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In our previous research, we observed a discrepancy between the apparent14C age of the carbon 
content of honey samples and their known age, date of the collection. The aforementioned studies 
demonstrated the existence of substantial old carbon intake, even older than five years, as evidenced 
by the outcomes of bomb-peak based radiocarbon dating. In order to ascertain the cause of the 
anomalies identified, a targeted nectar sample collection was conducted in Hungarian sampling areas. 
Consequently, the carbon isotope ratios (13C/12C and 14C/12C) of individual nectar samples from black 
locust, linden, phacelia, rapeseed and apple were determined by isotope ratio mass spectrometry 
(IRMS) and accelerator mass spectrometry (AMS). Furthermore, 14CO₂ data from an international 
atmospheric background station were employed for comparative purposes. The presented results 
demonstrate that the aforementioned anomalies, previously detected in honey, can also be observed 
in nectar samples. It has been demonstrated that carbon deposits of up to three years old, and in some 
cases exceeding 60–70 years of age, can be identified in nectars. In addition to representing the first 
14C/12C nectar results, the findings underscore the potential for older carbon stored in soil or plants to 
enter the food chain through nectar.
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Nectar derived from plants is the fundamental constituent of honey. The composition and properties of honey 
can vary depending on the plant species from which it is produced, but mostly the nectar determines it with 
also the quality of honey. In addition to the plant species and the processing carried out by bees and beekeepers, 
the final properties and composition of honey are also influenced by the specific honey-processing techniques 
employed1. Besides these, the main role of the nectar is to attract pollinators and serve as a food source for 
them, such as bees. From this point of view, the quality and chemical composition can affect a whole food chain, 
including insects, higher animals, and people as well.

Numerous analytical tools can be employed to ascertain or regulate specific chemical, physical, or biological 
characteristics of nectars and honey. Among these, isotope ratio measurements, which are extensively utilized in 
detecting honey adulteration, occupy a particularly prominent position. The 13C/12C isotope ratio, in particular, 
can be utilized to determine the different source contributions, thus the potential addition of C4 plant-derived 
sugars to the product2–4, as it is a powerful tool to differentiate C3 and C4 plants. In addition to the methods 
mentioned above, less commonly used but also applicable for honey testing is radioactive carbon isotope (14C, 
radiocarbon) measurements, comparing the ratio to the stable 12C. The radiocarbon method is a geochemical 
technique that can be used to determine the mean age or the turnover time of the carbon content in organic 
samples5–8.

In our previous studies, we have demonstrated that honey can exhibit unexpected radiocarbon ages, 
comprising old carbon, not only in Hungarian but also in US samples, utilising the bomb-peak approach5–7. 
This bomb-peak approach utilizes the elevated and decreasing level of radiocarbon (14C) in atmospheric CO2, 
which naturally radiolabel the whole biosphere due to the direct connection via photosynthesis. Using this 
radiocarbon-based method, old-carbon contributions can be differentiated by comparing our measurement data 
(14C/12C ratio) to a selected reference value, especially an atmospheric reference14CO2 value collected during 
the selected vegetation period. In addition to honey, other plant materials, such as plant sap, tree sap and maple 
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syrups may also contain old, aged carbon, which may originate from the carbon storage of plants9–13. However, 
the presence of a soil-derived component has been less well-documented in the literature.

The radiocarbon method is best suited to distinguish soil and stored carbon sources from modern, 1-2-year-
old materials, given their relative age difference compared to them. The rapidly decreasing atmospheric 
radiocarbon peak, produced by nuclear bomb experiments, provides a calibration curve for the method12,14–16. 
Since the Integrated Carbon Observation System’s (ICOS) station network collects and measures atmospheric 
14CO2 with higher resolution, there are more available reference values on the system’s data portal17.

In order to ascertain the reason for the old radiocarbon age and old carbon contribution in honey we 
observed before, individual nectar samples were collected in Hungary and their carbon stable isotope ratios 
were measured in the HUN-REN Institute for Nuclear Research, Hungary. This work is unique in that there is 
a paucity of available data regarding the 13C/12C ratio of nectar18, and the presented results are the first nectar 
14C/12C ratios which reveal the possible carbon sources of these plant liquids. In the present study, 51 samples 
were measured for δ13C and 50 samples for the 14C/12C ratio using IRMS and AMS techniques. The samples 
were collected in Hungary and included rapeseed (Brassica napus L.), apple (Malus domestica Borkh), black 
locust (Robinia pseudoacacia L.), phacelia (Phacelia tanacetifolia Benth), linden (Tilia tomentosa Moench.) and 
sunflower (Helianthus annuus L.). The black locust samples were the primary focus of the study. The isotope ratio 
measurements were performed on individual nectar samples, which were collected in glass capillaries.

