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regions record a δ2Hprecip signal that is time integrated in the soil over 
weeks to months leading up to the timing of leaf flush, when most plant 
waxes are formed (Sachse et al., 2010; Tipple et al., 2013; Brinkmann 
et al., 2018). As such, reconstructing past δ2Hprecip from sedimentary 
biomarkers without information about local plant fractionation factors 
could result in a significant bias. Also, deciduous trees tend to produce 
more n-alkanes compared to other plants (Sachse et al., 2006) and thus 
δ2Hn–alk signals in temperate regions are skewed towards trees and 
shrubs (Freimuth et al., 2019). Therefore, detailed surveying of the local 
hydrogen isotope ecohydrology in modern biomes can greatly improve 
modern and paleo-applications that seek to utilize δ2Hn–alk values from 
sediments. 

Understanding how modern climate conditions (relative humidity 
and temperature) affect δ2H fractionation in plants allows for charac
terizing the ecohydrological shifts in response to changing climate pa
rameters. This relationship can then be applied to paleo-archives which 
contain the same δ2Hn–alk biomarkers that formed in the past to estimate 
the timing and magnitude of hydrological changes in a catchment area 
(Rach et al., 2017). Furthermore, combining the paleo δ2Hprecip values 
with additional proxies such as δ18O values from the same lake basin 
would provide information on past air mass trajectories, such as the 
second order parameter deuterium excess (δ2H – 8 × δ18O), information 
which is limited with using δ18O data alone (Jouzel and Merlivat, 1984; 
Klein et al., 2016). 

The δ2Hn–alk records collected at a catchment level offer a potentially 
unique and valuable perspective of past climate changes. To date, 
several studies have focused on defining εapp for species in the northern 
mid and high latitudes (Sachse et al., 2004; Smith and Freeman, 2006; 
Kahmen et al., 2013a; Berke et al., 2019; O’Connor et al., 2020) with 
only a few scattered records in Scandinavia (Sachse et al., 2006; Yang 
et al., 2011; Balascio et al., 2018a) and central Europe (van den Bos 
et al., 2018). These studies, however, focus on local plant species from 
which the biome in Estonia differs considerably. There are currently also 
no detailed studies from the eastern and northern Baltic region, hin
dering our comprehensive understanding of current and past environ
mental changes in northern Europe based on sedimentary δ2Hn–alk 
records. 

Reconstructing quantitative relative humidity change on a local level 
(Rach et al., 2017) calls for knowledge of the past local vegetation 
composition. Lake sediments contain a mixture of plant waxes that 
formed in the surrounding ecosystem, and the relative abundance of 
species in the catchment area influences the response to changes in 
climate recorded in the sediment (Sachse et al., 2012; Diefendorf and 
Freimuth, 2017). Furthermore, leaf water 2H enrichment due to tran
spiration makes up a major component of εapp values. The magnitude of 
this effect is itself a function of not only the source water δ2H values, but 
also environmental factors, with the main drivers being temperature and 
relative humidity (Cernusak et al., 2016). Changes in these drivers 
constitute climatic changes on their own, and can thereby reduce the 
level of independence with which climatic inferences can be made based 
on sedimentary δ2Hn–alk values alone. In this regard, δ2Hn–alk values 
from terrestrial plants may be more directly considered as a proxy for 
leaf water δ2H values, with the difference between leaf water and plant 
source water δ2H values being largely controlled by temperature and 
relative humidity. There is, nevertheless, a strong correlation between 
δ2Hn–alk values and mean annual precipitation δ2H values (Ladd et al., 
2021), but this relationship does contain considerable variability at 
regional scales, and components of this pattern may not be stable within 
a given region over time. 

In cases where modern leaf water δ2H values can be characterized, 
the δ2H values of leaf water can be used with δ2Hn–alk values to calculate 
biosynthetic isotope fractionation (εbio values). Although studies have 
shown that these too may vary, these changes are more generally driven 
by seasonal changes that may not affect the major hydrogen isotope 
signal that is exported from plant to sediment (Newberry et al., 2015), or 
by extreme conditions that may not be likely in nature (Cormier et al., 

2018; Baan et al., 2023). εbio values can also be expected to be more 
stable over time than εapp values, and may thus provide a more unbiased 
tool for quantitative conversion of δ2Hn–alk values into a climatically 
relevant water δ2H value. Unfortunately, due to the comparative diffi
culty in determining εbio values, fewer studies have done so as compared 
to εapp values. 

The paired observation of leaf waters and waxes allows for charac
terization of the local εbio and εapp values. Here we studied the δ2H of 
water and leaf waxes from seven common angiosperm species in 
Estonia, and modeled their leaf water δ2H based on environmental data 
at two sites with different hydrologic properties (Fig. 1), the open-basin 
Lake Nuudsaku (58◦11′24″ N, 25◦37′32″ E) and the semi-closed-basin 
Lake Pangodi (58◦11′24″ N, 26◦34′29″ E). We set up this study to test 
if (1) similar vegetation in the same general region would record the 
same environmental signal at the two lakes with different basin 
morphology, and (2) whether the εbio and εapp determined in these 
ecosystems would, with the aid of leaf water modeling, agree with such 
values from other high mid-latitude sites. We documented the range of 
variability in the plant-level fractionation factors and observed how 
each of these specific ecosystems transfer the δ2H signal from the 
hydroclimate to modern plants and to lake sediments. We draw con
clusions based on the applicability of these data in the studied catch
ments with implications for reconstructing past hydroclimate dynamics. 

