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Abstract

:

Simple Summary


The composition of milk is fundamentally dependent on the feeding of the cows, and thereby on a particular environment. However, stable isotope composition is not always constant in the environment and can even change in the same area. Thus, the aim of this study was to better understand the impact of water and food sources on oxygen, carbon, and nitrogen stable isotope ratio (18O/16O, 13C/12C, and 15N/14N) distribution and fractionation in cow milk in different seasons of the year. Cow milk, drinking water, feed, and precipitation water were collected for three years from the same location. Overall, combined δ18O, δ13C, and δ15N analysis of cow milk provides valuable information about the amount of variation in stable isotope ratios in natural samples. This study can be helpful for studies of milk product authentication.




Abstract


Various studies have shown that stable isotope analysis has the potential to verify the geographic origin of foods and drinks. However, stable isotope composition is not always constant in the environment and can even change in the same area. Dairy products are of particular interest as a group of foods that play an important role in feeding the population. The composition of milk is fundamentally dependent on the feeding of the cows, and thereby on a particular environment. To better understand the amount of variation in δ18O, δ13C, and δ15N values in the milk from the same area, we measured stable isotope ratios in cow milk water, artesian water, and precipitation (δ18O) as well as in bulk milk samples (δ13C and δ15N) collected in 2014–2016. Different water and food sources were available during the winter (artesian water only and dry grass) and summer (artesian water and fresh grass), and spring and autumn seasons reflected transitional periods. Oxygen stable isotope ratios in milk water were relatively lower in winter and transitional seasons and higher in summer, showing the dependence on the main water source. δ13C values reflected particular food sources. This study shows the applicability of the stable isotope ratio method in linking cow milk to specific environments and reveals the amount of variation in stable isotope ratios in the same area. These results could be valuable for other studies on geographical origin determination of dairy products.
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1. Introduction


Increasing demand for authentic and high-quality foods and drinks requires analytical tools to solve the complex problems related to food production, quality assessment, environmental control, and related issues. The authenticity of dairy products is becoming a subject of increasing interest forscientists, consumers, producers, and policymakers, especially as the price of some products can be higher than their alternatives. The ability to differentiate various dairy products from different countries or regions has value for ensuring fair competition between producers and protecting consumers against misleading due to mislabeling fraud [1]. A range of analytical methods have been developed to address this issue. The stable isotope ratio method has already shown its applicability to solve the authenticity problems of milk products [2,3,4,5,6,7,8], beef [9,10,11], olive oil [12,13], honey [14,15], wine [16], and juices [17]. Ehtesham et al. [18] showed that the δ2H and δ13C of four fatty acids and bulk milk powder were found to be correlated with regional production area in New Zealand. In the United States, the δ2H and δ18O values of paired milk and cow drinking water were related, suggesting the potential for geographical origin assignment using stable isotope analysis [19]. Liu et al. [20] found that δ18O values in goat milk water were identical to that in corresponding drinking water in China, while Garbaras et al. [21] observed variation of δ18O values in the cow milk water depending on the region in Belarus.



Stable isotopes fractionate due to chemical and physical factors and thus form different isotopic landscapes. In nature, the stable isotope (SI) ratio varies from one trophic level to another. Consumers have a 3–5‰ higher stable isotope ratio of nitrogen (expressed as δ15N), on average, compared to dietary sources, and in the case of carbon stable isotope ratios, this fractionation is lower and reaches ~1–2‰ [22]. Thus, the stable isotope ratio of nitrogen is usually used to differentiate between trophic levels and δ13C is usually used to determine the main food source of the animals. For example, the stable isotope ratios of carbon of cattle fed on maize can help to distinguish from cattle fed on grass, as plants have evolved different photosynthetic pathways and are known as C3 (most temperate crops, wheat, beans), C4 (corn, sugarcane), and CAM (Crassulacean acid metabolism, e.g., pineapple) plants [23].



Specific local conditions can alter the stable isotope baseline, which, in turn, can be transferred to different parts of food webs [24,25]. Therefore, understanding the dynamics of specific environments is essential. The stable isotope ratios of oxygen in local water are mainly influenced by precipitation [26], which can also be estimated using isotope maps (see European δ18O map [27]). Manca et al. [28] demonstrated the potential of three stable isotope ratios (13C/12C, 34S/32S, and 18O/16O) to segregate local cheese from other cheeses of non-local origin. However, some isotopic ratios alone (15N/14N and 34S/32S) are weaker in milk origin assessment, but might be useful in combination with other indicators [29].



There are three main sources of oxygen in animals, including humans: atmospheric oxygen, water, and food. According to Daux et al. [30], for many organisms, water is essential and is usually derived from direct sources such as rivers, lakes, or rainwater. Plants or other food resources are only a secondary source of water. Part of the water is removed from the body, and there is a certain balance between the ratio of the source water isotopes and the water absorbed by the individuals. Thus, the δ18O of the body’s tissues reflects the source δ18O at a ratio of approximately 1:1 [31]. Therefore, oxygen stable isotope ratios are commonly used for regional origin assignment, and carbon and nitrogen stable isotope ratios are used for determining the feeding practices of growing animals [21,32].