Results
Stable carbon isotope ratio of nectar samples
The measured δ13C data are entirely consistent with the δ13C range of C3 plants (between 21‰ and − 35‰) 
as documented in the literature19–21. The measurement data can be found in Supplementary S1 (Table S1) and 
Fig. 1. The highest value is related to a sample of linden, but it does not exceed − 20‰ δ13C, precisely − 20.27 
± 0.01‰ (Fig. 1), from the sampling area Debrecen-Józsa, at a sampling point situated in closer proximity to 
a residential area (< 30 m). The other sampling points were more than 300 m away from residential areas and 
roads. However, further samples taken at the same sampling point do not exceed − 24‰. The most negative 
recorded value was observed in a sunflower sample from the Bagota sampling point, with a value of −29.12 
± 0.01‰ (Fig. 1). Similarly, another nectar collected from the same sampling point exhibited a comparable 
negative value, at −28.10 ± 0.02‰. The remaining sunflower samples exhibited higher values, though none 
exceeded − 26‰. The δ13C value of the apple samples is comparable to that of the sunflower samples, however, 
it should be noted that the apple nectars represent a few trees from a single sampling area. In contrast, the black 
locust samples were collected from three distinct sampling points at greater distances from each other (Fig. 4c), 
as evidenced by the broader range of δ13C results, which span from − 27.82 ± 0.01‰ to −23.44 ± 0.02‰ (Fig. 
1). The data presented in this study overlap with, but do not fully coincide with, the black locust honey data 
published by Kropf et al. (2010). In many cases, the values are lower than those published by Kropf et al. (2010). 
The rapeseed nectar δ13C values presented by Li et al. (2022) (−30.2 to −26.5) are similar to the data represented 
in this study, with nominal values ranging from − 27.11 ± 0.06‰ to −25.55 ± 0.05‰. Nevertheless, the Phacelia 
samples exhibit the widest range, despite the proximity of the sampling points, which were separated by only a 
few hundred metres. The results for these samples span a considerable range, from − 27.78 ± 0.01‰ to −22.72 ± 
0.02‰, which range is similarly wide as the range reported in Li et al. (2022) for rapeseed.

The data set exhibits a degree of overlap with the honey data from the aforementioned Kropf et al. (2010) 
study, yet does not entirely align with its range. The aforementioned study examined honey, rather than nectar. 
Consequently, the comparison is only indirect due to the absence of nectar δ13C data.

It is evident that the range of δ13C values of nectar samples from different C3 plants within a single growing 
season exhibits considerable variability, even in a relatively narrow geographical area such as the lowland region 
of the Carpathian Basin or even on samples collected from the same plant. This variability persists despite the 
presence of similar meteorological conditions. The evidence demonstrates that a multitude of additional factors, 
including soil composition and microenvironment, can exert an influence on δ13C values. Furthermore, it is 
evident that δ13C values of samples derived from the same plant can exhibit discrepancies. Table 1 illustrates the 
mean δ13C signatures of different plant nectars.

Radiocarbon in nectars
Special care was taken during sample collection to exclude nearby fossil and nuclear emissions, to ensure that 
significant anthropogenic emissions did not affect the measured 14C/12C ratio. The sampling areas are unaffected 
by 14C emissions from nuclear power plants as the nearest one is more than 200 km away. Nearby fossil (14C-free) 
emissions are also negligible as sampling was conducted outside urban areas. The contribution of fossil emissions 
to the 14CO2 values during the growing season at an urban background station in the largest nearby city is also 
negligible22,23. Therefore, these types of emissions cannot elevate or decrease the 14CO2 values in the air at the 
selected sampling sites (Table 2).

As the δ13C measurement and the 14C/12C isotope ratio measurement were not taken from the same sample, 
but from samples taken at the same sampling sites, a statistical comparison is not feasible. Consequently, the 
mean δ13C and 14C/12C isotope ratios collected at each sampling point demonstrate no correlation or relationship 
(Fig. 2). The raw measurement data can be accessed in Supplementary S1.

