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ABSTRACT

Studies of plants in modern catchment systems can serve to improve the level of understanding of sedimentary
plant wax hydrogen isotope (5°H) data by directly investigating the link between local climate conditions, plant
source water, leaf water, and plant lipids for individual plant species. Here we present such an application to
compare two lake catchments with different basin morphologies in Estonia. We sampled leaf and xylem water, as
well as leaf waxes from the seven common plant species in each catchment, and soil water. We then measured the
§%H values of all waters, and of n-alkanes (62H“,alk) from the plant waxes, as well as surface lake sediments. We
applied a Péclet modified Craig-Gordon leaf water model using local precipitation isotope and climate data to
characterize the 8°H values of the biosynthetic source water pool throughout the entire growth season. The data
and model results provide a detailed view of how the input hydro-climatic signals from the precipitation 5°H
values were modified by environmental and plant physiological conditions and ultimately by the biosynthetic
isotope fractionation associated with n-alkane production by each plant species. We report both average
apparent (eapp = —92 + 21 %o) and biosynthetic (epjo = —132 =+ 19 %0) hydrogen isotope fractionation factors of
all species from the studied catchments. This information serves as a foundation for sedimentary organic
geochemistry and paleoclimate studies, which allows for more direct and quantitative links to be made between
sedimentary plant wax 5°H values and the climate signal contained in plant source water.

1. Introduction

fractionations can be grouped to describe the single most directly rele-
vant and easily measured net effect between precipitation and lipids, or

Lake sedimentary archives contain information about past trends in
hydroclimate. In particular, the hydrogen isotopic composition of leaf
wax n-alkanes (8%Hy_ai) extracted from sediments are widely used to
reconstruct the hydrogen isotopic composition of past environmental
waters (Sachse et al., 2004; Shuman et al., 2006; Rach et al., 2014).
However, biomarker profiles are catchment specific as the surrounding
vegetation differs spatially and temporally, which requires careful
characterization when utilizing 62Hn_a1k for modern and paleo-studies.
There are a series of hydrogen isotopic fractionation stages between
the source water of a plant, which is commonly assumed to be local
precipitation (62Hpredp), and the leaf wax n-alkanes that are ultimately
produced by plants during growing seasons. These multiple isotope

apparent fractionation (e,pp). Previous work has demonstrated that this
varies greatly among species, latitudes and environments (Smith and
Freeman, 2006; Feakins and Sessions, 2010; Sachse et al., 2012; Berke
et al., 2019). For example, the 62Hprecip signal in an ecosystem can be
transformed from its original value by site-specific evaporation from
soils, transpiration in the plant leaf, and finally through biosynthesis
(epio) of n-alkanes (Smith and Freeman, 2006; McInerney et al., 2011).
Evapotranspiration causes differences in plant source water, and vari-
ability in the water pools is also affected by plant rooting depth and
plant taxonomy (Freimuth et al., 2019). Moreover, although there is a
strong relationship between annual precipitation 62Hprecip and soil water
52H (8%Hg,) values, it is likely that the plants in high mid-latitude
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regions record a 62Hprecip 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 82Hprecip 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
§%Hp_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 §°H,_aik values from
sediments.

Understanding how modern climate conditions (relative humidity
and temperature) affect §H 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 §2H,,_yj 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 62Hprecip values
with additional proxies such as 5'0 values from the same lake basin
would provide information on past air mass trajectories, such as the
second order parameter deuterium excess (8%H - 8 x §'%0), information
which is limited with using 5180 data alone (Jouzel and Merlivat, 1984;
Klein et al., 2016).

The §%Hy, 4 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 ey, 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 §%Hy_aik
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 °H enrichment due to tran-
spiration makes up a major component of €,p, values. The magnitude of
this effect is itself a function of not only the source water °H 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 62Hn,alk values alone. In this regard, 62Hn,alk values
from terrestrial plants may be more directly considered as a proxy for
leaf water 52H values, with the difference between leaf water and plant
source water 5°H values being largely controlled by temperature and
relative humidity. There is, nevertheless, a strong correlation between
SZHn,alk values and mean annual precipitation §%H 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 5°H values can be characterized,
the §°H values of leaf water can be used with §?Hj, i values to calculate
biosynthetic isotope fractionation (epjo 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.,
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2018; Baan et al., 2023). epjo values can also be expected to be more
stable over time than e, values, and may thus provide a more unbiased
tool for quantitative conversion of SZHHﬂk values into a climatically
relevant water §2H value. Unfortunately, due to the comparative diffi-
culty in determining ep;, values, fewer studies have done so as compared
to eypp values.

The paired observation of leaf waters and waxes allows for charac-
terization of the local epj, and e,pp values. Here we studied the 5%H of
water and leaf waxes from seven common angiosperm species in
Estonia, and modeled their leaf water §°H 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 ey, and e,pp 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 §2H 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
km?; Lake Pangodi surface area is remarkably larger, 93.3 ha, with a
similar catchment area of 7.6 km? (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 5180 values
of -10.1 £ 0.5 %o from Nuudsaku (n = 14) and -6.6 + 0.9 %o from
Pangodi (n = 4), and 52H values of —73.4 + 3.0 %o from Nuudsaku and
-54.1 £ 6.2 %o 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/1, 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/1 in the epilimnion to 4.7 mg/1 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/1 in the epilimnion to 0.4 mg/1 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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Fig. 1. Map of the study locations in northern Europe. The first panel shows Europe (;

a) with the box drawn around Estonia. Map of Estonian counties (b) with Tartu-

Toravere meteorological station is shown as a diamond, and the open-basin Lake Nuudsaku (c) and semi-closed-basin Lake Pangodi (d) as black squares. Green circles

in panels ¢ and d represent soil and plant sampling locations. Elevation legend (meter:

s above sea level) shown on a digital terrain model (1 m resolution) by Estonian

Land Board (LAZ 1.4 LiDAR data from 2017 to 2021) applies to both bottom panels. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

2.2. Climate and water isotopes

Climate conditions at Nuudsaku and Pangodi are relatively similar
(Fig. 2). The annual precipitation in Estonia ranges from 500 to 700 mm
while about 80% of that is lost to evaporation; the mean cold and warm
season temperatures are usually -1 °C and 13 °C, respectively (Estonian
Meteorological Survey, https://www.ilmateenistus.ee/kliima/ajalool
ised-ilmaandmed/). Based on Estonian Meteorological Survey data
from 2004 to 2021 (data acquired from the same link as above), the
mean annual temperature is 8.9 °C in Tartu-Toravere (Pangodi) and
6.5 °C in Viljandi (Nuudsaku).

The Global Networks of Isotopes in Precipitation measurements at
Tartu-Toravere station (location shown in Fig. 1) from 2013 to 2018
show that the modern §'80 values of precipitation (slsoprecip) ranged
from -15.1 %o (vs VSMOW) in February to —-7.7 %o in June with an
average (mean) yearly value of ~ -11 %o (Fig. 2). Similarly, the SZHPrecip
values varied from —114 %o (vs VSMOW) in February to -54 %o in June
with the yearly values averaging at —-80 %o (1 standard deviation (16) =
24). Deuterium excess values (d-excess, defined as 5%H — 8 x 6180) were
lowest in May (5.4 %o) and highest in November (10.8 %o) with an annual
average of ~ 8.1 %o, based on the measurements (https://www.iaea.
org/water). These measured values are consistent with the range of
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Fig. 2. Monthly averages of precipitation 580 (a), 5°H (b) and d-excess (c) with error bars at Tartu-Toravere Global Network of Isotopes in Precipitation (GNIP)
station (58° 15' 51" N, 26° 27" 41" E) from 2013 to 2018 (IAEA, 2022) as black boxes. Gray and notched green boxes represent modeled Piso.Al data from 2013 to
2018 and from 2004 to 2020, respectively (Nelson et al., 2021). The yearly averages are represented by gray horizontal lines. Two bottom plots represent monthly
averages of precipitation, temperature (2004-2020; http://www.ilmateenistus.ee/kliima/) at Viljandi (Nuudsaku) and Tartu-Toravere (Pangodi), and modeled
evapotranspiration (using R package Evapotranspiration) at Nuudsaku (d) and Pangodi (e) based on 2011 - 2020 climatological data at Tartu-Toravere station. (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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modeled precipitation isotope values over longer timescales from Piso.
AI (Nelson et al., 2021).

