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Abstract 26 

Percent of ash (especially Ca and P content) and collagen are considered the main 27 

factors affecting most mechanical and other properties in bones. However, a series 28 

of studies have shown that some trace minerals may play a role whose importance 29 

exceeds what may be expected considering their low content in bones and antlers. 30 

It could be the case of Cu. Therefore, we studied the effects of Cu supplementation 31 

on mechanical and structural characteristics and on mineral content of antler from 32 

yearling and adult (4 years of age) red deer fed under a balanced diet. Thirty five 33 

deer of different ages (21 yearlings and 14 adults) were used. Eighteen stags (11 34 

yearlings and 7 adults) were injected with Cu (0.83 mg Cu/kg BW) every 42 days 35 

whereas the other seventeen (10 yearlings and 7 adults) were injected with a 36 

physiological saline solution (control group). The Cu content of serum was 37 

analyzed at the beginning of the trial and after 84 days from the first injection with 38 

Cu to assess if supplementation mobilized injected Cu in blood. Also, mechanical 39 

and structural properties of antlers and their mineral content were examined in 40 

cortical wall at 3 (yearlings) or 4 (adults) points along the beam. The effect of Cu 41 

supplementation was different in yearlings and adults. In yearlings, 42 

supplementation increased 28% the Cu content of serum but did not affect antler 43 

properties. However, in adults, Cu supplementation increased 38% the Cu content 44 

of serum and tended to increase the cortical thickness (P=0.06). Therefore, it is 45 

concluded that, even under balanced diets, supplementation with Cu could 46 

increase antler cortical thickness in adult deer but not in yearlings. This may 47 

improve antler trophy value as well as having potential implications for bones in 48 

elderly humans if the effects found in antlers were similar for internal bones. 49 

 50 
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Implications 59 

Breeding deer for trophy has a turnover of thousands of millions of euro worldwide. 60 

Results show that Cu tended to increase the cortical thickness in adults. This fact 61 

may increase antler weight, its value as a trophy and the resistance to fracture of 62 

the whole antler. As the fastest growing bone, antlers may show effects of 63 

supplementation with Cu more clearly than internal bones. Thus, results could also 64 

be important for internal human bones. It opens the way for further research in 65 

medicine because Cu supplementation supplied by injections may have potential 66 

benefits to improve bone resistance in elderly humans. 67 

 68 

Introduction 69 

Antler is a unique bone structure in the whole animal kingdom in the sense that it is 70 

by far the fastest growing tissue with an average increase of 0.67 cm per day in 71 

Iberian red deer (based on Gómez et al., 2013), demanding a high mineral transfer 72 

from the skeleton. In order to keep that flow, blood plays an essential role delivering 73 

minerals and enzymes for antler grow, which may constitute as much as 28% of the 74 

weight of the skeleton (Gómez et al., 2012). However, in addition to Ca, other 75 

minerals such as Mn play an essential role incorporating the circulating bone Ca to 76 

the growing antlers (Landete-Castillejos et al., 2010; Cappelli et al., 2015). In spite 77 

the other minerals and the diet quality were appropriate, just the deficiency of one 78 

mineral may result in bones having a low Ca content (Strause et al., 1986). 79 

Copper may be another of such minerals because it is involved in the 80 

development and the maintenance of collagen, elastin, bones and connective 81 

tissues. In particular, Cu plays an essential role in the collagen normal maturation, 82 

specifically in the lysine-derived cross-link synthesis (Hyun et al., 2004). Therefore, 83 
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Cu deficiency may damage directly bone cells formation (increasing chondrogenesis 84 

and delaying cartilage mineralization) with a negative effect on regulation of bone 85 

turnover mechanisms, bone maturation or skeletal growth (Suttle, 1972), and altering 86 

the hormonal regulation of Ca and vitamin D3 metabolism (Sadeghi et al., 2014). In 87 

fact, a decrease in the formation of cross-linking amino acids is thought to be related 88 

with the increase of bone fragility from Cu deficiency (Opsahl et al., 1982). Therefore, 89 

this may increase the risk of fractures (Kierdorf et al., 2000). In the deer case, that of 90 

Cu constitutes one of the most common and severe trace mineral deficiencies (Grace 91 

and Wilson, 2002). In consequence, Cu supplementation is very often required in 92 

deer. 93 

Antler mineral composition is influenced by diet and this, in turn, affects 94 

mechanical properties (Estévez et al., 2009; Landete-Castillejos et al., 2010). 95 

However, even when deer are fed under a balanced diet, the presence of antagonists 96 

