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Deer antlers are bony fighting structures which are unique in that they

are both easily accessible for analysis and that they are grown every

year; thus, they make up good models for the study of bones. Previous

studies have shown that antler bone composition is related to the ex-

ternal quality (antler size and weight) and the mechanical quality of the

antlers, and that it reflects mineral nutrition and early growth. Because

one of the main nutritional factors influencing early growth is maternal

milk production and composition, and because lactation plays an im-

portant role in post-weaning growth, we set out to examine whether

milk yield and composition are correlated with the mineral composition

of spike antlers of 22 yearling Iberian red deer Cervus elaphus hispani-

cus. Total milk protein yield was positively associated with ash, Ca and

P content in antler, inversely with K content, but no relationship was

found for Na, Mg, Fe or Zn. This association was evidently exerted

through an increase in calf growth during lactation, because in the

model, the inclusion of calf weight gain up to week 18 (approximately

the age at weaning) rendered milk production and composition non-

significant. However, this correlation was not observed for the minor

minerals Na, Mg, Fe and Zn. Gains during lactation, but not between

lactation and antler growth, influenced the composition of major min-

erals. Manipulating milk quality could not only affect general calf growth,

but also antler quality and very likely the quality of other bones, as well

as mechanical performance, which is linked to ash or Ca content.
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Regional (IDR), Universidad de Castilla-La Mancha (UCLM), E-02071
Albacete, Spain, and Instituto de Investigación en Recursos Cinegéticos,
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Research reviews in animal science havehighlighted
how neglected the study of bone biology has been
despite its importance foranimalgrowthandanimal
science (Loveridge 1999). This is also true for game
biology and ecology, where the study of antlers
might be an invaluable source of information. Ant-
lers constitute a unique model for basic research in
bone biology and animal science, because they are
the only animal bone that is accessible without the
intrusiveness of surgical procedures and the poten-
tially adverse effects of such procedures, because
antlers grow and are cast every year. They are costly
sexual secondary characters (Harvey & Bradbury
1991) which, for their growth, require a partial de-
mineralisation of the skeleton because the diet
cannot supply the enormous amount of minerals
required for their rapid growth (Meister 1956,Muir
et al. 1987), which can reach 2-4 cm per day (Goss
1983). For this reason, it has been suggested that
antler size might not only be an index of male
quality, butalsoofhabitatorofdietquality. Indeed,
antlersize is inversely relatedtoconditions thatexert
stress on the physiology of the animal. One of the
most important factors is likely to be nutrition.
Nutrition measured directly (in white-tailed deer
Odocoileus virginianus; Ullrey 1983) or indirectly
throughweather effectsonplantproductivity (in red
deerCervus elaphus; Schmidt et al. 2001; in reindeer
Rangifer tarandus; Weladji et al. 2005) affects vari-
ous parameters, from spike length to relative antler
length and number of tines in adult deer. A prom-
ising area of interest regarding the effects of nu-
trition on antlers concerns antler composition and
itsassociatedmechanicalproperties (Landete-Castil-
lejos 2007a). In fact, chemical composition trends
along themain growth axis of antlers reflectmineral
constraints in the habitat (Landete-Castillejos et al.
2007b), anddifferences inmean antlermineral com-
position between deer populations also reflect the
ratio of the same minerals in diets available to both

