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ARTICLE INFO ABSTRACT

Keywords: This study characterizes, for the first time, the content of individual mineral elements in mare milk from Basque
Macrominerals Mountain Horse breed, as well as changes that occur during lactation and among semi-extensive rural farms.
Trace elements Individual milk samples from eighteen mares belonging to three commercial farms were collected along six
Equid milk . N . . . . .

. months of lactation, and the contents of eleven mineral elements in milk were determined using a triple
Basque mountain horse breed . . . . .
Grazing quadrupole inductively coupled plasma mass spectrometer (ICP-MS). Basque Mountain Horse milk contained

calcium (Ca; 958 + 248 pg/g milk), potassium (K; 581 + 117 pg/g milk), phosphorus (P; 454 + 160 pg/g milk),
sodium (Na; 141 + 38 pg/g milk), magnesium (Mg; 64.1 + 15.7 pg/g milk), zinc (Zn; 2.50 + 0.88 pg/g milk) and
copper (Cu; 0.343 + 0.179 pg/g milk) amounts similar to those reported in other horse breeds. Conversely, low
sulphur (S; 156 + 42 pg/g milk) and chlorine (Cl; 49.3 + 33.4 pg/g milk), and high iron (Fe; 2.43 + 2.44 pg/g
milk) contents were found. Mn was only quantifiable in 12% of the samples. The content of all macrominerals,
except Na and Cl, decreased at the end of lactation, while that of trace elements (Zn, Cu and Fe) either increased
or fluctuated. In addition, the content of Ca, P, S and Na differed significantly among semi-extensive rural farms,
probably due to differences in feeding management. From a multivariate perspective, the mineral element

Lactation stage

composition of the milk made it possible to differentiate samples from early, mid and late lactation stage.

1. Introduction

Minerals are inorganic compounds that play a key role in the func-
tioning of human organism. Calcium (Ca), chlorine (Cl), cobalt (Co),
copper (Cu), iodine (I), iron (Fe), magnesium (Mg), manganese (Mn),
molybdenum (Mo), phosphorous (P), potassium (K), selenium (Se), so-
dium (Na), and zinc (Zn) are known to be essential for human physio-
logical functions (Hunt and Nielsen, 2009); besides, sulphur (S) is
detrimental for the synthesis of several metabolic intermediates (Nimni
et al., 2007). Overall, mineral elements conform structural tissues and
take part in numerous metabolic reactions, so deficiencies can lead to
serious health disorders. Their bioavailability depends on many factors,
and even with an adequate consumption of minerals, deficiencies may
appear due to an inefficient absorption (European Food Safety Author-
ity, 2017).

Mammalian milk, particularly cow milk, and dairy products, are the
main food source of bioavailable Ca, a good source of P, and a moderate
source of K, Na, Mg and Cl. Conversely, dairy products are poor in trace
elements such as Fe, Cu, Mn and Zn. Despite the low concentration of Zn
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in milk and dairy products, these are one of the main sources of this trace
element for children (Fantuz et al., 2016; Hunt and Nielsen, 2009).
Significant differences in the concentrations of mineral elements have
been reported among mammalian species (Claeys et al., 2014). More-
over, the bioavailability of mineral elements varies according to their
distribution among milk fractions as well as the presence of other
compounds such as ascorbate, citrate, lactose, or casein-
ophosphopeptides (Bouhallab and Bouglé, 2004; Fantuz et al., 2016;
Zamberlin et al., 2012).