The aim of this study was to better understand the impact of water and food sources on δ18O, δ13C, and δ15N distribution and fractionation in cow milk in different seasons of the year. Oxygen stable isotope values in raw milk were compared with main drinking water sources of the exact seasons. These results can be valuable for other studies on milk authentication.




2. Materials and Methods


2.1. Materials


In this study, milk, drinking water, precipitation, and grass were collected repeatedly from 2014 to 2016. More than 150 samples were collected in this period. A dairy cow owned by a local countryside farmer in the Vilnius region, Lithuania (Figure 1) was selected for milk sample collection. The cow was housed indoors during the winter period, fed dry hay, and watered with local artesian water. During the summer season, it was kept outdoors and fed with fresh grass and watered with artesian water. Milk production was 20–30 L/day according to the season.



Raw milk and artesian water samples were frozen immediately after the collection to avoid evaporation and microbial activity that can lead to possible fractionation. Precipitation samples were collected in a water vessel at particular time periods. Care was taken during hot periods when the evaporation increases, and samples were collected as soon as possible after precipitation. All the collected samples were labeled and kept in different vials in a freezer at −18 °C. We used 50-mL vials for sample collection and storage. The samples were defrosted just before sample preparation and the stable isotope ratio measurements.




2.2. Sample Pretreatment


We centrifuged 1.5 mL of defrosted milk at 20,000× g for 30 min at room temperature. The upper layer was removed. If necessary, the centrifugation step was repeated in order to remove all residual material. The supernatant was transferred into a vial and later used for the oxygen stable isotope analysis. The scheme of the purification process for the milk samples is described in Scampicchio et al. [33]. Precipitation and artesian water samples were analyzed just after melting; we used 500-μL samples for either water or precipitation sample measurement.



For carbon and nitrogen stable isotope ratio analysis, bulk milk samples were freeze-dried before measurements and then homogenized.




2.3. Ethical Approval


Ethics approval was not required for this paper/research.




2.4. Isotope Ratio Mass Spectrometry


For δ18O measurements, 500 μL of milk water sample was put into an open vial using a disposable syringe and sealed with new septa. Residual air in the vials was removed from the sample vials following an automated autosampler-assisted flushing procedure, which uses a mixture of 0.2% up to 1% CO2 in He. Measurements were carried out after an equilibration time of 24 h at 24 °C. The sampling loop aliquoted 100 μL samples of the headspace into an isothermal gas chromatograph, where CO2 was separated from any other gas species. The use of repetitive loop injection (1–2 min per replicate) allowed the precision to approach comparable levels to that of a dual inlet system. Measurements were performed with Gas Bench II (Thermo, Bremen, Germany) coupled to a Thermo V Advantage (Thermo, Bremen, Germany) Isotope Ratio Mass Spectrometer.



For δ13C and δ15N measurements, freeze-dried milk samples were weighted into the tin capsules and measured with an Elemental Analyser Flash EA1112 (Thermo, Bremen, Germany) linked to a Thermo V Advantage (Thermo, Bremen, Germany) Isotope Ratio Mass Spectrometer.



Stable isotope data are reported as δX values (where X represents the heavier isotope 18O, 15N, or 13C). Delta values are dimensionless quantities that represent the difference in isotope ratio of a sample relative to an internationally agreed zero-point (defined by the International Atomic Energy Agency (IAEA)) as shown in Equation (1):


δX = [Rsample/RRM − 1]



(1)




where Rsample is 18O/16O, 15N/14N, and 13C/12C of the sample and RRM is 18O/16O, 15N/14N, and 13C/12C of the scale zero-point. Isotope-delta values are commonly expressed in parts per thousand (per mil or ‰).



Accuracy was assessed by the repeated measurements of secondary reference material (RM) IAEA-600 (caffeine) and internal laboratory reference material (flour) for carbon and nitrogen stable isotope measurements and VSMOW 2, GISP, or SLAP 2 (all secondary RMs from IAEA) as well as laboratory reference material (tap water) for oxygen stable isotope analysis. Laboratory RMs were calibrated against secondary RMs by repeated measurements. Precision for all isotope ratio analyses was equal or better than 0.15‰.



Stable isotope values between warm and cold seasons were statistically compared using paired t-test (δ15N, δ13C in milk, and δ18O in precipitation) and Wilcoxon signed rank test (δ18O in precipitation). Normality was assessed using Shapiro–Wilk tests. For this study, p < 0.05 was considered statistically significant. All statistical analyses were performed using program R.





3. Results


The δ18O values (average ± SD) of milk water, drinking water (artesian), and precipitation are presented in Appendix A, Table A1. We found that the oxygen stable isotope ratio of artesian water in the Vilnius region was quite constant, and within a year, it changed little (−10.3 ± 0.3‰), whereas the precipitation oxygen stable isotope ratio values varied within ~20‰ range depending on the season (Figure 2). There were statistically significant differences in δ18O values between warm and cold seasons in precipitation (paired t-test, p < 0.05). Also, there were statistically significant differences in δ18O values between warm and cold seasons in cow milk water (Wilcoxon signed rank test, p < 0.05).