populations (J.A. Estevez, T. Landete-Castillejos,
A. Martı́nez, A.J. Garcia, F. Ceacero, E. Gaspar-
Lopez, A. Calatayud & L. Gallego, unpubl. data).
As a source of nutrition, milk might be particularly
important for calf growth and subsequent effects on
antlers because, evenwhen the calf is ingesting solid
food in addition tomilk, solid food seems to be used
for body maintenance whereas milk energy and
protein seem to be used mainly for growth (White
1992). As far as lactation as a source of nutritional
effects on antlers is concerned, recent research has
found that milk protein content can explain up to a
third of the variability in spike length and weight of
Iberian red deer Cervus elaphus hispanicus (Gómez
et al. 2006). Furthermore, the variability in compo-
sitionof onlyfiveminerals canpredict 75%of antler
weight or length (Landete-Castillejos et al. 2007c).
As lactation isoneofthebestknownmaternaleffects
which in general are known to later affect adult
characteristics (Bernardo 1996), it is also very likely
that it might influence adult body size. Thus, lac-
tation affects growth of Iberian red deer calves at
least up to two years of age (Gómez et al. 2006).
In fact, the relationship between skeleton size and
antlerweight is one of the longest-knownallometric
relationships in animals (Huxley 1931). Overall, it is
therefore not surprising that lactation effects on
early antlers and growth trajectory of the calf might
influence antler characteristics in adult deer, includ-
ing composition. Also, because lactation is greatly
influenced by the level of nutrition of the environ-
ment, and food restriction has a greater impact on
calves than on their mothers (Landete-Castillejos
et al. 2003), ecological conditions affecting habitat
qualitymight exert a considerable influence through
lactation. Because antler mineral profile and me-
chanicalpropertiesareassociated inmoreways than
just the effects of Ca and P, such effects might
influence both antler and bone quality, thus prob-
ably also affecting the risk of fractures and deaths.
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The aim of our study was to assess whether
major lactation variables (i.e. milk production and
composition in terms of protein, fat and lactose)
influence antler composition of first (spike) antlers.
To assess the relative importance of growth caused
by lactation (the fastest growth in the life of a
mammal) and growth after weaning (slower than
during lactation, but closer to the period of antler
growth), gains during and after lactation were also
included in the same model in a subsequent step.

Material and methods

Animals

Weused22yearling Iberian reddeermales and their
mothers for our study. The animals were kept at
the University experimental farm (Albacete, Spain,
38x57'10''N, 1x47'00''W, 690 m a.s.l.) in a 10,000 m2

open door enclosure on an irrigated pasture includ-
ing tall fescueFestuca arundinacea (50%), cocksfoot
Dactylis glomerata (30%), alfalfa Medicago sativa
(15%) and white clover Trifolium repens (5%). As
suggested by Brelurut et al. (1990), the feed of the
mothers was supplemented with concentrate feed
(16% of crude protein) composed of leguminous
plantsandcerealsprovidedadlibitumallyearround.
In the same way, water was available all year round
and cereal straw was provided ad libitum in winter.

Experimental design and assays

To assess the relation betweenmilk production and
composition and antler mineral composition, hinds
were milked in weeks two, three, four and six, and
then every four weeks up to week 18 after the birth
of their calves. Milking frequency was reduced to
the minimum considered essential to prevent stress
and potential damaging effects of the anaesthesia,
whichwascarriedoutusinga low-dose combination
of xylazine (0.5 mg/kg body mass) and ketamine
(1 mg/kg) intravenously injected. Before each milk-
ing, hinds were isolated from their calves for six
hours (set up at 10:00 to 16:00). Before this isolation
period, milking to standardise udder reserves was
not performed for ethical reasons fully explained
in Landete-Castillejos et al. (2000a). Milking was
carried out with a milking machine set to a 50/50
massage/milking ratio and 44 kPaof vacuum.After
one to two minutes of machine milking depending
onudder capacity, the hindsweremilked byhand to
collect the remaining milk. Daily milk production
was estimated to be four times the volume collected

at each milking. Two 30-ml samples of milk (rep-
licates) were collected for chemical analysis to as-
sess protein, fat and lactose percentages. These
samples were analysed separately (not pooled) in an
automatic milk analyser as described in Landete-
Castillejos et al. (2000b). Total milk yield was com-
puted by multiplying the midpoint between the
amount collected in consecutive trials by the period
between them and then adding results for all trials.
Total protein yield (TPY), total fat yield (TFY) and
total lactose yield (TLY) were computed by multi-
plying the production between trials by the average
composition of each nutrient.