2. Study site 

2.1. Lake catchments 

Lakes Nuudsaku (58◦11′49″ N, 25◦37′39″ E) and Pangodi (58◦11′45″ 
N, 26◦34′40″ E) are located in southern Estonia (Fig. 1). Lake Nuudsaku 
is a small lake with a surface area of 8 ha and a catchment area of 6.2 
km2; Lake Pangodi surface area is remarkably larger, 93.3 ha, with a 
similar catchment area of 7.6 km2 (Keskkonnaagentuur, 2022). They are 
both underlain by Devonian sandstones capped with Quaternary de
posits associated with Scandinavian glaciation (Kalm, 2006). With a 
maximum water depth of ~ 4.6 m, Lake Nuudsaku is surficially open 
with a seasonally active overflow and is fed by active springs and near- 
surface groundwater. Pangodi has a maximum water depth of ~ 9.0 m, 
negligible inflows and outflows, and a large surface area to volume ratio 
that makes it sensitive to summer evaporation. Stansell et al (2017) 
reported warm season (May to October) lake water isotope δ18O values 
of –10.1 ± 0.5 ‰ from Nuudsaku (n = 14) and –6.6 ± 0.9 ‰ from 
Pangodi (n = 4), and δ2H values of –73.4 ± 3.0 ‰ from Nuudsaku and 
–54.1 ± 6.2 ‰ from Pangodi. Based on field titrations of Lakes Nuud
saku and Pangodi in August of 2014, the alkalinity values of the lake 
waters were 211 mg/l and 154 mg/l, respectively. Both lakes preserve 
laminated to banded sediment layers with little evidence of bioturbation 
and wind mixing. Dissolved oxygen values for Lake Pangodi ranged from 
10.1 mg/l in the epilimnion to 4.7 mg/l in the hypolimnion in August of 
2014, and the lake is slightly oligotrophic based on the classification 
scheme of Carlson (1977). Dissolved oxygen values for Lake Nuudsaku 
range from 7.1 mg/l in the epilimnion to 0.4 mg/l in the hypolimnion, 
and the lake is slightly eutrophic. Local forests are best described as 
(Euro-Siberian) boreal mixed coniferous and temperate deciduous for
ests. The Corine land cover map characterizes the local vegetation at 
Pangodi as land principally occupied by agriculture (with significant 
areas of natural vegetation), mixed forest and natural grassland. A 
recent study on Lake Pangodi pollen shows that the surface sediment 
profile consists of 25 % broad and 22 % needle leaved trees, 2 % of 
shrub, 34 % of herb and 18 % of grass vegetation (Palusalu et al., 2023). 
Lake Nuudsaku is also mostly surrounded by agricultural land, mixed 
forest, pastures and coniferous forests (https://land.copernicus.eu 
/pan-european/corine-land-cover/clc2018). 
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1σ = 6.4) and δ18O (δ18Olw) from 0 ‰ to 12.1 ‰ (mean 5.3 ‰; 1σ = 2.9; 
Fig. 3). The mean values from June to July δ2Hlw changed from –33.5 ‰ to 
–38.1 ‰ while δ18Olw changed from 7.5 ‰ to 3.0 ‰, respectively. Sorbus 
aucuparia exhibited the lowest mean δ2Hlw values (–40.7 ‰) and Vacci
nium myrtillus the highest (–25.7 ‰). The higher (more enriched) δ2H and 
δ18O values for leaf water as compared to xylem, soil, or precipitation 
water resulted in much lower LC-excess values compared to these other 
waters, with leaf water LC-excess values averaging at –81.1 ‰ (1σ = 19.2; 
Supplemental Fig. 1). There was no significant correlation between 
the δ2Hlw and δ2HLMWL between species means (one-way ANOVA 
p < 0.00001). The lowest δ18Olw values were noted in Alnus glutinosa 
samples (mean 3.8 ‰) and highest values in Quercus robur (mean 6.9 ‰). 
The fit between the measured δ2Hlw and δ2Hlw–mod was high (measured 
δ2Hlw = 0.8206 × δ2Hlw–mod; r2 = 0.638; p < 0.0001) with the linear 
model intercept set to 0 (Supplemental Fig. 2). 

