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ABSTRACT

The hydrogen isotopic composition of terrestrial plant waxes (8*Hwax) is widely used to reconstruct past
hydroclimate. §?Hy.x reflects source water 8*H, or precipitation §’°H, and when extracted from sediment
archives, records of past 8?Hyrecip can be generated. In order to better interpret these 8*Hyayx records in the
past, modern calibrations between plant waxes and source water are required when vegetation and
location diverge greatly from prior plant calibrations in other regions. To date, no study has yet to
examine how 8*Hy.x and source water §°H relate in the southern mid- and high-latitude maritime climatic
regions. The cold maritime climate of the Falkland Islands is affected by the Southern Hemisphere
Westerly Wind Belt, providing a unique opportunity to explore how the hydrological cycle responds to
changes in the spatial extent of this atmospheric-oceanic system. We present the first modern calibration
of 8*Huyax on the Falkland Islands by analyzing n-alkanes from 11 of the most common plant species, 1
lichen species and 5 surface lake sediments from four sites on Mount Usborne (705 msl) on East Falkland
for plant wax concentrations, 8*H and §"°C. We calculate the fractionation between the Cao n-alkane
8?Hyax and §*Hprecip (€*Huwawprecip) for all plant species to be —110  17%o (15, n = 22), which is similar to
the global average e*Hyax/precip. Observed and modelled monthly 8*Hprecip indicate that §?Hy.x reflects mean
annual $*Hprecip, ultimately improving interpretations of plant wax-based paleoreconstuctions from the

mid-latitude maritime climatic regions.

Keywords: Hydrogen isotopes, plant wax, n-alkanes, fractionation, terrestrial biomarkers, Falkland

Islands
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1. Introduction

Understanding how the hydrological cycle changes during periods of rapid warming similar to
today’s climate is essential. The hydrogen isotopic composition (8°H) of plant waxes is often used to
track and reconstruct global hydroclimate (Sachse et al., 2012; Freimuth et al., 2017). During wax
synthesis, terrestrial plants utilize hydrogen from plant source water (e.g. soil water), which is sourced
from precipitation falling onto the landscape (Sachse et al., 2012). The 5°H of terrestrial plant wax
(8°Hyax) n-alkanes, typically long chained n-alkanes, therefore reflects precipitation §?H (8*Hprecip) (Tipple
and Pagani, 2013). Records of 8?Hy.x, when extracted from lake sediment archives, can be used to infer
past 8*Hprecip and used to understand precipitation seasonality, precipitation amount and effective
precipitation changes through time (Sachse et al., 2012; Feakins et al., 2016; Freimuth et al., 2017; Rach
et al., 2017; Balascio et al., 2018; Thomas et al., 2020). In order to generate these records of 62Hprecip
using 8*Hyax, the fractionation between &*Hyrecip and 8 Hyax (6*Hwax/precip) is needed (Sachse et al., 2012;
Liu and An, 2019; McFarlin et al., 2019).

&?Huwavprecip can vary spatially across latitudes, between plant taxonomic groups and among plants
of the same species (Hou et al., 2007; Feakins and Sessions, 2010; Mclnerney et al., 2011; Duan and Xu,
2012; Sachse et al., 2012; Eley et al., 2014; Berke et al., 2019). This variation has been linked to
differences in plant wax formation relating to plant source water, root depth, plant growth form and
metabolic processes (Williams and Ehleringer, 2000; Sachse et al., 2012; Freimuth et al., 2017; Freimuth
et al., 2019; Dion-Kirschner et al., 2020). Constraining e*Hyaxjprecip is challenging, because sediment
archives represent a mixture of waxes derived from the catchment vegetation, where plants in the
catchment make different amounts of waxes and various plant taphonomic controls result in only some
waxes making it into the lake (Freimuth et al., 2019). Modern calibrations exploring the relationship
between 8?Hprecip and 8?Hy.x at local and regional scales where vegetation and climate are unique and

