY. Solka-Floc (pow-

dered cellulose) was substituted for monocalcium phosphate and the
different Cu sources used in experiment 1.

4Nonphytate P.

lysis of phytin-P or the absorption of the minerals within
the complex.

Maenz et al. (1999) reported that multiple mineral com-
plexes such as Ca-Zn-phytate are thought to be more
stable than single mineral complexes such as Ca phytate
or Zn phytate. As such, the concentration of minerals
within the diet influences the hydrolysis of phytin P.
Secondary minerals, such as Ca, have the potential to
exacerbate the mineral binding capacity of phytate by
forming multiple mineral complexes. Calcium has been

TABLE 2. Experimental diet formulation and determined analyses for nonphytate phosphorus (NPP)
and Cu1 concentration, experiment 1

NPP (%) Cu (ppm)

Cu source Formulated Determined Formulated Determined

— 0.20 0.21 10 10.2
— 0.40 0.40 10 13.0
Cu sulfate 0.20 0.21 250 171
Cu citrate 0.20 0.21 250 291
Cu lysinate 0.20 0.21 250 241
Cu chloride 0.20 0.21 250 231

1We added the following to obtain a formulated concentration of 250 ppm Cu: 0.1 Cu sulfate (Sigma-Aldrich,
St. Louis, MO), 0.21 Cu citrate (Monarch Nutrition Laboratories, Inc., Ogden, UT), 0.24 Cu lysinate (Monarch
Nutrition Laboratories, Inc.), and 0.07% Cu chloride (Sigma-Aldrich).

identified as an important secondary mineral due to its
high concentration within the diet.

Copper, when fed at prophylactic concentrations, may
function by increasing absorption or by providing growth
promoting effects, possibly by shifting the microbial pop-
ulations within the gastrointestinal tract (Hawbaker et
al., 1961; Bunch et al., 1965) or through other unknown
mechanisms. Because different Cu sources have different
relative bioavailabilities (Ledoux et al., 1991), the mecha-
nism and extent of growth promoting effects are rather
uncertain. Attempts to quantify the bioavailability when
fed at marginally deficient concentrations of alternate
sources of Cu are numerous. For those particular studies,
copper sulfate (Cu SUL) has been used as a reference
point for comparing the relative bioavailability of various
Cu sources. Chelated and complexed Cu compounds are
now commercially available, which are purported to pro-
tect the mineral from becoming degraded or complexed
with other compounds until the product reaches the sec-
tion of the gastrointestinal tract where absorption occurs.
The results of Ondracek et al. (2002) indicate that increas-
ing concentrations of Cu from Cu SUL resulted in reduc-
tions in apparent P retentions even with inclusion of 600
phytase units (FTU) of phytase/kg. These results support
the conclusions of Maenz et al. (1999), who reported that
minerals bound to phytin decrease the solubility of the
complex in vitro, thereby reducing the absorption of the
components of the complex.

The primary objective of this experiment was to deter-
mine if bone mineralization and P retention in broiler
chicks are affected when diets were supplemented with
different Cu sources, including Cu SUL, Cu citrate (Cu
CIT), Cu lysinate (Cu LYS), and CuCl. Additionally, a
subsequent experiment was conducted to determine if
feed consumption or P retention in laying hens were ef-
fected when diets were supplemented with different Cu
sources, including Cu CL, Cu LYS, and tribasic CuCl
[Cu2(OH)3 Cl].

MATERIALS AND METHODS

All research reported herein was approved by the
Purdue University Animal Care and Use Committee.
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TABLE 3. Basal diet formulation for laying hens in experiment 2

Ingredient (%) Basal diet

Corn 67.68
Soybean meal 19.58
Soy oil 1.30
Salt 0.41
DL-Methionine 0.14
L-Lysine HCl 0.05
Limestone 10.14
Monocalcium phosphate 0.45
Vitamin-mineral premix1 0.25
Calculated analyses

MEn, kcal/kg 2,866
CP, % 15.5
Calcium, % 4.00
Total phosphorus, % 0.41
Phytin phosphorus, % 0.21
NPP,2 % 0.20

Determined analyses
Total phosphorus, % 0.38
Cu, ppm 6.9

1Supplied per kilogram of diet: vitamin A, 9,169 IU; vitamin D3, 4,598
IU; vitamin E, 30.6 IU; vitamin K, 3.1 mg; thiamine, 1.5 mg; riboflavin,
4.6 mg; niacin, 61.1 mg; pyridoxine, 2.3 mg; vitamin B12, 17.2 mg; panto-
thenic acid, 16.8 mg; folic acid 0.76 mg; biotin, 0.23 mg; choline, 464
mg; iron from ferrous sulfate, 35 mg; zinc from zinc oxide, 87 mg;
manganese from magnesium oxide, 87 mg; copper from copper sulfate,
5.3 mg; iodine from ethylene diamine dihydroiodide, 1.5 mg; and sele-
nium from sodium selenite, 0.21 mg.