The studies carried out to date on different breeds showed that equid
milk is chemically different to that from other mammalian species, but
more similar to human milk. Compared to ruminant milk, mare milk
showed lower fat, protein, ash and dry matter contents (0.3-4%, 1-3%,
0.3-0.5% and 9-12%, respectively), but it was richer in lactose (6-7%)
(Claeys et al., 2014; Uniacke-Lowe et al., 2010). Despite its lower
macronutrient content, some authors have reported that mare milk is
rich in other nutritionally significant and bioactive compounds which
may be responsible for different functional properties (Doreau and
Martin-Rosset, 2002; Sheng & Fang, 2009), yet knowledge on this topic
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remains scarce. In essence, considering the essential action of mineral
elements in human, these (or some of these) could contribute to mare
milk functionality. However, very limited data is available concerning
mare milk, very especially about the content of some of them such as S,
Fe, Mn and Cl. Previous studies have reported that, in general, the
content of mineral elements in mare milk was not significantly affected
by the dietary intake of these, with exception of Se and I (Fantuz et al.,
2016; Hunt and Nielsen, 2009). On the contrary, lactation stage has
shown to affect the mineral element content of mare milk, but only a few
scientific works have monitored the lactation period (Grace et al., 1999;
Schryver et al., 1986b; Smolders et al., 1990; Summer et al., 2004; Ullrey
etal., 1966, 1974). To the best of our knowledge, only three studies were
performed under grazing conditions (Grace et al., 1999; Ullrey et al.,
1966, 1974). Exploring changes in the chemical composition of milk
along lactation — and potential interactions with animal feeding — could
lead to a better understanding of the factors that affect equine milk
quality while providing tools for optimising the production.

Therefore, the aim of this study was to characterize the composition
of macrominerals and trace elements, and their concentration changes
over six months of lactation in mare milk from Basque Mountain Horse
breed reared in semi-extensive rural farms. In this respect, it should be
noted that these mares had never been milked before. In addition, it was
also investigated whether differences in animal management among
farms had any impact on the mineral element content of mare milk.
Mare milk from this breed has never been analysed from a scientific
perspective before and, considering that different horse breeds have
shown variations in milk mineral element composition (Sheng and Fang,
2009), the characterisation of milk from Basque Mountain Horse is of
great interest.

2. Materials and methods
2.1. Experimental design and milk sampling

Eighteen lactating mares from three different commercial equine
farms (six mares per farm; from now on, farm I, farm II and farm III)
located in the same region of Spain (Araba) were milked. All mares
belonged to Basque Mountain Horse breed, and averaged ( + standard
deviation) 9.53 + 3.76 years old and 5.68 + 3.56 parturitions. Mares
were milked only in the sampling days. Parturitions were not synchro-
nized, and happened within a range of 39 days from late March to early
May 2021; therefore, lactation time of each mare was established ac-
cording to parturition day. Individual milk samples were collected
during the lactation period, which was from May 4th until October 13th,
2021. During the first half of the lactation (until end July), samples were
collected every 7 days, whereas during the second half (from early
August to mid-October), collections happened every 14 days. In total,
304 milk samples were obtained (farm I, n = 75; farm II, n = 125; farm

Table 1
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1L, n = 104).

Table 1 shows the feeding management followed by the three com-
mercial farms during the lactation period. In farm I, mares grazed on
pastures only during May and they were fed with a mixture (15-20 kg
per mare) of alfalfa, silage, hay, fruits and potatoes afterwards. Farms II
and III kept mares on pasture all along the lactation period, and from the
beginning of July, onwards, when grass availability was scarce, farm II
supplemented mares with hay (4-5 kg per mare) and farm III with grass
and alfalfa silage (9-10 kg per mare). All the three farms provided a
mixture (2-3 kg per mare) of cereals and alfalfa or pea in the milking
parlour in order to ease and get the animals accustomed to the milking
process. Farm I performed this accustoming management only at the
sampling days, whereas farms II and III got the mares to the milking
parlour and repeated the process every day during the lactation period.
All farms supplemented mare feeding with salt blocks.

Mares were milked as completely as possible using either automatic
or manual milking. Farm I used a portable milking machine (model
Canarias-1, Ultramilk, Socuéllanos, Spain) fitted with two sheep teat-
cups, whereas farms II and III used manual milking. In the three farms,
milking happened in the presence of foal after suckling deprivation of
2-3 h. After milk sampling at the farm, these were transported in
portable coolers to the laboratory and subsequently subsampled and
frozen at — 80 °C until analysis. In order to avoid degradation of com-
pounds, milk samples were thawed at 25 °C for 60 min in a water bath
for the analysis of different compounds, including mineral elements in
this study.