The leaf water isotopic enrichment from plant xylem to leaves (εl/x) 
was calculated from the results of 84 sample pairs. Mean εl/x was 48.9 ‰ 
with 1σ of 7.7 (with a mean value of 54.4 ‰ in June and 43.4 ‰ in July). 
The highest εl/x was observed in Quercus robur (54.0 ‰) and the lowest 
in Alnus glutinosa (43.2 ‰) values. Isotopic fractionation from soil 
evaporation (εx/p) was calculated between source water, δ2HLMWL, and 
δ2Hxyl–corr. The εx/p values generally varied between –1.4 and 4.7 ‰ with 
an average of 1.7 ‰ (June mean 2.3 ‰ and July 1.1 ‰). The lowest 
εx/p of 0.6 ‰ was observed in Vaccinum myrtillus (n = 4) and the highest 
in Corylus avellana at 2.7 ‰ (n = 16). 

The mean δ2Hlw–mod–flush between 28 May 2021 and 13 June 2021 
(day of year (DOY) 148 and DOY 164, respectively) ranged from –44.7 ‰ 
to –24.9 ‰ at Pangodi and between –42.4 ‰ and –27.3 ‰ at Nuudsaku 
(Fig. 4). The highest mean δ2Hlw–mod–flush during leaf flush was observed 
in V. myrtillus and the lowest in S. aucuparia. The variance (1σ) of all 
δ2Hlw–mod–flush was <13 ‰. The δ2Hlw–mod–flush time series did not exhibit 
spatial variability when comparing the species mean values from each 
site whereas only Corylus avellana and Acer platanoides values were >6 ‰ 
higher at Nuudsaku in comparison to Pangodi. 

4.3. n-Alkane abundance and distribution in leaves 

In general, n-alkanes between 23 and 33 carbon units in length (n-C23 
– n-C33) were detected from the leaves collected near lakes Pangodi and 
Nuudsaku (Fig. 5). Acer platanoides leaves also contained n-C35, and n- 
C39 was detected in Vaccinium myrtillus samples. The n-alkane content in 
sampled (dry) leaves across all measurements varied between 45 and 
2281 µg/g with an average of 672 µg/g (Supplemental Table 1). The 
mean content of n-C27, n-C29 and n-C31 including all sampled leaves were 
156.1, 212.5 and 175.0 µg/g, respectively. Vaccinium myrtillus and Alnus 
incana mean n-alkane content exceeded 2000 µg/g. The lowest mean 
values below 207 µg/g were recorded in Corylus avellana, Alnus glutinosa 
and Quercus robur and between 763 and 791 µg/g in Acer platanoides and 
Sorbus Aucuparia. 

Overall, the individuals of the same species exhibited a relatively 
similar distribution in the n-alkane content (Fig. 5). The n-C27 was most 
abundant in Alnus incana while n-C29 content was highest in Sorbus 
aucuparia (>400 µg/g), Vaccinium myrtillus (>400 µg/g) and Alnus 
incana (>1150 µg/g). High amounts of n-C31 were detected in Acer 
platanoides (>400 µg/g) and Vaccinium myrtillus (>800 µg/g). Most of 
the Acer platanoides individual n-alkanes ranged from 0 to 165.6 µg/g 
except for n-C31 that varied between 357.8 and 745.3 µg/g. The two 
dominant compounds in Alnus incana leaves were n-C27 (1092.3 – 
1292.1 µg/g) and n-C29 (564.8 – 741.9 µg/g). Sorbus aucuparia n-C29 
content was the highest across all species and highly variable (99.9 to 
1021.9 µg/g). Corylus avellana, Alnus glutinosa and Quercus robur 
exhibited the lowest values with each individual n–alkane content 
reaching no more than 157.3 µg/g. The n-C31 content was the highest 
(741.0 – 1035.2 µg/g) in Vaccinium myrtillus at Pangodi. The second 
most dominant compound in Vaccinium myrtillus leaves was n-C29 (462.1 
– 475.1 µg/g). 

The carbon preference index (CPI) showed a strong odd-over-even 
predominance in Alnus incana (mean CPI 40.2) and Sorbus aucuparia 
(mean CPI 29.2). The mean CPI was the lowest at 8.6 for Acer platanoides 
and varied between 13.45 and 16.1 for the rest of the species (Fig. 5, 
Supplemental Table 1). The mean CPI of all Pangodi samples was 26.5 in 
June and 17.8 in July. Nuudsaku samples also showed a decrease in the 
CPI from 15.9 in June to 14.8 in July. All species showed a slight in
crease (< 0.6) in the average chain length (ACL) of n-alkane mean values 
at both sites from June to July except for Vaccinium myrtillus (ACL 
decreased by 0.2). The overall ACL increased at both Nuudsaku (from 
28.7 to 29.0) and Pangodi (from 28.9 to 29.1). Acer platanoides and 
Vaccinium myrtillus had the highest overall ACL (31.0 and 30.2, 
respectively), followed by Corylus avellana and Sorbus aucuparia (29.3 
and 29.1, respectively). Alnus glutinosa, Alnus incana and Quercus robur 
ACL values were between 27.0 and 27.8. Based on the peak area cal
culations in the GC, the average ACL in the surface sediment was 27.1. 