Samples were obtained after antler casting. Ant-
lerswerefiledwithametal filemadeofFe,C,Si,Mn,
Cr, Mo, V and W, with a hardness of 63-65 HRC,
andwearing away less than 0.1 mg in thewhole test,
to obtain 0.2 grams of cortical bone per sample
(one from the base and one from the tip of the tine).
Mineral analysis was performed by drying antler
samples at 102xC for three hours, and then at 130xC
for24hours.After thisperiod, theywere incinerated
at 520xC for 12 hours. Ash was then dissolved with
10 ml of 3N HCl and then heated until the dilution
emitted white smoke. After cooling, samples were
filtered with paper ALBET REF.1300 in a 50 ml
volumetric flask and the process was repeated in the
capsule that contained the ash to dissolve any re-
mains. The volume was completed with Ultrapure
water so that a 1/1000 dilution resulted for Ca
analysis, 1/200 for Na, Mg and K, and 1/10 for
Fe and Zn to adjust concentrations to calibration
lines.

Ash samples were analysed using an atomic ab-
sorption spectrophotometer (Perkin-Elmer 2280).
The concentrations of Ca, Mg, Fe and Zn were
analysed with atomic absorption spectrophoto-
metry, while K and Na were analysed using atomic
emission (using the same equipment without the
hollow cathode lampused above). In the case ofCa,
0.2% lanthanum trichloride was used to prevent in-
terference from other elements. The spectrum lines
for Ca, Mg, Na, K, Zn and Fe were 422.7, 285.2,
589.0, 766.5, 213.9 and 248.3, respectively. Ab-
sorbance was measured at 2-second intervals. Each
datumwas themeanoffivemeasures recordedat the
interval mentioned above, after having checked
that their coefficient of variation was <2%. For P
determination, UV visible spectrophotometry was
used according to the colorimetric method, ana-
lysing it as phosphomolybdic acid according to
Osborne&Voogt (1978).The equipment usedwas a
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Shimadzu UV 1230 spectrophotometer at 650 nm
wave length.
To assess the precision of the method used to

determine mineral concentration, we analysed five
samples of skimmilk powder supplied by the Com-
munity Bureau of Reference (BCR-63).
Calveswereweighedweeklyusinga10-gprecision

electronic balanceduring lactation.This study com-
plies with current Spanish andEuropean legislation
on welfare and other guidelines on ethical use of
animals for experiment (ASAB 2005).

Statistical analysis

Pearsoncorrelations (bivariate) tested relationships
between variables related to lactation stage and the
differentmineralsof thefirstantlerusing themeanof
the two measures (one datum per individual).
General Linear Models (GLM; Statgraphics,

Manugistics, Rockville MD) examined the associ-
ation between calf birth weight, total milk pro-
duction and that of its components (protein, lactose
and fat), male weight gain up to week 18 (approxi-
mately the weaning age in standard conditions) and
maleweight gain afterweek 18 andup toone year of
age, with mineral composition of spike antlers (cal-
culatedas themeanbetweencontentatantler tipand
base for each individual). To examine these associ-
ations in more detail, models were analysed sep-
arately foreachmineral.Theseanalyseswerecarried
out in twosteps: thefirstone testedvariablesdirectly
related tomilkproduction (i.e.milk,protein, fatand
lactose production andmilk protein, fat and lactose
percentage). In the second step, calf weight gain

during lactation and calf weight gain after week 18
and up to one year of age (a period closer to the
growth of the antlers) was also included. The quad-
ratic term of milk composition factors and of calf
weight gain was also tested to assess non-linear
effects (i.e. that for instance total protein yield cor-
relatedwithCacontentbelowacertainoptimumCa
percentage in antler). To prevent multicollinearity
problems between related variables (protein pro-
duction vs milk production), variance inflation fac-
torswereexaminedtodiscardvariableswithvariance
inflation factor>10 (Neter et al. 1996). The models
were calculated by backward stepwise selection un-
til a model including only significant factors was
achieved.

Table 1. Mean values of variables related to milk production
and composition and calf growth of 22 male calves of Iberian
red deer born in the years of 2000 (N=13) and 2001 (N=9).
The acronyms stand for: CBW=calf birth weight, CWG18=
calf weight gain at week 18, CGL=calf weight gain after
lactation and up to one year of age, TMY=total milk yield,
TPY=total protein yield, TFY=total fat yield, TLY=total
lactose yield, P=percentage of milk protein, F=percentage of
milk fat, and L=percentage of milk lactose.