2.2. Chemicals

Nitric acid (HNOs; 68-70%, v/v) was purchased from Fisher
Chemical (Madrid, Spain) and redistilled in the laboratory for purifica-
tion; hydrogen peroxide (H205; 30-32%, v/v) was Optima™ grade and
purchased from Fisher Chemical; CMS-5 standard solution (in HNO3; 5%
v/v) containing 10 pg/mL each of the mineral elements Ca, Mg, Na, K,
Fe, Cu, Zn and Mn was purchased from Inorganic Ventures (Chris-
tiansburg, USA); standard solutions (1000 pug/mL in water) of S, P and
rhodium (Rh) were purchased from SCP Science (Quebec, Canada); and
ultrapure (99.9999%) oxygen, hydrogen and helium were purchased by
Air Liquide (Madrid, Spain). Millipore Milli-Q grade water (18.2 MQ/
cm) was used for dilutions.

2.3. Sample preparation and mineral element analysis

For digestion of milk samples, 5 mL of 65% (v/v) HNO3 and 1 mL
H30, were added to 0.20 + 0.01 mg of liquid milk, and the mixture was
submitted to a Speedwave-four microwave assisted digester (Berghof
Products + Instruments, Berlin, Germany) at a maximum of 190 °C and
80% power. Digested samples were diluted in Milli-Q water, and

Feeding management used by each commercial farm during the lactation period of mares (from May to October).

Grazing regime Supplements™
Farm  Pasture type Quantity Time Meadow Type Quantity (per mare) Time period
period size
I Vetch, ryegrass, oat Ad May 2-3 ha Alfalfa (20%), silage (20%), hay Daily ration of 15-20 June-October
libitum (20%), fruits (20%), potato (20%) kg of mixture
Alfalfa, oat and corn 2-3 kg of mixture During the
milking process
II Alfalfa, clover, ryegrass, Festuca Ad May- 28 ha Hay Daily ration of 4-5 kg  July-October
spp., orchard grass, dandelion libitum October
Oat (60%), wheat (20%) and pea 2-3 kg of mixture During the
(20%) milking process
111 Alfalfa, clover, ryegrass, Festuca Ad May- 28 ha Grass and alfalfa silage Daily ration of 9-10 July-October
spp., orchard grass, dandelion libitum October kg

Oat (60%), wheat (20%) and pea
(20%)

2-3 kg of mixture During the

milking process

" Percentages and weights of feeding ingredients are approximate.
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analysed in an 8900 triple quadrupole inductively coupled plasma mass
spectrometer (ICP-MS; Agilent, Santa Clara, USA). The ICP-MS system
was equipped with a MicroMist concentric nebulizer and a Fassel-type
torch with an internal diameter of 2.5 mm. Plasma was generated
with argon gas as follows: 1550 W radio frequency power, 1.2 V radio
frequency matching, 15 L/min plasma gas flow, 1.05 L/min nebulizer
gas (argon) flow, 0.9 L/min auxiliary gas (argon) flow. An MS/MS scan
was used for P and S with oxygen as cell gas (flow 30%), and for Ca with
hydrogen as cell gas (flow 4.7 mL/min). For the rest of the elements, a
single Quad scan was performed using helium at a flow-rate of 4.6 mL/
min. Rh was used as internal standard, and for mineral element quan-
tification, Na, Mg, K, Ca, P, S, Mn, Fe, Cu and Zn standard solutions were
analysed by triplicate in a range greater than 0.05 and less than 2400
ng/mL. These concentrations were prepared from commercial standard
solutions using 1% (v/v) HNOs in Milli-Q grade water. Table 2 shows the
analytical parameters evaluated for method validation. Linearity was
assessed by calculating the determination coefficient (R?) of the cali-
bration curves adopting between five and eight calibration levels
depending on each mineral element. Precision was estimated as the
percent relative standard deviation (RSD) for six replicates of standard
solutions at the lowest and highest concentration for each mineral
element (Table 2). In the same way, accuracy was evaluated in terms of
recovery by analysing six replicates of mineral element standard solu-
tions at these concentrations. Limits of quantification (LOQ) were
determined, for each element, by analysing ten replicates of the lowest
concentration of the mineral element standard solution that obtained an
RSD value less than 20%. LOQ values were expressed as ug/g referring to
the wet weight of the milk sample, considering the dilution step
occurred in the sample preparation. Data in Table 2 showed a high
linearity with R%-values higher than or equal to 0.9940 for all the min-
eral elements studied, as well as a good precision with RSD values less
than 8.50% except for S at high concentration. Recovery values (accu-
racy) ranged between 95.39% and 105.13% for all mineral element and
concentration, which was an acceptable value for macromineral and
trace element quantification. Although LOQ values for macromineral
elements were provided in mare milk, these elements were far above
their LOQ values. On the other hand, those limits were of interest for
those trace elements ranging between 0.650 and 0.044 pg/g milk (for Fe
and Mn, respectively).