4.4. δ2H values of leaf-derived n-alkanes 

The δ2Hn–alk values were measured from chain lengths that were 
abundant enough for isotopic analysis. The mean δ2Hn–alk values of each 
chain length n–alkane from all measurements between the Nuudsaku 
and Pangodi sites were similar (<10 ‰ difference in δ2H values; Sup
plemental Table 2 and Fig. 6) and were in the range of –214 to –116 ‰. 
Slightly higher mean values were noted in δ2HC29–33 with respect to 
δ2HC23-27. The combined δ2Hn–alk values from all plant measurements 
averaged at –168 ‰ (1σ = 18), showing a relatively consistent distri
bution between sites and within the sediment. The inter-species stan
dard deviation of δ2Hn–alk values within each chain length group was 
generally <11 ‰ with higher variability (1σ) noted in Alnus glutinosa 
δ2HC27 (16 ‰) and δ2HC29 (23 ‰), Sorbus aucuparia δ2HC31 (18 ‰), and 
Vaccinium myrtillus δ2HC27 (31 ‰) and δ2HC29 (24 ‰). Comparison of 
δ2Hn–alk between the sampling sites exhibited an average of 4 ‰ dif
ference with the exception of Sorbus aucuparia that had 14 ‰ lower 
δ2HC29 and 21 ‰ lower δ2HC31 values at Pangodi, most likely due to the 
larger size of S. aucuparia trees at that site. Overall, the lowest plant 
δ2Hn–alk were noted in Alnus glutinosa and the highest in Vaccinum 
myrtillus (Fig. 6). There was no significant difference between surface 
sediment δ2Hn–alk values from Nuudsaku and Pangodi (one-way ANOVA 
p = 0.55, n = 5). 

4.5. Hydrogen isotopic fractionation between water and n-alkanes (εbio 
and εapp) 

Modeled average leaf water values from the leaf flush period were 
used to calculate the biosynthetic isotopic fractionation (εbio) between 
the δ2Hlw and δ2H of each n-alkane (Fig. 7). The lowest (most negative) 
biosynthetic isotope fractionation, implying the largest absolute 
εbio value, was observed in n-C27 (median –141 ‰) at Pangodi, and in 
n-C25 at Nuudsaku (median –142 ‰). The highest (least negative) 
isotope fractionation indicating the smallest absolute εbio values 
occurred in n-C33 at both locations (Fig. 7). Comparison between each 
species εbio values at either location showed the greatest difference in 
A. platanoides n–C31 (26 ‰), n–C33 (25 ‰) and S. aucuparia n-C31 
(19 ‰). The εbio at Pangodi was on average 11 ‰ smaller than at 
Nuudsaku when comparing the same species (Fig. 7 panels a and b). The 
average overall εbio across all measurements was –132 ‰ (1σ = 19). 
The range in the mean εbio values between all seven species was 
49 ‰ and 39 ‰ among trees. The difference between combined Pangodi 
(–133 ‰, 1σ = 17) and Nuudsaku (–131 ‰, 1σ = 22) εbio values is 
relatively small and these combined results between the sites are not 
significantly different (one-way ANOVA p = 0.52). Apparent fraction
ation (εapp) between δ2HLMWL and δ2Hn–alk ranged from –105 ‰ in n-C29 
and –90 ‰ in n-C33 at Pangodi, and between –100 ‰ in n-C25 and –62 ‰ 
in n-C33 at Nuudsaku. The average εapp including all measurements from 
both locations was –93 ‰ (1σ = 21). Modeled water vapor δ2H 
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statistical difference in δ2Hxyl–corr values between the two sampling 
dates in June and July. This suggests that the plant source water did not 
significantly vary throughout the vegetation period, which has also been 
observed in other studies (Kahmen et al., 2013a). 

The shift in LC–excess value can be used as a tracer for changes in 
plant water uptake (Flanagan et al., 2019). The bulk soil water values in 
this study were mostly in the range of plant xylem LC-excess 
(Supplemental Fig. 1). The LC-excess differences between soil profiles 
revealed that the water in the upper soil profiles (10 cm, –4.9 ± 3.7 ‰) 
was slightly (3.5 ‰) more isotopically enriched than at deeper depth 
(40 cm, –1.4 ± 1.7 ‰). This suggests that the largest degree of evapo
rative enrichment occurs in the shallow (10 cm depth) soils. The deep 
soil LC-excess (–1.4 ± 1.7 ‰) was in the range of model simulated 
(Piso.AI) values from 2004 to 2020 (–1.0 ± 4.3 ‰; one-way ANOVA, 
p = 0.77) as well as the LC-excess calculated from GNIP measurements 
at Tartu-Tõravere from 2013 to 2018 (0.8 ± 3.9 ‰; one-way ANOVA, 
p = 0.40), suggesting that the conditions that were encountered during 
this study period are characteristic of those over the recent past. This 
also suggests the plants have a consistent access to soil water that does 
not likely change to the degree which can be observed in plant leaf δ2Hlw 
values (Kahmen et al., 2013a). 