Variable Mean SEM

CBW (in kg) 8.5 0.3

CWG18 (in kg) 32.6 1.4

CGL (in kg) 37.9 1.2

TMY (in kg) 196.5 16.4

TPY (in kg) 12.5 1.1

TFY (in kg) 18.1 1.8

TLY (in kg) 11.2 0.9

P (in %) 6.4 0.1

F (in %) 9.3 0.2

L (in %) 5.6 0.0

Table 2. Correlation coefficients between production of milk nutrients (TMY, TPY, TFY and TLY), calf weight variables and
antler mineral composition variables of 22 male calves of Iberian red deer born in the years of 2000 (N=13) and 2001 (N=9).
Significant correlations at P<0.1, 0.05, 0.01 and 0.001 are indicated by #, *, ** and ***, respectively. See Table 1 for description of
acronyms.

Ash Ca P Na Mg K Fe Zn

TMY 0.49* 0.39# 0.45* - - -0.45* - -

TPY 0.50* 0.41# 0.47* - - -0.45* - -

TFY 0.52* 0.41# 0.44* - - -0.50* - -

TLY 0.48* 0.37# 0.44* - - -0.44* - -
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

CBW - - - - - - - -

CWG18 0.58** 0.56** 0.67*** - - -0.67*** - -

CGL - - - - - - - -
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Ca 0.96***

P 0.85*** 0.85***

Na -0.61** -0.58** -0.42*

Mg 0.71*** 0.67** 0.47* -0.51*

K -0.64** -0.61** -0.67** - -

Fe - - - - - -

Zn - - - - - - 0.41#
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Results

The composition of themature hardenedfirst antler
in the Iberian red deer is on average (dry weight
values, mean¡SE) 53.2¡0.9% ash with a Ca/P
weight ratio of 2.2¡0.2, 165.7¡2.9 mg/gCa, 76.7¡
1.5 mg/g P, 7.7¡0.1 mg/g Na, 4.7¡0.1 mg/g Mg,
619.9¡59.9 mg/g K, 93.6¡13.0 mg/g Fe and 86.8¡
2.7 mg/g Zn. This means that about 95% of the ash
of this first antler is composed of Ca and P (65 and
30%, respectively). Na represents 3%, Mg 2% and
K, Fe and Zn together 0.27%.
The mean values of the variables associated with

milk production and composition and calf growth
included in this study are presented in Table 1.
These variables related to the lactation period

correlated positively with the minerals present in a
greater proportion in this first antler (ash,Ca andP)
and negatively with the K content (Table 2).
In this sense, lactation was strongly associated

with theconcentrationofash,Ca,PandKinthefirst
matureantler, butnotwith thatofNa,Mg,FeorZn.
Results of the GLM showed that total protein yield
was the only variable significantly affecting models
for ash, Ca, P and K (Table 3) when calf gains were
not included. The relationship of total protein yield
was positive with ash, Ca and P, but inverse in the
case ofK content. Total protein yield rendered non-
significant similar milk lactation variables such as
totalmilkyield, total fat yieldand total lactoseyield.
The association ofmilk production and that of its

nutrients with the antler mineral content appeared
to be exerted through weight gained during the

first 18 weeks of life as this measurement absorbed
the variance explained by lactation variables and
rendered them no longer significant. Thus, calf
weight gain up to week 18 was the only significant
variable explaining the mean percentage of ash,
Ca, P andK in this first antler, and amounted to 34,
31, 45 and 44% of the variance explained by the
model for thesevariables, respectively.Surprisingly,
growth during lactationwas the only growth period
affecting antler composition, even when calf gains
after lactationanduptooneyearofagewas included
in the model.

No effects of lactation or calf growth up to wean-
ing or after weaning and up to one year of age were
found forNa,Mg,Fe orZn. Similarly, no threshold
effect was found for anymodel as quadratic compo-
nentsof lactationvariables or calf growthwere inno
case significant.