The amount of Cl in the milk samples was estimated by using the
semi-quantitative mode of ICP-MS. This method is based on predefined
default values, and the approximate concentration of the mineral
element is calculated from the counts per second measured by ICP-MS
(Krzciuk et al., 2016).

2.4. Statistical analysis
Software version 28.0 of IBM-SPSS Statistics (IBM, New York, USA)

was used to perform statistical data treatment. Three significant figures
were used to express the mineral element content of the milk samples.

Table 2
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Mineral element content data were log transformed, and normality,
homoscedasticity and residual randomness were checked. Outliers
(values higher or lower than 3 times the interquartile range) checked by
box-plots were excluded from the data set. In order to make more
comprehensible the study of the changes in the mineral element content
of mare milk samples during lactation, the data was pooled in several
lactation ranges of 14 days with the earliest lactation range corre-
sponding to weeks 3 and 4, and the last range to weeks 25 and 26. Data
(excluding Mn) were analysed using the Linear Mixed Model (LMM)
procedure of analysis of variance including individual animal as subject,
farm as fixed factor and lactation time as repeated measure factor. The
interaction term between farm and lactation time was also included in
the model. The parameters of the LMM were estimated using the
Restricted Maximum Likelihood Method and the compound symmetry
matrix was selected for the repeated measures covariance structure
following the Akaike information criterion. Least square means of
dependent variables for the levels of the fixed factor (farm) were
compared using the Tukey’s test. In addition, a Stepwise Discriminant
Analysis (SDA) was applied to the mineral element composition
(excluding Mn and Cl contents) of the milk samples from the commercial
farms to classify milks according to mare lactation stage. For this pur-
pose, milk samples were labelled as early lactation (from week 3-10),
mid lactation (from week 11 to week 18) or late lactation (from week
19-26). Significance level was declared at P < 0.05.

3. Results

In mare milk samples analysed from all commercial farms over
lactation, Ca, K and P were the major mineral elements with an average (
+ standard deviation) content of 958 + 248, 581 & 117 and 454 + 160
pg/g milk, respectively, and an average Ca:P ratio of 2.26 £ 0.60.
Among other macrominerals, an average of 156 + 42 pg S, 141 + 38 ug
Na, 64.1 £+ 15.7 pg Mg and 49.3 + 33.4 ug Cl per g of milk were found
(Table 3). Except Mn, the trace elements were found above the LOQ in
most milk samples collected during the lactation period. The average
content of trace elements was of 2.50 & 0.88 pg Zn, 2.43 + 2.44 pg Fe
and 0.343 + 0.179 pg Cu per g of milk. Mn was only present above the
LOQ in 35 out of the 304 samples analysed, with an average of 0.118 +
0.230 pg/g milk. Milk samples containing quantifiable amounts of Mn
were from different animals and were randomly distributed along
lactation and among farms; therefore, no further statistical data treat-
ment was performed for Mn.

Table 3 shows the content of all the macrominerals and trace ele-
ments by farm, as well as the effect of the factors lactation time and
farm. Farm effect was significant (P < 0.05) for Ca, P, S and Na contents
in mare milk samples. For these minerals, milk samples from farm I
(mares grazing only during the first month of lactation) contained
higher amounts than those from farm II and III (mares grazing along
lactation and supplemented after July with hay or silage, respectively).
On the other hand, lactation time significantly (P < 0.05) influenced the

Validation parameters of the ICP-MS analytical method used to quantify macrominerals and trace elements in mare milk samples.