2Nonphytate P.

Experiment 1

Two hundred eighty-eight, 1-d-old, male Ross 308
broiler chicks were placed randomly into 48 battery cages.
Chicks were on a 22L:2D schedule. Chicks had ad libitum
access to a standard chick starter diet that met or exceeded
NRC (1994) requirements from 1 to 8 d of age. Battery
cages were thermostatically controlled, and chicks had
ad libitum access to water via nipple and jug waters. At
7 d of age, all jug waterers were removed. On d 9, birds
were individually weighed and sorted into groups. Birds
were then assigned to cages such that each cage was
reflective of the total population BW, and differences be-
tween cages were minimized. Each of the 6 dietary treat-
ments consisted of 8 replicate cages with 6 birds in each
cage. Birds were given ad libitum access to 1 of 6 dietary
treatments. Each of the diets consisted of a corn-soybean
meal based basal diet formulated to meet all nutrient
requirements (NRC, 1994) except for nonphytate P (NPP),
which was formulated to 0.20% NPP of the diet, 3,070
kcal of MEn/kg, and 22% crude protein.

Experimental Diets

Experimental dietary formulations as well as calculated
and determined nutrient specifications are presented in

3Sigma-Aldrich, St. Louis, MO.
4Monarch Nutrition Laboratories, Inc., Ogden, UT.
5International Fiber Corp., North Tonawanda, NY.
6LECO model FP 2000, LECO Corp., St. Joseph, MI.
7University of Arkansas Center for Excellence Laboratory, Fayette-

ville, AR.

TABLE 4. Experimental diet formulation and determined analyses
for Cu1 concentration, experiment 2

Cu (ppm)

Cu source1 Formulated Determined

None 10 6.9
Cu sulfate 250 253
Cu chloride 250 310
Tribasic Cu chloride 250 230
Cu lysinate 250 253

1The following were added to obtain a formulated concentration of
250 ppm Cu: 0.1 Cu sulfate (Sigma-Aldrich, St. Louis, MO), 0.05 Cu
chloride (Sigma-Aldrich), 0.04 tribasic Cu Chloride (Micronutrients, a
division of Heritage Technologies, LLC, Indianapolis, IN), and 0.24%
Cu lysinate (Monarch Nutrition Laboratories, Inc., Ogden, UT).

Table 1. Experimental diets with their corresponding NPP
and Cu concentrations are presented in Table 2. The treat-
ment diets were as follows: 1) basal diet (low P), 2) basal
diet + 0.20% NPP (high P), 3) basal diet + 250 ppm Cu
from Cu SUL,3 4) basal diet + 250 ppm Cu from Cu CIT,4

5) basal diet + 250 ppm Cu from Cu LYS,3 and 6) basal
diet + 250 ppm Cu from CuCl.3 Monocalcium phosphate
and Ca carbonate were added to create the high-P diet,
and each of the Cu sources was supplemented at the
expense of Solka-Floc.5 Neither the low-P nor the high-P
diets contained any supplemental Cu other than from the
standard trace mineral premix. All feed samples were
analyzed for DM content, crude protein, fat content, acid-
insoluble ash (AIA), total P, Ca, and Cu content.

Excreta samples were collected and pooled by cage
from 19 to 21 d of age. Excreta samples were freeze-dried
and ground through a 0.5-mm screen. Samples were then
analyzed for DM, total P, Cu content, and AIA. On d 21,
BW and feed consumption were determined. On d 22,
birds were euthanized by CO2 asphyxiation. The left tibia
and both middle toes were excised from all birds and
pooled by cage. Tibias and toes were dried for 16 h at
100°C, defatted by refluxing with diethyl ether for 6 h,
dried in a 100°C oven for 16 h, and analyzed gravimetri-
cally for ash content after ashing in a muffle furnace at
600°C for 16 h.