3. Materials and methods

3.1. Field sampling of leaves, xylem, soil, lake water and surface lake
sediment

A total of seven plant species were selected for sampling based on
their occurrence in the lake catchment areas. A site was defined as an
area with a maximum radius of 100 m in diameter, and one site was
sampled at either catchment. The species selected for the study at each
of our study sites were representative of the entire vegetation sur-
rounding the lakes. Angiosperms tend to produce more n-alkanes than
gymnosperms, and for this reason, the angiosperms were selected for the
study in particular as the leaf wax signal of these species is reported to
make up the majority of sedimentary n-alkanes (Sachse et al., 2006;
Freimuth et al., 2019). Acer platanoides (Norway maple), Corylus avel-
lana (common hazel), Quercus robur (English oak) and Sorbus aucuparia
(rowan) were sampled at both locations with the addition of Vaccinium
myrtillus (European blueberry) and Alnus incana (grey alder) in the
Pangodi catchment, and Alnus glutinosa (black alder) in the Nuudsaku
catchment. Two individual trees/shrubs were selected per species at
each location and sampled in duplicate for xylem water, leaf water, and
leaf wax hydrogen isotope analyses. Field work was conducted on days
with no precipitation, June 20th and July 7th, 2021. Leaves, branches
and roots were sampled between 10 am and 4 pm, soil water between 9
am and 6 pm on the same field days.

Larger petioles were removed from each mature whole leaf and the
remaining leaves placed in 12 ml airtight 738 W (Labco) exetainers. For
xylem extraction, non-green tree twigs were cut 40 — 60 cm basipetal to
the sampled leaves for preventing contamination by enriched leaf wa-
ters. Root crowns of Vaccinium myrtillus were sampled at least 3 cm
below the soil surface and any green components were removed (Bar-
nard et al., 2006). Sharp knives were used to remove phloem tissue from
the outer layers of the branches and roots, and the remaining xylem was
stored in exetainers.

Soil cores were obtained for soil water hydrogen isotope analyses at
multiple depths in both catchments in the vicinity of the sampled
vegetation. A 70 cm stainless steel soil corer with a 2 cm diameter was
used to collect soil, from which to extract soil water with a purpose of
assessing the approximate depths from which the sampled plants draw
their water, and to examine the isotopic variation in the soil column.
Sub-samples at 10 — 14 and 40 - 44 cm depths were collected from the
soil core in the same type of Labco exetainer as was used for xylem and
leaf water samples (marked as samples from 10 and 40 cm, respectively).
Duplicate soil cores were acquired at lower and higher elevations at both
sampling sites. Each sample acquisition time was recorded. All leaf,
xylem and soil samples were immediately sealed in the field and placed
in an insulated thermal field bag equipped with two large cooling ele-
ments. At the end of each sampling round, the filled vials were sealed
with parafilm, transferred to lab-grade cold boxes for transport and kept
frozen until laboratory procedures. The uppermost 20 cm of sediment
from the center of both lakes were collected using a piston corer with
polycarbonate tubing attached. The sediments were extruded in the field
at 0.25 cm intervals and stored in sealed plastic bags.

3.2. Environmental data loggers

A TFA Dostmann 31.1054 LOG32TH hygro-thermometer was
installed ~ 2 m above ground level at the Nuudsaku sampling location
on June 5th, 2021. The automated logger continuously recorded tem-
perature (-40 to 70 °C; resolution 0.1 °C), dewpoint and relative hu-
midity (RH, 0 to 100 %, resolution 0.1 % RH) at 10-minute intervals. For
the Pangodi location, these data were acquired from the Estonian
Meteorological Survey (Tartu-Toravere station, location shown on
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Fig. 1). The Nuudsaku logger data was interpolated to hourly intervals
using the FORECAST function in Excel. The logger data was then
compared to the national weather station climate logs in Viljandi using a
two-sample T-test for variance to check if the local self-installed tem-
perature and RH were corresponding to the regional observations. At the
0.05 level, the populations were not significantly different. Since there is
no local data available for Pangodi, we use national weather station
climatological data as an input to the isotope models (discussed below)
for both catchments in our study.

3.3. Water extraction and stable isotope analysis

Water from xylem (n = 84), leaf (n = 84) and soil (n = 36) samples
was extracted using a cryogenic vacuum line at University of Basel as
described by Newberry et al. (2017). Twenty samples were processed at
a time, the extracted water volume measured using a single-use syringe
and the plant water transferred into a 1.5 ml vial for instrumental
analysis. Extracted water 5°H and §'%0 values were analyzed using a
Thermal Conversion / Elemental Analyzer (TC/EA) coupled to a Delta V
Plus isotope ratio mass spectrometer (IRMS) through a ConFlo IV
interface (Thermo Fisher Scientific, Bremen, Germany). Each sample
was injected at least six times to overcome memory effects from pre-
ceding samples, and the retained measured values were pooled and
normalized to the VSMOW/SLAP scale using calibrated lab standards
with 8%H values of —76.4 %o and 45.1 %o, and 8'20 values of ~10.7 %o and
4.3 %o, respectively. Lab analytical precision, calculated as one standard
deviation of repeat analyses of a quality control sample, was 0.4 %o for
5°H measurements (n = 370), and 0.12 %o for 580 measurements (n =
370) in 2021, the year in which all water measurements for this study
were made.

The measured xylem water 5%H values (Sszylfmeas) were corrected
for cryogenic extraction effects to calculate the corrected xylem water
§%H (62ny1,cm) following Chen et al. (2020):

62HX y[—meas ‘l
Py gy = (L otmea £ 1) o)
’ Ecryo—corr + 1

where €cryocorr denotes the estimated offset of —8.1 %o between the
62nyl—meas and the 62nyl—corr-

Evaporative isotope effects were calculated for water samples as the
line-conditioned (LC) excess (Landwehr and Coplen, 2006) in equation
(2):

LC — excess = 8" Humpte — LMWLyiope X 8" Osampte — LMWLinsercem (2

where SZHsample and Slsosample represent xylem water samples in respect
to the LMWL.

3.4. Lipid extraction and biomarker quantification

A total of 42 dry plant leaf samples were placed in Erlenmeyer flasks.
The samples were spiked with 25 pl of 0.15 mg/l 5-a-androstane.
Samples in capped flasks were placed in a Fisher Scientific FS30 Ultra-
sonic bath three times for 20 min using 30 ml of 9:1 v/v dichloro-
methane/methanol (DCM/MeOH). The solvent containing total lipid
extract (TLE) was pipetted out after every sonication round. The
n-alkane aliphatic fraction was separated from the TLE by eluting the
samples with 12 ml of hexane through glass syringes with activated
silica gel (VWR high purity irregular, 40 — 60 pm, 60 A) equipped with
13 mm GF/A (Whatman) filters in the bottom, mounted on a Solid Phase
Extraction block (Supelco Visiprep™). Sulphur was removed using
activated copper (<425 pm Aldrich) columns, and n-hexane was used as
eluent (6 ml). Samples were concentrated under N-EVAP™111 nitrogen
evaporator (Organomation Associates, Inc.) and stored in airtight 1.5 ml
amber vials. Surface lake sediment samples were processed using the
same method. Unsaturated compounds from the aliphatic sediment
sample fractions were removed by eluting the samples with 6 ml of
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hexane through activated AgNOj3 coated silica gel (+230 mesh)
columns.