(such as S, Mo, Zn or Fe) in raw material of common use on diets for deer could 97 

decrease the absorption and the digestibility of Cu (Jacob et al., 1987) increasing 98 

bone fragility and, in consequence, the risk of fractures. Supplemental Cu delivered 99 

through injection, bypass the gastrointestinal tract and dietary antagonists, could 100 

improve bone properties and increase its ash and mineral content. Landete-101 

Castillejos et al. (2010), studying the effects of trace minerals on antler mechanical 102 

properties, showed that reduced content of Mn was responsible for generalized antler 103 

breakage and a 27% reduction in impact energy in addition to a wide range of other 104 

effects. This study also showed that there was a difference in Cu content between 105 

the two types of antlers assessed. Recently, Cappelli et al. (2015) have shown very 106 

similar effects opposite to Mn deficiency in many antler characteristics and, again, an 107 

effect in the antler Cu content. However, no study has tried to assess the effect of 108 
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supplementation with Cu injections on mechanical and structural properties and 109 

mineral composition of antler or other types of bones. 110 

The effect of applied Cu injections on bone characteristics and mineral content 111 

could depend on the deer age. In fact, a different pattern has already been found 112 

between yearlings and adults in the case of supplementation with other minerals 113 

such as Mn (Capelli et al., 2015). The degree of skeleton demineralization, and by 114 

implication, the physiological efforts made to grow each part of the antler increases 115 

as the antler is grown (Baxter et al., 1999; Landete-Castillejos et al., 2007a and 116 

2007b). In this respect, yearlings are under a greater growth constraint because they 117 

need Ca and other minerals for the skeleton growth and, in addition, for the antlers 118 

growth (Gaspar-López et al., 2008; Ceacero et al., 2010). Thus, we studied the effect 119 

of supplementation with Cu injections on mechanical and structural properties and 120 

mineral content of antler bone tissue from red deer (Cervus elaphus hispanicus), 121 

both in yearlings and in adults. 122 

 123 

Material and methods 124 

Ethical statement 125 

This study was carried out in accordance with the Spanish legislation for the use of 126 

animals in research (Boletín Oficial del Estado, 2013) and the approval of the Ethical 127 

Committee in Animal Experimentation from the Universidad de Castilla-La Mancha, 128 

UCLM (Permit Number: 1002.04). Because antlers are dead when they are hard and 129 

clean of velvet (Currey et al., 2009), antler removal produces no pain and, therefore, 130 

no anaesthesia is needed. Nevertheless, a low dose of xylazine (0.3 mg/kg BW) was 131 

used as tranquilizer to reduce stress.  132 



7 

 133 

Experimental design 134 

This study was performed in the experimental farm of UCLM in Albacete at south-135 

eastern of Spain (38°57′10′′N, 1°47′00′′W, 690 m altitude). Copper was supplied by 136 

subcutaneous injections of Glypondin (König S.A., Argentina) solution (1 cm3/30 kg 137 

live BW) containing 0.83 mg of Cu per kg BW in the treatment group. Injections were 138 

administered every 42 days during the whole antler growth period. The control group 139 

was injected with a physiological saline solution. Each group was formed with 140 

animals of different ages: there were 10 yearlings and seven adults in the control 141 

group whilst there were 11 yearlings and seven adults in the treatment group. As 142 

average, yearlings were 1.5 years old and adults were 4 years of age. 143 

Feed and water were offered for ad libitum consumption throughout the trial. 144 

Feeding program (diet and unifeed ration) was common for all deer and met or 145 

exceeded the nutrient requirements of deer (National Research Council NRC, 2007). 146 

The ingredient composition and the determined (Association of Official Analytical 147 

Chemists AOAC, 2000) nutrient content of diet and unifeed ration are shown in Table 148 

1. Diet and unifeed ration mineral content was analysed by inductively coupled 149 

optical emission spectrometry (ICP-OES) at Ionomic Laboratory placed at Centro de 150 

Edafología y Biología Aplicada del Segura-Consejo Superior de Investigaciones 151 

Científicas (CEBAS-CSIC, Murcia, Spain). Unifeed ration was homogenised and cut 152 

in small portions in a tractor-driven commercial mixer. 153 

All animals were adapted to routine management and maintained in good 154 

health and body condition during the experiment. At the beginning of the trial, deer 155 

were divided in two groups matched for BW (72.9 for yearlings and 147.4 kg for 156 

adults, as average) and body condition (3.5 for yearlings and 3.8 for adults, as 157 
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average). Body weight and body condition were measured thought the trial each 42 158 

days coinciding with each Cu injection. In all cases, animals were weighed using a 159 

±50-g electronic balance. Average daily gain (ADG) was calculated from BW data for 160 

yearlings and adults. Body condition was measured as indicated by Audige et al. 161 