understudied are needed for accurate reconstructions of §*Hprecip and ultimately past hydroclimate
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(Feakins and Sessions, 2010; Feakins et al., 2016; Daniels et al., 2017; Berke et al., 2019; Liu and An,
2019; He et al., 2020). To date, multiple studies have examined e’Hyax/precip between 8*Hyax and source
water 3°H across the tropics (Feakins et al., 2016), mid-latitudes in the Northern Hemisphere (Sachse et
al., 2004; Smith and Freeman, 2006; Kahmen et al., 2013; Tipple and Pagani, 2013; Freimuth et al., 2019;
Freimuth et al., 2020) and the Arctic (Wilkie et al., 2013; Daniels et al., 2017; Berke et al., 2019; Dion-
Kirschner et al., 2020; O'Connor et al., 2020). However, no studies yet exist to document e*Hyax/precip for
mid- or high-latitudes in the Southern Hemisphere (Liu and An, 2019). This study targets plant wax and
source water in Falkland Islands, located in the southern mid-latitudes close to the southern polar front.
Here, vegetation consists of herbs, grasses and shrubs, which contrasts with other calibration studies at
these latitudes in the northern hemisphere which are primarily made up of trees, but, aligns with Arctic
calibrations of shrubs and grasses (Daniels et al., 2017; Berke et al., 2019; McFarlin et al., 2019; Dion-
Kirschner et al., 2020; O'Connor et al., 2020). This study establishes a framework of interpreting modern
plant waxes and source water in the Falkland Islands with the goal of future paleoclimate work in this
region.

The Falkland Islands (52° S, 61° W) are located about 520 km east off of the coast of southern
South America. Hydroclimate of the Falklands Islands is influenced by the Southern Hemisphere
Westerlies (SHW), a complex atmospheric-oceanic system that is predicted to shift both in locality and
intensity as climate changes (Russell et al., 2006; Kitoh et al., 2011; Chavaillaz et al., 2013). Latitudinal
shifts in the SHW can cause changes in the moisture source and amount for regions such as the Falkland
Islands that are in the path of the SHW (Anderson et al., 2009; Fletcher and Moreno, 2012). Modern
observations of Falkland Islands’ plants in a climate-controlled experiment have found that small
increases in temperature has resulted in decreased soil moisture and ultimately more stressed conditions
for grasses (Bokhorst et al., 2007). This implies that local ecosystems on the Falkland Islands are
sensitive to any changes in moisture, including precipitation amount. Past records of moisture source and

amount are therefore needed to constrain the direction and intensity of the SHW shifts in the future to
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ultimately understand how ecosystems in the Falkland Islands and surrounding regions may be affected
(Wyrwoll et al., 2000; Toggweiler et al., 2006; Rojas et al., 2009; Fletcher and Moreno, 2012). Records of
8?Hprecip can be generated from sediment archives, however, in order to make use of sediment archives
within the Falkland Islands and other sub-Antarctic and high-mid-latitude southern regions, and
reconstruct 8*Hyax, the local e”Hyaxprecip must be determined (Spoth et al., 2020).

Here, we compare 8*Hyax and §*Hprecip from 11 of the most common plant species and surface
lake sediments from the Falkland Islands to determine the local average e*Hyaxprecip. We use n-alkane
concentrations, average chain length, and carbon (8'*Cyax) and hydrogen isotopes of plant wax n-alkanes
to infer which plants contribute the most to Falkland lake sediments. Water systematics including
8?Hprecip, lake water 8°H, leaf water §*H (5°Hyy), and xylem water §*H (8°Hxy) on the Falkland Islands are
established from this region. Determining the &*Hyaxprecip Of terrestrial plants on the Falkland Islands
provides a framework for paleoclimate reconstructions of 8*Hprecip using 8*Huwax, ultimately aiding in the

understanding of how hydroclimate and the SHW have shifted in the past.

2. Methods

2.1 Site information

The Falkland Islands is composed of two main islands, East and West Falkland, as well as more than
200 small surrounding islands (Moore, 1968). This study focuses on East Falkland, which is
approximately 5,000 km?, and contains a central mountain range with Mt. Usborne (705 m, ~75 m from
capital of the Falkland Islands, Stanley) (Fig. 1a) (Moore, 1968). '°Be surface exposure dating of moraine
boulders in this region indicate that glaciers occupied the cirques periodically throughout the last glacial

cycle from at least 45 ka to 19 ka (Hall et al., 2020). Radiocarbon dating of the lowest organic remains in
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sediment cores indicate that two of the tarns examined in this study, Tarns 2 (~600 m elevation) and 4
(~520 m elevation), were deglaciated by at least ~13.5 ka and 23 ka, respectively (Spoth et al.,2020).