Dry matter content was determined by oven drying at
100°C for 16 h. Crude protein analysis was determined
using an N combustion analyzer.6 Acid-insoluble ash was
determined according to methods described by Scott and
Boldaji (1997). Total P was determined colormetrically
using a wet ash procedure as described by Sands et al.
(2001). Copper content on feed and excreta was deter-
mined by inductively coupled plasma spectrometry.7

Feed fat content was determined gravimetrically after
drying for 12 h and then refluxing with diethyl ether.
Dietary phytate P was determined by HPLC as described
by Rounds and Nielsen (1993) and further modified by
Newkirk and Classen (1998). Phosphorus retention was
determined by accounting for the differences between
AIA in the excreta and feed as well as the differences
between total P in the excreta and feed and adjusted to
a DM basis.
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TABLE 5. The effects of Cu source on performance in male broiler chicks
from 9 to 21 d of age, experiment 11

Feed
NPP2 9 d BW 21 d BW Gain consumed
(%) Cu Source3 (g/bird) (g/bird) (g/bird) (g/bird) Feed/gain

0.20 — 118 466 348 603 1.75
0.40 — 119 458 339 626 1.88
0.20 Cu sulfate 119 465 347 628 1.84
0.20 Cu citrate 119 459 340 649 1.92
0.20 Cu lysinate 119 468 349 636 1.84
0.20 Cu chloride 120 499 379 661 1.75
SEM 0.6 14.9 15.0 13.8 0.07
Probability of diet effect 0.43 0.41 0.44 0.078 0.54

1Means represent 8 cages of 6 birds per cage (n = 8).
2Formulated nonphytate P (NPP) concentration.
3Formulated Cu concentration to 250 ppm from each source.

Experiment 2

Seventy, 39-wk-old W-36 Hy-Line laying hens were
placed individually into 20.5- × 25.6- × 45.7-cm cages.
Initial hen BW averaged 1.49 ± 0.16 kg (mean ± SD). Hens
were then given ad libitum access to 1 of 5 experimental
diets for 14 d (14 hens per experimental diet). From d 11
to 14, feed intake was determined, and all excreta and
eggs were collected and weighed. Excreta and eggs were
subsequently frozen, freeze-dried, and ground to pass
through a 0.5-mm screen. Excreta, eggs, and diets were
analyzed for dry matter, P, and Cu as described in experi-
ment 1 and subsequently used for determination of P
retention. Retention of P was calculated on a DM basis
from total P intake less P output from egg and excreta.
Experimental dietary formulation and determined Cu
analyses are presented in Tables 3 and 4, respectively.

Statistical Analysis

Statistical analysis was completed by ANOVA using
the GLM procedure of SAS software8 as a completely
randomized design with diet as the main effect. In both
experiments, a cage of bird(s) was the experimental unit.
Differences between means were determined by Duncan
multiple comparison test when a significant model effect
was observed (P ≤ 0.05).

RESULTS

Experiment 1

Copper source did not affect broiler performance char-
acteristics (P > 0.05; Table 5). In regard to tibia and toe
ash percentages and weights, birds fed the high-P diet
generally had significantly higher ash percentages and
weights as compared with any of the other diets con-

8SAS Institute, Inc., Cary, NC.

taining 0.20% supplemental NPP (P ≤ 0.05; Table 6).
Among the remaining diets that were formulated to con-
tain 0.20% NPP, birds fed the Cu LYS diet had similar
toe ash weights when compared with the birds fed the
high-P diet. Birds fed the Cu LYS diet had greater tibia
and toe ash percentages when compared with birds fed
the Cu SUL and low-P diets (P ≤ 0.05).

Feeding birds the Cu LYS, Cu CL, and low-P diets
resulted in the highest apparent P retentions, whereas
feeding birds the high-P, Cu CIT, and Cu SUL diets re-
sulted in the lowest apparent P retentions (Table 7). Birds
fed the Cu SUL and Cu CIT diets had reduced apparent
P retentions, 0.029 and 0.053 percentage units of diet,
respectively, when compared with birds fed the low-P
diet (P ≤ 0.05). Copper supplementation from Cu LYS or
CuCl did not reduce apparent P retention when compared
with birds fed the low-P diet (P > 0.05).

The effect of Cu source on Cu retention at 22 d of age
is presented in Table 7. Supplementation with 250 ppm
Cu from Cu SUL resulted in the greater Cu retentions
than in birds fed 250 ppm Cu from Cu CIT, Cu LYS, and
Cu CL (P ≤ 0.05).

Experiment 2

Hen BW was not significantly affected by diet during
the duration of the experiment (data not shown). Average
hen egg production during this period was 75%. Diet
did not significantly affect egg weight during the 36-h
collection period (P > 0.05; average egg weight = 61.9 ±
7.0 g; mean ± SD). Similarly, diet did not affect P consump-
tion, P in eggs produced, or the amount or percentage of
P retained (P > 0.05; Table 8). Feed consumption, however,
was affected by experimental diet, in that birds fed the
tribasic CuCl diet consumed less than the birds fed the
Cu SUL or CuCl diets (P ≤ 0.05).