Near-zero LC-excess values indicate access to deeper water as 
evaporation results in lower LC-excess that can be observed in shallow 
soil profiles (McCutcheon et al., 2017). Vaccinium myrtillus and Corylus 
avellana roots mostly reside in the topmost soil profile, explaining 
relatively enriched root water isotope values (Fig. 4). Sorbus aucuparia at 
Pangodi was one of the largest trees sampled explaining its lowest 
overall xylem water isotope values, although the LC-excess also likely 
displays the species susceptibility to dryness (Supplemental Fig. 1). A 
study by Lauteri et al (2006) demonstrated that C. avellana shrubs are 
capable of drawing from both relatively shallow (enriched) and deep 
(depleted) soil water depending on water availability. The C. avellana 
shrub in our study notably follows that trend (Supplemental Fig. 1) with 
the LC-excess across all measurements decreasing by 3 ‰ between the 
two sampling dates. We attribute the largest ~ 5 ‰ increase in Acer 
platanoides LC-excess from June to July at both sites to increased 
sensitivity to soil evaporation dynamics because the species values 
approach those found in shallow soil. The general increase in LC-excess 
values suggests that the plants likely accessed deeper soil waters be
tween the two sampling dates due to the dry period. These differences, 
although informative, are small, indicating that the plant water inputs 
are relatively consistent over time and between species, and not greatly 
impacted by evaporative effects at the soil surface. 

5.2. Leaf water enrichment 

Leaf water 2H-contribution to the biosynthetic water pool was 
quantified by calculating the slope value between εapp and εleaaf/LMWL 
(Supplemental Fig. 3). Our reported slope of 0.93 from all measurements 
suggests that the 2H–enriched leaf water contributes 93 % overall to the 
biosynthetic water pool of the species studied and that the leaf water 
enrichment (instead of soil water evaporation) is the main driver of 
plant δ2Hn–alk values, which ultimately reflect the δ2Hlw values. The 
model values greater than 1 most likely indicate a 100 % contribution 
from leaf water. The uncertainty associated with the model may also 
arise from the water vapor δ2H (δ2Hwv–mod–flush) values which are merely 
calculated estimates. Another possibility for explaining the over
estimation could be the low range in εapp and εleaf/LMWL estimates or a 
temporal mismatch between the δ2Hprecip and δ2Hn–alk. Kahmen et al., 
(2013a) associate the over 100 % leaf water contribution with analytical 
errors and variability in the biology of the species. Overall, our study 
demonstrates that the leaf water 2H-enrichment over δ2Hn–alk does differ 
comparing the two catchments, and that the alkane-specific slopes 
suggest a 100 % contribution by the n–C29 compound. 

5.3. Isotopic fractionation from leaf transpiration (εl/x) and soil 
evaporation (εx/p) 

Leaf water 2H-enrichment above xylem water (εl/x) is a key param
eter in understanding the effect of transpiration on leaf δ2Hn–alk values 
(Feakins and Sessions, 2010). The mean εl/x in our study from all mea
surements is 48.9 ± 7.7 ‰, which indicates that leaf transpiration has 
been relatively stable during the sampling period. These results are also 
in an agreement with the global angiosperm ε2Hl/x model by Kahmen 
et al. (2013a). Our reported results are lower than in an arid region 
(Feakins and Sessions, 2010), yet higher than that of reported in the 
higher latitude regions (Daniels et al., 2017; Berke et al., 2019). 

Xylem water δ2Hxyl–corr enrichment above precipitation water 
δ2HLMWL (εx/p) could be an important part of εapp in some settings 
(Sachse et al., 2012). The species mean εx/p values in our study were 
significantly different (one way ANOVA p = 0.03) which indicates that 
plant morphology plays an important role in shaping the εapp values. 
However, the overall εx/p variability in our data was relatively small, 
–1.7 ‰ (1σ = 2.5), and falls within the previously published εx/p range of 
–1 ± 13 ‰ by Feakins and Sessions (2010). The catchments in our study 
do not therefore display a significant uptake of 2H-enriched soil waters. 
Applying a one-sample T-test shows that the Feakins and Sessions 
(2010) εx/p values are not significantly different from that of ours. 

5.4. Leaf wax n-alkane distribution, abundance, potential sources and 
δ2H values 

Studying plants within lake catchments can help to improve paleo
hydrology reconstructions from sedimentary plant waxes. In particular, 
the ACL and CPI of the plants are indicators of changes related to the 
surrounding environment and type of vegetation (Balascio et al., 2018b) 
as terrestrial plants generally have a higher ACL than aquatic taxa 
(Sachse et al., 2012). Although we sampled a limited range of species, 
the average ACL (28.9) and the observed chain length distributions 
(Fig. 5) demonstrate that the n-C29 alkane is the dominant chain length 
in our data, as has often been observed in temperate deciduous species 
(Bush and McInerney, 2013). This distribution suggests that the n-C29 
alkane would be an appropriate biomarker for inferring source water 
signal, which is primarily controlled by relative humidity-driven tran
spiration at the plant leaf level without any major effect of relative 
humidity-driven evaporation from the soil. 

