
Deer nutrition and feeding - March 30th 2016, Czech Republic 22

Analysis of antler composition and mechanical properties 
reveal key micro-minerals for deer

Dr. Tomás Landete-Castillejos1,2,3,*, Dr. Andrés García1,2,3, Dr. Martina P. Serrano1,2,3,
Dr. Francisco Ceacero4, Jamil Cappelli1,2,3, Pablo Gambin1,2,3, Dr. Laureano Gallego1,2,3.

1. Animal Science Techniques Applied to Wildlife Management Research Group, IREC Section 
Albacete (CSIC-UCLM-JCCM), Campus UCLM, Albacete, 02071,  Spain.

2. Sección de Recursos Cinegéticos y Ganaderos, IDR, Universidad de Castilla-La Mancha, Albac-
ete, 02071, Spain. 

3. Departamento de Ciencia y Tecnología Agroforestal y Genética, ETSIAM, Universidad de Cas-
tilla-La Mancha, Albacete, 02071,  Spain.

4. Department of Animal Science and Food Processing, Faculty of Tropical AgriSciences, Czech 
University of Life Sciences. Prague 6-Suchdol, Czech Republic.

1. DEER ANTLERS ARE VERY IMPORTANT FOR DEER.

Deer antlers, apart from a desired trophy, are one of the most incredible structures in animals. They 
are the only bone that grows out of the body, and this means that it is easily accessible to study bone 
biology, a characteristic that would make antlers end up sooner or later being used for medical studies. 
Not only that, they grow and are cast every year. This makes them incredibly costly: it is known from 
XIX century that antlers constitute from 1 to 5% of body weight, but our group has calculated that 
this means around 20% of the skeleton weight. The speed of growth is the largest of any animal tissue 
except cancer, achieving rates of 1 to 4 cm per day. This speed is so fast that the diet cannot support the 
need of minerals for the growing antler, so that a deer has to transfer this 20% of their skeleton from 
bones to antlers. This produces a process similar to osteoporosis in humans, with the sole difference 
that it is reversible: deer suffer this process of osteoporosis in the spring and summer of each year, 
and they recover in later summer and autumn. In fact, this well-known finding that deer undergo an 
osteoporosis-like process gave us a hint that there might be possible applications of antler studies to 
human medicine.
Antlers are thus costly structures, but the benefits outweight the effort of growing them if deer grow the 
best pair of antlers: antler size is related to dominance, body weight, fertility, and gives access to food, 
females, etc. In some way, a good pair of large antlers is like the handsome guy that drives a Ferrari. 
The deer is showing that he has all a stag fights for: food, females, territory, and is a signal of strength 
and good health state. As a result, growing an antler is like running in an Olympic race: all participants 
run for the gold, but only the fastest gets it. As all deer make the maximum effort to produce the largest 
antlers, the 100% effort of a healthy male in good body condition cannot be in antler size, composition 
or other characteristics as the 100% effort of an average animal or one that is ill, did not get the best 
food, or simply has not the best set of genes. Therefore, we thought that antlers should indicate physio-
logical effort (and differ in those that were in some way “tired” compared to others more able to make 
the effort), nutrition, health or even male quality. In other words, we thought we could use antlers to 
learn about the state of animals, in very much the same way as when one has a blood test done, blood 
parameters give clues about our health. In that meaning, we assessed antlers in the same way as doctors 
assess blood: from mineral composition to mechanical quality of the bone material, from histology



Deer nutrition and feeding - March 30th 2016, Czech Republic 23

to structure or “architectural” mechanics (the resistance not due to the strength of the material, but that 
of the thickness of the walls of antlers, etc.). The most important of these effects for the topic of the VVS 
Vemerovice-IDUBA conference is that of diet: examining antlers may teach us about the diet, including 
deficiencies, of deer.