The oxygen stable isotope ratio in cow milk depends on the sources of drinking water as well as metabolism and the fractionation effect in milk production. The comparison of cow milk water, drinking water, and precipitation oxygen stable isotope ratios showed that milk water δ18O values were higher than the groundwater values by 1–8‰, depending on the season. The smallest difference between groundwater and milk occurred during the winter and transitional seasons, whereas the biggest differences occurred in the summer seasons. This reflects the change in water source during the year. In the colder seasons, the main source of water is groundwater, whose oxygen stable isotope ratio is rather constant, while in the warm season, an additional source of water—fresh grass that is enriched in 18O—is introduced to the cow diets.



The δ15N values in the cow milk varied from 2.9‰ to 6.0‰ (Figure 3) and did not differ statistically between cold and warm seasons (paired t-test, p = 0.07). These values for δ15N in the animal tissues are governed by the food nitrogen stable isotope signatures, in our case, grass and hay nitrogen stable isotope ratio values. In our study, plant δ15N varied from −1.8‰ (clover) to 4.3‰ (grass; see Appendix A, Table A2). Nitrogen-fixing plants have a similar stable isotope ratio to atmospheric nitrogen (~0‰), whereas plants absorbing nitrogen in the form of nitrates have higher δ15N values that are generally correlated with the nitrate source stable isotope ratio. Organic fertilizers have been found to have high nitrogen stable isotope ratio values, even exceeding 20‰ in some specific environments [24].



The δ13C values in the cow milk are presented in Figure 4; they varied from −31.2‰ to −27.6‰ and a statistically significant difference was observed between cold and warm seasons (paired t-test, p = 0.02). Cow milk had slightly lower carbon stable isotope values in the summer season, which was related to the higher ingestion of fresh grass, which is generally depleted in 13C. The carbon stable isotope ratio of the grass taken during the study was about −30‰, while the dried hay reached about −27.8‰. Generally, both higher and lower δ13C values indicate that these plants are within the C3 plant range, with an average of about −26‰. Herbaceous plants with a higher 13C fractionation usually fall under the lower values. Overall, the ratio of nitrogen stable isotope values did not change significantly in different seasons, while the ratio of carbon stable isotopes reflected the δ13C values of the feed source (fresh grass in summer and dried hay in autumn and winter) during the investigation period.




4. Discussion


There are three main sources of ingested water in herbivores: drinking water, water in plants, and atmospheric O2. The δ18O value of drinking water is related to the value of meteoric precipitation, which is correlated to mean annual temperature [26]. Plant water is enriched in 18O relative to groundwater via evapotranspiration. Enrichment is intense in arid areas [34] and its effects have been detected in the oxygen stable isotope analyses of mammals [35,36]. The turnover of oxygen and hydrogen stable isotopes in the body water, CO2, hair, and enamel has been analyzed in small mammals. A mass balance model on captive woodrats estimated that drinking water, atmospheric O2, and food were responsible for 56%, 30%, and 15% of the oxygen in the body water, respectively [37].



Models of isoscapes provide a means of interpreting observed isotopic data in terms of spatial patterns within the Earth. These models can help to predict patterns of environmental isotope variation that can be used to “fingerprint” the origin of geological and biological material. Isotopic signatures taken up by animal body tissues can similarly be related to location of origin [38]. Therefore, based on isotope distribution models, any unknown sample could be compared to a reference database in order to establish the likelihood of its geographical provenance [39]. This provides useful tools in verifying the declared origin of foods [40] and beverages [39]. According to the European annual map of oxygen stable isotope ratios in precipitation, the Lithuanian region falls within the range of −7.5‰ to −11.4‰ (Figure 5). That basically means that animal body tissues with a similar stable isotope ratio originate from that territory or are produced using water resources originating from within that territory.



In our study, oxygen stable isotope ratio measurements in milk samples were compared with precipitation and artesian water measurements as well as a European δ18O map in order to better understand the distribution of stable isotopes in cow milk. The 18O content of milk water should reflect the 18O content of the groundwater at the location where the cattle live because this is mainly what they drink. Thus, the δ18O measurement of milk water should also provide valuable information about the region of origin of the milk. The δ18O measurement of artesian water in our study area (Vilnius region) was −10.3 ± 0.3‰, which is comparable with the value reported by Mažeika et al. [41], who stated that the oxygen stable isotope ratio results of aquifers in the northeastern part of Lithuania range from −12.1‰ to −10.0‰. The δ18O values of paired milk and cow drinking water samples were strongly related in a predictable manner, as shown in Figure 2. As we expected, the stable isotope ratios of water within cow milk were comparable with geographical information (i.e., the stable isotope ratios of local drinking water) in cold seasons, when the main water source was artesian water (a metabolically driven stable isotope shift was expected compared with drinking water). However, the results of the measurements showed that stable isotope values varied over the course of the year in different seasons. During the winter/transition period, the δ18O values reflected the groundwater signal, while during the summer season, as a large part of the water comes from fresh grass, milk water tended to be enriched in 18O compared to groundwater. This is explained by the fact that a large amount of water is absorbed by fresh grass containing more 18O isotopes compared to groundwater due to the transpiration process, during which plants tend to remove the lighter isotope. During the summer period, the animals also lose more water, which results in the loss of the lighter isotope, whereas the remaining body water is enriched in 18O.