(1998) and Carrión et al. (2008). Average daily feed intake of diet and of unifeed 162 

ration was calculated from amount given daily to replenish the feeders. 163 

 164 

Antler and serum sample collection 165 

The effects of Cu supplementation were analysed in 4 positions along the antler 166 

beam in adults as indicated by Landete-Castillejos et al. (2010): position one close to 167 

the base (burr), position two referred to the first third of antler shaft, position three 168 

referred to the second third of the shaft and position four close to the base of crown. 169 

In all cases, measurements were taken approximately at 2 cm above the burr, 2 cm 170 

below the main tip, 2 cm above the main tip and 2 cm below the crown, respectively. 171 

Antlers from yearlings were sampled following a similar procedure than in adults but 172 

including only three sampling points (position one, two and three) due to the smaller 173 

size and the different structure of the antlers: The last position sampled in the antler 174 

shows more clearly the effects of diet and other factors (Landete-Castillejos et al., 175 

2007a, 2007b and 2007c). 176 

From each position, a 1 cm-slice and a cylinder of about 5-6 cm (this latter to 177 

obtain bars from the cortical wall) were obtained. Bars were identified according to 178 

individual deer and level in the main beam. The outer or periosteal side was also 179 

marked in order to test always with this side in tension and to mark the end closer to 180 

the antler base. 181 
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Blood samples were taken from resting deer after an overnight fast at the day 182 

of the beginning of the trial and at 84 days after the first injection with Cu. Blood 183 

samples were drawn by jugular venepuncture using Vacutest Clot activators and 184 

were coagulated in the tubes (Kima S.A., Italy). Serum was separated using a 185 

centrifugal separator (3 500 rpm at 4ºC for 15 min) and samples were kept in a 186 

freezer at -20°C until the analysis. 187 

 188 

Mechanical bone properties 189 

Firstly, samples were introduced in a buffer solution (BioWhittaker HBSS: Hank's 190 

balanced salt solution, Belgium) for 48 hours to minimize the risk that small amounts 191 

of mineral may leach out of the bone (Currey et al., 2009). Thereafter, to standardize 192 

humidity content, the bars were dried at 20°C and 40% of relative humidity for 72 193 

hours. The bars, that had thus homogeneous humidity content, were tested in 3-point 194 

bending with the periosteal side in tension as indicated by Cappelli et al. (2015) in a 195 

Zwick/Roell 500N machine (Germany), set at 32 mm/min head speed and 40 mm 196 

gauge length. 197 

A circular low-speed saw was used for the initial cutting of the antler. Then, the 198 

surfaces were abraded using a semiautomatic equipment for polishing (Struers 199 

LaboPol-21, Denmark) to get the right size of bars. Parallel surfaces were obtained 200 

and the width and depth of each sample were recorded to the nearest 0.01 mm using 201 

a digital calliper prior to testing. The final size was 4.5 mm wide by 2.5 mm deep and 202 

of a variable length but enough for mentioned gauge length. 203 

Mechanical properties of antler bone material were measured as indicated by 204 

(Landete-Castillejos et al., 2007a, 2007c and 2010; Currey et al., 2009) and were the 205 

Young’s modulus of elasticity (E), an estimate of stiffness; the bending strength (BS) 206 
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calculated from the maximum load borne and the work to peak force (W) determined 207 

by total work done on the specimen up to the greatest load borne divided by the 208 

central cross-sectional area.  209 

The impact work (U) testing procedure measures the energy used to break an 210 

un-notched specimen by a pendulum falling. This energy is normalized by dividing by 211 

the cross-sectional area of the specimen (Cappelli et al., 2015). Tests were carried 212 

out in a CEAST-IMPACTOR II testing machine (CEAST S.p.A., Pianezza, Italy) with 213 

a hammer of 1J. 214 

 215 

Structural bone properties 216 

In order to calculate the specific gravity or density of cortical bone, samples were 217 

placed in a controlled heating chamber for 72 hours at 60°C to dry it out fully. 218 

Afterwards, each sample was weighed with a precision balance (±0.01 g) and 219 

measured with a precision scale (±0.01 mm). Density was calculated dividing the 220 

weight by the volume (calculated as length × width × depth). 221 

As indicated by Landete-Castillejos et al. (2010), complete transverse cross-222 

sections were scanned on a flatbed scanner (HP ScanJet 4370 Photo Scanner) at 2 223 

400 × 2 400 dpi into image analysis software (IMAGEJ), where cortical bone 224 

thickness of the cross-sections was measured at 6 equally spaced points round the 225 

shaft. Average cortical thickness was calculated for each cross-section. In addition, 226 

area of the cortical section was measured. 227 

 228 

Antler and serum chemical analysis 229 

Breaking one antler bar in U and one in BS test produced four similar-size fragments. 230 

One of these fragments was used to determine the content of different minerals. For 231 