Lake Nuudsaku and Lake Pangodi surface sediment n-alkane content 
shows n-C27 as the most abundant, and n-C29 the second most abundant 
alkane; n-C25 was the third most dominant compound only detected in 
lake Pangodi sediments (Fig. 5). Regardless, our plant n-alkane content 
shows that the n-C29 alkane is still the most abundant compound found 
in the leaves and should therefore be the most contributing chain length 
to lake sediments. In addition, the plants produce high amounts of n-C31 
that we did not detect in the lake sediments. This difference may arise 
from either the abundant alkane input from other species around the 
lakes that we did not sample, or possibly from leaf litter degradation by 
microbes before deposition in the lake (Zech et al., 2011). The mean n- 
alkane abundance of n-C27, n-C29 and n-C31 (156.1, 212.5 and 175.0 µg/ 
g, respectively) including all sampled species was in a general agreement 
of previously reported angiosperm range by Diefendorf et al. (2011). 
Alnus incana, Sorbus aucuparia and Vaccinum myrtillus have the highest 
overall n-alkane content out of the seven sampled species, indicating 
that these species have a higher likelihood of driving the δ2Hn–alk signal 
in the lake sediments. We also found that the n-alkane production in our 
sampled species (Fig. 5) overlaps those reported by Bush and McInerney 
(2013). 

The δ2Hn–alk values in our study show relatively modest variability 
(–167 ± 18 ‰; Fig. 6) and are in the range of modern leaf wax values 
observed in other mid and high–latitude terrestrial plants (Feakins and 
Sessions, 2010; Sachse et al., 2012; Liu and An, 2019), and as expected, 
slightly higher than in the Arctic (Daniels et al., 2017; O’Connor et al., 
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2020). Our sedimentary δ2Hn–alk values are lower in comparison to the 
plant wax δ2Hn–alk. For example, comparing only our δ2HC29 values from 
leaf waxes and sediments results in an offset of –37 ± 22 ‰. Sachse et al. 
(2006) associate a similar finding with high 2H–enrichment during the 
summer months with the possibility of biosynthesis in the leaves 
continuing until the fall. The offset in our data set could additionally be 
explained by the fact that we only sampled a limited number of species. 
Furthermore, a considerable grass input to the lakes could decrease the 
sedimentary δ2HC29 value up to 34 ‰ (Sachse et al., 2012). Calculating 
the mean weighted average δ2Hn–alk of the surface sediment based on the 
Lake Pangodi pollen percentages (25 % broad and 22 % needle leaved 
trees, 2 % shrubs, 34 % herbs and 17 % grasses with the lowest (most 
negative) reported isotopic values of –167 ‰ (from this study), –110 ‰, 
–118 ‰, –147 ‰ and –147 ‰ (from Sachse et al., 2012), respectively) 
results in a –142 ‰ average for the surface-most sediment, which is 25 
‰ higher than our modern leaf waxes (–167 ‰), and 51 ‰ higher when 
comparing to the mean measured sedimentary δ2Hn–alk (–193 ‰). 
Nonetheless, we find the leaf wax lipid distributions and δ2Hn–alk values 
relatively consistent between sites and with the sediment, implying that 
these are major sources to the sediments. 

5.5. Hydrogen isotope fractionation between source water, leaf water and 
n-alkanes (εapp, εbio) 

Leaf water δ2Hlw values represent a combined signal of δ2Hprecip, air 
temperature and relative humidity, making it a useful parameter for 
tracing hydroclimate changes (Farquhar et al., 2007). However, since 
the δ2Hlw constantly changes in response to shifting climate conditions, 
lack of local information of the source water (δ2HLMWL) and leaf wax 
δ2Hn–alk (εapp) increases the uncertainty of paleo-hydrological re
constructions (Sachse et al., 2012). The εapp is an intrinsically complex 
measure due to variable environmental conditions and plant physiology. 
Our average εapp values calculated from the n-alkanes from all species in 
this study are presented in Table 1. These values fall in the range of 
previously reported εapp from other regions (Sachse et al., 2006, 2009, 
2012; Balascio et al., 2018a; Berke et al., 2019). The average εapp 
calculated from all n-alkanes and the individual δ2HLMWL in our study 
was –93 ± 21 ‰ (1σ, n = 42). We find a negligible 1 ‰ difference be
tween the latter and the εapp calculated from the average annual 
δ2Hprecip of ~ –80 ‰ from 2013 to 2018 (IAEA, 2022), which is –92 ± 21 
‰ (Fig. 8), suggesting that the readily available annual δ2Hprecip is an 
appropriate variable for calculating the εapp at our study location. Our 
εapp overlaps the reported εapp mean species value of –94 ± 21 ‰ by 
Feakins and Sessions (2010), –89 ± 28 ‰ by O’Connor et al. (2020) and 
–89 ± 14 ‰ by Daniels et al. (2017). The εapp calculated from our δ2HC29 
(and δ2HLMWL) is –99 ± 21 ‰ and falls within the error range of the 
mean high-latitude angiosperm εapp of –119 ± 29 ‰ by Liu et al. (2016), 
the data from which were later included in the global plant-scale data set 
mean values of –116 ± 5 ‰, reported by Liu and An (2019), also 
calculated from δ2HC29 values (Fig. 8). When comparing the sedimentary 
mean δ2Hn–alk (δ2HC29 = –202 ‰, δ2HC27 = –189 ‰ and δ2HC25 = –182 
‰) in our study and the modern mean yearly δ2Hprecip values, these yield 
an εapp values of –133 ‰, –118 ‰ and –110 ‰, respectively, which have 
larger absolute values than the εapp calculated from our plant leaves (–93 

± 21 ‰). The lowest calculated value falls within the range of the 1σ 
error of the εapp which likely incorporates leaf water 2H–enrichment 
during the leaf formation period (Sachse et al., 2006). 