The Falkland Islands have a cool oceanic climate with some seasonal variation in temperature
(Fig. 1b, ¢, d) (Moore, 1968; Lister and Jones, 2015). Modern climate datasets for the Falkland Islands
were obtained from the closest NOAA National Climatic Data Center station at Mount Pleasant (71 msl)
in East Falkland (Fig. 1a) covering 1985 — 2019 (NOAA, 2021). Average monthly temperatures for all
years of available data range from 1.8 °C and 9.7 °C between July and January (Fig. 1¢c) (NOAA, 2021).
Average monthly precipitation amount for all years of available data ranges from 29 mm in October to 59
mm in December with an annual average precipitation amount of about 530 mm (Fig. 1d) (NOAA, 2021).
Cloud coverage in the Falklands is frequent with roughly 75% cloud cover each month (Moore, 1968) and
fog generally covers much of the region. Regional monthly precipitation isotopes were determined from
both measured values from the closest Global Network of Isotopes in Precipitation (GNIP) station to the
study site, Stanley (IAEA/WMO, 2020), and from modelled precipitation from the Online Isotopes in
Precipitation Calculator (OIPC) at each study site (Fig. 1a, b) (Bowen and Revenaugh, 2003; Bowen,
2021; IAEA/WMO, 2021). Monthly precipitation samples were also collected on the Falkland Islands for
one year at Cape Dolphin, West Point Island, and Surf Bay in 2015 by Groff et al. (2020) and are
archived on GNIP (Fig. 1a). We report only the observed precipitation isotopes in Section 3.4 at Stanley

because it spans multiple years.

2.2 Collection of plant and sediment samples

The native flora of the Falkland Islands includes about 170 vascular plant species with major
vegetation types including acid grasslands and dwarf shrub heathlands (Broughton and McAdam, 2002).
The two species that dominate these habitats are whitegrass, Cortaderia pilosa, and the shrub diddle-dee,
Empetrum rubrum (Broughton and McAdam, 2002). We collected 27 plant samples from eastern

Falkland from cirques occupied by tarns or small mountain lakes located on the northern flank of Mt.
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Usborne in March of 2019 (Fig. 1e). We collected 11 plants species, including C. pilosa and E. rubrum
(Fig. 1e). Plant samples were obtained from four different locations in close proximity to the tarns, two
neighboring Black Tarn, one next to Tarn 2, and one next to Tarn 4 (Fig. 1e). Leaves were gathered from
each plant species, which included woody shrubs, graminoids, ferns and forbs. A lichen, was also
collected at Tarn 2. See Appendix A. Supplementary Table S1 and Fig. 2 for details of plant names and
which plants were sampled from each of the four sites. All leaves were collected in paper bags, frozen and
freeze-dried prior to analysis.

We obtained a total of five surface sediments (top 0.5 cm) from Tarns 2 and 4 using a UniCorer
percussion corer and polycarbonate tubing. Sediments were extracted from the deepest parts of the lake

basins (5 m water depth for Tarn 2 and 13.3 m for Tarn 4), as determined from bathymetric soundings.

2.3 Extraction, lipid assignment and quantification of plant wax n-alkanes

All collected plants samples were freeze dried. About 500 mg of homogenized leaves were
extracted using an accelerated solvent extraction (ASE; Dionex 350) with 9:1 (v/v)
hexanes/dichloromethane (DCM) using three extraction cycles at 10.3 MPa and 100 °C. The aliphatic
fraction was separated from the total lipid extract using a 9:1 (v/v) hexanes/DCM mixture over silica gel.
The aliphatic fraction was further separated into saturated and unsaturated compounds using hexanes and
ethyl acetate, respectively, over 5% silver nitrate impregnated silica gel. The saturated aliphatic fraction
was analyzed for n-alkanes.

n-Alkanes were identified and quantified on an Agilent 7890A gas chromatograph (GC) and
Agilent 5975C quadrupole mass selective detector (MSD) and quantified using a flame ionization
detector (FID) following the procedure found in Freimuth et al., 2020. Prior to quantification, all samples
were spiked with 25 pg ml™'1,1"-binaphthyl as an internal standard. Compound peak areas were first
normalized to those of 1,1 -binaphthyl and then converted to concentration using response curves of n-

alkanes (C7 to Cao; Sigma Aldrich), also normalized to 1-1’-binapthyl, ranging from 2.8 to 69.5 pg ml ™.
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n-Alkane precision and accuracy were determined on an in-house n-alkane standard (Czy and Cs;)
prepared from oak leaves (Oak-1a) which had a weighted mean precision of 1.6 pg mL™ (15; 2.0%
relative standard deviation, RSD) and an accuracy of —2.0 pg mL™ (-2.5% relative error, RE). Compound
concentrations were normalized to the dry leaf mass (ug g).