The Δ14C values of nectar samples largely overlap (Fig.  3), within measurement error, with the 
expected international reference background values, which, based on 14CO2 data from the ICOS station at 
Hohenpheissenberg (HPD), where the Δ14C values fluctuated between 2.8 and − 6.6‰ (Δ14C) for the growing 
season 2021. The mean Δ14C values of selected species’ nectars are listed in Table 2. Values significantly higher 
than this, if the nuclear-related contribution is excluded, infer some older carbon contribution, as indicated 
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by the bomb peak, while values lower than this interval, if the anthropogenic fossil contribution is considered 
negligible, infer some pre-bomb peak carbon contribution.

In several instances, values that fell outside the range of the background station data were observed. 
Consequently, in these instances, a discernible contribution from old carbon was identified. A substantial 
proportion of the sunflower samples (Fig. 3b) exhibit fluctuations within the anticipated range. However, one 
value is markedly lower, by ~ 5.0‰ (−17.9 ± 4.3‰), than the values observed during the expected growing 

No. Plant species δ13C SD n

1 Sunflower (Helianthus annuus) −28.402 1.2 5

2 Apple (Malus domestica) −27.462 1.0 5

3 Rapeseed (Brassica napus) −26.486 0.5 9

4 Black locust (Robinia pseudoacacia) −26.305 1.1 23

5 Phacelia (Phacelia tanacetifolia) −24.765 1.8 9

6 Linden (Tilia tomentosa) −24.193 2.3 5

Table 1.  Mean δ13C value of different plants’ nectar.

 

Fig. 1.  Half-violin plot of stable carbon isotope ratio of nectars collected from different species in Hungary. 
The half-violins show the distribution of δ13C values.
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season based on the data from international background station (HPD). This could be a fossil contribution, but 
the sampling point was on farmland far from a town and a busy road, so the fossil contribution is likely to be 
negligible, and such a large fossil load is unlikely in this area. As the dataset is small and we observed only one 
markedly lower value, it could simply be a statistical outlier. A single successful apple nectar sample was obtained 
(Fig. 3d), exhibiting a lower Δ14C value (−14.8 ± 2.7‰) than anticipated. This is comparable to the outlier 
sunflower result and is accompanied by a predominantly negative bias for phacelia samples. These lower samples 
indicated older than 60–70 years old carbon contribution, indicating pre-bomb-peak carbon contribution, 
presumably from the soil carbon pool, as the phacelia (Fig. 3c) and sunflower are annual plants. In contrast, a 
significant proportion of the black locust samples fluctuate within the expected interval (Fig. 3a). However, in 
several cases, a positive bias can be measured. The highest Δ14C value observed in the black locust samples is 
6.4 ± 2.8‰, indicating a potential contribution of up to 3–4 years’ older carbon to the nectar carbon content. 
Conversely, elevated 14C results were previously identified in tree sap and maple syrup samples, indicating the 
presence of old, stored carbon in trees. This older carbon is naturally radiolabelled by the previously higher14CO2 
values. As it is present in the trees in the form of non-structural carbohydrates, such as sugars and starches, it 
does not significantly affect the measured δ13C value. This is because these substances are stored sugars from 
the same C3 plant and have δ13C values that fluctuate within the same range. Only one linden nectar sample 
exhibited no deviation from the expected background values (Fig. 3d).

Compared to the HPD station mean for the 2021 growing season (March–September), positive differences 
larger than 3σ SD are mainly found for acacia. For sunflowers, phacelia and apples, one sample falls outside this 
range in the negative direction; however, the small number of samples makes it difficult to identify an overall 
deviation. In the case of acacia, the positive deviation of the samples may be due to carbon stored over a long 
period of time. In contrast, sunflowers and phacelia are annual plants that do not store carbon over many years.

Taking into account the variability of the atmospheric values and the possible fossil contribution in a non-
urban, but not atmospheric background location, such as our sampling sites, the black locust samples show 

Fig. 2.  Δ14C vs. δ13C means. Each point represents the mean data, based on samples collected at the same 
sampling sites. The colour of the points indicates the species of the samples and the numbers in the brackets 
indicates the sampling sites (listed in the Table 3).
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clearer evidence of an old carbon contribution, possibly from stored non-structural carbon, by the enriched Δ14C 
results. In our preceding study, we observed comparable elevated Δ14C values in black locust honey samples, yet 
al.so discerned diminished Δ14C values that fell below the anticipated atmospheric14CO2 reference value6.