2. FACTORS AFFECTING ANTLER TRAITS: MANAGEMENT AND NUTRITION. 

In general, nutrition affects various characteristics of bone. The features affected are mainly mass or 
density (Jugdaohsingh et al., 2004; Nieves, 2005; Huttunen et al., 2006; Palacios, 2006), microstructure 
(Seaborn and Nielsen, 2002) and some mechanical properties (Armstrong et al., 2002). However, in 
standard bones, such effects are often obscured by remodelling, the process in which bone is constantly 
eaten up and created by the cells of this tissue, called osteoclasts and osteoblasts (Davison et al., 2006). 
This is a reason why studying effects of nutrition in antlers may constitute a simpler model to assess more 
complex effects than in internal bones. 
In order to understand how nutrition affects the mineral composition of antlers, it is also important to note 
that the great physiological effort (i.e. metabolic activity and transfer of minerals from bones) needed to 
grow antlers also affects the mineral composition and mechanical properties of antlers? In our first study, 
and sometime before we could include mechanical properties in the array of antler characteristics exam-
ined, we assessed if the effort of growing antlers affected their mineral composition. For this we used 
the simplest antler, the un-branched beam of spikers. In that study, we found that chemical composition 
differed between base and tine in ash, Ca, P, K, Zn and Fe, but not in Na or Mg (Landete-Castillejos et al., 
2007). The physiological effort was not always shown in content of minerals lower in the tip than in the 
base of the antler. Whereas there was less ash, Ca and P in the tip, the content of K, Zn and Fe was greater. 
Some of these minerals were actually indices of exhaustion. K alone could explain 40% variability in 
weight, being greatest in lighter antlers (Landete-Castillejos et al., 2007), and its effect seems to be to 
reduce Ca losses in urine (Rafferty et al., 2005). Zn is biochemically linked to alkaline phosphatase, an 
enzyme that starts calcium phosphate depositing in bone, so it also increases when a greater efficiency in 
depositing circulating Ca is needed (Maki et al., 2002). In fact, in bone that is poorly mineralized Zn is 
found at higher concentrations than in fully mineralized bone (Gomez et al., 1999).
Is this variability between base and top of the antler affected by diet? A second study compared farmed 
and wild deer, which involved very different diets and management. Farmed deer had a diet with 18% 
protein (vs. 6-7% for wild deer), and also higher amounts of several minerals.  The figure 1 shows how 
Na content is reduced from base to top (left to right in the diagram) in deer with wild diet, but not in deer 
with a balanced diet in the farm. A similar graphic can be obtained for Mg, although in other minerals the 
pattern is more complicated.

Figure 1. Cortical thickess and Na content along the main beam/shaft of adult antlers (from left to right). The solid line 
is for farmed, well-fed (18% protein), parasite-free deer showing a recovery in cortical thickess for the second half of 
the antler, and a constant content of Na. The dotted line corresponds to antlers of free-ranging deer with lower food 
quality (6-7% protein) and no health treatments.



Does antler composition reflect the diet? Id est, what the animal eats is shown specifically in the 
antler composition? In order to assess this point, we compared the average composition per antler 
(i.e. calculating the mean of all the positions shown from base to top in figure 1), and the ratio of 
mineral availability in farm diet vs. that in the wild. Table 1 shows these ratios, whose meaning is 
the number of times that the concentration of a particular mineral is greater in the diet of deer in the 
farm vs. that in the diet of deer in the wild. The figure 2 shows the different in composition between 
antlers of deer kept with the balanced diet in the university or with the rather deficient diet in the 
wild. A comparison of table 1 and figure 2 shows that antlers differ in the minerals (Na, Mg, K), 
showing the greatest difference between percent in the diet of farmed vs wild. In other words, diet 
is reflected in the antlers.

Table 1. Comparison of diets for university farm deer vs. composition of plants eaten by wild deer 
in a experimental study where composition of antlers was also assessed.

Nutrients  Ratio diet for university farm deer/diet of wild deer
Protein   1.8
Ca   1.5
K   2.2
Mg   3.1
Si   1.7
Na   6.3
Zn   1.2
Fe   1.6

Although not shown here in detail, a similar effect shown in figure 1 can be found in the mechan-
ical properties of the antler bone material. Is this influence of diet on antler composition also valid 
for internal bones? Females do not have antlers, so in their case, internal bones of females shot for 
venison could be used to assess if there is any mineral deficiency in the nutrition. We have examined 
the effects of supplementary food available for hinds over 3 years (starting just after weaning). One 
of the groups had ad libitum access to supplementary feed rich in most minerals in addition to wild 
vegetation, whereas another group only had access to wild plants. The differences found between 
groups in mineral composition of femur, except for Na, matched the greatest ratios between food 
supplement and the plants constituting usually the diet of deer in the wild (Olguin et al, 2013).  
 