Plant water usage as well as physiological and biosynthetic differ
ences can affect the fractionation values. For example, the sedimentary 
record may incorporate the isotopically depleted signal of aquatic plants 
(Liu and An, 2019). The εbio is a species-specific measure that is calcu
lated between the biosynthetic source water pool δ2H value, which we 
take here from the mean modeled leaf water δ2Hlw–mod–flush, and the 
δ2Hn–alk value of lipids synthesized from this hydrogen source. In this 
study, the average εbio including all species and measurements was –132 
‰ (1σ = 19); the average εbio values for individual chain lengths from all 
species are shown in Table 1. We report the largest absolute εbio values 
(–139 ‰) calculated from both n-C27 and n-C29 alkanes. Although εbio 
has been suggested to vary in some compounds in response to extreme 
metabolic stress (Cormier et al., 2018; Baan et al., 2023), it is less likely 
to vary over time (in contrast to εapp) and can thus facilitate application 
in sediment cores from these sites to reconstruct mean site leaf water δ2H 
values in the past. Our εbio has therefore implications for quantitatively 
reconstructing leaf water δ2H, which enables estimating past relative 
humidity changes through leaf water modeling. 

5.6. Implications for paleo-hydrological reconstruction 

We set up this study to understand the relationship between the 
δ2Hn–alk values and biosynthetic water pools in two different catch
ments. No single measurement of the plant biomass could characterize 
the basin-wide fractionation factors, however, sampling a variety of 
common trees and shrubs has proven useful (Sachse et al., 2006; Berke 
et al., 2019; McFarlin et al., 2019). It has been noted that the εapp on a 
global scale is still a major area of uncertainty (Sachse et al., 2012; 
Konecky et al., 2019), and the εapp decreases with increasing latitude. 
This suggests that the εapp value likely has a smaller absolute value 
where strong evaporative conditions prevail as our reported εapp of –99 
± 20 ‰ is below the global average of –116 ± 5 ‰ (Liu and An, 2019), 
both of which were calculated from δ2HC29 values (Fig. 8). Our average 
εbio (–132 ± 19 ‰) is larger in comparison to a study from Greenland 
(–120 ‰; 1σ = 27; Berke et al., 2019), yet smaller than εbio of field-based 
measurements from California, USA (–149 ‰; 1σ = 16) by Feakins and 
Sessions (2010). The εapp includes a temperature and RH component 
which is expected to change with latitude. The differences in the εapp are 
also related to differences in plant species or adaptions. Our sediment 
δ2Hn–alk profile may include shifts in species distribution in the catch
ment area that could impact the mean sedimentary εbio (Freimuth et al., 
2019). However, we found that across the sampled major leaf wax 
producing species in our studied lake catchments, that εbio values were 
consistent between locations despite slight differences in the distribu
tions of species living in the catchment (Fig. 7, Table 1). The εapp values 
in our study between the two sites were also similar, and comparable 
with values from previously reported estimates (Fig. 8). 

Potential changes in paleo-vegetation may be partially detected 
through available pollen data and from changes in the distribution 
patterns of n-alkanes present in the sediments (Feakins, 2013). For 
example, if Alnus incana (ACL 27.7) and Quercus robur (ACL 27.1) were 
to become less widespread in the catchment area while Acer platanoides 
(ACL 31.0) and Vaccinum myrtillus (ACL 30.2) abundance was increasing 
then the lake sediment n-alkane composition would shift towards a 
higher ACL of the vegetation (Fig. 5). Each of these species also has a 
different CPI which would in this particular case result in a shift towards 
a lower CPI in the sediments. However, plant waxes are not equally 
sourced from biomass, therefore interpreting the distribution of n-al
kanes could highly benefit from additional proxies (such as pollen, 
which could help understand the species composition of sediment) for a 
paleo-hydrological reconstruction (Sachse et al., 2006). In the case of 
Lake Pangodi, the pollen data (Palusalu et al., 2023) support previous 

Table 1 
Apparent (εapp) and biosynthetic (εbio) fractionation calculated from seven plant 
species (n = 42) at Pangodi and Nuudsaku. The reported εapp values are calcu
lated between the respective δ2Hn–alk and mean annual δ2Hprecip of –80 ‰.  