RSD (%) Recovery (%)
Mineral element Calibration range (ng/mL) R? LOQ (ng/g milk) LConc HConc LConc HConc
Ca 43.00 - 2147.00 0.9999 26.875 2.12 0.11 95.76 101.86
K 12.36 — 2074.91 0.9999 7.725 2.89 3.86 99.29 98.82
P 1.54 - 2336.11 1.0000 0.963 2.86 7.79 103.66 104.84
S 1.40 - 2074.91 0.9999 0.875 11.20 8.29 103.11 97.42
Na 12.36 — 746.49 0.9940 7.725 3.83 5.70 103.37 104.51
Mg 0.37 - 372.70 0.9998 0.231 5.46 6.05 95.39 98.65
Zn 0.70 — 372.70 0.9999 0.438 7.73 4.85 103.01 99.22
Fe 1.04 - 372.70 0.9998 0.650 3.01 4.00 105.13 100.40
Cu 0.13-175.14 0.9999 0.081 5.88 5.81 98.57 100.93
Mn 0.07 — 57.80 1.0000 0.044 1.53 5.43 97.25 102.37

RSD, relative standard deviation; R2, determination coefficient; LOQ, limit of quantification; LConc; lowest concentration; HConc, highest concentration.
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Table 3
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Average concentration (pg/g milk) and range (minimum-maximum) of macrominerals and trace elements in mare milk samples from the commercial farms over the
lactation period (from May to October), and statistical significance (P-value) of the principal factors (farm and lactation) and their interaction. The total number of milk
samples collected in commercial farms were 75, 125 and 104 for farm I, II and III, respectively.

Farm P-value

Mineralelement I n I n 11 n SEM Farm Lactation Farm * Lactation

Ca 10410 2 75 928° 125 936> 104 18 0.025 < 0.001 0.857
(654-169-10") (504-153-10") (503-146-10"

K 582 75 560 125 604 104 9 0.461 < 0.001 0.104
(448-856) (385-755) (414-103-10%)

P 502% 75 431° 125 447> 104 12 0.013 < 0.001 0.471
(201-837) (193-781) (202-806)

S 165% 75 153° 125 15420 104 3 0.015 < 0.001 0.493
(96.7-287) (86.6-259) (90.1-253)

Na 1792 75 134° 125 123° 104 4 < 0.001 < 0.001 0.005
(111-304) (89.6-180) (69.0-198)

Mg 65.4 75 61.6 125 66.2 104 1.1 0.493 < 0.001 0.013
(38.2-118) (29.2-114) (41.5-103)

Cl 41.2 75 52.3 125 51.5 104 2.4 0.193 < 0.001 0.895
(16.5-143) (18.1-202) (19.6-262)

Zn 2.26 75 2.67 125 2.47 103 0.06 0.061 < 0.001 0.491
(1.15-4.06) (1.18-7.43) (1.21-5.13)

Fe 2.75 73 2.31 118 2.32 100 0.18 0.427 0.006 0.035
(0.709-24.5) (0.707-8.97) (0.651-18.0)

Cu 0.329 70 0.327 121 0.372 98 0.013 0.056 < 0.001 0.080
(0.120-1.06) (0.101-1.03) (0.134-0.956)

Mn 0.0665 5 0.0735 20 0.200 15 0.040
(0.0477-0.0903) (0.0450-0.127) (0.0441-1.39)

Ca:P 2.24 - 2.30 —_ 2.24 —_ 0.04 0.794 < 0.001 0.707
(1.29-3.54) (1.14-4.45) (1.00-3.55)

ab Different letter superscripts indicate significant differences (P < 0.05) among farms.
n, number of milk samples from each farm in which mineral elements were found to be above the limit of quantification (see Table 2); SEM, standard error of the mean.

concentrations of all the minerals and the Ca:P ratio. Figs. 1 and 2 depict
the changes in the mineral element content of milk samples from each
farm. Contents of Ca, K, P, S and Mg showed a downward trend
throughout lactation (Fig. 1). Contents of Mg and K steadily decreased
during lactation. Moreover, the evolution of Mg content differed among
farms (significant interaction, Table 3): in farm I and farm III, average
Mg content continuously decreased except for one time point in farm I
(weeks 17-18), whereas the decrease in farm II was discontinuous
(Fig. 1). The evolution of Ca, P and S contents in milk samples along
lactation followed similar patterns in all farms, with a slight reduction
during the first weeks of lactation, peaking at mid-lactation (Ca: at
weeks 15-16; P and S: at weeks 13-14), and noticeably decreasing af-
terwards. In farm I, the peaking time of Ca and S appears one or two
weeks delayed. On the other hand, Na contents slightly increased
(2.77% on average from weeks 3-4 to weeks 25-26) and Cl contents
fluctuated considerably in all farms during lactation (Fig. 1). However,
Na content changed differently in milk from the different farms with
significant (P < 0.05) interaction between farm and lactation time
(Table 3). In fact, Na content increased during the second half of
lactation in farms I and III, remaining more constant in farm IIL