Naturally occurring fertilizers usually have relatively high nitrogen stable isotope values (up to +30‰) [24], as volatile compounds tend to be more depleted in 15N, whereas solid compounds are more enriched in 15N [42]. Synthetic fertilizers are characterized by much lower δ15N values, ranging from −4‰ to 4‰ [43]. Thus, the nitrogen stable isotope ratio can be an indicator of farming strategy. In our study, the δ15N values in the cow milk varied from 2.9‰ to 6.0‰ and plant δ15N varied from −1.9‰ to 5.5‰. As the trophic fractionation of nitrogen stable isotopes in animal tissues is about 3‰, cow milk δ15N values indicate that the main nitrogen source for the cow was nitrogen from the grass (or hay).



Different inputs of C3 and C4 plants in the diet can change the δ13C value in milk. Camin et al. [3] estimated that each 10% increase in the C4 plant content changes the δ13C value of casein by about 1‰. Skipitytė et al. [44] showed that this signal is reflected but with different levels of trophic fractionation in different tissues like muscles, feathers, skin, and blood. Cow milk is a product of animal metabolism and reflects the combination of both nutritional sources and processes in the body. In our study, we found that the diet of the cow consisted of C3 plants with δ13C ranging from −27.8‰ to −31.2‰, with slight changes according to the season.




5. Conclusions


Cow milk, drinking water, feed, and precipitation water were collected for three years from the same location. This allowed us to determine seasonal stable isotope dependences between cow milk water and drinking water. We observed that δ18O values were relatively higher during the summer season, whereas in the autumn, winter, and spring, they were relatively lower. Groundwater measurements indicated that the annual ratio of groundwater isotopes was relatively constant and had a δ18O value of −10.3 ± 0.3‰. Comparing our data obtained from European isotope maps, we found that only in the winter, spring, and autumn seasons does the ratio of oxygen isotopes of cow milk water correspond to the annual distribution of the European stable isotope ratio in precipitation. During the summer season, these values in the cow milk water are relatively higher and should be compared with the oxygen stable isotope distribution during summer months. By comparing the results of the summer season with the annual distribution, it is possible to draw conclusions about the origin of dairy products. Therefore, the analysis of seasonal isotope fluctuations is important in improving the methods available for identifying the origin of various foods.



We found that the carbon stable isotope ratios were correlated with the contribution of dietary sources (fresh grass in summer and dried hay in winter), meanwhile nitrogen stable isotope ratios did not differ significantly during the year. Overall, combined δ18O, δ13C, and δ15N analysis of cow milk provides valuable information about the origin of milk and the dietary regime of animals and can be helpful for studies of milk product authentication. However, our analysis showed that seasonal variations in isotopic ratios are typical in natural samples. Thus, databases and comparative material are needed to determine the origin of food products.
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Table A1. Stable isotope ratio values for the measured samples. δ18O was measured in precipitation, artesian water, and milk water, while δ15N and δ13C were measured in dried milk powder. Milk was collected from the same cow.






Table A1. Stable isotope ratio values for the measured samples. δ18O was measured in precipitation, artesian water, and milk water, while δ15N and δ13C were measured in dried milk powder. Milk was collected from the same cow.





	
Date

	
Precipitation

	
Artesian Water

	
Milk Water

	
Milk Powder




	

	

	
δ18O, ‰

	

	
δ15N, ‰

	
δ13C, ‰






	
1/11/2014

	

	

	
−8.4

	

	




	
1/12/2014

	

	
−10.2

	

	

	




	
1/18/2014

	
−17.7

	

	

	
3.8

	
−29.1




	
1/26/2014

	
−18.9

	
−10.2

	
−9.6

	
2.9

	
−28.9




	
2/5/2014

	

	
−10.1

	
−9.0

	
3.8

	
−28.4




	
2/17/2014

	
−12.7

	

	

	

	




	
2/19/2014

	

	
−10.5

	

	
3.6

	
−28.5




	
2/23/2014

	
−8.9

	

	

	

	




	
2/28/2014

	

	
−10.2

	
−8.8

	
3.8

	
−29.3




	
3/21/2014

	
−6.3

	

	

	

	




	
3/25/2014

	

	
−10.6

	
−8.7

	
4.0

	
−29.0




	
3/29/2014

	
−5.3

	

	

	

	




	
3/31/2014

	

	
−10.5

	
−8.8

	
4.6

	
−28.8




	
4/11/2014

	
−6.3

	

	

	

	




	
4/14/2014

	

	

	
−9.0

	

	