The leaf n-alkanes were identified and quantified using a gas chro-
matograph attached to a mass spectrometer (GC-MS-QP2010S, Shi-
madzu Scientific Instruments, Kyoto, Japan) at Northern Illinois
University. An n-C;—Cyg alkane standard (1000 pg/ml each component
in hexane, Supelco, Sigma Aldrich, MO, USA) together with
5-o—androstane (Sigma Aldrich, MO, USA) as an internal standard were
used for quantitation. Compounds were separated on a DB5-MS column
(Agilent Technologies, 30 m length, 0.25 mm i.d., and 0.25 um film
thickness) with a splitless injection at 290 °C. The GC temperature was
kept at 60 °C for 1 min, followed by a temperature gradient of 10 °C/min
to 170 °C and afterwards, of 4 °C/min to 300 °C. Ten samples were run
in duplicates. Relative standard deviation (RSD) was generally below 14
% for all analytes, exceeding that value in <15 % of cases. The average
RSD was 8 %. Percent error between expected and calculated amounts
for a quality control standard containing n—-Cs7, n—Cs3; and n-Cs3 alkanes
at three different concentration levels, was below 21 % (injections at the
beginning, in the middle and at the end of the measurement sequence).

3.5. Stable hydrogen isotope analysis of n-alkanes

Hydrogen stable isotopes were measured using the GC-HTC-IRMS
system (Trace GC Ultra interfaced to a MAT253, Thermo Scientific,
Bremen, Germany). Compounds were separated on a DB5-MS column
(Agilent Technologies, 30 m length, 0.25 mm i.d., and 0.25 pm film
thickness). A 2-minute spitless injection was used at 280 °C. The GC
temperature was kept at 70 °C for 3 min, followed by a temperature
gradient of 10 °C/min to 150 °C and afterwards, by a gradient of 4 °C/
min to 320 °C. The high temperature conversion oven was kept at
1420 °C. 8°H values were normalized to the VSMOW scale using a
mixture of n-alkanes obtained from Indiana University. Stable hydrogen
isotope ratios of these standards were measured off-line according to
Schimmelmann et al. (1999) at Indiana University. Hf factor was
measured before every major sequence run, which was between 4 and 5
ppm nA ™! during the period of a few months when these samples were
analyzed. When measured daily, 16 values of 0.03 were obtained for two
consecutive daily measurements. All samples were injected at least
twice. Additional n-alkane standard was used to monitor the precision of
these measurements. The 52H value of n-Csq alkane peak was —45.3 +
3.4 %o for 12 injections on different days (one outlier with a lower peak
area was excluded). Surface lake sediment samples from Lake Nuudsaku
and Lake Pangodi each were processed and analyzed for §%Hy_aii values
at Basel University, Switzerland following the methods applied to
aerosol samples as described in Nelson et al. (2018). All results are re-
ported with respect to Vienna Standard Mean Ocean Water (VSMOW) in
per mil (%o) notation. Surface lake sediment n-alkane relative distribu-
tions were calculated by normalizing the 62Hn_a1k peak area to the most
abundant compound.

3.6. Data analysis and machine learning model

The isotopic fractionation factors (e,5) between two substances
(either measured or modeled) were calculated using the formula
(Coplen, 2011)

2
o0°H, + 1) _ 3)

Eup = Uy — 1 =
/b = Tafb (52Hb+1

For example, e,p, (apparent isotopic fractionation) was calculated
using formula (3) between source water §°H (8%Hymwi; 5°Hp in equation
(3)) and 62Hn—alk (62Ha in equation (3)). The same formula was used to
estimate leaf water 5°H (62H1w; ESZHa in equation (3)) ?H-enrichment
above ESZHXyl_COrr (8°Hy, in equation (3); €)/x), apparent and biosynthetic
fractionation (epjo).

Carbon preference index (CPI) characterizes the relative abundance
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of odd over even chain length n-alkane (Bray and Evans, 1961; Herrera-
Herrera et al., 2020) and was calculated using the following formula:

CPI = x (—Z Gin 2 Cn ngd”) @
2 PG My
Average carbon chain length (ACL) was calculated using an equation
by Maffei (1996):

ACL = % 5)

where C; stands for the relative amount of the n-alkanes (n-Co3 — n-Css)
with a specific number of i carbons.

We also applied a machine learning model Piso.Al which is trained
on geographic and climate data to predict monthly time series of oxygen
and hydrogen isotope values of precipitation with prediction errors of
1.7 %o for 5'%0 values and 13 %o for °H values (Nelson et al., 2021). The
Piso.Al modeled yearly average SZHprecip from 2013 to 2018 was —78 %o
which is in an agreement with the observational data. We then ran the
Piso.Al model for a longer period spanning between 2004 and 2020 as
we used meteorological data from that time frame to model the local
precipitation and evapotranspiration at both catchments (Fig. 2). This
model run resulted in an average annual 62Hpmip value of -79 %o.

3.7. Leaf water §°H modeling

Leaf water 5°H values were modeled from meteorological data in
order to characterize variability in the biosynthetic source water pool for
n-alkane production over the whole growing season. Modeled values
were checked for accuracy against the measured values from the sum-
mer of 2021. The 62ny1,corr value along with the corresponding indi-
vidual 8°Hj,, values were used to calculate the isotopic enrichment at the
evaporative site in the leaves (A.) by applying the Craig-Gordon evap-
oration model (Cernusak et al., 2016; Craig and Gordon, 1965; Farquhar
et al., 2007):

Ae:(lJre*)[(l-&-ek)(le—a)+e—‘f(l+Av)}71 6)

i i

where the actual vapor pressure (e,) was calculated from saturation
vapor pressure (SVP). The SVP was calculated from temperature and
pressure and the measured RH, after Buck (1981). Vapor pressure deficit
(VPD) is defined as VPD = SVP — e,. Leaf internal vapor pressure (e;) was
calculated after Clifton-Brown and Jones (1999). Equilibrium fraction-
ation (¢") and kinetic fractionation (gy) were calculated following Cer-
nusak et al. (2016). Stomatal conductance was estimated from VPD after
West et al. (2008).

The Ay is the enrichment of atmospheric water vapor relative to
source water, which we assume it to be in equilibrium with:

Ay =et (V2

As the evaporated leaf water mixes with the constant inflow of xylem
water to the leaf, the Craig-Gordon model alone overestimates the
whole-leaf ?H-enrichment in leaf water. Therefore, we applied a Péclet
correction (g) that describes the ratio between transpiration and
diffusion:

_ LxE
g07C><DH

(8

where C is the molar concentration of water (5.55 x 10% mol/m®). The
2H diffusivity in water (Dy) was calculated following Cernusak et al.
(2016). Effective path length (L) of water moving through the plant
mesophyll was calculated after Song et al. (2013); E is the transpiration
rate which was calculated from
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(i — %)

E =
100 x (r;, + 7y

« 1000) ©

where the ry is the stomatal and ry, is the boundary layer resistance (m?s/
mol). This calculation resulted in a different Péclet correction value for
all sampled individuals (n = 42) which ranged between 0.1456 and
0.1773 (June mean value 0.1508, 16 = 0.0046; July mean value 0.1707,
1c = 0.0036).

