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Introduction

There is evidence that the Ca isotopic composition of mammal bone and teeth is controlled by diet, but other physiological parameters might also be at play and the cycling of Ca and its isotopic fractionation in the body is far from being fully understood [1][2][3][4][5][6][7][8][9][10][11][12][13][14][15][16][17] . Among dietary inputs, milk is highly depleted in heavy Ca isotopes relative to adult diet (Δ 44/42 Ca milk-diet = -0.6 ‰) 13 , the consumption of milk affects the Ca isotopic composition of juvenile teeth, which can be used to document weaning ages and nursing practices 15,18,19 . Nevertheless, the production of milk (lactation) and possibly gestation seem to affect bone and blood Ca isotopic composition of breeding females 9,14 , notably by generating male versus female differences in bone Ca isotopic composition (Δ 44/42 Ca females-males = +0.14 ± 0.08 ‰) 14 . Until now, this phenomenon has only been described for sheep whereas there is no evidence of such sexual difference in human populations 8,14 . It may not be surprising that different mammal species display different sexually driven isotopic differences due to their physiological and behavioral differences. However, this observation calls for further investigations on other mammal species and, more essentially, on physiological factors at play to generate these sexually driven isotopic differences. Improving our knowledge about the mammalian Ca isotope cycle is motivated both by the development of biomedical innovations based on Ca isotope measurements 6,[20][21][22][23][24] and potential applications in paleoanthropology and paleontology 1,2,10,[13][14][15]18,19,25,26 . For example, new methods for bone balance and osteoporosis monitoring depend upon an accurate description of the Ca isotope cycle 6,[20][21][22][23][24] . Besides, sexually driven Ca isotopic differences could help in detecting sex or past lactation events from teeth or bones, if their causing factors could be further constrained and quantified 14 . This would be a great opportunity for paleontologists as these are challenging to detect by other means. Finally, clearly identifying the range of action of these factors seems to be a necessary step to accurately reconstruct dietary preferences from Ca isotopic compositions within mammalian faunas 1,7,[10][11][12]14 .

The hypothesis that sexual differences of bone Ca isotopic compositions originate from gestation, lactation or both, arise from experiments and modeling, which suggest important Ca isotopic fractionation during milk production (notably inferred from the Δ 44/42 Ca milk-diet of -0.6 ‰) 13 and bone mineralization 2,5,9,13,14,17 (notably inferred from the Δ 44/42 Ca bone-diet of -0.57 ± 0.10 ‰, n = 21; see review from 2 ). In this scenario, milk is enriched in light Ca isotopes relative to blood, and bone growth associated with gestation preferentially favors light Ca isotopes during the mineralization process 14 . However, later studies have highlighted that fractionation of Ca isotopes also occurs during urine formation through the reabsorption of Ca from primary urine by kidneys 17,[21][22][23]27,28 , as evidenced by differences between blood and urine δ 44/42 Ca values (Δ 44/42 Ca urine-blood = +1.15 ± 0.06 ‰, n = 29) 3,17,21,23 . In parallel, small differences between blood and bone Ca isotopic compositions in humans, sheep and rats 3,27 (i.e. ≤ 0.3 ‰) and new modeling integrating Ca urinary fractionation in normal conditions (i.e. without gestation or lactation related Ca fluxes; see 3 ) also suggest a reevaluation of Ca fractionation amplitude at bone mineralization 2,3 . It is thus necessary to integrate these findings in updated models in order to unravel the underlying causes behind the observed sexual differences in Ca isotopic composition, as well as to provide guidance for future investigations of such gestation and lactation signals. It is also essential to widen the spectrum of mammals for which such difference is documented experimentally in order to test modeling predictions. The aim of this study is to address both of these aspects, by documenting the effects of gestation and lactation on Ca isotopic composition in the domestic pig, Sus scrofa domesticus, and by comparing these data with stable isotope boxmodels that consider urinary isotopic fractionation along with other fractionation processes described so far for Ca.

To achieve these objectives, we designed a breeding and feeding experiment consisting of a close monitoring of three adult sows during a full reproduction cycle. Over the 6 months of the experiment, samples including blood, urine, milk, colostrum, umbilical blood and bone have been collected while maintaining a diet with a stable Ca isotopic composition. This controlled environment allows us to identify the physiological drivers of Ca isotopic compositions in body reservoirs at each step of the reproduction cycle. Our sampling procedure allows us to compare the Ca isotopic composition of different body reservoirs at rather high temporal resolution, and to monitor the evolution of their respective Ca isotopic composition before, during, and after gestation and lactation periods. Attention was also given to the juveniles of these three individuals, notably to their weight, in order to estimate Ca transfers during gestation and milk production. Shortly after parturition, two piglets from other females living in the same conditions unfortunately died. We sampled the bones of these two individuals and measured their Ca isotopic composition in order to assess the isotopic fractionation occurring between mother and offspring bones during gestation. Using these results and literature data about pig Ca cycle during reproduction, we performed different box model simulations to compare with our experimental data. Finally, we use these comparisons to identify the main drivers of Ca isotopic fractionation in the body, and compare our findings with previous studies from pig, deer, mice, rat, sheep and human 3,8,9,13,14,17 .

Material and method

Animal monitoring and sampling

The use of animals for scientific purpose has been authorized in accordance with the French rural and sea fishing code, notably following the articles R.214-87 and R.214-126. The ethical approval was given to the project (referenced as APAFIS#13631-2018021417118920 v3) by the ethics committee of animal experimentations N°084. Sampling procedures have been designed to minimize animal stress and to be the least invasive possible. Moreover, this study has been grafted to an already going agronomic study, therefore preventing supplementary animal use.

The three monitored sows (C1, C2 and C3) were crossbred Landrace Français and Duroc breeds, raised within the unit of Genetic, experimentation and innovative systems (GenESI) of the French National Institute for Agriculture, Alimentation and Environment Research (INRAE), in the facility of la gouvanière (Rouillé 86480, France, DOI: 10.15454/1.5572415481185847E12). Two were at their second breeding cycle (C1 and C3 individuals), another was at its third breeding cycle (C2). The experiment started 12 to 14 days after the weaning of a previous litter, a breeding cycle conducted within the same environment with a similar diet made up of a mix of barley, corn, wheat, sunflower, rapeseed, beets, sugar cane, calcium carbonate as well as other minor ingredients constituting about 1% of the mix (e.g. sodium chloride and sodium bicarbonate). The return to estrus during this 14 days period has been artificially delayed by administrating Régumate® to sows for about the first 10 days after weaning. One other individual (C8) living in the same conditions died from an unidentified cause between the experiment and the previous breeding cycle. We collected one of its phalanxes to perform comparative bone analyses. The blood, urine, colostrum, milk of sows and umbilical blood from their piglets were collected at 5 key moments of their reproduction: 3 days before the insemination, during the last month of gestation, shortly after parturition, during nursing and 14 days after weaning (figure 1). At each step, bio-fluids were collected with the intention to minimize the time lapse between each collection, in order to maximize the comparability between samples from Ca reservoirs with small Ca residence time. To the same end, all sampling sessions were carried in the morning, before the first meal and after at least 8 hours of fasting. This procedure allows to minimize short term impacts of food intakes on Ca isotopic compositions of body reservoirs. We maintained the same food supply and performed food samplings during the duration of the experiment to monitor the isotopic variability of sow Ca intakes.

Sampling sessions were conducted as follows. On sampling days, light was switched on manually at the arrival of the collecting team, under the supervision of S. Ferchaud and D.

Grivault. Urines were preferably collected with the first urination of the day, as an attempt to limit the impact of urine isotopic variability over day-time and because 24h urine collections were not achievable. Urines were collected in Falcon® tubes (50 mL, REF 352070) without the first milliliters of the urination, then transferred in 2 ml polypropylene (PP) tubes and stored in a freezer. This step requires a close monitoring of sows to achieve the collection, a success upon which subsequent samplings were initiated or not. For blood collection, adult individuals were immobilized then blood was collected from the jugular vein using lithium heparin tubes without gel (BD Vacutainer®, REF 367526). Blood samples were centrifuged, then the plasma was collected and transferred in PP tubes prior to be storefrozen. Because almost all the Ca from the blood is contained within the plasma 3,[29][30][31] , plasma and total blood Ca compositions are considered to be identical in this article. At parturition, umbilical blood was collected from umbilical cords in heparin tubes without gel (BD Vacutainer®, REF 367526). The umbilical plasma has been collected after centrifugation and stored in the same conditions than regular plasma. At parturition and 14 days after parturition, respectively 4 ml of colostrum and 2ml of milk were collected from each individual. These collections were achieved in PP tubes by operating a massage of the udder.