11 

this, the side of the fracture was polished to have a regular shape and also in areas 232 

where it may have any pen mark. Antler mineral composition, including ash content 233 

and that of Ca, P, Mg, Na, S, K, B, Cu, Fe, Mn, Sr, Zn, Al, Bi, Li and Cr were 234 

analyzed. Also, proportion between Ca and P was calculated. The segment of bar 235 

was placed in a tube for mineral analysis. Details on the method used for mineral 236 

analysis were described by Cappelli et al. (2015). Another fragment was used to 237 

measure ash content. For this, samples were heated for 72 hours at 60°C. Then, 238 

samples were weighed with a precision balance (±0.01 g) to get the dry weight and, 239 

subsequently, was placed in a muffle furnace (HTC 1400, Carbolite, UK) for 6 hours 240 

at 480°C. Ashes content were calculated as the value of ashes thus obtained divided 241 

by the dry weight. 242 

Serum Cu content was analysed by ICP-OES at Ionomic Laboratory placed at 243 

CEBAS-CSIC Centre (Murcia, Spain). 244 

 245 

Statistical analysis 246 

A GLM test studying the effects of treatment and age class on each of the studied 247 

antler variables was performed. Interaction between treatment and age was not 248 

significant for any trait studied. However, preliminary data analysis showed a very 249 

clear difference between yearlings and adults. In consequence, all the following 250 

statistical tests were carried out separately for yearlings and adults. 251 

Deer were weighed and body condition was measured at the beginning of the 252 

trial (before being subjected to Cu treatment). Deer were assigned to the 253 

experimental treatments so that the average BW (72.9 vs. 72.9 kg for yearlings and 254 

144.4 vs. 147.4 kg for adults from control and Cu group, respectively) and body 255 

condition (3.5 vs. 3.5 for yearlings and 3.8 vs. 3.8 for adults from control and Cu 256 
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group, respectively) per treatment were the same (P>0.10). A general linear mixed 257 

procedure (GLMM model) was used to study the effect of Cu supplementation on 258 

ADG and body condition at the beginning of the trial and every 42 days coinciding 259 

with each Cu injection until the end of the experiment. 260 

A GLM analysis was performed to study the effect of Cu supplementation on 261 

the serum content of this mineral. In addition, antler data were analysed using the 262 

general linear mixed procedure (GLMM model). In this case, the model included the 263 

main effects of Cu supplementation and antler position as well as their interaction. 264 

When the model was significant, the Tukey test was used to make pairwise 265 

comparisons among treatment means. Also, Pearson correlation coefficients (r) were 266 

calculated to determine the correlation between the increase of serum Cu level 267 

between days 0 (beginning of the trial) and 84 (after 2 injections with Cu) of the trial 268 

and the cortical thickness. 269 

Because values often show a variation between base (which shows the 270 

condition of the animal at the start of antler growth) and top part of the antler (which 271 

shows in most parameters the physiological effort made to grow the antler as 272 

indicated by Landete-Castillejos et al., 2007a and 2007b), a GLM analysis was 273 

performed to study the proportional difference between the top or last position and 274 

the base or position one [(Last position - Position one)/Position one]. A decrease in 275 

values from base to top is shown as a negative difference in percent. All analyses 276 

were carried out with SPSS version 19 (SPSS Inc., Chicago, IL, USA). 277 

 278 

Results 279 

Determined analysis of nutrient diet and unifeed was similar to that expected in 280 

according to Fundación Española para el Desarrollo de la Nutrición Animal (2010) 281 
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recommendations. Consequently, diet and unifeed raw materials were properly 282 

mixed. 283 

 284 

Effects of Cu supplementation on average daily gain and body condition of deer 285 

Copper supplementation did not influence ADG or body condition of yearlings and 286 

adults at any date studied (Table 2). Average daily intake was 2.1 and 1.4 kg of dry 287 

matter for diet and unifeed ration, respectively. 288 

 289 

Effects of Cu supplementation on mechanical and structural properties and ash and 290 

mineral content of antlers 291 

No significant interactions between Cu supplementation and antler position were 292 

detected for any traits studied and, therefore, only main effects are shown for 293 

yearlings and adults. Supplementation with Cu did not influence any of antler traits 294 

studied in spikers (Table 3). However, average cortical thickness tended to 295 

increase (P=0.06) with Cu supplementation producing a 4.1% increase in adults. A 296 

result that further suggests the effect of Cu on the increase of cortical thickness is 297 

the fact that, within the supplemented group, the cortical thickness correlated 298 

positively with the increase in Cu serum before and after treatment, although the 299 

high coefficients (0.73 and 0.80 for yearlings and adults, respectively), did not 300 