The Péclet number was applied to calculate the leaf water enrich-
ment (Ap) (Farquhar and Lloyd, 1993):

"
AL:A8<1 @e ) (10)

The leaf water §°H value was then modeled (62H1w,mod) at the time of
field sampling:

(AL X 52Hvyl—rorr)

52[—],“,7,"% = (AL +52Hxv/—carr) + 1000

an

The 62H1w,mod values from each species from different locations and
sampling dates were then compared to the measured 8°Hj,, values by
correlation analysis (p < 0.05). All correlation coefficients presented in
this study are statistically significant (p < 0.05), unless stated otherwise.

3.8. Modeled mean leaf water 5°H during leaf formation and isotopic
fractionation

Combining measurements of xylem water and leaf water with in-
formation about the Local Meteoric Water Line (LMWL) enables esti-
mation of the average isotopic composition of local rainfall. We do this
by calculating the LMWL (from 52Hprecip Vs 6180precip) using the previ-
ously published rainfall event, lake and river water data from Stansell
et al. (2017). A best-fit line based on linear regression was then fitted
through each leaf-xylem water isotope pair, the projection of which on
the LMWL is reported as SISOLMWL and 62HLMWL. The 6180LMWL was
calculated by subtracting the plant leaf (6'%0yy and 5°Hy,) and xylem
(SZHXyl,mrr and slgoxylem) water intercept from the LMWL intercept and
dividing that result with the difference in the LMWL and leaf-xylem
slope values. The &°Hjywi was calculated by multiplying the
5180 w1, projection value by the slope of the LMWL line and by adding
the LMWL intercept value as follows:

LM WLinrervepr - P lantint(‘n‘epr
LMW Ly, — Plantg,,,

52HLMWL = ( ) x LM Wleope + LM WL[nten‘ept

(12)

A mean §?Hy w1, value was calculated for each species separately at
either location and used as an input value in a time-series model. We use
that approach instead of using the SZHXYHOH values to mitigate the ef-
fects of evaporation at the soil level over daily to monthly time scales.
The Craig-Gordon model was then applied to hourly meteorological data
(RH, T, e,) time series during peak daylight hours (10:00 to 17:00) from
April 15th 2021 to July 31st, 2021 to model leaf water §°H
(8°Hiw-_mod_meteo) changes at Nuudsaku and Pangodi. Monte Carlo error
ranges to the 62H1W_mod_meteo were calculated in Excel by simulating
1000 random values using NORM.INV(RAND) function for every time
series point. The input error was defined by the 1c of mean 62HLMWL
values for each species at either location. We apply a 2-day Lowess-filter
(locally weighted polynomial regression) to these data using the Origin
program.

The majority of leaf waxes form during the leaf flush period
following bud burst (Tipple et al., 2013). The 62Hn—alk signal in leaves
tracks the local relative humidity and temperature change, yet the
hydrogen is ultimately sourced from local soil water which in our case
represents a compounded signal of several months of precipitation and
evapotranspiration. Since we sampled the plant matter after the flush
period when the leaves were mature, we constrain the leaf flush period
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of our sampled species in order to infer the mean leaf water 5°H (62H1W)
from the defined period afterwards for calculating fractionation factors
between the §%Hj,, and 62Hn,alk. The start of the growing season was
defined by identifying the first five consecutive days of an average daily
temperature above 5 °C (Krupkova et al., 2017). In the year 2021, this
occurred on April 15th (DOY 105) in the Pangodi and on April 16th
(DOY 106) in the Nuudsaku catchment. According to the Estonian plant
phenological calendar from 1949 to 1999 (Ahas, 2001), the average
start date of Sorbus aucuparia bud burst was May 10th (16 = 7.4 days),
Acer platanoides on May 16th (1o = 7.2 days) and Quercus robur on May
22nd (1o = 7.7 days). However, Tooming (1996) noted that from 1953
to 1994 the average temperature at Tartu-Toravere meteorological sta-
tion rose by 4.0 °C in March and by 2.6 °C in April. Leaf development
from the start of bud growth until the appearance of small leaves can
take 1 to 2 months (Wesotowski and Rowinski, 2006), or in some cases
even longer (Newberry et al., 2015). More specifically, a comprehensive
study from Germany (Basler, 2016) showed that the mean leaf unfolding
time was around five weeks. Therefore, we assumed that the leaf flush
would start in late May. As the leaves had developed into full size by the
first sampling date, we assumed that the leaf flush period was between
late May and late June. Tipple et al. (2013) reported a two-week period
during which the deciduous leaf n-alkanes formed and retained the 5°H
value thereafter. For defining the leaf flush period in our 62H1w,mod,meteo
data set, we used a sequential regime shift detection software (v. 6.2)
with a 95 % confidence level, Huber’s tuning constant of 2 and cutoff
length of 50 (Rodionov, 2004). Only the regime shifts at the estimated
start and end of leaf flush are reported. We then used the mean
8%Hiw-mod-meteo value of each species from the time of leaf flush
(8%Hiw_mod_flush) at either location to calculate biosynthetic fractionation
factors. Apparent fractionation (e,pp) was calculated between each chain
length 82Hp_aik value and the mean source water 5°Hyywr, at the time of
leaf flush. Biosynthetic fractionation (ep;,) was calculated between each
chain length 62Hn_alk value and the corresponding 62H1W_m0d_ﬂush value
for each species. We also calculated the average water vapor 6°H values
during the leaf flush period (62va,m0d,ﬂush = SZnyl,cm —eM.

4. Results

4.1. Spatiotemporal variations in climatic conditions — temperature and
relative humidity

In addition to the local Nuudsaku climate logger data, the Estonian
Weather Service provided hourly meteorological data from 2021. Yearly
precipitation amounts at Tartu-Toravere (Pangodi) station totaled 597
mm and at Viljandi (Nuudsaku) 621 mm. The 2021 May, June, and July
rainfall totals in Tartu-Toravere were 102.7, 15.5 and 123.5 mm, and in
Viljandi, 88.2, 20.3 and 111.2 mm, respectively. The most abundant
rainfall at both locations occurred in July while the month with the least
amount of precipitation was February (12.5 mm) at either station.
Relative humidity (RH) values ranged between ~ 20 and 100 %. The
daily average RH during peak sun hours on June 20 was 40 % in Tartu-
Toravere (Pangodi) and 41 % in Viljandi (Nuudsaku). On July 7% the
daytime RH was higher, 55 % at Pangodi and 48 % at Nuudsaku. The
2021 air temperatures ranged between -26.2 and 33.5 °C with mean
yearly temperatures 0.2 °C higher in Tartu-Toravere (6.3 °C) than in
Viljandi (6.1 °C). The lowest monthly median temperatures were in
February. The highest monthly median temperatures were recorded in
July, 10.3 °C at Tartu-Toravere and 10.8 °C at the Viljandi station.