No hormonal injection was carried on in that purpose. Fourteen days after the weaning of their offspring and after a last round of sampling, studied animals were slaughtered to join the traditional circuit of pork meat distribution. Their skulls were collected, boiled in water and manually cleaned to allow bone sampling from their mandible using a handled drill (8200 Dremel with tungsten steel solid carbide bit).

Weight and milk production estimates

We estimated the weight of the three studied sows based on the average weight recorded for their congeners in the INRAE GenESI facility. At weaning of their second lactation, sows from the same breed weigh 199.3 ± 17.1 kg (n = 117, ± standard error) on average, while weighing an average of 213 ± 20 kg (n = 100, ± standard error) after their third lactation. This is similar to what is documented in Dourmad et al. (1997) 32 and Giesemann et al. (1998) 33 , who support that Ca reservoir sizes and Ca fluxes reported in these studies are of the same order of magnitude than for the individuals of our experiment. At birth, piglets were weighed to estimate the amount of Ca they received from their mother during gestation. This estimation is based on the assumption that dry bone represents about 4.88% of their total body mass (mean calculated from two newborns of the same breed) and that Ca accounts for about 26.58% of bone mass (extrapolated from cow bone meal reference material NIST SRM1486). After birth, litters were rearranged between sows from within and outside the experiment, in order to equilibrate the number of piglets per sow and guarantee healthy growth conditions. The piglet mass gain at weaning is thus calculated while including all piglets (native and adopted) nursed per each sow, by subtracting their weight at weaning by their weight at birth. This piglet daily weight gain (referred as GMQ to match the notation of Etienne et al., 2000 34 ) is used to calculate the piglet daily intake of milk dry fraction (referred as MS to match the notation of Etienne et al., 2000 34 ) using the following formula: MS = 0,72 (± 0,07) x GMQ -7, where MS and GMQ are expressed in gram/piglet/day 34 .

Considering an average sow milk dry mass fraction of 18% 34,35 allows to estimate sow average milk daily production. Five piglets died between birth and weaning with a noticeable weak body condition. Their puny state at death supports that they consumed limited amounts of milk and that their body mass can be neglected in the calculation of milk production.

Sample preparation and chromatography

Complementary details regarding equipment and cleaning procedures used in this study can be found in appendix A.1, the following section focus on the operations performed on samples, blanks and reference materials. Prior to chromatography and concentration analyses, blood, colostrum, milk and food samples have been freeze-dried, homogenized in an agate mortar, weighed and placed in Perfluoroalkoxy (PFA) beakers (Savillex®). Urine samples have been unfrozen and homogenized, then 500 µL of each were collected in PFA beakers. Bone powders collected from mandibles were weighed and placed in PFA beakers prior to digestion. Further manipulations were carried exclusively in a clean lab, under a laminar flux hood (absolute filter H14) to avoid environmental contamination. After being placed in PFA beakers, samples were mixed with 10 ml of distilled nitric acid (15 M, Fisher Scientific®, Primar plus® -Trace analyses grade, in-house distilled) and 1 ml of 30 % suprapur hydrogen peroxide (H 2 O 2, Fisher Chemical®, Hampton, NH, USA) to start digestion. Samples were left at ambient temperature for 1h, then placed on a hotplate at 160 °C for two days and evaporated to dryness. All along this procedure, we performed periodic beaker degassing to avoid critical overpressure. This procedure was repeated at least three times, until complete mineralization of samples. The complete digestion of the organic matter was assessed by monitoring H 2 O 2 effervescence. Digested and evaporated samples were dissolved in 0.5 M distilled HNO 3 (Fisher Scientific®, Primar plus® -Trace analyses grade, inhouse distilled), a fraction of which was kept for concentration analyses. The rest has been evaporated to dryness, dissolved in 6 M distilled hydrochloric acid (Fisher Scientific®, laboratory reagent grade, in-house distilled), and evaporated again prior chromatography.

The chromatography procedure used for Ca chemical purification is derived from Tacail et al.

(2014) 27 and Le Goff et al. (2021) 36 . It consists in a triple column chromatography, starting with an elution on AG1 X8 resin to discard elements such as Zn and Fe, followed by an AG 50WX-12 resin to isolate Ca and strontium (Sr) from the matrix, and by an elution on Eichrom Sr-specific resin to isolate Ca from Sr. This procedure is detailed in Table B.1. Blanks have been monitored all along digestion and chromatography processes (i.e. total and chromatography blanks) to control for Ca contamination levels. The use of heparin tubes for blood collections (BD Vacutainer®, REF 367526) LH, is associates with additional Ca contaminations. To estimate this contamination, we filled a heparin tube of MilliQ (Millipore®, initial resistivity = 18 MΩ.cm at 25 °C) during one hour at ambient temperature, and analyzed its Ca concentration by mean of ICP-MS.

Analytical procedures

Elemental concentrations have been measured on an inductively coupled plasma atomic emission spectrometer (ICP-AES, model ICAP 7400 Series, Thermo Scientific®), with the exception of the Ca content of heparin tubes which has been measured by mean of an inductively coupled plasma mass spectrometer (ICP-MS, model ICAP Q, Thermo Scientific®).

The reliability of measurements has been controlled through a set of blanks and reference materials, as well as by replicating measures at least twice for each sample.

We measured Ca isotopic ratios ( 44 Ca/ 42 Ca and 43 Ca/ 42 Ca) using a multi-collector ICP-MS (MC-ICP-MS, Neptune Plus, Thermo Scientific®) following the method described in Tacail et al.

(2014) 27 . Prior to Ca isotopic analyses, Ca purified samples were dissolved in distilled 0.05 M HNO 3 in order to set the Ca concentration at 1.25 mg.L -1 . This concentration matches the concentration of our in-house bracketing standard, a Specpure Ca plasma standard solution (Alfa Aesar) named ICP Ca Lyon and described in previous studies 1,16,18,27 . Calcium isotopic composition reported in this article are all expressed as δ 44/42 Ca values calculated based on this reference material and the following formula (unless explicitly mentioned): δ 44/42 Ca = ( ( 44 Ca/ 42 Ca) sample / ( 44 Ca/ 42 Ca) ICP Ca Lyon ) -1) [1] With δ 44/42 Ca values given in ‰. For more comparability with studies from other laboratories, the δ 44/42 Ca ICP Ca Lyon values are also expressed as δ 44/42 Ca SRM915a in tables and figures. Based on 71 measures synthetized in the appendix of Martin et al. (2018) 10 , we converted δ 44/42 Ca ICP Ca Lyon values to δ 44/42 Ca SRM915a values by adding +0.518 ‰ to δ 44/42 Ca ICP Ca Lyon values. This conversion is associated with a wider uncertainty interval corresponding to +0.025 ‰ of the uncertainty around δ 44/42 Ca ICP Ca Lyon values (error bars within figures reflect uncertainties around δ 44/42 Ca ICP Ca Lyon values only). We used the SRM1486, a cow bone meal reference material from NIST, as a secondary standard to assess the reproducibility of the ion-exchange chromatography procedure, as well as to monitor the accuracy of MC-ICP-MS measures. Blank Ca concentrations have also been measured using the Neptune Plus MC-ICP-MS. All samples and reference material measurements have been replicated at least three times (table B.6).

Differences between Ca isotopic compositions are expressed as Δ 44/42 Ca, following the formula:

Δ 44/42 Ca X-Y = δ 44/42 Ca X -δ 44/42 Ca Y [2] Where X and Y refer to different samples or Ca isotope reservoirs. For calculating Δ 44/42 Ca values between sample types (e.g. blood, urine) at the scale of several individuals or sampling steps (e.g. the average Δ 44/42 Ca value between blood and urine samples), the terms δ 44/42 Ca X and δ 44/42 Ca Y can simply be replaced by the mean δ 44/42 Ca values of Ca reservoirs X and Y. Uncertainties expressed around Δ 44/42 Ca values are the sum of the uncertainties of δ 44/42 Ca X and δ 44/42 Ca Y . When a Ca flux connects two Ca reservoirs, the isotopic fractionation associated with this flux can be expressed as an isotopic fractionation factor α, calculated as follow:

α X -Y = δ 44/ 42 Ca X +1000 δ 44/ 42 Ca Y +1000 [3]
Which can be approximated as:

1000 × ln ( α||X -Y ) ≈ δ 44/ 42 Ca X -δ 44 / 42 Ca Y [ 4 ]
Where X and Y refer to different Ca isotope reservoirs connected by the Ca flux associated to the isotopic fractionation factor described by α X-Y .