To compare n-alkane chain lengths between species, average chain length (ACL) was calculated

using:

ACLyy_p =Y, 15 Eq. 1

where m and n represent the shortest and longest chain length, respectively, i represents the number of
carbon atoms for each homologue, and C is the concentration of the i n-alkane. We use odd n-alkane

chain lengths from Cs and Cs.
2.4 n-Alkane isotopic analysis

The 5°H of the n-alkanes was determined using a Thermo Trace GC Ultra coupled to an Isolink
pyrolysis reactor (1420 °C) and interfaced to a Thermo Electron Delta V Advantage IRMS via a Conflo
IV following the GC oven program described in Freimuth et al., 2019, 2020. The H;" factor was tested
daily and averaged 2.9 ppm nA™' during the period of analysis. The §*H and §'*C of the n-alkanes was
normalized to the VSMOW/SLAP scale and VPDB scale, respectively, using periodic interspersed 7-
alkane standards of known §”H and 8"*C composition (Mix A6, A. Schimmelmann, Indiana University)
are are reported in delta notation (in units of per mil, %o). An in-house standard, Oak-1a, was analyzed
every ~8 samples with a pooled precision of 4.1%o (n = 34) for 5°H and 0.2%o (n = 40) for §"*C for n-Cao
and n-Cs; alkanes. Long term analytical precision was determined by pooling the standard deviation from

all replicates following Polissar and D’Andrea (2014) and was 2.8%o for 8°H and 0.1%o for §"*C.

2.5 Water sampling and isotopic analysis
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Water samples (n=6) were collected from the Black Tarn, as well as from its outlet and from a
small adjacent pool floored by peat, from Tarns 2 and 4, and from another smaller pond at lower elevation
(Table 1) during March of 2019 using 30 mL Nalgene bottles. One river sample was collected near the
sampled lakes (Table 1). Plant material was collected from all studied species except E. rubrum for leaf
water analysis (n = 13) and from B. magellanica (n = 2) and E. rubrum (n = 2) for xylem water analysis in
summer 2019. B. magellanica and E. rubrum were the only two plants that had woody tissue, allowing for
analysis of xylem water. Plant sampling methods follow the established procedure in Freimuth et al.
(2017).

Leaf and xylem water were extracted using cryogenic vacuum distillation following the
established procedures in West et al., (2006) and (Freimuth et al., 2019). Exetainer vials containing the
stem and leaves were evacuated to a pressure <8 Pa (<60 Torr), isolated from the vacuum pump and then
heated to 100 °C. Water vapor was collected in borosilicate test tubes immersed in liquid nitrogen for at
least 60 minutes. Collected water samples were thawed and transferred to a 2mL crimp-top vial and
refrigerated until analysis.

Xylem water, leaf water, and lake water samples were analyzed for 5?°H and §'*O using headspace
equilibration using methods previously established (Paul and Skrzypek, 2006; Freimuth et al., 2020). The
equilibrated headspace gases were analyzed on a Thermo Delta V Advantage IRMS with a Thermo
Gasbench II with the IRMS connected to the IRMS with a Conflo IV interface. Volatile organics were
removed from the sample via a liquid nitrogen trap. All samples were then normalized to the
VSMOW/SLAP scale using three in-house standards (previously calibrated with VSMOW2, SLAP2, and
GISP). Water precision and accuracy were 0.4%o and —0.3%o for 8'*0 and 2.6%o (n=16) and —1.4%o

(n=16) for 6°H, respectively.