4.2. Soil and plant water

The soil water 8°H (SZHSW) values over the entire study period and
both locations ranged from —100.4 %o to —43.7 %o and 51804, values from
—13.6 %o to 5.2 %o (Fig. 3). The average 8Hgy value of all measured soil
samples was —80.2 %o, which is close to the annual average value of GNIP
recorded precipitation (-79.8 %o) from 2013 to 2018 at Tartu-Toravere
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Fig. 3. Soil, leaf and (cryo-corrected) xylem water stable hydrogen (5°H) and oxygen (5'%0) isotope values at Pangodi and Nuudsaku from June and July 2021
plotted with the Local Meteoric Water Line (LMWL). The LMWL was calculated based on Estonian surface water isotope data (Stansell et al., 2017) and precipitation
data (2013 - 2018) from GNIP station in Tartu-Toravere. The global meteoric water line was adopted from Putman et al. (2019). Colored faint lines connect each
individual leaf-xylem pair that extend to and are projected on the LMWL. Briefly, the 5'%0 projection point on the LMWL was calculated by subtracting the leaf and
cryo-corrected xylem water intercept from the LMWL and dividing the result with the difference in their slope values. The 5%H projection point was acquired by
multiplying the 8'80 projection value by the slope of the LMWL line and by adding the LMWL intercept value. Bold lines signify the average of monthly values at each
location and date separately. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

meteorological station. Relatively higher values were observed in the
topmost/surface soil layer (10 cm depth), averaging (mean) at —73.7 %o
for §%Hg,, and at —9.6 % for 5'80y,,. Deeper soil water profiles had lower
overall mean values, -86.7 %o and —11.7 %o for SZHSW and 61805w,
respectively. A 6.7 %o shift in the mean towards higher overall §*Hg,
values (from —83.5 %o to —76.9 %o) was observed between June and July
measurements when the 5'80y,, displayed a similarly small 0.7 %o in-
crease (from -11.0 %o to —~10.3 %o). There was no statistically significant
difference in soil water isotope values between the two study sites (one
way ANOVA p = 0.92). Across all measurements, the Nuudsaku surface
(10 cm depth) soil 62H5w (-71.3 %o) and SISOSW (9.2 %o) mean values
were slightly higher than at Pangodi (62st at —76.1 %o and 61805w at
-9.9 %o). Conversely, the deeper soil (40 cm) SZHSW and slsosw at
Nuudsaku were lower (62st at —88.7 %o and 61805W at —11.9 %o) in
comparison to Pangodi (62st at —84.8 %o and 61805w at -11.6 %o).

The cryo-corrected xylem water 5°H (62ny1,cm) values across all
measurements (n = 84) ranged from —96.0 %o to —61.5 %o (median —-82.5
%o; 16 = 7.9) and §"®0yyiem from ~12.5 %o to 7.7 %o (median ~10.9 %o;
1o =1.0; Fig. 3). The average (mean) SZnyl_m" values were —83.4 %o in
June, —-78.0 %o in July. The 6180xylem averaged at —11.0 %o and —10.6 %o,
respectively. Nuudsaku catchment 62ny1,mrr (-83.3 %o0) and slsoxylem
(-11.1 %o) mean values were lower in comparison to values from the
Pangodi catchment (62ny140rr at —-78.4 %o and slsoxylem at -10.5 %o).
Acer platanoides had the largest standard deviation across all measure-
ments with SZHXyl,COrr (1o = 8.5) ranging from —90.6 %o to —64.1 %o and
618Oxy1em (1o = 1.2) from —12.4 %o to —7.7 %o with the most variable
results observed in the Pangodi catchment in June. The lowest vari-
ability was noted among Alnus glutinosa samples where é‘)Znyl,mrr (1o =
2.9) varied from -76.0 %o to —-66.9 %o and 6]80xy1em (1o = 0.4) from
-10.4%o to —9.1 %o. The lowest 62ny1,corr value was recorded from
Quercus robur (-86.6 %o) in June and the highest from Vaccinium myrtillus
(-69.0 %o) xylem in July. The most notable increase in SZnyl_Corrvalues
between two sampling dates was observed in Alnus incana (from —-85.0 to
~71.8 %o) and Vaccinium myrtillus samples (from -75.5 to —62.6 %o) at
Pangodi.

The source water 5°H and 520 values obtained from the intercept of
the LMWL and the best-fit line projection of each leaf-xylem pair
(62HLMWL and 6180LMWL, respectively as seen on Fig. 3) averaged at
—82.3 %o (16 = 8.3) and 11.3 %o (16 = 1.1), respectively. The average
§%Hmwi value at Nuudsaku increased slightly from June to July
(—86.7 %o to —83.3 %o) and notably at Pangodi (from —84.6 %o to —75.2 %o;
Fig. 3). At Pangodi, the lowest mean 62HLMWL value was observed in
Sorbus aucuparia (-88.3 %o) and Quercus robur (-86.3 %o) with the
highest in Vaccinium myrtillus (-69.6 %o) values. Likewise, the mean
52HLMWL at Nuudsaku was the lowest in Sorbus aucuparia (-87.8 %o) and
Quercus robur (-88.5 %o), and the highest in Alnus glutinosa (-74.8 %o).

Soil and xylem water 5?H values were higher than those of co-
occurring precipitation and reconstructed source water. We character-
ized these offsets from the LMWL by calculating the line-conditioned
(LC)-excess (Landwehr and Coplen, 2006), which provides a single
metric for the degree to which a water sample deviates from the LMWL
in 52H/6'%0 dual isotope space. Values below zero are indicative of ki-
netic isotope effects during evaporation and values above zero suggest
moisture recycling, while zero or near-zero values indicate meteoric
waters. The plant LC-excess values ranged from -10.4 %o to 2.2 %o
(Supplemental Fig. 1). The plant LC-excess at Pangodi (mean —2.6 %o)
was 0.4 %o higher than at Nuudsaku (mean —3.0 %o) over the whole study
period. Comparing the two sampling dates, the mean plant LC-excess in
June was —4.0 %o and —1.6 %o in July. The most prominent change be-
tween two sampling dates (4.6 %o increase) was observed in Acer plan-
tanoides values that displayed a median LC-excess value of —4.5 %o in
June and 0.1 %o in July. In most cases the mean LC-excess value
increased slightly during the observation period with the exception of
Sorbus aucuparia at Pangodi that displayed a slight decrease (1.1 %o). The
mean soil LC-excess was —2.6 %o at Pangodi and -3.7 %o at Nuudsaku.
The top soil (10 cm depth) LC-excess mean value at Pangodi increased
by 0.5 %o and decreased by 1.3 %o at Nuudsaku from June to July. Deep
soil (40 cm depth) LC—excess at the same time increased by 2.6 %o at
Nuudsaku and by 0.9 %o at Pangodi.

The measured §°Hyy, ranged from —48.0 %o to —17.5 %o (mean —35.8 %s;
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16 = 6.4) and 580 (8'®0yy) from 0 %o to 12.1 %o (mean 5.3 %o; 16 = 2.9;
Fig. 3). The mean values from June to July §2Hy,, changed from —33.5 %o to
-38.1 %o while 5'%0y,, changed from 7.5 %o to 3.0 %, respectively. Sorbus
aucuparia exhibited the lowest mean 62H1w values (-40.7 %o) and Vacci-
nium myrtillus the highest (-=25.7 %o). The higher (more enriched) §%°Hand
5180 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 %o (16 = 19.2;
Supplemental Fig. 1). There was no significant correlation between
the §°Hj, and SZHLMWL between species means (one-way ANOVA
p < 0.00001). The lowest 5'80y,, values were noted in Alnus glutinosa
samples (mean 3.8 %o) and highest values in Quercus robur (mean 6.9 %o).
The fit between the measured §°Hy,, and §°Hiy_mod Was high (measured
8?Hjw = 0.8206 X 8°Hiy_mod; I = 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 (gjx)
was calculated from the results of 84 sample pairs. Mean €j,x was 48.9 %o
with 16 of 7.7 (with a mean value of 54.4 %o in June and 43.4 %o in July).
The highest €],x was observed in Quercus robur (54.0 %o) and the lowest
in Alnus glutinosa (43.2 %o) values. Isotopic fractionation from soil
evaporation (ex/p) was calculated between source water, SZHLMWL, and
SZHXYHOH. The &y,p, values generally varied between —1.4 and 4.7 %o with
an average of 1.7 %o (June mean 2.3 %o and July 1.1 %o). The lowest
ex/p of 0.6 %o was observed in Vaccinum myrtillus (n = 4) and the highest
in Corylus avellana at 2.7 %o (n = 16).