	
4/23/2014

	

	
−10.2

	
−8.5

	
3.9

	
−29.4




	
5/11/2014

	
−7.5

	
−10.1

	
−3.9

	
3.6

	
−30.5




	
5/18/2014

	
−5.0

	

	

	

	




	
5/20/2014

	

	
−10.1

	
−3.7

	
4.2

	
−31.2




	
5/24/2014

	
2.6

	
−10.5

	

	

	




	
6/3/2014

	
−6.5

	

	

	

	




	
6/18/2014

	

	
−10.2

	
−5.0

	
6.0

	
−29.9




	
6/26/2014

	
−8.3

	

	

	

	




	
7/8/2014

	

	

	

	
4.3

	
−29.5




	
8/3/2014

	
−1.9

	

	
−3.9

	
5.4

	
−30.8




	
8/20/2014

	
−5.0

	
−10.6

	

	

	




	
8/30/2014

	
−13.5

	

	

	

	




	
11/11/2014

	

	

	

	
4.4

	
−29.0




	
12/20/2014

	
−8.8

	

	

	

	




	
1/6/2015

	
−13.5

	

	

	

	




	
1/7/2015

	
−14.3

	

	

	

	




	
1/12/2015

	
−17.0

	

	

	

	




	
2/1/2015

	

	

	
−9.7

	
5.4

	
−28.3




	
2/5/2015

	

	
−10.7

	

	
4.5

	
−29.2




	
2/15/2015

	

	

	
−9.8

	

	




	
2/22/2015

	

	

	
−9.3

	

	




	
3/7/2015

	

	
−10.6

	
−9.3

	

	




	
5/21/2015

	
−5.1

	

	
−3.5

	

	




	
5/27/2015

	
−7.6

	

	

	

	




	
6/22/2015

	
−10.0

	

	

	

	




	
11/12/2015

	
−6.8

	

	
−7.5

	
4.3

	
−29.0




	
11/20/2015

	

	

	
−7.7

	
4.0

	
−28.5




	
11/23/2015

	
−16.4

	

	

	

	




	
12/21/2015

	
−6.8

	

	

	

	




	
12/28/2015

	

	

	
−9.3

	

	




	
1/1/2016

	
−9.1

	

	

	

	




	
1/3/2016

	

	

	
−8.8

	

	




	
1/25/2016

	

	
−10.6

	
−9.4

	

	




	
2/7/2016

	

	

	
−9.2

	
4.9

	
−27.6




	
2/12/2016

	
−19.4

	

	

	

	




	
2/15/2016

	

	

	
−9.7

	

	




	
2/18/2016

	

	
−10.7

	

	

	




	
2/20/2016

	
−17.4

	

	

	

	




	
2/28/2016

	
−11.4

	

	

	

	




	
3/16/2016

	

	
−10.6

	
−9.4

	

	




	
3/19/2016

	
−15.8

	

	

	

	




	
4/13/2016

	
−5.7

	

	

	

	




	
4/15/2016

	

	
−10.4

	
−9.0

	
4.6

	
−28.3




	
4/19/2016

	
−10.7

	

	

	

	




	
4/22/2016

	

	

	
−9.3

	
4.5

	
−28.5




	
5/25/2016

	
−7.7

	

	

	

	




	
6/12/2016

	

	
−10.5

	
−4.8

	
5.3

	
−28.5




	
6/15/2016

	
−7.2

	

	

	

	




	
6/17/2016

	
−7.5

	
−10.5

	
−5.3

	

	




	
6/20/2016

	
−5.6

	

	

	

	




	
7/3/2016

	
−5.5

	

	

	

	




	
7/12/2016

	

	
−9.9

	
−3.3

	

	




	
7/13/2016

	
−2.4

	

	

	

	




	
7/15/2016

	
−5.4

	

	

	

	




	
7/20/2016

	
−5.8

	
−9.9

	
−3.7

	

	




	
8/3/2016

	
−2.3

	

	

	

	




	
8/7/2016

	

	
−10.0

	

	

	




	
8/11/2016

	
−5.1

	
−10.2

	
−5.6

	

	




	
8/14/2016

	

	
−10.2

	
−2.2

	

	




	
8/17/2016

	

	

	
−3.3

	

	




	
8/30/2016

	
−3.9
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Table A2. Stable isotope ratio values and elemental data for the cow feed.






Table A2. Stable isotope ratio values and elemental data for the cow feed.