The content of the trace elements either increased (Cu and Zn) or
fluctuated (Fe) along the lactation period (Fig. 2). Both Cu and Zn
contents remained more or less constant until they increased from weeks
9-12 until weeks 15-20, with a later decreasing trend. The content of Fe
did not show a clear pattern during lactation apart from final contents
being overall lower than initial ones. An interaction between farm and
lactation stage was seen in Fe concentration as well (Table 3), since the
evolution along lactation appears one or two weeks delayed in farm III
compared to farms I and II. On average, Ca:P ratio decreased from 2.22
to 1.68 during the first half of lactation, and then increased for the
second half, achieving values as high as 2.78 (Fig. 2).

4. Discussion

According to the results obtained (Table 3), the major mineral
element in Basque Mountain Horse breed milk was Ca, followed by K

and P in approximately half the amount of Ca (as confirmed by the Ca:P
ratio). Average macromineral content found in this study falls within the
range reported in literature for other equine breeds: 261-1380 ug Ca,
341-701 pg K, 152-884 pg P, 107-220 pg Na, and 29-104 pg Mg per g
or mL raw milk (Alipour et al., 2023; Anderson, 1991; Bilandzic¢ et al.,
2014; Csapo-Kiss et al., 1995; Grace et al., 1999; Schryver et al., 1986a,
b; Smolders et al., 1990; Summer et al., 2004; Ullrey et al., 1966) for
mare milk samples collected at 14 or more days of lactation. The content
of S was on average lower in Basque Mountain Horse breed milk than in
pasture-fed Thoroughbred breed milk reported by Grace et al. (1999),
who found 196-230 pg S/mL milk. This could be a consequence of lower
protein content found in Basque Mountain Horse breed milk samples in
the present study (1.84 vs. 2.10 g protein/100 g milk, on average). In
fact, proteins, particularly the sulphur containing amino acids methio-
nine and cysteine, are the main source of dietary S (Nimni et al., 2007).
In addition, Cl content in the milk samples of the present study was 3-4
times lower than that reported by Summer et al. (2004) in Haflinger
breed milk (150-198 pg Cl/g milk). Changes in the chlorine content in
bovine and human milks are known to be mainly due to pathological
processes or microbial contamination, as well as to lactation stage, but
not to dietary factors (Chen et al., 2018; European Food Safety Au-
thority, 2019; Gaucheron, 2005). However, being involved - together
with lactose, Na and K - in the balancing of the osmotic pressure of milk,
Cl content has been also correlated with the content of lactose and/or Na
in bovine milk (Bijl et al., 2013).

Regarding trace elements, Zn and Cu contents (Table 3) were in
accordance to those found in the literature (1.1-4.1 pg Zn and
0.07-0.64 pg Cu per g or mL milk), whereas Fe contents in milk samples
from Basque Mountain Horse breed were higher than those reported in
other equine breeds (0.18-1.30 pg/g or mL) (Alipour et al., 2023;
Anderson, 1992; Bilandzi¢ et al., 2014; Csapo-Kiss et al., 1995; Grace
etal., 1999; Schryver et al., 1986a, b; Ullrey et al., 1974). Reports on Mn
concentration vary from less than 0.01 pg/g milk up to 0.05 pg/g milk
(Alipour et al., 2023; Anderson, 1992; Bilandzi¢ et al., 2014; Csap6-Kiss
et al., 1995). In the present work, Mn contents lower than 0.0438 pg/g
milk were below the LOQ established in the ICP-MS methodology
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Fig. 2. Changes in trace element content and Ca:P ratio of mare milk samples from semi-extensive rural farms during lactation. -

farm III.

(Table 2). In consequence, comparison with literature data was difficult.
Anyway, both human and animal milks have been considered a poor
source of Mn (Fantuz et al., 2016).