These findings corroborate the sequence of results previously observed in honey samples and demonstrate 
the incorporation of older carbon into honey5,7, presumably via the nectar and other carbon sources. In our 
previous study, we listed the possible effects of potential carbon sources on the observed Δ14C value of honey7. 
The stored carbon pools may contain 14C-enriched carbon due to the natural labelling of bomb carbon, while 
the carbon stored in the soil may have a lower 14C/12C ratio due to the long-term formation and storage 
of carbon in the soil7,9. Because sap is a complex mixture of plant fluids mixed within the plant itself, it is 

No. Plant Δ14C SD n

1 Sunflower −5,5 5,7 8

2 Apple −14,8 2,7* 1

3 Black locust −3,2 4,2 38

4 Phacelia −12,8 1,5 3

5 Linden −5,2 3,3* 1

Table 2.  Mean Δ14C value of different plants’ nectar. *In case of the linden and apple samples, as only one 
samples were measured by the selected species, the SD shows the error of an individual (AMS) measurement.

 

Fig. 3.  Δ14C values of nectar samples collected from Hungary. (A) shows black locust, (B) shows sunflower, 
(C) shows phacelia, and (D) shows apple and linden Δ14C data. The different coloured circles show the Δ14C 
values of the samples, the green area shows the vegetation period in 2021, while the grey shaded line shows 
the atmospheric reference value from the ICOS dataset (Hohenpheissenberg, Germany), the yellow shaded 
line shows the reference value from Hua et al. 2022. The dashed lines connected to the circles show where the 
measured value intercepts the y axis and the reference atmospheric line’s values as well. The red dashed line 
shows the mean Δ14C in the vegetation period (in HPD) in 2021. The red bands around the dashed line show 
the 1σ, 2σ and 3σ standard deviation (SD).
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difficult to distinguish the contribution of different substances to the plant bulk radiocarbon value. This would 
require targeted investigations, such as targeted nectar sampling in the case of honey, or compound specific 
radiocarbon measurements can be taken of the major organic components of the sap, such as sugars, amino 
acids, oligosaccharides organic acids and plant hormones24,25, but if a compound has different sources, such as 
sugars from different pools, it is difficult to determine the source.

Reed et al.26 reported that in Abutilon plants, active sugar accumulation in floral nectaries can be accompanied 
by passive water flow, which dilutes the nectar. Thus, the presence of a xylem in the nectary, which may increase 
the likelihood of passive water outflow, is also relevant in this context. Konarska27 observed that clammy locust 
(Robinia viscosa) nectaries have a small number of xylem elements, and xylem can also be found in floral 
nectaries of several Asteraceae species28,29.These xylem vessels transport the aqueous solution taken up by the 
roots, which can dilute the nectar. The movement of xylem water and the different age carbon transported by it 
into the nectaries (and into the nectar) may explain the minor variations in black locust honey radiocarbon data 
compared to the waited results. According to Yamada et al.30, living wood fibers found in the outer part of the 
annual ring function as “single-use” starch storage in black locusts. The latter authors studied the dynamics of 
these starch grains over a year under a light microscope, and they found that most of these starch pools degrade 
by June. However, as the authors noted, the detection of small starch grains is limited using image analysis. 
Consequently, several small starch grains may enter the apoplastic space after these living wood fibers die. The 
latter can be a part of the non-structural carbon storage in black locust trees.

Our results, presented in this study corroborate the hypothesis that the observed carbon contribution in 
honey may be introduced into honey not from honey processing but from natural sources, as it is already present 
in the nectar itself. Since annual plants cannot store carbon for years, one of the most likely sources of old 
carbon, which was also detected in nectar in this study, is soil.

The results shown here are the first nectar radiocarbon (Δ14C) dataset. Based on the presented results, the 
radiocarbon age of the nectar was relatively recent, but in some cases (at least in 8 cases out of 50 samples), it 
may be influenced by older carbon contributions. In some instances, the carbon contribution is as old as 3–4 
years, while in others, it may be considerably older, up to 60–70 years old. This effect can be attributed to the 
stored non-structural carbon in the case of black locust samples; however, in annual plants, such as phacelia and 
sunflower, it may originate from the soil, as these plants do not store carbon for years. These results corroborate 
our previous findings, which demonstrated that honey also exhibits this radiocarbon offset in comparison to the 
anticipated background atmospheric14CO2 value. The reported δ13C data of nectar show consistent values with 
those reported in the literature. As nectar is part of the food chain through the honeybee, studying it is important 
not only from a plant-life perspective but also from a human perspective. In the future, this should also be taken 
into account when planning plant protection treatments.