The mean 62H1W_mod_ﬂush between 28 May 2021 and 13 June 2021
(day of year (DOY) 148 and DOY 164, respectively) ranged from —44.7 %o
to —24.9 %o at Pangodi and between —42.4 %o and —27.3 %o at Nuudsaku
(Fig. 4). The highest mean 8°Hiw-mod_flush during leaf flush was observed
in V. myrtillus and the lowest in S. aucuparia. The variance (1c) of all
62H1W_m0d_ﬂush was <13 %o. The 62H]w_m0d_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 %o
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-Ca3
- n-Cs3) were detected from the leaves collected near lakes Pangodi and
Nuudsaku (Fig. 5). Acer platanoides leaves also contained n-Css, and n-
C3g was detected in Vaccinium myrtillus samples. The n-alkane content in
sampled (dry) leaves across all measurements varied between 45 and
2281 pg/g with an average of 672 pg/g (Supplemental Table 1). The
mean content of n-Cy7, n-Cag and n-Cs; including all sampled leaves were
156.1, 212.5 and 175.0 pg/g, respectively. Vaccinium myrtillus and Alnus
incana mean n-alkane content exceeded 2000 pg/g. The lowest mean
values below 207 pg/g were recorded in Corylus avellana, Alnus glutinosa
and Quercus robur and between 763 and 791 pg/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-Co7; was most
abundant in Alnus incana while n-Cy9 content was highest in Sorbus
aucuparia (>400 ng/g), Vaccinium myrtillus (>400 pg/g) and Alnus
incana (>1150 pg/g). High amounts of n-C3; were detected in Acer
platanoides (>400 ng/g) and Vaccinium myrtillus (>800 pg/g). Most of
the Acer platanoides individual n-alkanes ranged from 0 to 165.6 pg/g
except for n-Cz; that varied between 357.8 and 745.3 pg/g. The two
dominant compounds in Alnus incana leaves were n-Cy; (1092.3 —
1292.1 pg/g) and n-Cyg (564.8 — 741.9 ug/g). Sorbus aucuparia n-Cag
content was the highest across all species and highly variable (99.9 to
1021.9 pg/g). Corylus avellana, Alnus glutinosa and Quercus robur
exhibited the lowest values with each individual n-alkane content
reaching no more than 157.3 pg/g. The n-C3; content was the highest
(741.0 — 1035.2 pg/g) in Vaccinium myrtillus at Pangodi. The second
most dominant compound in Vaccinium myrtillus leaves was n-Cyg (462.1
- 475.1 pg/g).
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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. §°H values of leaf-derived n-alkanes

The §?Hp_aix values were measured from chain lengths that were
abundant enough for isotopic analysis. The mean §Hy,_u values of each
chain length n-alkane from all measurements between the Nuudsaku
and Pangodi sites were similar (<10 %o difference in 5?H values; Sup-
plemental Table 2 and Fig. 6) and were in the range of 214 to ~116 %e.
Slightly higher mean values were noted in §%Hcao 33 with respect to
8%Hcas.27. The combined §%H, o values from all plant measurements
averaged at -168 %o (16 = 18), showing a relatively consistent distri-
bution between sites and within the sediment. The inter-species stan-
dard deviation of 62H,Hilk values within each chain length group was
generally <11 %o with higher variability (16) noted in Alnus glutinosa
8%Hcoy (16 %o) and 5%Heag (23 %o), Sorbus aucuparia 8%Hcs1 (18 %o), and
Vaccinium myrtillus §*Heoy (31 %0) and 8%Hcgo (24 %o). Comparison of
52Hy_aic between the sampling sites exhibited an average of 4 %o dif-
ference with the exception of Sorbus aucuparia that had 14 %o lower
§2Heao and 21 %o lower §2Hgs; values at Pangodi, most likely due to the
larger size of S. aucuparia trees at that site. Overall, the lowest plant
§%H,_ax were noted in Alnus glutinosa and the highest in Vaccinum
myrtillus (Fig. 6). There was no significant difference between surface
sediment 82H,,_, values from Nuudsaku and Pangodi (one-way ANOVA
p =0.55,n =5).

4.5. Hydrogen isotopic fractionation between water and n-alkanes (epio
and eqpp)

Modeled average leaf water values from the leaf flush period were
used to calculate the biosynthetic isotopic fractionation (ep;,) between
the 62H1w and 8%H of each n-alkane (Fig. 7). The lowest (most negative)
biosynthetic isotope fractionation, implying the largest absolute
€pjo value, was observed in n-Coy (median —141 %o) at Pangodi, and in
n-Cps at Nuudsaku (median -142 %o). The highest (least negative)
isotope fractionation indicating the smallest absolute epi, values
occurred in n-Csz at both locations (Fig. 7). Comparison between each
species gp;, values at either location showed the greatest difference in
A. platanoides n—C3; (26 %o), n—-Cs3 (25 %o) and S. aucuparia n-C31
(19 %o). The epi, at Pangodi was on average 11 %o smaller than at
Nuudsaku when comparing the same species (Fig. 7 panels a and b). The
average overall epj, across all measurements was -132 %o (1o = 19).
The range in the mean ey, values between all seven species was
49 %o and 39 %o among trees. The difference between combined Pangodi
(=133 %o, 16 = 17) and Nuudsaku (-131 %o, 16 = 22) &p;, values is
relatively small and these combined results between the sites are not
significantly different (one-way ANOVA p = 0.52). Apparent fraction-
ation (eapp) between 62HLMWL and 5°H,, o ranged from —105 %o in n-Cag
and -90 %o in n-C33 at Pangodi, and between —100 %o in n-Cgs and —62 %o
in n-C33 at Nuudsaku. The average ¢, including all measurements from
both locations was -93 %o (1o = 21). Modeled water vapor §%H
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8°H (%o vs VSMOW)

Fig. 4. Modeled mean daily leaf water §°H variability (Lowess two-day filter) in Acer platanoides, Corylus avellana, Quercus robur and Sorbus aucuparia at both Pangodi
(orange bold line) and Nuudsaku (green bold line) locations, Vaccinium myrtillus and Alnus incana at Pangodi and Alnus glutinosa at Nuudsaku. Faint orange and green
lines represent Monte Carlo error ranges from 1000 runs on every data point. Box plots on every sub-panel represent soil (blue) and corrected xylem (green) water
52H values from either location on both sampling dates with boxes extending to 25™ and 75™ percentiles; middle lines represent median values and whiskers
represent the 1o range (Nuudsaku July n = 20 and June n = 20; Pangodi June n = 22 and July n = 22). Bottom right plot shows all modeled and measured values
from other panels overlain by the model mean (black line). The average leaf water §2H value from leaf flush period (8%Hiw_mod_fiush) is written in the green section of
each individual panel, and shown as a dark blue line in the green sections. The average model value in the bottom right panel is highlighted in dark red. (For
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Fig. 5. The content of n-alkanes (n-Coz — n-Css) in pg/g (per dry leaf) from seven species and surface lake sediment collected at Nuudsaku and Pangodi, Estonia, with
the exception of Vaccinium myrtillus and Alnus incana only from Pangodi and Alnus glutinosa from Nuudsaku. Surface sediment n-alkane abundance is derived from the
5%H,,_ai peak area of the gas chromatographs, normalized to the most abundant compound. Error bars in main panels represent one standard deviation (16) of the
mean values and the number n in parenthesis is the total number of samples per given species/sediment. Average chain length (ACL) calculated from n-Cy3 — n-Css
content is marked in each panel as vertical dashed line. A carbon preference index (CPI) was calculated for each species from n-Cy4 — n-C34 alkanes. The boxes in the
upper right corner of subpanels represent CPI with 25® and 75 percentiles as boxes, middle lines are medians and whiskers extend to 1c. Outliers are marked by

diamond symbols.