Results (Table 3, Figs. 1 and 2) confirmed the significant (P < 0.05)
effect of lactation time on the content of mare milk mineral elements
previously reported by other authors (Grace et al., 1999; Summer et al.,
2004). According to literature, Ca, P, Mg, Na, K, Cu, Fe and Zn contents
decrease from week 3 to mid- (Schryver et al., 1986b; Smolders et al.,
1990; Ullrey et al., 1966, 1974) or late-lactation (Martuzzi et al., 2004;
Summer et al., 2004). Conversely, Grace et al. (1999) did not find sig-
nificant differences in S, Cu and Fe contents after the 3rd week of
lactation. Higher mineral element contents within the initial stages of
lactation are inversely related to lactose content (which increases
throughout lactation; Fantuz et al., 2016; Uniacke-Lowe et al., 2010).
This negative correlation between mineral elements and lactose con-
tents has also been observed in milk from other mammalian species, and
has been described as responsible for osmotic regulation. In this sense,
mainly Na®, K and CI ions, and Ca and P associated to caseins, control
milk volume in early lactation, and this role is taken up by lactose af-
terwards (Kobeni et al., 2020; Shennan & Peaker, 2000).

Overall, the evolution of mineral elements over the lactation period
slightly differed among mare milk studies. The most variable macro-
minerals seemed to be Na and K since the content of both fluctuate along
lactation (as the Na content in the present study; Fig. 1), but differently
among studies (Grace et al., 1999; Schryver et al., 1986b; Summer et al.,
2004). In the case of K content, present results resemble those reported
by Ullrey et al. (1966), with a more consistent decrease and less fluc-
tuation during lactation (Fig. 1). Similar to the present study, Summer
et al. (2004) found that Cl content fluctuated without specific pattern. In
the present research, mineral element changes along lactation were, in
general, similar to those obtained by Grace et al. (1999) in pasture-fed
mare milk, with higher content fluctuations, more prominent de-
creases after mid-lactation (particularly in Ca and P), and low content of
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Na and Zn found around weeks 7-9, also reported by Ullrey et al. (1974)
for Zn. Interestingly, the peaking of some mineral elements in Basque
Mountain Horse breed milk at mid-lactation has not been previously
described in other mare milk studies.

From a multivariate perspective, the results of the SDA applied to the
mineral element composition of mare milk samples collected in com-
mercial farms made it possible to classify more than 86% of the samples
into their lactation stage (early-, mid- and late-lactation). The milk
sample distribution of Fig. 3 displayed the two canonical discriminant
functions obtained. As depicted, the three lactation stages were
considerably discriminated along the function 1 axis, whereas function 2
mainly contributed to discriminate between mid-lactation from the
other two lactation stages (early- and late-). This multivariate approach
confirmed the previously mentioned results about the individual min-
eral element content changes throughout lactation period. Despite of
inter-farm variability, principally related to feeding differences among
semi-extensive rural farms, the SDA was able to differentiate mare milk
samples from early-, mid- and late-lactation.

The Ca:P ratio can affect both Ca and P bioaccessibility and
bioavailability in humans. This ratio ranges between 1.9 and 2.4 in
human milk, and is generally lower in cow, goat and ewe milk (Bass &
Chan, 2006; Bonjour, 2011), yet there is high variability among studies.
The Ca:P ratio obtained in the present study was, overall, higher than
that previously reported in mare milk in other equine breeds (Alipour
et al., 2023; Schryver et al., 1986b; Smolders et al., 1990; Summer et al.,
2004) probably due to slightly higher Ca and slightly lower P concen-
trations. Other authors also found average Ca contents 1.4-1.9 times
higher than P contents in mare milk (Anderson, 1991; Martuzzi et al.,
2004; Schryver et al., 1986a). In accordance to the present study (Fig. 2),
literature showed a decrease in the Ca:P ratio from early- to
mid-lactation in mare milk (Schryver et al., 1986b; Smolders et al.,
1990; Summer et al., 2004) and a posterior increase after the 16th week
(Summer et al., 2004).
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Fig. 3. Distribution of mare milk samples collected during early- (o), mid- (A),
and late- ([J) lactation stages according to Stepwise Discriminant Analysis
performed using the mineral element composition (Hl, group centroid). Ca-
nonical functions 1 and 2 explained 85.7% and 14.3% of the total variance,
respectively.