Accuracy and precision of Ca isotopic compositions

For more clarity in the following sections, the n notation refers to a number of samples or specimens, whereas the n* notation specifically refers to number of replicates for a given measurement. Replicating Ca isotope measurements allows us to estimate the range of analytical precision of δ 44/42 Ca values. The correlation between δ 43/42 Ca and δ 44/42 Ca values for samples and reference materials follows the trend expected from an exponential fractionation law 37 , with a slope value of 0.502 ± 0.007 (2 s.e.), an intercept of -0.003 ± 0.005 (2 s.e.), a R² = 0.997 and a p-value < 0.001 (figure C.1). This demonstrates that no mass independent fractionation or mass isobaric interference affect these measurements. Across the six days of analytical session with the MC-ICP-MS, the reference material SRM1486 exhibited a mean δ 44/42 Ca value of -1.01 ± 0.01 ‰ (2 s.e., n = 37), which is undistinguishable from previously published data for this reference material 10,18,38,39 . All these data support that the Ca isotopic compositions we measure are not biased by the ion-exchange protocol and MC-ICPMS setup, and that the measured Ca isotopic compositions are accurate.

For our bracketing standard (ICP Ca Lyon), blanks collected during the Sr purification step 27 represent about 100 ng of Ca, a negligible pollution at the scale of the 4 mg of Ca contained in the solution. For samples and SRM1486, chromatography blanks contain between 52 to contaminations during the MC-ICP-MS session contain less than 10 ng of Ca. Heparin tubes can add about 273 ± 35 ng of Ca (2 s.e., n* = 2) to blood samples. For the majority of our samples these blank levels are negligible compared to the amount of Ca contained in samples, only 5 samples containing limited amounts of Ca could have been notably affected.

Uncertainty estimations and corresponding error bars have been extended accordingly

(table B.6
). Equations behind uncertainties presented in this paper are described in details in appendix (text A.2).

Box model

In order to identify the mechanisms behind the distribution of Ca isotopic compositions in the body, we performed several simulations of a Ca box model using the Isopybox program.

This Python-coded program derives from a code used in previously published work 40 . It iteratively calculates the evolution of isotopic compositions within interacting reservoirs of a given isotopic system 3 . In its current version, Isopybox allows to solve steady-state box model, study the relaxation time of a system in response to a discrete perturbation, and study the isotopic evolution of a system with unbalanced fluxes (providing that no box will be emptied during the duration of the run). The program and its resources are accessible on Github at the following address: https://github.com/ttacail/isopybox.git.

The conception of the model is described and discussed in further details in appendix (Text 

Results

Zootechnical data

Zootechnical data for sows (e.g. litter size, weaning age, quantity of milk produced) from this study are reported in produce estimations of total piglet Ca mass at birth which are lower but of the same order than the total piglet Ca mass estimated at birth for C1 and C3 offspring (Table B.5). In this experiment we estimate that sow produced an average of 10 kg of milk per day 34 . The fraction of Ca in milk samples was highly variable (3830 to 7632 ppm), which led to a wide range of possible Ca dairy output, from 8.16 to 16.25 g of Ca per day. Considering that Ca milk concentration is documented to be between 1700 and 2140 g/L after the second week of lactation 33,41 , the upper estimation of 16.25 g/d of Ca dairy output seems more consistent and matches with Ca dairy outputs documented by Giesemann et al. (1998) 33 . Overall, the estimations of body masses, Ca reservoir size, placental and dairy Ca fluxes from this study are consistent with those reported in Giesemann et al. (1998) 33 and the other studies used to design the present model (Table B.2, B.3). This supports that these Ca flux data can be reasonably used within our model to compare with experimental measurements.

Experimental elemental and isotopic data

Calcium isotopic compositions collected during this study (205 measures for 50 sample and 1 reference material) are reported as both δ 44/42 Ca ICP Ca Lyon and δ 44/42 Ca SRM915a in figure 2 and table B.6. Food Ca isotopic composition remains consistently stable at -0.23 ± 0.06 ‰ (n = 3) during the duration of the experiment (figure 3a). Bones of adult females (C1, C2, C3) display δ 44/42 Ca values distributed in a tight range between -0.49 ± 0.05 ‰ (n* = 4) and -0.53 ± 0.05 ‰ (n* = 3), with a general Δ 44/42 Ca bone-diet offset of -0.28 ± 0.11 ‰ (n bone = 3, n diet = 3). Bones are undistinguishable from pre-insemination blood Ca isotopic compositions (Δ 44/42 Ca bone-blood ≈ -0.08 ± 0.11 ‰, n bone = 3, n blood = 3). The bone δ 44/42 Ca value of the C8 individual (-0.51 ± 0.05 ‰, n* = 4) is indistinguishable from C1, C2 and C3 individuals. Milk Ca isotopic composition range between -0.70 ± 0.07 ‰ (n* = 3) and -0.96 ± 0.05 ‰ (n* = 3). The mean difference between the food of sows and their milk (Δ 44/42 Ca milk-diet ) is -0.58 ± 0.12 ‰ (n milk = 3, n diet = 3), whereas the mean difference between their blood and milk during nursing (Δ 44/42 Ca milk-blood ) is -0.67 ± 0.12 ‰ (n milk = 3, n blood = 3). Colostrum samples (n = 3) have a wider range of δ 44/42 Ca values than milk, from -0.72 ± 0.06 ‰ (n* = 3) to -2.06 -0.05 +0.06 ‰ (n* = 3), mainly because of one outlier sampled from the C3 individual. The two other colostrum samples (from C1 and C2) display δ 44/42 Ca values in the range of milk values (figure 2).

Umbilical blood samples (n = 3) show intermediate δ 44/42 Ca values between mother blood and milk, ranging between -0.30 ± 0.05 ‰ (n* = 3) and -0.71 ± 0.05 ‰ (n* = 3). The mean Δ 44/42 Ca umbilical blood-diet offset is -0.29 ± 0.11 ‰ (n umbilical blood = 3, n diet = 3). Close after parturition, the mean Δ 44/42 Ca umbilical blood-sow blood is -0.18 ± 0.11 ‰ (n umbilical blood = 3, n sow blood = 3) and -0.14 ± 0.11 ‰ for C1 (n umbilical blood = 1, n sow blood = 1), the individual for which collections of blood and umbilical blood were the closest in time. Thus, umbilical blood tends to be slightly depleted in heavy Ca isotopes compared to sow's food and blood (figure 2). Bone samples collected from the two early deceased piglets show a Ca isotopic composition undistinguishable from the adult sows, with a mean δ 44/42 3b).

We do not identify a common temporal pattern of urine Ca isotopic composition shared by the three individuals. Except for the C2 individual which shows higher urine δ 44/42 Ca values at parturition and post weaning steps, urine Ca isotopic composition seems relatively stable over the experiment, although the data point of C2 is the only available for the post-weaning step (figure 3b). However, all individuals share a similar temporal pattern of blood Ca isotopic composition (figure 3c). Blood δ 44/42 Ca values range between -0.03 ± 0.06 ‰ (n* = 3) and -0.59 ± 0.06 ‰ (n* = 5). Depending on the individual, blood δ 44/42 Ca values are either stable or decrease between pre-insemination step (June) and the last month of gestation (early October). The amplitude of this change is between -0.01 ± 0.11 ‰ (n pre-insemintation = 1, n syn-gestation = 1) and -0.22 ± 0.11 ‰ (n pre-insemintation = 1, n syn-gestation = 1). However, the range of blood δ 44/42 Ca values between June and early October largely overlaps when all individuals are considered together. This period is followed by a rapid increase of +0.42 -0.12 +0.11 ‰ (n syn- gestation = 3, n syn-nursing = 3) in average between the last month of gestation (early October) and the middle of nursing (mid-November). The onset of this change in blood Ca isotopic composition is different between the individuals, with individual C3 exhibiting this offset 5 days after parturition whereas individual C2 still shows no sign of it 7 days after parturition (figure 3c). All the individuals consistently display this change 14 days after parturition (figure 3c). This phase is followed by a decrease of -0.19 -0.13 +0.12 ‰ (n syn-nursing = 1, n post-weaning = 1) to -0.34 ± 0.12 ‰ (n syn-nursing = 1, n post-weaning = 1) after weaning (late-November) depending on the individual. In the case of the C3 individual, blood δ 44/42 = 12, n blood = 12), which is undistinguishable from the offset of +1.15 ‰ used in our model. This offset, however, changes over time, notably during the lactation period when a cluster of low Δ 44/42 Ca urine-blood can be distinguished (figure 4).