Figure 2. Difference between average composition of antlers from deer kept in university (UCLM) experimental deer 
farm (left bar of each pair), and those of wild deer kept in a public game estate (Las Dehesas, right bar of each pair). 
Where differences are significant (statistically different), the bars have a different pattern according to origin, whereas 
in minerals where composition of both types of antler is similar, both are hollow. Please note that the main differences 
reflect the diets of table 1, except Zn, which forms part of alkaline phosphatase, a mineralizing enzyme with was more 
present in “unfinished” wild deer antlers.
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The results on factors affecting mineral composition of bone extend those found previously in antlers, 
as we examined 20 minerals in this study. Femurs differed in Mn, Cu, and Zn between supplemented 
and control groups, reflecting a mean content of these minerals in the diet 8.5 times higher in the food 
supplement compared to plants constituting the diet of deer. It is particularly interesting that giving ad 
libitum access to food supplement to one of the groups only increased 7.2% the body weight of hinds, 
it increased slightly body condition, and supplementation had no effect in body height, femur length 
or cortical thickness. This suggests that minor but consistent (long term) changes in the diet produc-
ing small changes in body weight and no changes in body (and bone) size may nevertheless produce 
changes in bone mineral composition reflecting the diet (i. e., the diet is).

3. CLIMATE, HABITAT QUALITY AND ANTLER CHEMICAL 
AND MECHANICAL PROPERTIES.

An effect that may be considered as a particular case of nutrition studied further above is that of 
weather. Nutrition effects have proved to be the underlying factor of environmental effects on 
antler length in spikers (Schmidt et al., 2001, Mysterud et al., 2005). Plant phenology has long 
been known to be affected by inter-annual variations in climate (Post and Stenseth, 1999). Studies 
in South Spain, a country that has a dry climate, showed that overall rainfall of the year in which 
the antler was grown affected the quality of the antler (Azorit et al., 2002). 
Although effects of climate in these and the study discussed below seem to be related to availa-
bility of food or its composition, it should be borne in mind that other effects of climate cannot 
be ruled out, such as increasing parasite abundance (Díaz et al., 2007a,b), insect activity (Gunn, 
1995) or the costs related to extreme wind in winter (Armstrong and Robertson, 2000). A l l 
the studies known to us which assessed high frequency of antler breakage relate the cause to 
either habitat quality (through a mineral deficiency in the diet) or to deviations from normal 
weather for the site studied. McDonald et al. (2005) studied differences between broken and intact 
antlers of white-tailed deer in a site where they often broke in Texas. However, they could not 
find the cause of breakage (all comparisons were non-significant) probably because they pooled 
together all years (a simple ANOVA without controlling for the confounding factor of year), 