2.6 Calculation of fractionation between n-alkanes and source water
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Fractionation (g) between n-alkanes (8°Hway) and source water was calculated using 8*Hiy, 8*Hyw,
and &8 Hoprecip. 8°Hoprecip Was determined using the OIPC (v3.1) modelled precipitation isotopes (Bowen and
Revenaugh, 2003; Bowen, 2021; IAEA/WMO, 2021). Mean annual precipitation values were assigned
based on the OPIC 8*H,recip values. The following equation was used to calculate the fractionation

between 8?Hyax and §*Hprecip 0r € Hyaxprecip-

82 Hypax+1000 ) _

Eq. 2
8°H precip+1000 4

2 —
€ Hwax/precip - <

e’H wax/precip fOT €ach individual carbon chain length is defined as 82H27/precip, Sszg/precip’ &?Hs, fprecip, and

&?H33/precip for 1n-Caz, n-Cao, n-Cs1, and n-Cs; alkanes, respectively. Fractionation between 8*Hyy, and §*Hyy
’H 8*Hyw and 8*Hpreeip (e2H p), 8°H d 8*Hyw (e°H &*H d 8°Hyy, (e’H

(8 lw/xw)’ xw all precip (8 xw/premp)’ wax all XW (8 wax/xw) wax all Iw (8 wax/lw) were

also calculated using the above equation with the respective water sources.
3. Results
3.1 Concentration of n-alkanes

The n-alkane distributions and abundances were different for each of the 12 species analyzed
from the Falkland Islands (Fig. 2, Table S1). Each of the species exhibits a strong odd over even chain
length predominance (Fig. 2). Total concentration of n-alkanes of the 11 plant species ranges from 5.4 pug
g ! dry leaf (B. penna-marina) to 2321.6 pg g dry leaf (E. rubrum) with a mean and standard deviation
(16) of 378.9 £ 715.9 pg g ' dry leaf (n = 25). For the sampled lichen species, Usnea sp., the total
concentration of n-alkanes (0.52 + 0.02 ug g’ dry leaf, 16, n = 2) is lower than any of the plant species.

Total concentration of the n-alkanes of the surface lake sediment samples from Tarn 2 and Tarn 4 are 37.3

10
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+6.8 ug g dry sediment (16, n=2) and 42.8 £ 3.5 ug g ' dry sediment (1o, n = 3), respectively, or
about one order of magnitude smaller than the plant wax concentrations found in the plant species. Chain
length distribution of the n-alkanes varies between each of the plant growth forms and species collected
(Fig. 2) with an ACL of all plant species of 28.8 = 1.2 (15, n = 25), which ranges from 27.1 (M.
grandiflorum) to 31.2 (B. gummifera). The ACL observed in the Tarn 2 and Tarn 4 is captured within the

range observed in the plant species, 29.5 £ 0.04 (1, n=2), and 29.6 + 0.04 (1o, n = 3), respectively.

3.2 Carbon isotopes of plant wax n-alkanes

The n-Ca7, n-Cao, n-Cs; and n-Cs; alkanes have similar §">Cyax ranges (Fig 3; Table S1). Overall,
B. magellanicum, a fern, exhibits the most *C-enriched §"Cyax of all the plant species for 7-Ca7, n-Cag, n-
Cs1. For Cs3, the most *C-enriched 8'*C.x is observed in woody shrub, E. rubrum. The most *C-depleted
8"3Cyax is observed in the forbs and graminoids for 1-Ca7, n-Cao, n-Cs1 and n-Cs; (Fig 4a). Variation in
8"3Cywax for each plant species that was sampled at two or more study sites is 4.5%o or less for each chain
length with greatest variation with in one species, B. gummifera collected at sites 1, 3 and 4. For surface
lake sediments from both Tarn 2 and Tarn 4, the n-Ca7, n-Cao, n-Cs1, and n-Cs3 n-alkane 8> Cy.x is within
the range of 8"*Cy.x measured in the plant species (Fig. 4, Table S1). Comparisons of the sediment §'"*Cyay
and plant 8'*Cyax may indicate which plant growth types are contributing the greatest amounts to lake
sediments on the Falkland Islands. When compared to each of the plant growth forms, the sediment #n-C7,
n-Cag, n-Cs1 and n-Cs3 8"*Cyy is significantly different from the forbs (t-test, p < 0.0001 for n-Ca7; p =
0.0024 for n-Cao; p = 0.0028 for n-Cs1; p = 0.0073 for n-Cs3). The sediment §'*Cyay is also significantly
different from the graminoids for n-Cs7 (t-test, p = 0.0417), Cs; (t-test, p = 0.0104), and n-Cs3 (t-test, p =
0.0124) For the other carbon chain lengths and plant growth forms the sediment 8'*Cyay is not

significantly different (t-test, p > 0.05).
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3.3 Hydrogen isotopes of plant wax n-alkanes