achieve significance (P>0.10) likely due to the small sample size. 301 

Copper supplementation increased the serum content of this mineral in 302 

yearlings (from 0.68 to 0.94 ppm; P=0.02) and adults (from 0.59 to 0.95 ppm; 303 

P=0.02) comparing to control group. The effect observed was greater for adults than 304 

for yearlings (38 vs. 28%). In spite the fact that Cu injection increased the serum Cu 305 

content, no effect was observed on Cu content of antlers from spikers or adults deer 306 
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(Tables 4 and 5). In fact, Cu supplementation had little influence on the ash and 307 

mineral content of yearling and adult antlers. The only effect observed in yearling 308 

deer antlers was a significant interaction between Cu supplementation and antler 309 

position for K, B or Fe content (Figure 1). In adults, Cu supplementation tended to 310 

increase the Sr content (P=0.06) and increased the Zn content (P=0.02) of antlers. 311 

 312 

 313 

Effect of Cu supplementation on differences of characteristics and mineral 314 

composition between base and top of antlers from yearlings and adults 315 

In spikers, the difference between the top and the base of the antler (expressed as 316 

percentage), which shows the depletion of body mineral stores or physiological 317 

exhaustion, showed no effect of treatment except on U and Ca/P proportion. In this 318 

age group, U increased in the Cu supplemented group while decreased in the control 319 

group (20.4 vs. -9.6%; P=0.04). Proportion between Ca and P tended to decrease in 320 

Cu injected deer but not in control deer (-1.6 vs. 1.5%; P=0.06). In adults, average 321 

cortical thickness increased in Cu supplemented group while decreased in control 322 

group (27.8 vs. -23.7%; P=0.02). In the same age group, P content increased in 323 

antlers from control group but decreased in antlers from Cu supplemented group (6.4 324 

vs. -1.4%; P=0.02). Also in adults, the increase of Fe content tended to be higher 325 

(P=0.07) in control animals than in Cu injected animals (98.5 vs. 28.1%). 326 

 327 

Discussion 328 

Results showed a limited effect of Cu supplementation on antler characteristics and 329 

mineral composition. This fact could be due to several causes. First, it is important 330 

to consider that animals were fed in a balanced diet that met or exceed their 331 
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nutrient requirements (NRC, 2007). Secondly, the dose of Cu used for 332 

supplementation was not so large because excess of Cu is toxic for some 333 

ruminants as sheep (Winge and Mehra, 1990) or deer (Fairley, 2008). This limited 334 

results obtained with Cu supplementation led us to do blood tests at 84 days after 335 

the first Cu injection to check if, as we expected, Cu levels in serum were increased 336 

after Cu supplementation. These tests showed that Cu levels in serum were higher 337 

in supplemented than in control group as it was expected. In general, 338 

supplementation with minerals produces an increase of the serum mineral content 339 

except for Ca which is the mineral with the tightest serum control by body 340 

homeostasis (Favus et al., 2006).  341 

 Wilson and Grace (2001) proposed a reference criteria for serum Cu content 342 

from deer: values lower than 0.32 ppm were considered as deficient level; values 343 

between 0.32 and 0.50 ppm were considered as marginal levels and values higher 344 

than 0.50 ppm were considered as adequate levels. In the current trial, Cu serum 345 

content from control group was 0.68 and 0.59 ppm for yearlings and for adults, 346 

respectively. Therefore, based on Wilson and Grace (2001) range, in the present 347 

paper, even deer from control group presented adequate levels of this mineral on 348 

serum. In early studies, Strause et al. (1986) showed that both, Mn or Cu 349 

deficiency, reduced the Ca and P content of bones in rats that, otherwise, seemed 350 

not to suffer any further problem. In the current trial, there was not a general effect 351 

of Cu supplementation on Ca, P or Ca/P ratio in either spikers or adults. Perhaps if 352 

this study had been conducted in a situation of Cu deficiency the results would 353 

have been very different compared with those reported in the current trial.  354 

 A different pattern between yearling and adults was observed. Serum 355 

analysis of Cu content showed that the percentage of increase of Cu content was 356 
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higher in adults than in spikers (38% of increase vs. 28%). A first reason may be 357 

that the Cu blood content in control group of yearlings was already much higher 358 

than that of adults. The fact that the percentage of increase of Cu content on serum 359 

was higher in adults than in spikers could explain the greater effect of Cu 360 

supplementation in antlers from adults than from yearlings. Therefore, Cu seemed 361 

to be mobilized more in adults than in spikers. Considering that the same level of 362 

dose was supplied, one possible explanation for such effect is that the higher 363 

metabolism of spikers and the greater need for minerals (and, in general, for all 364 

nutrients) may have led to a faster use of the injected Cu reducing thus their serum 365 

levels. In general, the plasma mineral level varies with deer age (Kučer et al., 366 