	Type of the Plants
	n
	δ13C, ‰
	δ15N, ‰
	C %
	N %
	C/N





	Clover
	5
	−30.3 ± 0.1
	−1.8 ± 0.1
	41.4 ± 0.3
	2.7 ± 0.1
	18.0 ± 0.4



	Hay
	4
	−27.8 ± 0.1
	0.3 ± 0.2
	43.2 ± 0.5
	1.2 ± 0.1
	40.6 ± 2.2



	Herbaceous plants
	5
	−29.3 ± 0.1
	−0.6 ± 0.1
	42 ± 0.6
	2.6 ± 0.1
	18.5 ± 0.4



	Grass mix
	5
	−31.2 ± 0.2
	4.3 ± 0.1
	43.4 ± 0.7
	3.2 ± 0.1
	15.8 ± 0.5










References


	



De La Fuente, M.A.; Juárez, M. Authenticity assessment of dairy products. Crit. Rev. Food Sci. Nutr. 2005, 45, 563–585. [Google Scholar] [CrossRef] [PubMed]

	



Camin, F.; Bontempo, L.; Perini, M.; Piasentier, E. Stable Isotope Ratio Analysis for Assessing the Authenticity of Food of Animal Origin. Compr. Rev. Food Sci. Food Saf. 2016, 15, 868–877. [Google Scholar] [CrossRef][Green Version]

	



Camin, F.; Perini, M.; Colombari, G.; Bontempo, L.; Versini, G. Influence of dietary composition on the carbon, nitrogen, oxygen and hydrogen stable isotope ratios of milk. Rapid Commun. Mass Spectrom. 2008, 22, 1690–1696. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Crittenden, R.; Andrew, A.; LeFournour, M.; Young, M.; Middleton, H.; Stockmann, R. Determining the geographic origin of milk in Australasia using multi-element stable isotope ratio analysis. Int. Dairy J. 2007, 17, 421–428. [Google Scholar] [CrossRef]

	



Silva, A.V.; Helie, J.F.; Caxito, F.D.; Monardes, H.; Mustafa, A.F.; Stevenson, R. Multi-stable isotope analysis as a tool for assessing the geographic provenance of dairy products: A case study using buffalo’s milk and cheese samples from the Amazon basin, Brazil. Int. Dairy J. 2014, 35, 107–110. [Google Scholar] [CrossRef]

	



Ehtesham, E.; Baisden, W.T.; Keller, E.D.; Hayman, A.R.; Van Hale, R.; Frew, R.D. Correlation between precipitation and geographical location of the delta H-2 values of the fatty acids in milk and bulk milk powder. Geochim. Cosmochim. Acta 2013, 111, 105–116. [Google Scholar] [CrossRef]

	



Ehtesham, E.; Hayman, A.; Van Hale, R.; Frew, R. Influence of feed and water on the stable isotopic composition of dairy milk. Int. Dairy J. 2015, 47, 37–45. [Google Scholar] [CrossRef]

	



Chung, I.M.; Park, I.; Yoon, J.Y.; Yang, Y.S.; Kim, S.H. Determination of organic milk authenticity using carbon and nitrogen natural isotopes. Food Chem. 2014, 160, 214–218. [Google Scholar] [CrossRef] [PubMed]

	



Yanagi, Y.; Hirooka, H.; Oishi, K.; Choumei, Y.; Hata, H.; Arai, M.; Kitagawa, M.; Gotoh, T.; Inada, S.; Kumagai, H. Stable carbon and nitrogen isotope analysis as a tool for inferring beef cattle feeding systems in Japan. Food Chem. 2012, 134, 502–506. [Google Scholar] [CrossRef]

	



Perini, M.; Camin, F.; Bontempo, L.; Rossmann, A.; Piasentier, E. Multielement (H, C, N, O, S) stable isotope characteristics of lamb meat from different Italian regions. Rapid Commun. Mass Spectrom. 2009, 23, 2573–2585. [Google Scholar] [CrossRef] [PubMed]

	



Osorio, M.T.; Moloney, A.P.; Schmidt, O.; Monahan, F.J. Beef Authentication and Retrospective Dietary Verification Using Stable Isotope Ratio Analysis of Bovine Muscle and Tail Hair. J. Agric. Food Chem. 2011, 59, 3295–3305. [Google Scholar] [CrossRef] [PubMed]

	



Camin, F.; Larcher, R.; Perini, M.; Bontempo, L.; Bertoldi, D.; Gagliano, G.; Nicolini, G.; Versini, G. Characterisation of authentic Italian extra-virgin olive oils by stable isotope ratios of C, O and H and mineral composition. Food Chem. 2010, 118, 901–909. [Google Scholar] [CrossRef]

	



Gumus, Z.P.; Celenk, V.U.; Tekin, S.; Yurdakul, O.; Ertas, H. Determination of trace elements and stable carbon isotope ratios in virgin olive oils from Western Turkey to authenticate geographical origin with a chemometric approach. Eur. Food Res. Technol. 2017, 243, 1719–1727. [Google Scholar] [CrossRef]

	



Schellenberg, A.; Chmielus, S.; Schlicht, C.; Camin, F.; Perini, M.; Bontempo, L.; Heinrich, K.; Kelly, S.D.; Rossmann, A.; Thomas, F. Multielement stable isotope ratios (H, C, N, S) of honey from different European regions. Food Chem. 2010, 121, 770–777. [Google Scholar] [CrossRef]

	



Berriel, V. Carbon Stable-Isotope and Physicochemical Data as a Possible Tool to Differentiate between Honey-Production Environments in Uruguay. Foods 2018, 7, 86. [Google Scholar] [CrossRef] [PubMed]