Box model predictions

The structure of the box model of this study is detailed in figure 5. The evolutions of Ca isotopic compositions within some of these Ca reservoirs (i.e. extracellular fluids, urine, faeces, bone, milk and bulk fetus tissues) are presented in figure 6 and are the result of GestFF, GestR, LactA and LactB simulations. The initial conditions of these simulations are summarized in tables B.2, B.3, B.4, briefly described in section 2.6. and further detailed in the appendix section (Text A.3).

In figure 6, three phases can be distinguished for all the four simulations. From day 2 to day 100, extracellular fluids, urines, milk and fetal tissues reach a transient/temporary equilibrium, which depends strictly on Ca fluxes and associated Ca isotopic fractionation but not on initial Ca isotopic compositions. This result is expected considering the small Ca residence time of these reservoirs or their small initial size (e.g. fetal tissues). Our model thus predicts a rapid reaction of these reservoirs and a relative stability of the Ca isotopic composition within this time range. After 100-days and up to 10 4 days, we observe a change in bone Ca isotopic composition which also results in a slight increase of δ 44/42 GestFF predictions for urine and extracellular fluids fits remarkably well within the range of urine and blood data obtained from pre-insemination samplings (figure 7). Ca isotopic compositions recorded in bones collected from sows after the weaning of the offspring fit with compositions predicted from GestFF simulation, but only for Ca isotopic fractionation factor α B-EF between 1 and 0.9999 (i.e. with Δ 44/42 Ca bone-blood between 0 and -0.1 ‰). Note that considering the Ca residence time in bones (about 5 to 6 years for sows) and the length of the experiment (less than 6 months), δ 44/42 Ca values from sow bones collected at the end of the experiment are considered to be minimally affected by gestation (3 months) and lactation periods (28 days) experienced during the experiment. Instead, these bone δ 44/42 Ca values are more comparable with pre-insemination body Ca isotopic compositions. This is confirmed by bone data obtained from the individual C8 (the sow who died between the previous breeding cycle and the monitored breeding cycle), which is identical to C1, C2 and C3 bone δ 44/42 Ca values.

In gestation condition (GestR), predictions for urine and fetus tissues fit well within the range of experimental syn-gestation urine and syn-parturition umbilical blood compositions, for steady state (i.e. post 10 4 days) as for 100-day simulations. Steady state and 100-days δ 44/42 Ca values predicted for extracellular fluids are higher than experimental blood δ 44/42 Ca range of the last month of gestation, by an order of 0.1 to 0.2 ‰. None of our experimental bone δ 44/42 Ca values are comparable with 100 days or steady state gestation simulations, however low α B-EF (i.e. high enrichment in light Ca isotopes at bone mineralization) increases the gap between predicted extracellular fluid δ 44/42 Ca values at 100 days (GestR) and the range of experimental syn-gestation blood δ 44/42 Ca values (figure C.5).

Model predictions for urine, extracellular fluids and milk δ 44/42 Ca values for the high dairy excretion scenario (LactA) are all higher than the range of experimental data obtained during nursing for these fluids, for steady state as for 100-days simulations. As these fluids keep a similar Ca isotopic composition between 2 and 100 days, we can postulate that 100-days simulations are comparable with experimental data at 14 days of lactation (with moderate reserves regarding the overlooking of non-secreting soft tissue dynamic in the model).

Model predictions within the low dairy excretion scenario (LactB) for extracellular fluids and milk δ 44/42 Ca values (for steady state and for 100-days simulations) fall in the range of experimental data for blood and milk obtained during nursing. For urine, only 100-days simulations predict δ 44/42 Ca values, which are in the upper range of experimental urine δ 44/42 Ca values during nursing.

Comparisons between lactation scenarios at 1000 days with various intensity of bone loss, predict that bone loss and its intensity have a negligible impact on the state of the system at 1000 days (i.e. on the long term), and only strongly affects bone Ca isotopic composition Simulations with lower Ca absorption through the digestive tract (figure 8) show that decreasing Ca absorption leads to lower δ 44/42 Ca values for urine, feces and blood, and eventually bone after 100 days of simulation. By dividing Ca absorption by 4 compared to gestation conditions without Ca transfer to fetuses (GestFF), blood δ 44/42 Ca values decrease by about -0.20 ‰ (figure 8). The predicted Δ 44/42 Ca bone-diet in such case is -0.46 ‰, which differs from the -0.26 ‰ predicted for regular GestFF conditions, and the -0.28 ‰ we observe experimentally.

Discussion

Urine isotopic stability and Rayleigh distillation process

Despite the fact that pre-insemination and post-weaning steps should be similar in terms of body Ca fluxes for the animals (both take place two weeks after weaning), the range of Ca concentrations reported in morning-first urines is about 2.5 wider at the pre-insemination step than during all the rest of the experiment (figure C.2). This suggests that Ca concentrations in these urines is quite uninformative of daily urinary Ca fluxes, probably because the water balance status of the animals is too variable between samplings. Urine collected with that procedure however highlights a decrease of blood to urine isotopic difference during lactation (Δ 44/42 Ca urine-blood change from +1.39 -0.12 +0.11 ‰ during gestation to +0.90 -0.12 + 0.11 ‰ during nursing, figure 4), when sow generally increase their Ca urinary losses 33 . This is compatible with the effect of a Rayleigh distillation process, resulting in lower Δ 44/42 Ca urine-blood for higher Ca urinary excretions 3,22,28 . As no other factor influencing Δ 44/42 Ca urine-blood has yet been described, this provides additional support that a Rayleigh distillation process affects Ca isotopic fractionation within kidneys.

This Rayleigh distillation is also a possible explanation to why urine collected during nursing displays a range of δ 44/42 Ca values which is lower than what the model predicts (figure 7, LactA and LactB). Indeed, in the model the Δ 44/42 Ca urine-blood offset is constant (equal to +1.15 ‰ 3,17,21,23 ) and does not change with Ca urinary fluxes such as expected with a Rayleigh distillation process operating at Ca renal reabsorption. Taking a Rayleigh distillation process into account would mechanically decrease Δ 44/42 Ca urine-blood for high Ca urinary excretions 3,22,28 (e.g. during pig lactation 33 ), and thus lower blood, urine, feces and milk δ 44/42 Ca values compared to predicted values in LactA and LactB simulations (figure 7). Alternatively, taking into account a lower dairy Ca flux also reduces the mismatch between experimental and model data (figure 7, LactB). However, if this last scenario is consistent with the lower range of milk production and Ca dairy excretion we estimate (about 8.2 g of Ca per day, table B.5), it seems partially incompatible with the range of Ca concentration classically reported in milk (> 1500 mg/l 33,41 compared to a minimum of 817 mg/l for this study, table B.5). The Rayleigh distillation hypothesis seems thus more parsimonious to explain the difference between experimental and model data in lactation conditions.

Thus, our observations support that a Rayleigh distillation process operates during Ca renal reabsorption, but also that comparing blood and urine Ca isotopic compositions (i.e.

Δ 44/42 Ca urine-blood ) collected by following our procedure (i.e. night of fasting, morning-first urine and blood collection) can be used to detect changes in daily Ca urinary excretions without having to collect 24h urines. As such, this method can help monitoring Ca retention in the body and bone balance, which can be useful when 24h urine collections are difficult or impossible to set up (e.g. for studying large mammals other than humans).

Ca isotopic fractionation in pre-insemination conditions

In pre-insemination conditions, blood is depleted in heavy Ca isotopes relative to urine (Δ 44/42 Ca urine-blood = +1.17 -0.12 +0.11 %, n urine = 3, n blood = 3; figure 3a), which is conform to the value of the literature (Δ 44/42 Ca urine-blood ≈ +1.15 ‰ 3,17,21,23 ), an isotopic fractionation generated by the preferential reabsorption of light Ca isotopes from primary urines to blood in kidneys 17,[20][21][22][23][24]27 .

The same blood samples, however, have an isotopic composition very similar to bones (Δ 44/42 Ca bone-blood = -0.08 ± 0.11 %, n bone = 3, n blood = 3; figure 3a), which suggest a low to null amplitude of isotopic fractionation between blood and bone during mineralization. This agrees with other observations of low blood-bone differences of Ca isotopic compositions in sheep, rats and humans 3,27 and predictions of quantitative modeling 3 , but challenges previous hypotheses involving a Δ 44/42 Ca bone-blood of the order of -0.6 ‰ 2,5,6,14,17,21-23 .