Figure 4. Effects of drastic wheather on antler composition and mechanical properties. A period of exceptional frosts 
in late winter (LWF) when plants were sprouting resulted in 55% of antlers breaking overall in Spain. There was a 
sharp reduction in the material properties, impact energy (U) and work to fracture (W) as shown in top panel.There 
were some mineral changes of which the most important were a nearly twofold increase of Si (not shown), and a de-
crease of Mn (bottom panel). We concluded that stress induced by cold in plants caused uptake of Si (which does not 
affect bone mechanics) and reduction of Mn. The bottom panel shows that broken antlers of any year, LWF or standard 
winter, had less Mn than all LWF antlers compared to a standard winter and this difference is larger than between Mn 
content of all LWF antlers vs. all SW ones.
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and because they examined structural parameters (e.g. density) and mechanical properties of whole or 
slices of antler (thus confounding architectural properties and those of the mechanical quality of the 
material irrespective of size or structure). However, they found that Rainfall during the antler growth 
period was correlated with concentrations of S, Al and Mn. Jonson et al. (2007) compared a site with 
high frequency of antler breakage from tule elk in California with another one with standard rates. In 
antlers, Ca, Fe, and Mg levels were higher in the site with high rate of antler breakage. After exam-
ining mineral contents of antler, liver and pasture, and after comparing these with the reference site 
and with published values, they concluded that a deficiency in Cu and P may be responsible for antler 
breakage. However, they did not carry out mechanical tests and they had detection problems for Cu in 
antlers (although P was lower in the site with high frequency of breakage). The conclusions, thus, are 
not solidly established.
Our group conducted the most detailed study published so far regarding antler breakage (Landete-Cas-
tillejos et al., 2010). Several game managers approached us indicating that antlers had broken through-
out Spain in 2005 (i.e., antlers grew after a short period of very intense cold in late January-early Feb-
ruary).  We studied the antlers grown in the year of exceptional cold weather in late winter (termed late 
winter frosts or LWF) and compared it with the standard preceeding year (termed standard winter or 
SW; Landete-Castillejos et al., 2010). LWF produced a large effect in antler breakage (55% of serious 
breakage of 3 or more tines). The effect also reduced antler weight by 25%. Animals shot for trophy 
or population reduction in LWF had the same weight as those in SW, so food availability was similar.
LWF was associated with reduced impact energy (U, 27% smaller, Figure 4) and somewhat reduced 
work of fracture (W, 10% smaller, same figure), cortical thickness (about 2 mm or 30%) and physical 
density. LWF was associated with considerably increased Si (Figure 4) and reduced Na. However, 
one of the most interesting effects was that of Mn: this was reduced in LWF year, but the effect that 
absorbed most variability and showed the sharpest effect was the lower content in Mn of broken ant-
lers compared to intact ones (rather than the difference in Mn content between LWF and SW antlers; 
Figure 4). No such effect was found in farmed deer fed whole meal and enduring the same cold winter 
(and antler size was not reduced either), so that the effect seemed to be mediated by nutrition. We con-
cluded that cold produced stress in plants, which triggered an uptake of Si: the effect of incorporating 
silicon by all sorts of crops and wild plants in response both to biotic and abiotic stresses is widely doc-
umented (reviewed by Liang, 2007; Ma, 2004; Ma and Yamaji, 2006). Among others Silicon is taken 
up by plants to reduce toxic levels of Mn (Ma and Yamaji, 2006). It was this reduction in Mn in the diet 
which reduced antler material quality and architectural parameters. In summary, a small change in the 
mineral composition of the diet changed by the habitat quality (and that of the diet) and this resulted in 
a large frequency of antlers broken in a situation where there was no deficiency of Ca or P (as mentioned 
above, antlers grow mostly by transferring Ca from skeleton to the growing antlers).
Thus, minor changes in bone minerals induced by diet, may have marked effects in mechanical prop-
erties of bone even when there is not a shortage of the two principal minerals, Ca and P. This certainly 
has implications for management. At least in habitats with deficiency of Mn, even if there is no lack of 
Ca and P, just the addition of this mineral may increase antler weight by 30%, as well as improving by a 
similar percentage mechanical performance, and to various extents structural variables and bone density.
In summary, antlers reflect the composition of the diet, both in the average content as well as in the 
change in content form base to top. Although not shown here for concision, the changes produced 
by diet also affect the material mechanical properties, and the thickness of the cortical wall forming 
the antler. Exceptional events in weather that likely affected the diet, revealed the importance of key 
minerals for antler growth. At least one of these minerals, manganese, seems to have a dramatic 
importance for antler growth and mechanical performance. However, can we use this information to 
assess if supplementation of key minerals have such important effects? This is the topic of the last 
section of our paper.
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5. EXPERIMENTS SUPPLEMENTING SINGLE MINERALS (MN, CU).