(8°Hyy-mod_flush) mean values from the leaf flush period were 163 %o
(1o = 4) at Pangodi and -170 %o (16 = 4) at Nuudsaku. The mean
62HLMWL was -85 %o at Nuudsaku and —80 %o at Pangodi.

4.6. Leaf water enrichment

The 8°Hp_ux 2H-enrichment over leaf water can be determined by
calculating the slope between gjeaf/1vwr and eapp (Kahmen et al., 2013a).
This approach estimates the extent of leaf water 2H-enrichment
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contributing to the biosynthetic water pool by quantifying the degree by
which the §%H,,_a are affected. For all species represented by 4 or more
samples in our study, the slope values including all chain lengths were
1.11 + 0.38 for Acer platanoides, 0.39 + 0.48 for Corylus avellana, 0.32
for Alnus incana (+0.56) and Quercus robur (+0.27), 1.44 + 0.71 for
Sorbus aucuparia and 1.26 + 0.74 for Alnus glutinosa (Supplemental
Fig. 3). Comparing the two locations, the slope was 1.59 + 0.34 for
Nuudsaku and 0.41 + 0.23 for Pangodi. Comparing different chain
lengths, the slope values for n-Cy3 and n-Cys alkanes were negative
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Fig. 6. 52H,_ay values from all species in both studied lake catchments: Acer platanoides (n = 16), Corylus avellana (n = 16), Quercus robur (n = 16), Sorbus aucuparia
(n = 16), Vaccinium myrtillus (n = 4), Alnus incana (n = 8) and Alnus glutinosa (n = 8). Surface sediment derived SZHn,alk values are from Lake Nuudsaku (n = 1) and
Lake Pangodi (n = 1). Boxes represent quartiles, middle lines are median values, the whiskers mark 1.5 ¢ with symbols as outliers. Horizontal gray dashed lines in
each n-alkane chain length section mark the median &%H,, . value of all plant samples in group, also written in the top right corner of each sub-panel. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

a b C d .
604 &, . [ Pangodi c | Nuudsaku Pangodi
bio 7] Nuudsaku app i g . . . 20
©
- 7] g
L o L 40
(]
-80 - 7 !g - o g
- o |2 2 3 - -60
— S | g ¢ ~
B S S =
B -100 - 4t o o L8 O
S =
(%] * [
> o >
B 2 o s 8 L-100 7,
2 W W w >
o\g -120 4 - _ &\%
= _ 5 . --120NI
g n-alkanes § «©
-140 1l r s I c o
g ——— C31 ®
s | 2 2 Lo
== 25 %
-160 | 1 L = c23 | 180
N
P F SRS F P PP PSP
-200
(nvalue:) TS €2 TY JJ T2 e TS &8 FTEHR T €=

Fig. 7. Biosynthetic fractionation (epio; @), apparent fractionation (e,pp; b), plant leaf derived §2H values of odd-chain n-alkanes plotted all together for Acer pla-
tanoides, Corylus avellana, Quercus robur, Sorbus aucuparia and Alnus glutinosa at Nuudsaku (c) and Acer platanoides, Corylus avellana, Quercus robur, Sorbus aucuparia,
Vaccinium myrtillus and Alnus incana at Pangodi (d). The n values of the ey, and e,pp, are written below the panels in parentheses. Modeled leaf water (n = 84) and
water vapor 8°H combined values from the time of leaf flush during peak sun hours are shown on the right panels (¢ and d). Source water box represents the leaf-
xylem water line 8°H intercept value on the LMWL (8*Hpywi; n = 84). Boxes represent quartiles, middle lines are median values, the whiskers mark 1c range and
symbols are outliers. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

(-0.25 £ 0.59 and -0.66 + 0.48, respectively), below 1 for n-Cyy, n-Cs;
and n-Cs3 (0.65 + 0.38, 0.60 + 0.48 and 0.53 + 0.61, respectively), and
above 1 for n-Cz9 (1.06 & 0.38). The &,pp and gjear/mwi in our study are
poorly, yet significantly correlated (r? = 0.24). Measurements across all
measurements resulted in a slope of 0.93 + 0.22 (Supplemental Fig. 3).

5. Discussion
5.1. Soil and plant water isotope dynamics

Soil and xylem water isotope values show that plant source waters in
our study locations are largely meteoric, and differences between plant
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water and precipitation 5°H values are primarily driven by temporal
integration in the soil column (Fig. 3 and Supplemental Fig. 1). Although
minor evaporative effects can be observed in some soil and xylem
samples, these are for the most part small, indicating that the isotopic
signal is not greatly impacted by post-depositional alteration. Deeper
soil water at high latitudes is usually lower in H and 80 than shallow
soil water during the growing season (Amin et al., 2020) due to the
seasonality of recharge by precipitation (Vargas et al., 2017; Sprenger
et al., 2018). The mean 8%Hg, in the upper soil layers (~74 + 10 %o) and
SZHXyI{orr (-81 + 8 %o) values in our study were slightly higher than the
deep soil water (-87 =+ 10 %o), indicating that the plants in our study
mainly draw their water from the upper 40 cm soils. We found no
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statistical difference in 62ny1,mrr 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 %o)
was slightly (3.5 %o) more isotopically enriched than at deeper depth
(40 cm, -1.4 + 1.7 %o). 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 %o) was in the range of model simulated
(Piso.Al) values from 2004 to 2020 (-1.0 + 4.3 %o; one-way ANOVA,
p = 0.77) as well as the LC-excess calculated from GNIP measurements
at Tartu-Toravere from 2013 to 2018 (0.8 + 3.9 %o; 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 §2Hj,,
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 %o between the
two sampling dates. We attribute the largest ~ 5 %o 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 €., and €jeaar/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 62analk values, which ultimately reflect the §%H},, 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 5°H (SZHWV,mOd,ﬂush) values which are merely
calculated estimates. Another possibility for explaining the over-
estimation could be the low range in €,pp and €jear/1mw1 €stimates or a
temporal mismatch between the SZHPrECip and 8°H,,_y. 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 ?H-enrichment over 8°Hp_yix does differ
comparing the two catchments, and that the alkane-specific slopes
suggest a 100 % contribution by the n-Cy9 compound.
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5.3. Isotopic fractionation from leaf transpiration (¢1/,) and soil
evaporation (ex/p)

Leaf water 2H-enrichment above xylem water (g is a key param-
eter in understanding the effect of transpiration on leaf §%Hy_aii values
(Feakins and Sessions, 2010). The mean ¢} in our study from all mea-
surements is 48.9 & 7.7 %o, which indicates that leaf transpiration has
been relatively stable during the sampling period. These results are also
in an agreement with the global angiosperm e2Hj,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 62ny1,mrr enrichment above precipitation water
62HLMWL (ex/p) could be an important part of e,pp in some settings
(Sachse et al., 2012). The species mean &/, 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 e,p, values.
However, the overall e/, variability in our data was relatively small,
-1.7 %o (16 = 2.5), and falls within the previously published &y, range of
-1 + 13 %o 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) &4, values are not significantly different from that of ours.