Discussion

Our results suggest that milk production and com-
position are associated with the mineral content of
the first antler. Both the correlations and the GLM
reveal that a greater milk supply, particularly pro-
tein,wasassociatedwithantlerash,Ca,PandK,and
this suggests that milk protein yield correlates with
skeletal size and growth, which in turn correlates
with antler mineral composition.

The influence of lactation on antler composition
seems to be exerted via calf weight gain during lac-
tation. This is suggested by the fact that the varia-
bility explained by lactation variables was absorbed

Table 3. General Linear Models showing lactation variable effects on antler composition in one year old deer (N=22). Lactation
variables included calf birth weight, total milk production and that of its components (protein, lactose and fat) and male weight
gain up to week 18 affecting the composition of the different minerals of the first antler in Iberian red deer. The results show only
the significant variables in the final model resulting from analysing data in two ways: A) including milk variables and calf birth
weight but not calf gains, and B) introducing these variables, calf gains during lactation and also calf gains from weaning (at the
age of 18 weeks) up to one year of life. Significant differences at P<0.05, 0.01 and 0.001 are indicated by *, ** and ***,
respectively. Na, Mg, Fe and Zn were not affected by milk production or by its nutrients. See Table 1 for description of acronyms.
The superscript at F1,20 and R2 shows the actual probability.

A) Models including milk variables and calf birth weight but not calf gains
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Dependent variable Intercept TPY F1,20 R2

Ash (%) 48.1¡2.1 0.41¡0.16 6.52* 24.6*

Ca (%) 15.20¡0.73 0.109¡0.054 4.020.059 16.80.059

P (%) 6.85¡0.38 0.065¡0.028 5.51* 21.6*

K (mg/kg) 880¡120 -20.5¡9.1 5.03* 20.1*

B) Model including previous variables CWG18 and CGL in the analysis
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Dependent variable Intercept CWG 18 F1,20 R2

Ash (%) 41.2¡3.8 0.40¡0.10 10.36** 34.1**

Ca (%) 12.80¡1.27 0.115¡0.038 9.10** 31.3**

P (%) 5.28¡0.60 0.073¡0.018 16.64*** 45.4***

K (mg/kg) 1390¡200 -23.6¡5.9 15.83*** 44.2***
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by calf weight gains during lactation once this is
included inthemodel,andalso thatbothaffected the
same minerals (ash, Ca, P and K) and no others.
Such a positive effect of better milk provisioning on
antler ash, Ca and P might be important because
these are the major minerals of antlers, andmineral
content is responsible for mechanical properties of
any bone (Currey 1979, 1984, 2004). An interesting
finding is that, with respect to antlers, lactation was
the only important growth period for calf weight
gains even after we included post-lactation growth
up to one year of age (which is of course closer to the
actual start of antler growth). This suggests that
growth after lactation is not as relevant to antler
composition and might imply that lactation sets a
body growth trajectory that is little modified after
weaning. Our study with its subsequent ad libitum
foodconditionsshouldhaveprovidedthemaximum
opportunity for later growth to be compensatory,
so the absence of such compensation in our data
suggests that lactation effects in harsher conditions
(as might be expected in the wild), might exert an
even greater influence in antler composition and
mechanical quality than in our captive setting.
This connection of lactation with antler growth

despite a delay of six months is not unique. It has
beenshownthat theconditionsunderwhich individ-
uals are bornmay have important long-term conse-
quences for the life history of the cohort (Albon
et al. 1992, Forchhammer et al. 2001, Gaillard et al.
2003). Results in the Iberian red deer show that the
effects of lactation are very important because they
result inweight differences at least up to twoyears of
age (Landete-Castillejos et al. 2001, Gómez et al.
2006).
Lactationandother sourcesofnutritionhavealso

been shown to influence antler size andweight.Milk
composition affects morphologic characteristics of
the first antler such as its length or width (Gómez
et al. 2006).Because anearlier study showed that the
chemical composition is related to the quality of the
antlers based on external characteristics (Landete-
Castillejos et al. 2007c), it is thus not surprising
thatmilkcan influenceantlerchemical composition.
In red deer, antler length is usually used as quality
index of individuals, because yearling antler length
isa largelynutrition-mediatedphenotypic character
(Schmidt et al. 2001). The results of Schmidt et al.
(2001) showed thatantler length increaseswithbirth
weight and decreases with increasing birth date de-
lay, reflecting the persistent influence of conditions
in early life.