The 1n-Ca7, n-Cao, n-Cs1, and n-Cs; alkane 8”Hyax range becomes more ’H-enriched with an
increase in carbon chain length (Fig. 3, 4a). Of the plant growth forms analyzed, the most “H-enriched
alkane 8’ Hy.y is observed in the studied ferns (B. penna-marina, B. masellanicum), for n-Caz, n-Cag, n-
Cs1, and n-C3; (Fig. 4b). The most *H-depleted alkane 8*Hy.x is observed in the graminoids (C. pilosa, M.
grandiflorum) for each of the four discussed carbon chain lengths (Fig. 4b). Comparisons of 7-Cx
alkane 8*Hy.x of the same species collected at different sites indicates that some species Cag 8 Hyay vary
by site (e.g., B. gummifera: —158 £ 14%o, 15, n = 3), whereas others did not (e.g., E. rubrum: —176 + 1%,
lo, n=3). Tarn 2 and Tarn 4 surface lake sediment have a n-Cs7, n-Ca9, n-Cs31 and n-Cs; alkane &?Hyvax
that is captured in the range of the plant species analyzed. When compared to the different growth forms,
the sediment §?Hy.x is significantly different from the ferns for each of the carbon chain lengths (t-test: n-
Ca7, p=0.001; n-Ca9, p = 0.0054; n-C31, p < 0.0001; n-C33, p = 0.0007). The sediment §*Hyay is
significantly different from the forbs for n-Cy (t-test, p = 0.03) and n-Cs, (t-test, p = 0.0004), the

graminoids for n-C»; (t-test, p = 0.016) and the wood shrubs for n-Cs; (t-test, p = 0.0033).

3.4 Water hydrogen and oxygen isotopes of plant, surface waters, and precipitation

8?Hiw and 880y, was measured for all species except for E. rubrum and the lichen (Table S2).
5?Hy has a mean of 49 £ 16%o (16, n = 11) and 5'*0y, has a mean of —4.6 £ 2.6%o (15, n = 10) (Fig. 5)
for all measured species. §*Hyy of the two species were analyzed, B. magellanica and E. rubrum, have a
8?Hyw mean of —79%o (n = 1) and —42 + 12% (15, n = 3), respectively. 8'*Oyy of B. magellanica and E.
rubrum, have a mean of —6.4 + 0.3%o (15, n=2) and —2.6 £ 4.6%0 (1o, n = 3), respectively.

The average §*Hiue and 88Oy for the Black Tarn, Tamn 2 and Tarn 4 is —44 + 3%o (16, n = 3)

and -7 + 1%o (1o, n = 3), respectively (Fig. 5, Table 1). The low pond, located 3.1 km north of and 220 m

12
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lower in elevation than the Black Tarn, has a more “H- and '*O-enriched §*Hiae and 8'¥Ojaie than the
other, higher-clevation lakes (Fig. 5). One river sample collected 1.3 km southeast of and at about the
same elevation as the low pond has a §*H and §'*0 of —47%o and —6.8%o respectively. The local meteoric
water line (LMWL) was determined using the observed precipitation at Stanley (IAEA/WMO, 2020).
Annual precipitation §*Hprecip and 8" Oprecip Observed at Stanley is —57 + 13%o (15, n = 92) and —
8.0 £ 1.7%o (15, n = 92), respectively. These values are more *H- and '"*O-enriched than the modelled
annual precipitation from the OIPC from the location of Tarn 2, —67 + 15%o (16, n = 12) for 8*Hprecip and
—9.3 +£2.0%0 (15, n = 12) for 8" Oprecip (Fig. 5) (Bowen and Revenaugh, 2003; Bowen, 2021;
IAEA/WMO, 2021). For comparison, we calculated the OIPC values for each of the study sites, and due
to the close proximity of the sites, the values are identical (Bowen and Revenaugh, 2003; Bowen, 2021;
IAEA/WMO, 2021). Monthly precipitation isotopes observed at Stanley and modelled from the OIPC at
the study locations on the Falkland Islands exhibit a seasonal cycle of §*Hprecip and 8'*Oprecip of more *H-
enriched and '*O-enriched precipitation during the winter (December, January and February; DJF) and
more “H-depleted and '®O-depleted precipitation in the summer (June, July, August; JJA) (Fig. 1b). A
stronger seasonal cycle is seen in the modelled precipitation than in the observed precipitation (Fig. 1b, 5)
(Bowen and Revenaugh, 2003; Bowen, 2021; ITAEA/WMO, 2021), which is due to the OIPC considering
elevation, and the inland location of the sampling sites whereas Stanley is located on the coast close to sea
level (~8 msl) (Bowen and Revenaugh, 2003; Bowen, 2021; IAEA/WMO, 2021). We therefore used the