2013). In fact, in a previous experiment carried out by our own group with Mn 367 

supplementation (Cappelli et al., 2015), adults showed a wide range of effects 368 

whereas spikers only showed an increase of Mn and Fe content in antlers. 369 

However, in the current paper, the variation of Cu serum level with age was higher 370 

than it could be expected. Our data include more blood samples taken at different 371 

dates to assess the influence of Cu supplementation on the evolution of serum 372 

mineral content, comparing both spikers and adult deer. 373 

 In spite that Cu injections did not influence antler characteristics as much as 374 

expected, supplementation influenced some of the antler traits studied. The most 375 

interesting effects of Cu supplementation were the trend to increase cortical 376 

thickness and the attenuation of the reduction in cortical thickness from base to top, 377 

both in adults. The increase in cortical thickness may increase the structural 378 

resistance of bone to fracture. Mechanical performance of structures depends on 379 

two factors (Landete-Castillejos et al., 2012): those depending on structure, such 380 

as cortical thickness, diameter or area and those derived from the mechanical 381 
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quality of material, such as E, BS, W or U. In fact, diameter and cortical thickness 382 

accounts for 55% of variation in the mechanical performance of bones (Davidson et 383 

al., 2006). Moreover, considering that an increase in cortical thickness influences 384 

antler weight, the supplementation of Cu, even in a situation of a balanced diet, 385 

may have effects on the trophy value as weight is an influential measure of 386 

International Council for Game and Wildlife Conservation (CIC) method of trophy 387 

valuation. 388 

 In the current paper, the first that studied the mineral content of serum and 389 

antler, the increase of serum Cu content did not result in its content increase in the 390 

antler showing the limitations to use serum Cu content to assess bone Cu status. 391 

These results might be due to several causes. On the one hand, it is possible that 392 

Cu is not a mineral whose increase in the serum is reflected in the antler. On the 393 

other hand, the serum Cu could be captured by liver or other organs with a priority 394 

of uptake higher than the Cu deposition in bone tissue. In fact, the liver is one of the 395 

organs where Cu is stored while the amounts of this mineral in the bone are very 396 

small (Suttle, 2010). 397 

 In conclusion, even in a situation of a balanced diet and a level of Cu 398 

supplied rather low in order to avoid risks of death due to Cu toxicity, the 399 

supplementation of this mineral seems to affect mechanical properties with some 400 

changes in mineral composition of antlers. One of the most interesting effects is 401 

that of the increase of the cortical thickness in adult deer. Such effect may increase 402 

the trophy value or the velvet antlers production (depending on the production for 403 

which breeding of deer aims to). Similar results have been observed previously in 404 

humans in which dietary Cu supplements reduced the rate of bone loss (Lowe et 405 
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al., 2002). However, Cu supplementation by injections could have higher potential 406 

benefits to improve bone resistance in elderly humans. 407 
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Table 1 Ingredient composition (% as-dry matter basis1) and determined nutrient 516 

content (% as-dry matter basis1) of diet and unifeed ration 517 

Ingredient composition  Diet  Unifeed ration 

  Barley  31.3  - 
  Wheat  6.8  - 
  Corn gluten feed, 21% CP  11.3  - 
  Corn DDGs, 26% CP  6.8  - 
  Wheat bran, 20% starch  11.3  - 
  Rice bran, 14% ether extract  11.3  - 
  Sunflower meal, 28% CP  12.4  - 
  Rapeseed meal 00, 34% CP  5.6  - 
  Molasses, sugarcane  6.8  - 
  Palm kernel expeller  5.6  - 
  Calcium carbonate  2.6  - 
  Salt   0.6  - 
  Vitamin and mineral premix2  0.5  - 
  Oat  -  27.6 
  Alfalfa meal, dehydrated  -  48.4 
  Cereal straw, from barley  -  20.8 
  Citrus pulp, from orange  -  13.5 
Determined nutrient content     
  Moisture  9.9  30.1 
  CP  19.4  15.6 
  Ether extract  3.5  1.2 
  Crude fibre  12.0  34.9 
  Ash  11.7  10.1 
  Ca  2.0  1.6 
  P  0.9  0.2 
  Cu (ppm)  28.0  11.8 
1 Unless otherwise indicated. 518 
2 Supplied per kg of diet: vitamin A (trans-retinyl acetate): 10 000 I.U.; vitamin D3 519 

(cholecalciferol): 2 000 I.U.; vitamin E (all-rac-tocopherol-acetate): 15 I.U.; Mn (MnSO4·H2O): 520 

75 mg; Fe (FeCO3): 50 mg; Zn (ZnSO4·H2O): 115 mg; Cu (CuSO4·5H2O): 7.5 mg; I (KI): 2 521 

mg; Co (2CoCO3·3Co(OH)2·H2O): 0.83 mg; Se (Na2SeO3): 0.22 mg; ethoxiquin: 0.025 mg; 522 