	



Magdas, D.A.; Cuna, S.; Cristea, G.; Ionete, R.E.; Costinel, D. Stable isotopes determination in some Romanian wines. Isot. Environ. Health Stud. 2012, 48, 345–353. [Google Scholar] [CrossRef] [PubMed]

	



Bat, K.B.; Eler, K.; Mazej, D.; Vodopivec, B.M.; Mulic, I.; Kump, P.; Ogrinc, N. Isotopic and elemental characterisation of Slovenian apple juice according to geographical origin: Preliminary results. Food Chem. 2016, 203, 86–94. [Google Scholar] [CrossRef]

	



Ehtesham, E.; Hayman, A.R.; McComb, K.A.; Van Hale, R.; Frew, R.D. Correlation of Geographical Location with Stable Isotope Values of Hydrogen and Carbon of Fatty Acids from New Zealand Milk and Bulk Milk Powder. J. Agric. Food Chem. 2013, 61, 8914–8923. [Google Scholar] [CrossRef] [PubMed]

	



Chesson, L.A.; Valenzuela, L.O.; O’Grady, S.P.; Cerling, T.E.; Ehleringer, J.R. Hydrogen and Oxygen Stable Isotope Ratios of Milk in the United States. J. Agric. Food Chem. 2010, 58, 2358–2363. [Google Scholar] [CrossRef] [PubMed]

	



Liu, H.Y.; Zhao, Q.Y.; Guo, X.Q.; Tang, C.H.; Yu, X.N.; Zhan, T.F.; Qin, Y.C.; Zhang, J.M. Application of isotopic and elemental fingerprints in identifying the geographical origin of goat milk in China. Food Chem. 2019, 277, 448–454. [Google Scholar] [CrossRef] [PubMed]

	



Garbaras, A.; Skipityte, R.; Meliaschenia, A.; Senchenko, T.; Smoliak, T.; Ivanko, M.; Sapolaite, J.; Ezerinskis, Z.; Remeikis, V. Region dependent C-13,N-15,O-18 isotope ratios in the cow milk. Lith. J. Phys. 2018, 58, 277–282. [Google Scholar] [CrossRef]

	



Kelly, J.F. Stable isotopes of carbon and nitrogen in the study of avian and mammalian trophic ecology. Can. J. Zool. 2000, 78, 1–27. [Google Scholar] [CrossRef]

	



Knobbe, N.; Vogl, J.; Pritzkow, W.; Panne, U.; Fry, H.; Lochotzke, H.; Preiss-Weigert, A. C and N stable isotope variation in urine and milk of cattle depending on the diet. Anal. Bioanal. Chem. 2006, 386, 104–108. [Google Scholar] [CrossRef] [PubMed]

	



Balčiauskas, L.; Skipitytė, R.; Jasiulionis, M.; Balčiauskienė, L.; Remeikis, V. Immediate increase in isotopic enrichment in small mammals following the expansion of a great cormorant colony. Biogeosciences 2018, 15, 3883–3891. [Google Scholar] [CrossRef]

	



Balčiauskas, L.; Skipitytė, R.; Jasiulionis, M.; Trakimas, G.; Balčiauskienė, L.; Remeikis, V. The impact of Great Cormorants on biogenic pollution of land ecosystems: Stable isotope signatures in small mammals. Sci. Total Environ. 2016, 565, 376–383. [Google Scholar] [CrossRef] [PubMed]

	



Dansgaard, W. Stable isotopes in precipitation. Tellus 1964, 16, 436–468. [Google Scholar] [CrossRef]

	



Bowen, G.J. The Online Isotopes in Precipitation Calculator, Version 2.2. Available online: http://wateriso.utah.edu/waterisotopes/pages/data_access/oipc.html (accessed on 26 February 2019).

	



Manca, G.; Franco, M.A.; Versini, G.; Camin, F.; Rossmann, A.; Tola, A. Correlation between multielement stable isotope ratio and geographical origin in Peretta cows’ milk cheese. J. Dairy Sci. 2006, 89, 831–839. [Google Scholar] [CrossRef]

	



Molkentin, J.; Giesemann, A. Differentiation of organically and conventionally produced milk by stable isotope and fatty acid analysis. Anal. Bioanal. Chem. 2007, 388, 297–305. [Google Scholar] [CrossRef] [PubMed]

	



Daux, V.; Lécuyer, C.; Héran, M.-A.; Amiot, R.; Simon, L.; Fourel, F.; Martineau, F.; Lynnerup, N.; Reychler, H.; Escarguel, G. Oxygen isotope fractionation between human phosphate and water revisited. J. Hum. Evol. 2008, 55, 1138–1147. [Google Scholar] [CrossRef] [PubMed]

	



White, C.D.; Spence, M.W.; Stuart-Williams, H.L.Q.; Schwarcz, H.P. Oxygen isotopes and the identification of geographical origins: The Valley of Oaxaca versus the Valley of Mexico. J. Archaeol. Sci. 1998, 25, 643–655. [Google Scholar] [CrossRef]