Other factors (apart from lactation) affecting mare milk mineral
element composition are poorly understood and, to our knowledge,
there is no previous data analysing the effect of management system.
Actually, the understanding of this effect might be relevant when
considering mare milk production for human consumption, specifically
from a commercial perspective. Results from this study showed that
mineral element composition of mare milk coming from different semi-
extensive rural farms was generally similar, although Ca, P, S and Na
contents significantly (P < 0.05) varied (Table 3). These variations
could be related to differences associated to the management practices —
including feeding — followed by each farm (Table 1). Except for Se and I,
it is known that dietary mineral intake is unlikely to affect milk mineral
element composition (Asai et al., 1995; Fantuz et al., 2016; Grace et al.,
1999; Hunt & Nielsen, 2009; Kavazis et al., 2002). However, grazing
could contribute to mineral element changes in milk. In a study by
Soyeurt et al. (2022), they were able to discriminate between grass-fed
and non-grass-fed cows according to protein, predicted Ca and, in a
lower extent, predicted P and Mg contents in milk. Another study found
that protein (and casein), Ca, P, Na, Zn, Cu, Mn and Se contents signif-
icantly varied among milks from cows fed concentrates and grazing on
different pastures (Gulati et al., 2018). Grazing activity (low, moderate
or high) also affected protein, Ca and P contents in cow milk (Stergiadis
et al.,, 2021). In this regard, the results of the present study showed
significantly (P < 0.05) higher contents of Ca, P and S (this last one
related to proteins) in milk samples from low grazing mares (farm I) than
in those samples from mares that grazed for a longer time and were
supplemented with hay (farm II). Significantly higher Na contents were
also found in milk samples from low grazing (farm I) than in those from
long-term grazing mares (farms II and III). Furthermore, the peaks of
concentration found in Ca, P and S at mid-lactation could be related to
changes in grass availability after July.

Other factors such as age of the animal (Alipour et al., 2023; Asai
et al., 1995), number of parturitions or health status of the mammary
gland (Linn, 1988) could also have had a significant effect on the content
of specific mineral elements in milk, but scientific literature on this topic
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remains very scarce. Since the present study was performed in com-
mercial farms, other management practices apart from feeding could not
be controlled. Consequently, correlation of the variability in milk min-
eral element content among farms with specific factors was not possible.

As previously indicated, milk is a great source of some essential el-
ements described in the present work, yet not every milk type contrib-
utes equally to fulfil human daily mineral requirements. Compared to
other animal species, mare milk is not the richest milk in terms of
mineral element concentrations. Despite this, its mineral element
composition is very similar to that of donkey (also an equid) and human
milks, containing, overall, less mineral elements than other mammalian
species (Claeys et al., 2014; Fantuz et al., 2016; Garhwal et al., 2023).
On the other hand, mineral bioavailability of milk differs among
mammalian species and can be affected by various factors. Therefore,
not only mineral element content but also their bioavailability affects
the nutritional value of the product, so the contribution of each type of
milk to the recommended daily mineral intake should be carefully
considered. Further research should address the bioavailability of min-
eral elements present in mare milk in order to properly evaluate the
contribution of this food product to human health.

5. Conclusions

Milk from Basque Mountain Horse breed mares contains similar
average mineral element concentrations compared to those described in
the scientific literature in other equine breeds, except for lower S and Cl,
and higher Fe contents. The macromineral (Ca, K, P, S, Na, Mg and CI)
and trace element (Zn, Fe and Cu) contents studied, as well as the Ca:P
ratio, were significantly influenced by lactation time. Overall, the con-
tent of all macrominerals except Na and Cl decreased, Na, Zn and Cu
increased, and Cl and Fe fluctuated throughout lactation. In addition,
the management system used in farm affected Ca, P, S and Na concen-
trations in milk. This could be related to differences in the feeding
management of mares in semi-extensive rural farms. These findings can
contribute to the promotion of mare milk as a diversification option for
the current equine meat production system performed in semi-extensive
rural farms, and overall, to livestock grazing system sustainability.
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