Similarly, the predictions of our model are only compatible with our experimental data when considering a small Ca isotopic fractionation at bone mineralization (i.e. Δ 44/42 Ca bone- extracellular fluids between 0 and -0.1 ‰; figure 7, GestFF). Along with other publications on the subject 3,27 , this finding supports that the quantitative implications of kidney-mediated Ca isotopic fractionation on the body isotopic equilibrium could have been underestimated, and that, conversely, Ca isotopic fractionation at bone mineralization could be less pronounced than previously thought 2,3 . This mismatch between studies is likely favored by the wide diversity of Ca residence time in biological tissues and fluids that are compared. For example, it takes decades for bone to be at the isotopic steady state with blood (figure 6), whereas blood Ca isotopic composition can likely change in minutes to hours in response to transient physiological states such as food consumption. Few hours of fasting (e.g. Heuser et al. 2016 17 and this study) likely limit the impact of these transitory events, but also provide data which are not fully representative of tissue and fluid Ca isotopic compositions over a day period.

Thus, accurate direct comparisons are difficult outside of long-term feeding experiments (several years), whereas comparisons made in the literature are punctual in nature 2,5,6,14,17,21-

23

.

Nevertheless, apart from blood to bone differences, these two models of Ca isotopic fractionation (i.e. small versus large Ca isotopic fractionation at bone mineralization) can generate similar body Ca isotopic compositions despite their conceptual differences. For example, as long as bone resorption is associated with increased Ca urinary losses and bone accretion with decreased Ca urinary losses, both models stay compatible with the decrease of blood and urine δ 44/42 Ca values documented during bone loss events 6,[20][21][22][23]28 . However, considering a smaller Ca isotopic fractionation at bone mineralization also provides new perspectives about some observations of the literature. For example, induced bone loss in Göttingen minipigs 17 is not associated with higher Ca urinary excretions or with a decrease of blood and urine δ 44/42 Ca values 17,42 . However, blood and urine δ 44/42 Ca values do decrease for humans with bone loss 20,24,28 , while there are clues that bone loss comes with higher Ca urinary excretions for them (e.g. higher Ca concentrations in urines: Eisenhauer et al., 2019;

Heuser et al., 2019) 20,28 . This suggests that bone losses can be efficiently monitored with Ca isotopes only when associated to increased urinary excretions, which is precisely the kind of difference predicted by the model we support in this study (i.e. Δ 44/42 Ca bone-blood < 0.3 ‰, Δ 44/42 Ca urine-blood ≈ +1.15 ‰). Overall these results thus specify the range of physiological and pathological contexts where Ca isotopes can be used to monitor bone balance.

Ca isotopic fractionation from diet to bone during gestation

The difference between diet and bone Ca isotopic composition reported in this study (Δ 44/42 Ca bone-diet = -0.28 ± 0.11 ‰, n bone = 3, n diet = 3) is at odds with the relatively constant value generally reported among mammals (mean Δ 44/42 Ca bone-diet = -0.54 ± 0.08 ‰ 2,3,5,9, 13,17,27 ). This study is among the first to report such a different and smaller Δ 44/42 Ca bone-diet value. To our knowledge, only Heuser et al. (2016) 17 previously described a similarly low Δ 44/42 Ca bone-diet value in Göttingen minipigs with glucocorticosteroid induced osteoporosis (Δ 44/42 Ca bone-diet = -0.32 ± 0.15 ‰) 17 , although this result falls in the range of uncertainty reported in the literature 2,3,5,9,13,17,27 . This raises questions about the cause behind these differences.

Simulations of gestation without Ca transfer to fetal tissues (GestFF) predicts the same isotopic compositions than what we observe experimentally and similarly generate a small Δ 44/42 Ca bone-diet (figure 7). This suggests that apparently no exotic parameter is needed to generate this small Δ 44/42 Ca bone-diet . An important point is that the GestFF simulation involves

Ca fluxes documented during gestation with the exception of fetal Ca transfer (table B.3).

This is relevant as a general condition of the sows only because these domestic animals underwent repetitive gestations, representing more than two-third of their life time after their sexual maturity. In the wild, medium and large sized mammals generally experience bigger time gaps between gestations, with Δ 44/42 Ca bone-diet documented so far arising largely from wild animals, non-breeding animals or primiparous females 5,9,13,17 . This suggests that changes in Ca fluxes during gestation can change the bone-diet isotopic offset (i.e.

Δ 44/42 Ca bone-diet ).

The study of sow Ca balance in normal adult condition (i.e. outside of the gestation and lactation periods) attracted little attention so far. However, we can reasonably assume that Ca absorption in the digestive track increases during gestation compared to normal conditions, with gestation involving more Ca dietary intakes in order to adapt to higher Ca demands (see example for humans: Kovacs and Fuleihan, 2006) 43 . Dividing Ca absorptions by 4 (compared to GestFF conditions) changes predicted Δ 44/42 Ca bone-diet values from -0.26 ‰ to -0.46 ‰ (figure 8), which then falls within the range of the general Δ 44/42 Ca bone-diet documented for mammals (mean Δ 44/42 Ca bone-diet = -0.54 ± 0.08 ‰ 2,3,5,9,13,17,27 ). This demonstration is purely Monitoring an animal population with various Ca absorption levels (e.g. with different Ca content in the diet), would thus be necessary to precisely describe the effect of Ca absorption on body isotopic compositions. Nevertheless, there remains a strong suspicion that the small Δ 44/42 Ca bone-diet reported in this study could be the consequence of prolonged higher food Ca absorptions (with a lower Ca absorption/Ca urinary excretion ratio), notably caused by consecutive gestation periods. Furthermore, the reduction of the Δ 44/42 Ca bone-diet can also be further amplified by the repeated export of light Ca isotopes through placental and milk transfers (see sections 4.4. and 4.5.).

This consequence of frequent reproductions is important to consider for Ca isotope studies involving livestock animals, but likely plays a minor role in animal populations reproducing less intensively. Thus, we can reasonably assume that this gestation effect is only a minor issue for trophic studies of wild faunas involving Ca isotopes. First, because gestation decreases the Δ 44/42 Ca bone-diet values but does not cancel entirely the trophic level effect (TLE).

Second, because this phenomenon will be active only for females with gestation periods constituting the majority of their lifetime, a condition which is relevant only for a fraction of females in specific mammal species and populations 44 .

Gestation effects on body δ 44/42 Ca values

As discussed in the previous section, gestation periods appear to be associated with smaller Δ 44/42 Ca blood-diet and Δ 44/42 Ca bone-diet offsets, resulting in overall higher body δ 44/42 Ca values than what could be expected in normal conditions (figures 7 and 8). However, there is no major change of urine and blood Ca isotopic compositions between pre-insemination and endgestation periods. We do observe a decrease of blood δ 44/42 Ca values of about -0.2 ‰ for two individuals (C1 and C2, figure 3c), but we suspect that this difference is a stochastic underestimation of blood δ 44/42 Ca inter-individual variability during the last month of gestation. This phenomenon is likely because only 3 individuals have been monitored and that blood δ 44/42 Ca values from this period are by far the most homogenous of all sampling steps (figure 3c). Alternatively, this could be explained by the fact that blood compositions are not entirely free of nursing influence for C1 and C2 individuals at the pre-insemination step, as it follows a previous weaning by only 12 to 14 days (similarly as the monitored postweaning step).

The fact that urines and blood δ 44/42 Ca values remain stable, or decrease between preinsemination and end-gestation periods (figure 3), is at odds with modeling predictions suggesting an increase of +0.10 to +0.15 ‰ (figure 7, difference between GestFF and GestR).