These effects should be seen as an important
particular case of reported negative effects of re-
duced food availability on antler growth or length
(Scribner et al. 1989, Schmidt et al. 2001), as well as
horn growth (Festa-Bianchet et al. 2004), and they
could all have subsequent cumulative effects in the
male (Asleson et al. 1997).

How could milk nutrition influence the chemical
composition of antlers? The answer is suggested
when calf weight gain during lactation absorbed the
variabilityexplainedbymilkprovisioningvariables.
Yearly growth and replacement of antlers create a
huge nutritional demandonmale deer (French et al.
1956,Ullrey 1983,Asleson et al. 1997) that ismet by
bone resorption from several parts of the skeleton
(Meister 1956, Arnold 1960, Brown 1990, Baxter
etal. 1999).Thus, agreatermilkproduction (particu-
larly that of protein) would result in larger body size
and higher growth trajectory (Landete-Castillejos
et al. 2001, Gómez et al. 2006), and this would mean
larger skeletons fromwhich greater amounts of min-
erals could be mobilised to increase size and mineral
content of antlers. What is very interesting is that
such greater milk production is connected with bone
chemical composition and not only with antler size.
However, other sources of nutrition appear to affect
antler composition and possibly that of other bones.
Thus, differences in antler Na, Mg and K content
betweendeerwithdifferentplanesofnutritionseemto
be caused by a constraint in the availability of these
minerals innaturalhabitats (Landete-Castillejosetal.
2007b).

Other evidence suggesting the importance of nu-
trition to antler composition is that the cessation
of supplemental feeding affects bone Ca and P in
mature red deer, and total mineralisation declines
even in areas where availability of natural nutrients
is so good that no change in antler morphology,
growth rate or body weight is observed (Groot-
Bruinderink et al. 2000).

Why was no association found for Na, Mg, Fe
or Zn? Our data do not allow us to draw definite
conclusions, but all of these elements are found in
small amounts in the antler (<3%). Some of them,
suchasFe, are notmainly stored in the skeleton, but
in the liver and other organs (McDowell 2003),
which are more variable as a reserve than the
skeleton. Thus, daily intake, even at low amounts in
the diet, is more likely to affect small circulating
levels of minerals than large amounts of Ca and P
needed to grow antlers. However, the sample size in
our study may have failed to detect lactation effects
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on minor minerals that might be discerned with
larger sample sizes.
A particularly striking effect is the negative as-

sociation of milk composition and calf gains with
K content in antlers. Potassium is the third most
important element in the body (McDowell 2003),
after Ca and P, and it is thus not surprising that
lactation could be associatedwith the body stores of
K in the calf. However, evidence of its important
influence in other studies does not point to its
abundance in the body, but rather its role in Ca
metabolism(Raffertyetal. 2005). It is suggested that
KintakeisraisedbecauseitreducesCaurinarylosses
as calcium is mobilised out of the skeleton to grow
antlers (Landete-Castillejos et al. 2007b). Thus, it is
not surprising that it showed an inverse relationship
with milk provisioning. Individuals with lower milk
intake would grow lighter skeletons, and hence
would have a lower Ca store for growing antlers.
Theywouldthusneedtobemoreefficient inusingthe
smaller amount of Ca available, and it would not be
surprising that they increase K intake to reduce
urinary losses of Ca at the lowest level possible.
Inconclusion, lactationseemstobe importantnot

only for calf growth, but also to growantlers of high
quality in termsof chemical composition.This effect
is likely exerted by setting up a growth trajectory
during lactation that is more important than post-
weaninggrowtheveninadlibitumconditionssuchas
those in our setting.
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