5.4. Leaf wax n-alkane distribution, abundance, potential sources and
5%H 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-Cyg alkane is the dominant chain length
in our data, as has often been observed in temperate deciduous species
(Bush and MclInerney, 2013). This distribution suggests that the n-Cgg
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-Cyy as the most abundant, and n-Cyg the second most abundant
alkane; n-Cys was the third most dominant compound only detected in
lake Pangodi sediments (Fig. 5). Regardless, our plant n-alkane content
shows that the n-Cyg 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-C3;
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-Cy7, n-Cog and n-Cz; (156.1, 212.5 and 175.0 pg/
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 82Hy_yji 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 8Hy,_a values in our study show relatively modest variability
(=167 £ 18 %o; 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 5%H,_aic values are lower in comparison to the
plant wax 52Hn_a1k. For example, comparing only our 62HC29 values from
leaf waxes and sediments results in an offset of -37 & 22 %o. 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 62Hc29 value up to 34 %o (Sachse et al., 2012). Calculating
the mean weighted average 62Hn,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 %o (from this study), —110 %o,
~118 %o, ~147 %o and —147 %o (from Sachse et al., 2012), respectively)
results in a -142 %o average for the surface-most sediment, which is 25
%o higher than our modern leaf waxes (-167 %o), and 51 %o higher when
comparing to the mean measured sedimentary 8?Hpaik (~193 %e).
Nonetheless, we find the leaf wax lipid distributions and 62Hn,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 (eqpp, €pio)

Leaf water 8°Hy,, values represent a combined signal of 62Hprecip, air
temperature and relative humidity, making it a useful parameter for
tracing hydroclimate changes (Farquhar et al., 2007). However, since
the 8%H,, constantly changes in response to shifting climate conditions,
lack of local information of the source water (5°Hyywr) and leaf wax
82Hn_alk (eapp) increases the uncertainty of paleo-hydrological re-
constructions (Sachse et al., 2012). The e,p;, is an intrinsically complex
measure due to variable environmental conditions and plant physiology.
Our average &,y 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 eapp from other regions (Sachse et al., 2006, 2009,
2012; Balascio et al., 2018a; Berke et al., 2019). The average eapp
calculated from all n-alkanes and the individual 62HLMWL in our study
was -93 + 21 %o (1o, n = 42). We find a negligible 1 %o difference be-
tween the latter and the e, calculated from the average annual
62Hprecip of ~ —80 %o from 2013 to 2018 (IAEA, 2022), which is -92 4+ 21
%o (Fig. 8), suggesting that the readily available annual 62Hprecip is an
appropriate variable for calculating the e,p, at our study location. Our
€app Overlaps the reported e,,, mean species value of -94 + 21 %o by
Feakins and Sessions (2010), -89 =+ 28 %o by O’ Connor et al. (2020) and
—89 + 14 %o by Daniels et al. (2017). The eapp calculated from our §2Heao
(and 62HLMWL) is =99 + 21 %o and falls within the error range of the
mean high-latitude angiosperm €, of ~119 & 29 %o by Liu et al. (2016),
the data from which were later included in the global plant-scale data set
mean values of -116 + 5 %o, reported by Liu and An (2019), also
calculated from §2Hgog values (Fig. 8). When comparing the sedimentary
mean §°Hy_aix (6%Hgzg = —202 %o, 5Heay = —189 %o and §2Hcas = —182
%o) in our study and the modern mean yearly 62Hpredp values, these yield
an g,pp values of 133 %o, ~118 %o and —110 %o, respectively, which have
larger absolute values than the e, calculated from our plant leaves (-93

Table 1

Apparent (e,pp) and biosynthetic (ep;o) fractionation calculated from seven plant
species (n = 42) at Pangodi and Nuudsaku. The reported e, values are calcu-
lated between the respective 8%Hy,_aic and mean annual 52Hprecip of —80 %o.

n-alkane Epio (%0) 1o €app (%0) 1o
n-Cos -130 8 -95 7

n-Cos -135 15 -95 19
n-Cyy -139 15 -98 15
n-Cag -139 20 -99 20
n-Cs; -125 18 -85 20
n-Cs3 -119 13 -74 10
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+ 21 %o). The lowest calculated value falls within the range of the 1o
error of the e,,, 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 &y, is a species-specific measure that is calcu-
lated between the biosynthetic source water pool §2H value, which we
take here from the mean modeled leaf water 8*Hiy_mod_flush, and the
§?Hy_aic value of lipids synthesized from this hydrogen source. In this
study, the average ep;, including all species and measurements was —132
%o (16 = 19); the average ey, values for individual chain lengths from all
species are shown in Table 1. We report the largest absolute &y, values
(=139 %o) calculated from both n-Cy7 and n-Cyg alkanes. Although ep;q
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 €,pp) and can thus facilitate application
in sediment cores from these sites to reconstruct mean site leaf water 52H
values in the past. Our e, has therefore implications for quantitatively
reconstructing leaf water 5°H, 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
62Hn,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 e,p, on a
global scale is still a major area of uncertainty (Sachse et al., 2012;
Konecky et al., 2019), and the e,p, decreases with increasing latitude.
This suggests that the e,p, value likely has a smaller absolute value
where strong evaporative conditions prevail as our reported e, of -99
=+ 20 %o is below the global average of —-116 =+ 5 %o (Liu and An, 2019),
both of which were calculated from 62Hc29 values (Fig. 8). Our average
€bio (—132 £ 19 %o) is larger in comparison to a study from Greenland
(=120 %o; 106 = 27; Berke et al., 2019), yet smaller than ey, of field-based
measurements from California, USA (-149 %o; 16 = 16) by Feakins and
Sessions (2010). The eapp includes a temperature and RH component
which is expected to change with latitude. The differences in the ep; are
also related to differences in plant species or adaptions. Our sediment
62Hn,alk profile may include shifts in species distribution in the catch-
ment area that could impact the mean sedimentary ep;, (Freimuth et al.,
2019). However, we found that across the sampled major leaf wax
producing species in our studied lake catchments, that ep;, values were
consistent between locations despite slight differences in the distribu-
tions of species living in the catchment (Fig. 7, Table 1). The e,p, 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
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Fig. 8. Apparent fractionation (e,pp; a), biosynthetic fractionation (ep;o; b) and 8%Hp_alk () 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 &,;,, values reported in this study (from dicots) are calculated between
82H,_aic value and the mean source water 82Hyywr, (black boxes); we also calculated the €app between 8?Hp_aic and the mean annual 62Hprecip (—80 %o; 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 San,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 §%Hp_aii, €app and/or epio. Bottom axis shows the n-alkanes used to calculate the reported values where “all” indicates that every chain length 82H 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 1c range. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

interpretations which suggest that grasses may be comparatively un-
derrepresented in the 62Hn_alk pool compared to trees (Diefendorf and
Freimuth, 2017). It is also possible that in some cases the sedimentary
82Hp_a1x might vary in response to large plant stresses that cause changes
in the epjo, €ven when 62Hprecip values remain constant (Kahmen et al.,
2013b). Nonetheless, the §?Hcyg values from our measurements along-
side the epj, can be used to reconstruct 62H1w as demonstrated above,
given that on balance, &, values are likely to remain stable over time.
Reconstructing past 62Hpmip values by applying the calculated eapp
values to the sedimentary 52Hn,alk proxy is also possible, but carries the
additional assumption that the ?H-enrichment of the leaf water has
remained relatively constant through time.
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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 8*H 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
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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 62Hn_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
€app Suggests that it would be improper to apply the e,p, 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-Czg. Our estimated &,,, (-99
+ 20 %o) calculated from the plants is less than the e,y calculated from
the sediments (-133 %o). 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 §2H values contributed a greater pro-
portion of lipids to the sediment, (3) the &, 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 eyp;, 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 e,pp on lacustrine §2H,_qpx 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 §°H
values that go beyond the global scale correlations with mean annual
precipitation.
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