A possibility is that Ca isotopic fractionations between sow blood and fetal tissues are in reality less pronounced than what is considered in GestR simulation (i.e. a Δ 44/42 Ca umbilical blood- sow blood closer to 0 ‰ than -0.18 ‰). At the moment, the data we obtained from sow blood and umbilical blood at birth are the first direct data to document potential isotopic fractionations associated with this flux. However, it is yet to be confirmed if the average difference of -0.18 ± 0.11 ‰ we measure between these fluids (or -0.14 ± 0.11 ‰ for the best temporal match) is representative of a full gestation period or only of birth. Several independent clues suggest that the general Δ 44/42 Ca umbilical blood-sow blood offset could be closer to 0 ‰. For example, the individual C2 carried only 2 piglets against 16 and 18 piglets for C1 and C3, which should result in Ca placental transfers that would be 5 to 6 times smaller for C2

(see total piglet Ca mass in Table B.5). However, despite this huge difference and the fact that these Ca transfers should peak around the sampling period 45,46 , body Ca isotopic compositions of C2 do not exhibit an exotic pattern between pre-insemination and late gestation periods compared to C1 and C3 (figure 3). Additionally, the two juveniles who died at and closely after birth have bone Ca isotopic compositions undistinguishable from adults (figure 2). A similar observation has been documented between human young infants and adults who display low to absent difference between their bone Ca isotopic compositions 8 .

This seems partly incompatible with the low δ 44/42 Ca values recorded in human enamel growing in utero 18,19 , but could be explained if umbilical blood Ca is only significantly 44 Cadepleted during a relatively short period before birth, such as suggested by other human enamel data 15 . If further investigations confirm that the general Ca isotopic fractionation between gestating females and their fetuses is small, this would make gestation model predictions (GestR) converge with gestation predictions without Ca placental transfer predictions (GestFF), with the bulk fetus Ca isotopic composition being equal to sow extracellular fluids in average (figure 7, GestFF). Nevertheless, the fact that Ca isotope body compositions predicted for 100-days gestation simulations (GestR) remain in the range of pre-insemination experimental δ 44/42 Ca values (figure 7), emphasizes that even a Ca isotopic fractionation factor of 0.99982 at Ca placental transfers from sow to fetuses (representative of a Δ 44/42 Ca umbilical blood-sow blood = -0.18 ‰) would have a restricted effect on sow body Ca isotopic compositions. Finally, contrary to what we consider in the model of this study (figure 5), Ca transfer does occur in reality from the umbilical reservoir to the sow blood reservoir 47 . We can suppose that this flux is associated with an isotopic fractionation factor equal to 1 or less (because this is generally what is observed for trans-membrane transport 3 ). As such, this flux likely attenuates the effect of placental Ca transfers on sow body composition and further explains why we do not detect δ 44/42 Ca differences between bones from newborn and adults, or between C2 δ 44/42 Ca patterns and those of the other specimens.

These results also provide new insights about the higher bone δ 44/42 Ca values (+0.14 ± 0.08 ‰) documented for ewes when compared to male sheep from the same herd 14 . With a model which is very different from that of this study, as it notably involves important Ca isotopic fractionation at bone mineralization and no renal fractionation, the authors pointed to bone accretion during gestation as one of the potential drivers of the sexual isotopic difference. Our data do not support this hypothesis, because we do not observe any marked increase in blood δ 44/42 Ca values during gestation, while blood is expected to experience an even greater increase of δ 44/42 Ca values than bone in such a scenario. This can be caused by the fact that sows did not experience bone accretion over the course of their gestation, but can be explained more generally because bone mineralization seems associated with a Ca isotopic fractionation factor closer to 1 than previously thought (see section 4.2. and 2,3 ).

Nevertheless, we demonstrated that gestation periods could increase body δ 44/42 Ca values for other reasons than bone accretion (figure 8 and section 4.3.). To some extent, gestation periods are thus likely contributing to the higher bone δ 44/42 Ca values documented in female sheep 14 .

Control of lactation on body δ 44/42 Ca values

Our experiment highlights a significant increase of adult blood δ 44/42 Ca values during nursing compared to pre-parturition values (Δ 44/42 Ca nursing blood-gestation blood = +0.42 -0.12 +0.11 ‰, figure 3c), joining similar observations done in mice 9 . Giesemann et al. (1998) 33 showed that besides milk production, lactation in sows was associated with bone resorption as well as higher Ca dietary absorption, digestibility and urinary excretions. Having higher Ca urinary losses during lactation is however not a constant among mammals. This is notably the opposite of what was documented for humans 43 , and emphasizes why changes in Δ 44/42 Ca urine-blood (figure 4, discussed in section 4.1.) cannot be used as a universal lactation signal. Simulations highlight that higher Ca dietary absorption, urinary excretion and milk production conjointly increase blood δ 44/42 Ca values during lactation (figure 7, 8, C.6, C.7), with milk production being the dominant factor of this isotopic change. As a flux, Ca dairy excretion exceeds Ca urinary excretions by two orders of magnitude (table B.5 and 33 ) and constitutes by far the biggest change from normal or gestation conditions to lactation conditions. This flux comes with important Ca isotopic fractionation at milk production, as suggested by Δ 44/42 Ca milk-diet data (-0.6 ‰ 13 ; -0.58 ± 0.12 ‰, this study) and Δ 44/42 Ca milk-blood data (-0.67 ± 0.12 ‰, this study), and therefore strongly affects blood and the whole body Ca isotopic compositions. This is particularly clear when comparing low versus high milk production simulations (LactA and LactB, figure 7). A decrease of about half the Ca dairy excretion (between LactA and LactB) results in a decrease of δ 44/42 Ca values of the order of 0.25 ‰ in extracellular fluids (i.e. blood), urine and milk. The increase of δ 44/42 Ca values in the maternal blood during nursing can therefore be described as a lactation signal which exceeds the effects of gestation. Nevertheless, the amount of milk produced per day and Ca dietary intakes also change a lot between species. This heterogeneity between mammal species could thus be an important modulatory factor for the expression of this lactation signal among mammal species.

Lactation signal record within mineralized tissues

In terms of rate, body Ca reservoirs are expected to react very rapidly after the onset of lactation Ca fluxes, with the exception of bone (figure 6). In our experiment however, these changes seem to appear only after a few days from parturition (e.g. 5 days for C3, figure 3c).

This minor inconsistency can be explained partly by the fact that our model neglects the Ca storage in non-secreting organs and soft tissues, but also by the lower dairy Ca excretion through colostrum and milk during the first days following parturition 48 . As for its onset, the blood lactation signal we describe also attenuates rapidly (in few weeks) as the sow comes back to normal physiological conditions. It seems to be the case 14 days after weaning, with blood post-weaning δ 44/42 Ca values matching pre-insemination values (this is particularly clear for the C3 individual, figure 3c), although we cannot guarantee that the preinsemination step was completely free of nursing influence (only 12 to 14 days separate this step from the weaning of the previous litter). Preserving such a lactation signal within mineralized tissues (i.e. bones and teeth) is thus only possible if the lactation is sustained for enough time. For bones, the model predicts about 100 days before a significant change can be recorded (figure 6) and a shorter time if bone loss is involved (figure C.6). A similar animal with longer nursing period than sows would thus likely preserve a lactation signal within bone, providing that it dies close enough from a lactation period to not attenuate the signal too much with bone remodeling (in the model 50% of the Ca of bones is renewed after about 3.8 years). Nevertheless, preserving such signal in teeth that would mineralize during a lactation period is also possible for certain mammal species and would likely constitute an even better record considering how enamel grows and preserves isotopic compositions 49 .

As previously mentioned, is has been shown that modern ewes have higher bone δ 44/42 Ca values than males within the same herd 14 . Besides bone accretion during gestation, the authors pointed to milk excretion as an alternative driver of this sexual isotopic difference.

Our study supports that such signals can result from Ca flux changes during lactation, mainly because of the milk excretion, but also to a lesser extent because of the increase of dietary Ca intakes and urinary excretion during lactation and preceding gestation. The average Δ 44/42 Ca females-males reported in bones of ewes compared to male sheep (+0.14 ± 0.08 ‰) 14 , falls within the range of what could be reasonably expected for pigs if they sustained a lactation over 1 year without undergoing bone loss (figure 6). Although this is longer than what ewes usually do and very far from sow typical nursing duration 50 , lactation induced bone loss can increase the bone reactivity to lactation isotopic changes and likely helps recording such a lactation signal (figure C.6). Consecutive gestations and lactations, such as classically experienced by livestock animals, and a death relatively close from lactation, are also favorable factors to preserve such signals. This makes lactation a very suitable candidate to explain differences in bone Ca isotopic composition between sexes of adult mammal populations having a similar diet, such as observed for modern ewes 14 . Besides, this provides an additional explanation to why human populations studied so far do not exhibit such differences 8,14 . Obviously the predictions of our model cannot be directly applied to sheep, as many Ca fluxes and reservoir sizes change between sow and sheep in addition to the length of lactation of these animals. However, our model and experimental data provide the basics and order of magnitude of what could be expected in other medium to large mammal species. Considering all of that, preserving this lactation signature within bones or teeth of other mammal species, including extinct ones, seems plausible. This would allow studying past lactation habits using bone or teeth Ca isotopic compositions, but could concurrently complicate the use of Ca isotopes as a trophic indicator. However, our study suggests the timings and lengths of lactation periods necessary to preserve such a lactation signal likely concern a fraction of mammal species only 44 . Additionally, the sheep population studied by Reynard et al. (2010) 14 suggests that this signature of the lactation tends to stay of small amplitude (+0.14 ± 0.08 ‰) 14 , despite the fact that females from this population went through 3 consecutive gestations and lactations in that study. Thus, the effects of lactation we describe here do not seem to be a major issue for using Ca isotopes as a trophic indicator, especially when studying wild faunas.