DISCUSSION

Maenz et al. (1999) reported that Cu can form a chelate
with phytate. The resulting complex is insoluble at the
pH of the small intestine, and therefore none of the com-
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TABLE 6. The effects of Cu source on ash content of tibias and toes
in male broiler chicks at 22 d of age, experiment 11

Tibia ash Toe ash
NPP2

(%) Cu Source3 (%) (mg) (%) (mg)

0.20 — 45.41c 415bc 10.7d 66.6bc

0.40 — 49.01a 526a 12.65a 76.5a

0.20 Cu sulfate 45.32c 384c 10.81d 63.2c

0.20 Cu citrate 45.80bc 398bc 10.89cd 66.2bc

0.20 Cu lysinate 46.32b 438b 11.40b 71.4ab

0.20 Cu chloride 45.89bc 429bc 11.34bc 68.6bc

SEM 0.29 15.7 0.157 2.07
Probability of diet effect 0.0001 0.0001 0.0001 0.001

a–dMeans within a column with no common superscripts differ significantly (P ≤ 0.05) as a result of a Duncan
means comparison.

1Means represent 8 cages of 6 birds per cage (n = 8).
2Formulated nonphytate P (NPP) concentration.
3Formulated Cu concentration to 250 ppm from each source.

ponents of the complex are available to the chick for
absorption. Copper is routinely added to poultry diets
at prophylactic concentrations for its growth-promoting
effects (Pesti and Bakalli, 1996). As such, we hypothesized
that different Cu sources would react differently with
phytin P in the digestive tract. Copper sulfate was in-
cluded as a Cu source as it is the typical form used by
the poultry industry. Calcium citrate has been shown to
have improved solubility at neutral pH (Heaney et al.,
1990), as such Cu CIT was incorporated into diets. Copper
lysinate is a chelated product. As described earlier, che-
lated products are purported to have superior bioavail-
ability. The purpose of a chelated product is to protect
the compound of interest from digestion or complexation
thereby enabling the protected compound to reach its
target site. Guo et al. (2001) reported that one important
function of chelated and complexed metals is the extent
to which the organic ligands remain associated with the
metal ligand under physiological conditions. The final
Cu source tested in this experiment was CuCl, which
is more soluble in water than Cu SUL. This increased
solubility may increase CuCl availability to chicks.

In experiment 1, the target site for the chelated Cu
products was the small intestine and more specifically,

TABLE 7. The effects of Cu source on apparent P and Cu retention
in male broiler chicks from 19 to 21 d of age, experiment 11

Apparent P retention
NPP2 Apparent Cu retention
(%) Cu Source3 (% of total P) (% of diet) (ppm of diet)

0.20 — 57.21a 0.282b −0.5c

0.40 — 51.18c 0.361a 2.6c

0.20 Cu sulfate 52.57bc 0.253c 68.0a

0.20 Cu citrate 48.92c 0.229c 25.4b

0.20 Cu lysinate 56.14ab 0.289b 20.4b

0.20 Cu chloride 57.65a 0.288b 20.2b

SEM 1.51 0.008 5.69
Probability of diet effect 0.0005 0.0001 0.0001

a–cMeans within a column with no common superscripts differ significantly (P ≤ 0.05) as a result of a Duncan
means comparison.

1Means represent 8 cages of 6 birds per cage (n = 8).
2Formulated nonphytate P (NPP) concentration.
3Formulated Cu concentration to 250 ppm from each source.

the duodenum, which is the major site of absorption of
minerals in chickens (Hurwitz and Bar, 1965). Copper-
phytin complexes may interfere with the ability of endog-
enous and exogenous phytases to hydrolyze phosphate
from phytin in vivo. Based on an in vitro study, Maenz et
al. (1999) reported the efficacy of phytase in hydrolyzing P
from phytin was improved with the supplementation of
chelators with respect to the minerals Ca and Zn. The
use of chelated products creates potential to decrease
enzyme-resistant forms of phytin-mineral complex.