n–alkane εbio (‰) 1σ εapp (‰) 1σ  

n–C23 –130 8 –95 7  
n–C25 –135 15 –95 19  
n–C27 –139 15 –98 15  
n–C29 –139 20 –99 20  
n–C31 –125 18 –85 20  
n–C33 –119 13 –74 10   
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interpretations which suggest that grasses may be comparatively un
derrepresented in the δ2Hn–alk pool compared to trees (Diefendorf and 
Freimuth, 2017). It is also possible that in some cases the sedimentary 
δ2Hn–alk might vary in response to large plant stresses that cause changes 
in the εbio, even when δ2Hprecip values remain constant (Kahmen et al., 
2013b). Nonetheless, the δ2HC29 values from our measurements along
side the εbio can be used to reconstruct δ2Hlw as demonstrated above, 
given that on balance, εbio values are likely to remain stable over time. 
Reconstructing past δ2Hprecip values by applying the calculated εapp 
values to the sedimentary δ2Hn-alk proxy is also possible, but carries the 
additional assumption that the 2H-enrichment of the leaf water has 
remained relatively constant through time. 

6. Conclusions 

In this study we addressed the effects of plant water isotopic frac
tionation from precipitation to biomarkers of seven plant species in 
Estonia. The δ2H values from xylem and leaf water of these seven species 
in addition to soil water indicate that the plants drew their water from 
the upper 40 cm soils, which largely reflected the meteoric water 
signature. Isotopic fractionation from leaf transpiration in local plants 
was stable and evaporation from soil relatively small. Leaf water isotopic 
enrichment could be modeled and serves as an important link for esti
mating fractionation factors for all species individually at both of our 
study locations. The n-alkane content in the leaf biomass reveals that the 

Fig. 8. Apparent fractionation (εapp; a), biosynthetic fractionation (εbio; b) and δ2Hn–alk (c) comparison between studies reporting natural vegetation isotope analyses 
results. We present only the wild type data which does not include any lab-grown plants. The εapp values reported in this study (from dicots) are calculated between 
δ2Hn–alk value and the mean source water δ2HLMWL (black boxes); we also calculated the εapp between δ2Hn–alk and the mean annual δ2Hprecip (–80 ‰; blue boxes). 
Top axis shows the data source from other studies (Sachse et al., 2006, 2009; Feakins and Sessions, 2010; Daniels et al., 2017; Balascio et al., 2018a; Cormier et al., 
2018; Berke et al., 2019; northern mid and high–latitude data by Liu and An, 2019; O’Connor et al., 2020; Baan et al., 2023). The studies by Liu and An (2019), 
Daniels et al (2017), Balascio et al (2018a) and Cormier et al (2018) include some grasses. The δ2Hn–alk and fractionation factors reported by Berke et al (2019), 
Feakins and Sessions (2010), O’Connor et al (2020), Sachse et al (2006, 2009) and Baan et al (2023) do not include grasses. The n values represent the total number 
of δ2Hn–alk, εapp and/or εbio. Bottom axis shows the n–alkanes used to calculate the reported values where “all” indicates that every chain length δ2H value measured 
was incorporated. The combined (“all”) values in our study are non-weighted. Boxes represent interquartile range, middle dashed lines are median values, diamonds 
are mean values and the whiskers mark the 1σ range. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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biomarker distribution was consistent between the two sites, and out of 
the studied species, Alnus incana and Vaccinium myrtillus contributed to 
the sediments the most. Leaf and surface lake sediment n-alkane analysis 
shows that the distribution and δ2Hn–alk values were relatively consistent 
between the two catchments and within the sediment, implying that 
these n-alkanes are major sources to the sediments. Our relatively lower 
εapp suggests that it would be improper to apply the εapp values from 
lower latitudes to reconstruct past hydroclimatic conditions at our study 
sites. As such, the fractionation factors specific to the area describing the 
distinct climate conditions, environmental factors and vegetation spe
cifics are required. In addition, we find that the most abundantly 
occurring alkane in our tree leaves is the n-C29. Our estimated εapp (–99 
± 20 ‰) calculated from the plants is less than the εapp calculated from 
the sediments (–133 ‰). This suggests either that (1) there was a sig
nificant contribution of grass-derived lipids to the lake sediments, (2) 
the lipids from trees with lower δ2H values contributed a greater pro
portion of lipids to the sediment, (3) the εapp values in the year in which 
we conducted our study differed from those of the long-term mean 
represented in the past few years of sedimentation, or (4) a combination 
of these factors occurred. Although the εbio values tend to vary among 
sites with the highest difference observed between species, our reported 
average does fall within previously reported values with no major de
viations and a modest overall variability. This implies that the basin- 
specific isotope fractionation factors that have been determined 
through this work can improve interpretations of sedimentary records 
by applying the plant-derived εapp on lacustrine δ2Hn–alk proxies which 
contain information about the timing and magnitude of past hydrolog
ical change (Rach et al., 2017). This research will provide further con
straints for sedimentary organic geochemistry and paleoclimate studies 
in other similar mid- and high-latitude regions. It also furthers our un
derstanding of how species-specific hydrogen isotope fractionations can 
be applied for more targeted applications of sedimentary plant wax δ2H 
values that go beyond the global scale correlations with mean annual 
precipitation. 
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