	



Privat, K.L.; O’Connell, T.C.; Hedges, R.E. The distinction between freshwater-and terrestrial-based diets: Methodological concerns and archaeological applications of sulphur stable isotope analysis. J. Archaeol. Sci. 2007, 34, 1197–1204. [Google Scholar] [CrossRef]

	



Scampicchio, M.; Mimmo, T.; Capici, C.; Huck, C.; Innocente, N.; Drusch, S.; Cesco, S. Identification of milk origin and process-induced changes in milk by stable isotope ratio mass spectrometry. J. Agric. Food Chem. 2012, 60, 11268–11273. [Google Scholar] [CrossRef] [PubMed]

	



Dongmann, G. The contribution of land photosynthesis to the stationary enrichment of 18 O in the atmosphere. Radiat. Environ. Biophys. 1974, 11, 219–225. [Google Scholar] [CrossRef] [PubMed]

	



Ayliffe, L.K.; Chivas, A.R. Oxygen isotope composition of the bone phosphate of Australian kangaroos: Potential as a palaeoenvironmental recorder. Geochim. Cosmochim. Acta 1990, 54, 2603–2609. [Google Scholar] [CrossRef]

	



Luz, B.; Cormie, A.B.; Schwarcz, H.P. Oxygen isotope variations in phosphate of deer bones. Geochim. Cosmochim. Acta 1990, 54, 1723–1728. [Google Scholar] [CrossRef]

	



Podlesak, D.W.; Torregrossa, A.-M.; Ehleringer, J.R.; Dearing, M.D.; Passey, B.H.; Cerling, T.E. Turnover of oxygen and hydrogen isotopes in the body water, CO2, hair, and enamel of a small mammal. Geochim. Cosmochim. Acta 2008, 72, 19–35. [Google Scholar] [CrossRef]

	



Bowen, G.J.; West, J.B.; Vaughn, B.H.; Dawson, T.E.; Ehleringer, J.R.; Fogel, M.L.; Hobson, K.; Hoogewerff, J.; Kendall, C.; Lai, C.T. Isoscapes to address large-scale earth science challenges. EOS Trans. Am. Geophys. Union 2009, 90, 109–110. [Google Scholar] [CrossRef]

	



Chiocchini, F.; Portarena, S.; Ciolfi, M.; Brugnoli, E.; Lauteri, M. Isoscapes of carbon and oxygen stable isotope compositions in tracing authenticity and geographical origin of Italian extra-virgin olive oils. Food Chem. 2016, 202, 291–301. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Shin, W.J.; Choi, S.H.; Ryu, J.S.; Song, B.Y.; Song, J.H.; Park, S.; Min, J.S. Discrimination of the geographic origin of pork using multi-isotopes and statistical analysis. Rapid Commun. Mass Spectrom. 2018, 32, 1843–1850. [Google Scholar] [CrossRef] [PubMed]

	



Mažeika, J.; Martma, T.; Petrošius, R.; Jakimavičiūtė-Maselienė, V.; Skuratovič, Ž. Radiocarbon and other environmental isotopes in the groundwater of the sites for a planned new nuclear power plant in Lithuania. Radiocarbon 2013, 55, 951–962. [Google Scholar] [CrossRef]

	



Bogaard, A.; Poulton, P.; Merbach, I. The impact of manuring on nitrogen isotope ratios in cereals: Archaeological implications for reconstruction of diet and crop management practices. J. Archaeol. Sci. 2007, 34, 335–343. [Google Scholar] [CrossRef]

	



Gautam, S.; Iqbal, M. Using stable isotopes of nitrogen to study its source and transformation in a heavily farmed watershed. Environ. Earth Sci. 2010, 60, 11–20. [Google Scholar] [CrossRef]

	



Skipitytė, R.; Mašalaitė, A.; Garbaras, A.; Mickienė, R.; Ragažinskienė, O.; Baliukonienė, V.; Bakutis, B.; Šiugždaitė, J.; Petkevičius, S.; Maruška, A.S. Stable isotope ratio method for the characterisation of the poultry house environment. Isot. Environ. Health Stud. 2017, 53, 243–260. [Google Scholar] [CrossRef] [PubMed]








[image: Animals 09 00069 g001 550]





Figure 1. Map of Europe with the location of the farm (marked as red dot in the inset) in Lithuania. 
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Figure 2. Seasonal variation in δ18O values in milk water, artesian water, and precipitation water in the rural site in Lithuania during 2014–2016. Dashed blue line integrates measured δ18O values of precipitation. Boxes indicate which δ18O values of the cow milk fall into the range of summer or winter/transitional seasons. 
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Figure 3. δ15N values in cow milk (squares). The grey shaded area represents the measured δ15N values of the grass. 
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Figure 4. δ13C values in the cow milk (dots). The boxes represent the measured δ13C values for the hay, grass, and clover. The measured δ13C values of clover are overlapping with the δ13C values of the grass. 
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Figure 5. Distribution of oxygen stable isotope ratio in the precipitation in Europe [27]. 
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