Phosphorus retention results indicated that broiler
chicks fed Cu SUL and Cu CIT retained 0.029 and 0.053
less P percentage units of the diet, respectively. Given
the in vitro results presented by Maenz et al. (1999), chicks
fed the Cu SUL and Cu CIT diets (as compared with
chicks fed Cu LYS and Cu CL diets) may have experienced
Cu-phytin complexation, which led to decreased hydroly-
sis of phosphate groups from phytin P. This decreased
hydrolysis would result in decreased P retentions ob-
served in experiment 1. A reduction in phosphate solubil-
ity in the gastrointestinal tract and retention, however,
cannot be determined directly from the experimental
data. The results of a previous experiment with broiler
chicks (Ondracek et al., 2002) indicated linear reductions
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TABLE 8. Phosphorus consumption and excretion from 40-wk-old laying hens fed
different Cu sources over a 36-h collection period, experiment 2

Feed Feed P Egg P
consumption consumed produced Excreta P retained

Cu source1 (g) (g) (g) P (g) (%)

None 263a,2 0.892 0.212 0.476 0.204 23.09
Cu sulfate 228ab 0.845 0.231 0.444 0.170 20.34
Cu chloride 269a 0.883 0.201 0.469 0.217 24.38
Tribasic Cu chloride 221b 0.855 0.249 0.437 0.166 19.83
Cu Lysinate 245ab 0.834 0.228 0.492 0.117 13.56
SEM 13.3 0.037 0.024 0.028 0.030 3.44
Probability of diet effect 0.05 0.75 0.67 0.65 0.13 0.21

a,bMeans within a column with no common superscripts differ significantly (P ≤ 0.05) based on a Duncan
means comparison.

1Formulated Cu concentration to 250 ppm from each source.
2Means represent 14 individually caged birds per diet.

in apparent P retention as a percentage of the diet due
to increasing Cu concentrations. Because chicks fed Cu
SUL and Cu CIT had decreased apparent P retention,
chicks fed a lower concentration of Cu from either of
these Cu sources may not result in as negatively affected
P retentions. With respect to apparent P retention, chicks
fed the Cu LYS and CuCl diets did not differ from the
low-P diet in P retention, whereas chicks fed the Cu SUL
and Cu CIT diets were significantly lower than birds fed
the low-P diet. These results indicate that Cu supple-
mented from Cu LYS or CuCl does not reduce P retention
in chicks from 9 to 21 d of age. By not decreasing P
retention, Cu LYS and CuCl could be supplemented
within the diet without accounting for a reduction in P
retention as when Cu SUL or Cu CIT were fed. However,
whether these sources would elicit similar antimicrobial
and growth-promoting effects in a commercial poultry
facility remains uncertain.

Apparent P retention results from 19 to 21 d of age in
experiment 1 are supported with the bone mineralization
data. Bone mineralization results in experiment 1 indicate
that chicks fed the Cu LYS diet had the greatest tibia and
toe ash percentages and weights as compared with any
of the other supplemental Cu diets. Concentrations of 250
ppm supplemental Cu from Cu SUL negatively affected
bone mineralization in broiler chicks from 9 to 22 d of
age as compared with Cu LYS, Cu CIT, and CuCl.

Notably, the detrimental effects of Cu SUL and Cu
CIT reported in experiment 1 may be do to an elevated
concentration of Cu in the diets for each of these 2 Cu
sources. Although each of the diets was formulated to
contain 250 ppm Cu from each source, the analyzed val-
ues for Cu SUL and Cu CIT were 271 and 291 ppm,
respectively. The analyzed values for Cu LYS and Cu
CL were 241 and 231 ppm, respectively. With unknown
toxicity concentrations in broiler chicks from 9 to 22 d of
age, differences of 30 to 60 ppm between sources may be
causing some of the deleterious effects observed with
apparent P retentions.

Performance criteria in experiment 1 and 2 of the cur-
rent report indicate no differences between Cu sources.
Contrary to prior studies, none of the Cu sources were
able to improve or impede broiler chick growth criteria

when fed from 9 to 21 d of age. However, the results
from a previous experiment in our laboratory (Ondracek
et al., 2002) indicated that concentrations of Cu from Cu
SUL greater than 62.5 ppm resulted in linear reductions
in performance characteristics. As such, lower concentra-
tions of any of these Cu sources may result in improve-
ments in performance characteristics.

In conclusion, supplementation with 250 ppm Cu from
Cu CIT or Cu SUL resulted in decreased apparent P reten-
tion when fed to broiler chicks. Supplementation with
250 ppm CuCl or Cu LYS did not result in a reduction
of apparent P retention as compared with chicks fed the
low-P diet. The supplementation of 250 ppm Cu SUL
resulted in improved apparent Cu retentions and no sig-
nificant differences in performance criteria were ob-
served. Further research needs to be conducted to
determine if increased or decreased Cu concentrations
would result in differences in regard to broiler perfor-
mance characteristics, bone mineralization, and apparent
P retentions. In experiment 2, prophylactic Cu concentra-
tions, regardless of source, did not significantly influence
retention of P by laying hens during a short-term experi-
ment. Further research may be warranted, however, to
determine if feeding high dietary Cu concentrations for
a longer duration would have negative affects on P utili-
zation in laying hens.
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