Conclusion

Through modeling and a longitudinal monitoring of a sow population, this study provides new insights about the mammalian isotopic Ca cycle. Our data support a model of Ca isotopic fractionation with a less pronounced fractionation during bone mineralization than previously proposed (Δ 44/42 Ca bone-blood below -0.3 ‰ instead of about -0.6 ‰), a change which specifies the range of physiological and pathological contexts where Ca isotopes can be used to monitor bone balance. Although of small amplitude and apparently not representative of the full length of the gestation, we detected that umbilical blood is 44 Ca-depleted compared to maternal blood (Δ 44/42 Ca umbilical blood-sow blood = -0.18 ± 0.11 ‰, n = 3; or -0.14 ± 0.11 ‰ for the best temporal match). Apart from this fractionation, gestation seems to be associated with overall higher body δ 44/42 Ca values and lower isotopic differences between diet and bones than for other mammals in normal physiological conditions (Δ 44/42 Ca bone-diet = -0.28 ± 0.11 ‰), possibly because of higher Ca absorptions by the digestive track. Lactation periods are associated with even higher blood δ 44/42 Ca values (δ 44/42 Ca blood change of +0.42 -0.12 +0.11 ‰ during nursing) and with small isotopic differences between urine and blood (Δ 44/42 Ca urine-blood = +0.90 -0.12 + 0.11 ‰ ), although this last observation is likely a less universal lactation marker. The high blood δ 44/42 Ca values are mainly caused by milk production and excretion, and are likely the main cause of male versus female differences in bone Ca isotopic composition documented in certain mammal populations. According to our model, the preservation of such lactation events in bone is favored by greater Ca dairy excretions, by longer lactation periods, by smaller time gaps between nursing periods, as well as by a death or bone sampling close to the lactation period. 
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Appendix A -Supplementary text

Text A.1 -Labware, consumables and cleaning procedures

This section provides additional details about the equipment used for this study as well as cleaning procedures performed before its use.

Text A.2 -Uncertainty of Ca isotopic compositions

This section describes in details how uncertainties presented in this study are calculated.

Text A.3 -Box model conception

This section describes with more details the conception of box-model simulations discussed in this paper. Reservoir sizes are expressed in mg of Ca and estimated from the following references 3,27,32,[59][60][61] .

Appendix B -Supplementary tables

Table B.3 -Model input (Ca fluxes)

Ca fluxes are described for the following simulations: GestFF, GestR, LactA, LactB, LactL, LactH and for GestFF with 75 % less Ca absorption in the digestive track. The bulk of these estimation are retrieved from Giesemann et al. (1998) 33 , completed and compared with data from the present study and the following references 3,32,34,35,58,[62][63][64] .

Table B.4 -Model input (Ca isotopic fractionation)

We considered 6 Ca isotopic fractionation process in our model, based on data from this study and the literature 2,3,5,13,14,17,[21][22][23]27 .

Table B.5 -Zootechnical data

This table outline important zootechnical data collected from our experiment, such as the number of piglet per sow, weight and milk production estimations. The average 2 standard errors for δ 43/42 Ca and δ 44/42 Ca values is represented as a blue cross at the bottom right of the graph. The graph summarizes the data Δ 44/42 Ca X-blood collected in this study. For each individual, sample Ca isotopic compositions have been compared with blood Ca isotopic compositions of the same sampling step, with the exception of bones which are compared with preinsemination blood δ 44/42 Ca values.

Figure C.5 -100-day gestation and lactation simulations with variable α B-EF

Body Ca isotopic compositions predicted by our model at 100 days in gestation condition (GestR), and lactation conditions with higher or lower milk Ca output (LactA and LactB respectively). For each of these conditions, we simulated various degree of Ca isotopic fractionation at bone mineralization (i.e. α B-EF include between 1 and 0.9994), representing Δ 44/42 Ca bone-blood offsets between 0 and 0.6 ‰. Colored areas represent the range of experimental data for urine (yellow), blood (red), fetal tissues (purple) and milk (blue). GestR δ 44/42 Ca values are compared with late gestation urine, sow blood and syn-parturition umbilical blood δ 44/42 Ca values. LactA and LactB are compared with urine, blood and milk δ 44/42 Ca values from the nursing period.

Figure C.6 -1000-day lactation simulations with variable α B-EF and degree of bone loss

Body Ca isotopic compositions predicted by our model at 1000 days in lactation conditions without bone loss (LactA), with moderate bone loss (LactL) or important bone loss (LactH).

For each of these situations, we simulated various degree of Ca isotopic fractionation at bone mineralization (i.e. α B-EF include between 1 and 0.9994), representing Δ 44/42 Ca bone-blood offsets between 0 and 0.6 ‰.

Figure C.7 -steady state simulations with variable K→Ur/EF→Fs ratio

Body Ca isotopic compositions predicted by our model at steady state (for the sow) in normal condition (GestFF), gestation condition (GestR) and lactation condition (LactA). These simulations are done with a α B-EF of 1 and variable ratio of urinary versus endogenous Ca losses (i.e. K•Ur / EF•Fs), from 0.5 to 2. We changed this ratio by modifying Ca endogenous losses while keeping Ca urinary losses constant. 
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 3 Tables B.2, B.3, B.4). In a few words, this model is a box model designed to simulate the Ca isotopic composition of a sow-like animal based on plausible Ca reservoir sizes, Ca fluxes and Ca isotopic fractionation factors. We modeled different scenarios of Ca fluxes and isotopic fractionation factors for the animal. First, we simulated a gestation without Catransfer to fetuses (Ca gain is transferred from extracellular fluids to the waste box with no isotopic fractionation). This simulation (referred as GestFF for Gestation Fetus Free) is purely conceptual but stay quite representative of the average conditions of a domestic sow, as the Ca transfer to fetuses intensifies only toward the last third of the gestation period, and that they generally have small nursing periods and recovery time between weaning and new insemination. The second simulation is similar to the first one but includes Ca transfer to fetuses (referred as GestR for Gestation Regular). This last aim to represent a sow toward the end of a gestation, when Ca transfer to fetuses are intense. The third and fourth simulations (LactA, LactB) represent a lactation scenario without bone loss, with relatively high (LactA) and low Ca dairy excretion (LactB). Finally, we tested the influence of Ca absorption (i.e. the amount of Ca transferred from the digestive tract to the blood) on body Ca isotopic compositions. This test is a series of simulations which use the basis of the GestFF scenario with different Ca absorption levels, respectively 75 %, 50 % and 25% of GestFF Ca fluxes from digestive tract to blood. In addition to these scenarios, we tested additional configurations of Ca fluxes and Ca isotopic fractionation factors in order to assess the sensitivity of the model to these parameters. Monitored parameters include: the coefficient of Ca isotopic fractionation at bone mineralization, the degree of bone loss, the ratio between Ca absorption and excretion (i.e. by digestive secretions) and the ratio between urinary and endogenous Ca losses. These last scenarios and associate results are further described in appendix (Text A.3; figures C.5, C.6, C.7).