BHT (butilhidrotoluen): 0.18 mg; BHA (butylhydroxyanisole): 0.016 mg; sepiolite: 950 mg. 523 
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Table 2 Effects of Cu supplementation on average daily gain (ADG) and body condition every 42 days1 through the trial in yearlings and adults 524 

red deer 525 

Age  Yearlings     Adults    

Variables  Control Cu-injection SEM 
(n=21)2 P-value  Control Cu-injection SEM 

(n=14)2 P-value 

ADG (g/day)           
  0 to 42 days  206 192 10.9 0.56  331 395 85.5 0.73 
  42 to 84 days  233 255 11.5 0.36  312 400 47.9 0.38 
  84 to 126 days  207 217 12.5 0.69  328 388 70.3 0.70 
  126 to 168 days  145 176 27.3 0.59  318 632 128.2 0.31 
  0 to 168 days  199 210 10.7 0.84  322 454 50.7 0.27 
Body condition           
  Day 0  3.5 3.5 0.04 0.58  3.8 3.8 0.06 0.66 
  Day 42  3.7 3.7 0.05 0.95  4.0 4.1 0.11 0.53 
  Day 84  3.8 3.8 0.04 0.60  4.3 4.4 0.11 0.55 
  Day 126  3.8 3.9 0.05 0.38  4.5 4.6 0.08 0.61 
  Day 168  3.7 3.7 0.05 0.48  4.2 4.2 0.10 0.29 

1 Coinciding with each Cu injection. 526 
2 The experimental unit was the animal. 527 

528 
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Table 3 Effects of Cu supplementation (CS) and antler position (AP) on mechanical and structural properties of antlers from yearlings and adults red 529 
deer 530 
Treatment  CS   AP     

SEM1 
 P-value  

Variables  Control Cu-
injection 

 Burr 1st third of 
shaft 

2nd third of 
shaft 

Base of 
crown 

  CS AP 

Yearlings              
  Young’s modulus of elasticity, E (GPa)  18.3 18.2  18.8a 14.3b 19.2a -  0.65  0.95 0.03 
  Bending Strength, BS (MPa)  253.6 272.4  259.6B 278.1A 263.1AB -  7.29  0.29 0.001 
  Work to peak force, W (kJ/m2)  35.1 37.7  34.5 41.8 36.7 -  1.28  0.76 0.18 
  Impact work, U (kJ/m2)  20.0 21.5  19.3b 28.0a 19.7b -  1.10  0.72 0.03 
  Density (kg/dm3)  1.61 1.65  1.61 1.74 1.62 -  0.021  0.32 0.15 
  Average cortical thickness (mm)  5.18 4.83  5.96A 6.20A 3.51B -  0.311  0.56 0.009 
  Average cortical thickness (%)  0.41 0.46  0.50A 0.51A 0.36B -  0.026  0.94 0.04 
  Average cortical area (%)  0.65 0.68  0.74a 0.72a 0.56b -  0.027  0.99 0.03 
Adults              
  Young’s modulus of elasticity, E (GPa)  17.1 18.0  18.7A 19.1A 17.4B 15.3C  0.81  0.78 0.002 
  Bending Strength, BS (MPa)  254.2 272.1  284.7A 281.4A 258.3AC 233.2BC  6.01  0.09 0.005 
  Work to peak force, W (kJ/m2)  40.5 41.7  43.9 42.9 39.9 38.2  0.99  0.67 0.26 
  Impact work, U (kJ/m2)  21.8 21.2  19.7 22.6 21.1 22.5  0.70  0.80 0.28 
  Density (kg/dm3)  1.55 1.59  1.62 1.62 1.54 1.49  0.023  0.43 0.12 
  Average cortical thickness (mm)  5.13 5.35  7.45A 5.03B 5.29B 3.25C  0.276  0.06 <0.001 
  Average cortical thickness (%)  0.24 0.24  0.35A 0.22C 0.28B 0.12D  0.014  0.99 <0.001 
  Average cortical area (%)  0.43 0.44  0.59A 0.42B 0.48B 0.25C  0.021  0.90 <0.001 

1 The experimental unit was the animal (21 and 14 for yearlings and adults, respectively).  531 
a,b Values within a row with different superscripts differ significantly at P≤0.05. A,B,C,D Values within a row with different superscripts differ significantly at P≤0.01. 532 

Interaction Cu supplementation × antler position was not significant (P>0.10) for any trait studied. In consequence, only main effects are presented. 533 
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Table 4 Effects of Cu supplementation (CS) and antler position (AP) on ash and mineral content of antlers from yearlings red deer 534 