Materials ad methods
Nectar sampling
The samples were collected from the eastern region of Hungary, in the extensive arable areas of the Hajdú-
Bihar county. This area has sedimentary bedrock with a negligible carbonate content. All of the nectars were 
collected on farmlands during the blooming period of selected species in 2021, at least 100 m distance from main 
roads. The locations and selected species are indicated on Fig. 4. and listed in Table 3. All the areas where the 
arable crop samples were collected, such as phacelia, sunflower and rapeseed, are under continuous agricultural 
cultivation. The apple sample, however, comes from an orchard. The black locust and linden nectars were 
collected from forests surrounded by agricultural land. The nectar sample collection was executed with the 
farmers’ authorization.

The samples from individual flowers from the selected plants on field conditions were collected using a sterile 
glass capillary tube (inner volume ~ 10 µL) (Marienfeld capillary for melting point determination, 80 × 0.6 
mm). These capillaries simply suck the nectar out of the flowers by the capillary-effect. The applied capillary 
tubes were preheated at 300℃ to eliminate carbon contamination. This type of capillary tubes are generally used 
for 14C/12C measurements in the HUN-REN Institute for Nuclear Research for fuel and wine analyses before, 
without significant contamination31,32. Each capillary contained 5–10 µL of nectar. As the capillaries were not 
combined, each result represents an individual nectar sample. Photos of the sample collection can be found in 
Supplementary File S1 (Figure S1-S4). None of the plants were protected species. Only nectar were collected 
during the survey; no plant tissues were taken.

Isotope ratio measurements
Individual nectar samples were collected into capillary tubes from individual flowers of the selected plants. The 
samples were not chemically pre-treated. Isotope ratio measurements were taken from the bulk material. The 
liquids in their sampling capillary tube were dropped and sealed into a bigger glass test tube that also contained 
~ 300 mg MnO2 powder (Sigma-Aldrich, ≥ 99%) oxidizing reagent. Then, the test tubes were flame-sealed by 
a gas torch under vacuum (< 5*10−2 mbar). Then, the sealed ampoules were combusted in a laboratory muffle 
furnace at 550 ℃ for 12 hours to convert the total carbon content of the samples to CO2 gas. Then, the CO2 
content of the samples was extracted and purified in a dedicated vacuum line, which is further detailed in our 
former honey studies5,33. Measurements of the 14C/12C and 13C/12C ratios were taken from different samples 
collected at the same site. After this, the samples were further processed for AMS and IRMS (dual inlet mode) 
measurements. The purified CO2 for 14C/12C measurement were graphitized using the sealed tube graphitization 
method, described in Rinyu et al.34,. This indicates that at least 200 µg carbon was extracted, mostly between 200 
and 500 µg of carbon. For the AMS-based 14C/12C ratio measurements, a MICADAS type (ETH Zürich) mass 
spectrometer was used35, and for the IRMS-based 13C/12C measurements, a Finnigan DELTAPLUS XP (Thermo 
Fisher Scientific) type mass spectrometer was used in the HUN-REN Institute for Nuclear Research. The same 
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combustion method was used for the δ13C measurements as for the 14C/12C preparation. A minimum of 200 µg 
of carbon (between 200 and 500 µg) was extracted from individual nectar samples for the δ13C measurement. 
The measurement setup and method are the same as used before for honey samples detailed in Varga et al., 
(2024). The 14C results are expressed in Δ14C units36,37.

For the comparison of local nectar Δ14C data, we used an ICOS background atmospheric station’s Δ14C data 
set, namely from the Hohenpeissenberg (HPD) station (South Germany), which has produced background14CO2 
data since 2016 17.

The stable carbon isotope results are expressed in conventional delta notation, where δ13C values are relative 
to the VPDB standard38,39. The stable carbon isotope ratio of samples was compared to reference materials to 
avoid systematic errors. The δ13C values are calculated using the following equation:

	
δ 13C = 1000Rsample − Rreference

Reference

where Rsample and Rreference are the measured isotope ratio of the sample and isotope ratio of the reference 
material, respectively. The δ13C values are expressed against the Vienna Pee Dee Belemnite (VPDB), per mille.

Fig. 4.  Location of Hungary (A) and the sampling sites and selected species in Hungary (B), and the species 
and the number of sampling site (listed in Table 3) in Hajdú-Bihar county (C). The maps were created using 
QGIS 3.8.0, an open-source software program (https://qgis.org/), with Google Satellite layers as the basemaps.
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Data availability
Data is provided within the manuscript or supplementary information files and the datasets used and/or ana-
lysed during the current study available from the corresponding author on reasonable request.
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