(

  figure C.6). This is the logical consequence of decreasing the bone Ca residence time by decreasing the bone reservoir size through bone loss. The different configurations of Ca digestive excretions we tested (i.e. K→Ur/EF→Fs ratios ranging from 0.5 to 2) show that this parameter has a restricted impact on the evolution of the system, for steady state (figure C.7) as for intermediate isotopic compositions (under 10 4 days).

  conceptual as only Ca absorption, fecal Ca losses and the blood→waste Ca flux are modified from GestFF conditions in figure 8, whereas changing Ca absorption in a real organism would likely trigger other changes in Ca fluxes (e.g. urinary). Moreover, any modification of the ratio between Ca absorption and Ca urinary excretion fluxes can modify the Δ 44/42 Ca bone-diet 3 .
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 1 Figure 1. Sampling time chart Key steps and periods within the reproduction cycle of monitored specimens are
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 2 Figure 2. Fluid and tissue Ca isotopic compositionsCa isotopic compositions of all tissues and fluids collected from C1, C2, C3 and juvenile
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 3 Figure 3. Ca isotopic compositions over timeCa isotopic compositions of all samples collected from C1, C2 and C3, expressed in ‰ as
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 4 Figure 4. Temporal evolution of Δ44/42 Ca blood values Summary of Δ44/42 Ca X-blood values (i.e. the difference between blood and other sample δ44/42 Ca 
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 5 Figure 5. Model of Ca cycle Box model of Ca body cycle adapted from the human model proposed by Tacail, 2017 3 . The
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 1 Figure C.1 -Three isotopes plotIn this figure δ43/42 Ca values are plotted as a function of δ44/42 Ca values (‰, ICP Ca Lyon) for all
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 2 Figure C.2 -Ca concentration variability over time (a) Evolution of Ca concentrations in morning urines over the experiment period. (b)
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 3 Figure C.3 -Correlation between Ca concentration and isotopic composition (a) Logarithmic correlation between urine Ca isotopic compositions and urine Ca

Figure C. 4 -

 4 Figure C.4 -Δ 44/42 Ca X-blood summary

  Diet δ 44/42 Ca values (this study)Expected bone δ 44/42 Ca values with ∆ 44/42 Ca bone-diet = -0.54 ± 0.08 ‰ δ44 42 

  Table B.5. Estimations of sow body masses fall within the range of body masses reported for other porcine specimens studied by Dourmad et al. (1997) 32 and Giesemann et al. (1998)33 . The near four-month gestation of sows multiplied by the daily flux of extracellular fluids into the fetus (i.e. EF→Ft) documented by Giesemann et al. (1998)33 

  We found no significant temporal pattern of blood Ca concentration (figure C.2), or correlation between blood Ca concentration and isotopic composition (figure C.3). All non-blood samples isotopic compositions are shown compared to individual's blood compositions (Δ 44/42 Ca X-blood ) in figure C.4. The mean Δ 44/42 Ca urine-blood offset is +1.21 -0.13 +0.11 ‰ (n urine

Ca values are back to initial values in December (respectively -0.58 ± 0.05 ‰ and -0.59 ± 0.07 ‰, n* = 3 for both). Calcium concentrations in urine range from 2.8 to 715.9 mg/L. At the individual level, urines collected before insemination are systematically the most Ca concentrated. Ca concentration then decreases during the gestation, increases in the middle of the lactation period and goes back to post-birth levels after weaning (figure C.2). We found a weak linear and logarithmic correlation between urine Ca concentration and isotopic composition with a R² of 0.37 and 0.35, respectively (figure C.3).

  box) is relaxed to its steady state. We compared the four modelled predictions with our experimental data, at different timings (100-days and steady state) while considering different Ca isotopic fractionation factors (α B-EF ) at bone mineralization (figure 7, see table B.4 and reference therein). At steady state, only bone Ca isotopic composition is affected by α B-EF. This parameter has little impact on intermediate composition states at 100-day for lactation but a more pronounced impact for gestation simulations (figure C.5).

Ca values of extracellular fluids, urines, milk and fetal tissues. After 10 4 days, the sow system (not including the fetus

table B . 4 )

 B4 Figure 6. Model evolution to steady stateEvolution of Ca isotopic composition of sow Ca reservoirs in general conditions (GestFF), gestating conditions (GestR), and lactating condition with higher or lower dairy Ca excretion (LactA and LactB, repesctively). The x axis represents the time in days. These graphs represent scenarios with no Ca isotopic fractionation at bone mineralization (i.e α B-EF = 1), however only bone Ca isotopic composition is notably affected by this fractionation factor. GestR δ44/42 Ca values are compared with late gestation urine, sow blood and umbilical blood δ44/42 Ca values at parturition. LactA and LactB are compared with urine, blood and milk δ44/42 Ca values from the nursing period. Bone δ44/42 Ca values are not displayed for 100 day simulations, because at this time bone are not yet significantly affected by changes in body Ca isotopic composition (see figure6). Figure 8. Ca absorption effect on body δ 44/42 Ca values Body Ca isotopic compositions predicted by our model at steady state in general condition (GestFF), with various Ca isotopic fractionation factor during bone mineralization (i.e. α B-EF ), and various Ca absorption levels in the digestive track. Bone δ 44/42 Ca predicted values are confounded with extra cellular fluids values for α B-EF = 1 (i.e. no Ca isotopic fractionation at bone mineralization), and tend toward light blue colors for α B-EF = 0.9994, with 0.0001 of difference between each neighbor color level. Absorption levels presented on the x axis range from 100% (left) to 25% (right) of Ca absorptions described by Giesemann et al. (1998) during gestation (tableB.3). The grey shaded area represents the range of food δ44/42 Ca values from our experiment (uncertainties included), while the black line represents the average food δ44/42 Ca value. The green shaded area represents the range of bone δ44/42 Ca values expected with a mean Δ44/42 Ca bone-diet of -0.54 ± 0.08 ‰2,3,5,9,13,17,27 .

	Initial conditions of these simulations are summarized in tables B.2, B.3, B.4 and further
	detailed in section 3.3.
	Figure 7. Model and experimental data comparison
	Comparison of modeling and experimental data in general condition (GestFF), gestating
	condition (GestR), and lactating conditions with higher or lower dairy Ca excretion (LactA
	and LactB, respectively). Points represent simulation results whereas colored zones
	represent the range of δ 44/42 Ca values measured during our experiment at comparable stage
	of the reproductive cycle. Simulation results are presented at day 100 and after 1000 days
	when the sow system is in steady state (noted std*). Steady state simulations presented
	here consider different Ca isotopic fractionation factor at bone mineralization (i.e. α B-EF
	between 1 and 0.9994), representing a Δ 44/42 Ca bone-blood offset between 0 and 0.6 ‰ (only
	bone is affected by this value). Bone data points tend toward red colors for α B-EF = 1 (i.e. no
	Ca isotopic fractionation at bone mineralization) and light blue colors for α B-EF = 0.9994, with
	0.0001 of difference between each neighbor color level. GestFF results are compared with
	pre-inseminations δ 44/42 Ca values for urine and blood and with post-weaning δ 44/42 Ca values
	for bones (see section 3.3.).

Table B .

 B 1 -ChromatographyThree column chromatography procedure. This procedure is adapted from the methods of Tacail et al. (2014)27 and Le Goff et al. (2021)36 .

	Table B.2 -Model input (Initial reservoir sizes)

Table B .

 B 6 -Isotopic and elemental concentration dataThis table synthetize all the data of Ca isotopic composition and elemental concentrations collected in this study, respectively expressed in ‰ and mg/kg of lyophilized sample (or mg/l for urine samples). In accordance with the data reported in appendix ofMartin et al. (2018) 10 the uncertainties around δ44/42 Ca SRM 915a values reported in this table are equal to the sum between δ44/42 Ca ICP Ca Lyon uncertainties and 0.025 ‰, the uncertainty around the δ44/42 Ca value of SRM915a measured against the ICP Ca Lyon. Sampling step labels correspond to periods This figure synthetizes the results of different random samplings with replacement performed in the dataset of SRM1486 δ44/42 Ca values collected for this study. For each graphs, this random sampling collected a number n* of values (3, 4, 6 or 10) within the SRM1486 dataset constituted by 37 original values. A mean is calculated for each sampling of n* values and the procedure is repeated 100 000 times for each n* level. The difference between these means and the true mean of the dataset is calculated and the distribution of the results is presented within the graphs (in absolute value). Green zones represent 95 % of the means from the bootstrapping that were the closest from the true mean, red zones represent the 0.1 % of the means from the bootstrapping that were the most different from the true mean, blue zones represent intermediate values. For n* = 3 (i.e. three sampling with replacement), a number quite representative of the number of replicates for the δ44/42 Ca measures of samples from this study, 95 % of means from the bootstrapping fall within a ± 0.05 ‰ range around the true mean of the SRM1486 dataset. We designated this value as a minimum uncertainty around sample δ44/42 Ca measures.

	at pre-insemination (AvIA), last month of gestation (G3), parturition (MB), nursing (M14) and
	post-weaning (S14).
	13. Appendix C -Supplementary figures
	Figure C.0 -SRM bootstrapping and baseline uncertainties
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