Treatment  CS  AP  
SEM 
(n=21)1 

 P-value 

Variables  Control Cu-injection  Burr 1st third of 
shaft 

2nd third of 
shaft 

  CS AP 

Ashes (%)  59.5 58.9  58.2b 60.3a 59.8a  0.41  0.96 0.40 
Ca (%)  20.2 19.9  20.0 19.2 20.4  0.16  0.56 0.22 
P (%)  11.3 11.6  11.2 12.5 11.4  0.17  0.71 0.28 
Ca/P  1.80 1.74  1.80A 1.56B 1.81A  0.026  0.57 0.003 
Mg (%)  0.50 0.50  0.50 0.61 0.59  0.006  0.57 0.27 
Na (%)  0.60 0.60  0.60 0.61 0.59  0.005  0.55 0.79 
S (%)  0.26 0.25  0.25 0.23 0.26  0.003  0.49 0.05 
Cu (ppm)  0.39 0.41  0.43 0.19 0.47  0.043  0.71 0.28 
Mn (ppm)  21.7 21.2  21.4 21.0 21.6  0.25  0.52 0.34 
Sr (ppm)  472.8 445.5  473.8 380.2 470.7  12.30  0.50 0.52 
Zn (ppm)  63.1 58.4  57.6B 55.9C 64.9A  1.34  0.38 <0.001 
Al (ppm)  18.5 17.3  17.7ab 14.0b 19.4a  0.72  0.59 0.02 
Li (ppm)  5.76 5.14  5.89a 2.13b 6.18a  0.419  0.86 <0.001 
Cr (ppm)  1.46 1.49  1.49a 1.39b 1.49a  0.014  0.71 0.03 

1 The experimental unit was the animal. 535 
a,b Values within a row with different superscripts differ significantly at P≤0.05. A,B,C Values within a row with different superscripts differ significantly at P≤0.01. 536 

The interaction Cu supplementation × antler position was not significant (P>0.10) for any trait studied. In consequence, only main effects are presented. 537 

 538 
 539 
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Table 5 Effects of Cu supplementation (CS) and antler position (AP) on ash and mineral content of antlers from adults red deer 540 

Treatment  CS  AP  
SEM 
(n=14)1 

 P-value 

Variables  Control Cu-injection  Burr 1st third of 
shaft 

2nd third of 
shaft 

Base of 
crown 

  CS AP 

Ashes (%)  59.7 59.5  61.3A 60.1A 58.9AB 58.0B  0.48  0.92 0.001 
Ca (%)  19.6 19.5  19.6 19.7 19.2 19.7  0.31  0.90 0.48 
P (%)  11.7 11.7  12.3 11.7 11.4 11.3  0.23  0.96 0.24 
Ca/P  1.73 1.71  1.65 1.72 1.72 1.78  0.048  0.94 0.09 
Mg (%)  0.54 0.59  0.58 0.57 0.57 0.56  0.014  0.33 0.18 
Na (%)  0.62 0.63  0.64 0.63 0.62 0.62  0.013  0.79 0.15 
S (%)  0.22 0.20  0.21 0.21 0.21 0.21  0.009  0.62 0.73 
K (%)  0.03 0.03  0.03 0.03 0.03 0.04  0.001  0.80 0.21 
B (ppm)  1.83 2.03  1.99 1.97 1.92 1.89  0.056  0.35 0.53 
Cu (ppm)  0.38 0.34  0.39 0.32 0.32 0.39  0.020  0.25 0.56 
Fe (ppm)  3.57 4.35  3.44b 3.24b 4.98a 4.45a  0.320  0.15 0.05 
Mn (ppm)  26.0 26.7  26.9 26.5 28.0 23.8  1.23  0.58 0.60 
Sr (ppm)  344.3 378.4  374.8 371.1 354.2 351.2  8.46  0.06 0.56 
Zn (ppm)  63.6 71.7  69.3 67.9 68.3 67.3  1.46  0.02 0.73 
Al (ppm)  16.5 17.5  17.9 16.1 18.2 16.2  0.83  0.63 0.85 
Li (ppm)  4.11 4.17  4.14 4.13 4.09 4.21  0.354  0.97 0.65 
Cr (ppm)  1.43 1.45  1.42 1.50 1.48 1.38  0.027  0.73 0.15 

1 The experimental unit was the animal. 541 
a,b Values within a row with different superscripts differ significantly at P≤0.05. A,B Values within a row with different superscripts differ significantly at P≤0.01. 542 

The interaction Cu supplementation × antler position was not significant (P>0.10) for any trait studied. In consequence, only main effects are presented. 543 
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Figure 1 Interaction between Cu supplementation and antler position on K content 544 

(%), B content (ppm) and Fe content (ppm) of antlers from yearlings red deer. The 545 

experimental unit was the animal with a total of 21 deer 546 

 547 