The previous study showed that Mn may play a role whose importance exceeds what can be 
expected given its low content: generalized antler breakage, a reduction of 30% of cortical thick-
ness, 27% reduction in impact energy and 10% reduction in work to peak force. However, the 
important thing for deer breeders is to know the effects of supplementation of Mn even under a 
standard diet, rather than knowing what may happen to their deer if there is a deficiency of Mn 
(probably not so common). Thus, we decided to assess the effects of Mn supplementation in 
males, both in adults and yearling (yearlings), fed a balanced diet (Cappelli et al., 2015). A total 
of 29 deer of different age classes (Cervus elaphus) allocated at the experimental farm UCLM 
(Albacete) were used. Because deer may intake different amounts of Mn if it is mixed with the 
food, we preferred to make sure the amount of Mn was the same for all animals by injecting it. 
Minerals are more easily absorbed and mobilized if they are given in organic format so that we 
used injections of Mn gluconate. Thus, animals were divided in two groups: control animals and 
animals supplemented with injected Mn. In each group, antlers were assessed in four points along 
the main beam examining content of ash and a batch of minerals, in addition to the mechanical 
properties of the antler bone material, and the structure of the cross section of the antlers. Surpris-
ingly, the results depended strongly on age: in yearlings there were weak effects (in fact, only a 
higher content of Fe and Mn in antlers, but no other effect in structure, composition or mechan-
ical properties). In contrast, the supplementation of Mn changed the content of most minerals, 
and also some mechanical properties. The effect of supplementation was almost the opposite of 
the deficiency caused by frosts: supplementation increased content per antler of Ca, Na, P, B, 
Co, Cu, K, Mn, Ni, Se and reduced the content of Si (which, in the previous study we thought it 
was a change in composition of Si in plants caused by cold stress). Supplementation in Mn also 
improved the resist impacts (increased impact energy) and, partly, the resistance of antlers to frac-
ture in slow bending tests (increased work to fracture). Therefore, supplementation with Mn al-
tered the mineral composition of the antlers (with greater effect in adults), improving the structure 
and some mechanical properties even though the animals were fed under a balanced diet. This 
may be important for companies producing feeds for deer, and also for deer breeders themselves.
Once we assessed the effects of Mn supplementation, we designed a series of experiments to 
assess injection of other minerals that are particularly important for deer (and, in general, both for 
ruminants and for bone biology). As there is some evidence that one of such minerals could also 
be Cu, we studied the effects of Cu supplementation on mechanical and structural characteristics 
and on mineral content in yearling and adult (4 years of age) red deer antler bone tissues under a 
balanced diet (Gambin et al., in preparation). A total of 35 deer of different ages (yearlings = 21 
and adults = 14) was used. Half of the stags were injected with Cu (0.83 mg Cu/kg BW) every 
42 days whereas the other half was injected a physiological saline solution (control group). The 
Cu content of serum was measured 91 days after beginning of experiment to assess if supple-
mentation mobilized Cu in blood. Also, mechanical and structural properties of antlers, and their 
mineral content were examined. As in the previous study, cortical bone samples were taken at 4 
points along the antler beam: burr or position 1, 1st third of the shaft or position 2, 2nd third of 
the shaft or position 3 and base of crown or position 4 from each antler. Again, the effect of Cu 
supplementation was different in yearlings and adults. In yearlings, supplementation increased 
25% the Cu content of serum (0.71 vs. 0.94 ppm; P = 0.02) and tended to decrease Young´s 
modulus of elasticity (E) compared to the control group (P = 0.08). The influence of Cu supple-
mentation on K (P = 0.04), B (P = 0.04) and Fe (P = 0.007) content varied with antler position. 
In adults, Cu supplementation increased a 36% the Cu content of serum (P = 0.002) and tended 
to increase a 15% the cortical thickness (P = 0.08). Thus, in contrast to Mn supplementation, 
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where injection of this mineral affected contents of most minerals and some mechanical properties, 
but it had no effect on structure (cortical thickness), under a balanced diet, supplementation with 
Cu injections could normally increase the cortical thickness in adult deer but not in yearlings. This 
may have a double effect in antlers: to increase trophy value, because in antlers of equal length, 
increasing cortical thickness increases the weight; and also it may increase the resistance to fracture 
because tubes (the antler is a tube made of bone, filled with foam made of bone), are more resistant 
to bending and fracture the ticker the cortical wall.
Summary. Examining the composition, mechanical properties and structure of antlers may be a way 
to assess mineral deficiencies and their implications for antler structure/mechanics in deer. That 
is because the diet is reflected in the composition of deer antlers. Studies of events of generalized 
antler fracture pointed the importance of key minerals such as manganese, and others. These studies 
can be completed by assessing the effects of supplementation of Mn, Cu and other minerals, on 
the composition, structure and mechanical properties of antlers. Effects seem to be very different 
for each mineral: whereas supplementation with Mn of deer under a balanced diet affected most 
minerals in antlers, and some mechanical properties, but not the structure, supplementation with Cu 
increased mainly the cortical thickness. Effects may depend upon the level of supplementation, as 
we were more careful not to add high quantities of Cu than in Mn supplementation (as it is rather 
easy to achieve toxic amounts of Cu, compared to Mn). 
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