OIPC modelled precipitation isotopes to calculate fractionation.

3.5 Fractionation between n-alkanes and source water

One species, B. magellanica, in which both xylem and leaf water were measured, has a £?Hiy/xw of
39%o (n = 1) (Table S2). For B. magellanica and E. rubrum, &*Hxwjprecip is 26 = 13%o (16,n=3) and — 11 +

3%o (1o, n = 2), respectively (Table S2). Biosynthetic fractionation (¢?Hyaxiw) between leaf water and
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each carbon chain length n-alkane for each species can be found in Table S2. Overall, the ferns sampled
have the smallest biosynthetic fractionation for each of the four n-alkane carbon chain lengths whereas,
one graminoid, M. grandiflorum, has the largest biosynthetic fractions for each of the n-alkane carbon
chain lengths of all of the plant species (Table S2).

& Hywax/precip between each n-alkane carbon chain lengths were calculated using mean annual
precipitation §*H using the modelled precipitation isotopes from the OIPC (Bowen and Revenaugh, 2003;
Bowen, 2021; IAEA/WMO, 2021). Individual plant species *Huwaxprecip for each n-alkane carbon chain
length can be found in Table S2. The smallest and largest e*Hyaypreci is observed in the studied ferns and
graminoids, respectively, for each n-alkane carbon chain length (Fig. 6). €®Hyax/precip is similar for both
Tarn 2 and Tarn 4 (t-test, p > 0.05) and falls within range of the measured plant species (Table S2). In
comparison to the plant growth forms studied here, the sediment &Hyax/precip is significantly different from
the ferns for n-Cs7, n-Cao, n-Csi, and n-Css (t-test, p < 0.005 for each carbon chain length). The sediment
&?Huwayprecip is also significantly different from the studied graminoids for Cy (t-test, p = 0.02), the forbs

for Cyo (t-test, p=0.0231) and Cs; (t-test, p = 0.0004) and the woody shrubs for Cs; (t-test, p = 0.0016).

4. Discussion

4.1 Plant wax concentrations

Exploring how modern plants behave molecularly and isotopically in the Falkland Islands is
required for paleoclimate reconstructions using plant waxes in this region. Plant wax abundance and ACL
can be used to infer changes in vegetation type and environment through time (Feakins et al., 2005;
Balascio et al., 2018; Schartman et al., 2020). Modern plant studies find that certain plant groups have
evolved to produce different chains lengths depending on climatic (e.g. temperature, humidity and

precipitation amount) and physiological (e.g. C4 vs. Cs plants) parameters (Scheful3 et al., 2003; Sachse et
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al., 2006; Hoffmann et al., 2013; Tipple and Pagani, 2013; Badewien et al., 2015; Andrae et al., 2020;
Diefendorf et al., 2021). For example, previous studies have examined the relationship between mid-
chained n-alkanes (C,3 and Css) and aquatic mosses, and between longer chained n-alkanes (Ca7, Cao, Cs1)
and woody plants and grasses (Sachse et al., 2012; Bush and Mclnerney, 2013; Thomas et al., 2016;
Freimuth et al., 2017; Berke et al., 2019). The plants studied here have plant wax distributions similar to
what is expected of known terrestrial plants with longer chain lengths (#-Ca7 - #n-C33) dominating the
distributions (Fig. 2) (Sachse et al., 2012; Berke et al., 2019; Andrae et al., 2020; Dion-Kirschner et al.,
2020). Plant wax distributions among the Falkland Islands’ plants vary among species. For example, B.
magellanicum and B. magellanic have n-C,; alkane as the dominant chain length, whereas in other
species, such as E. rubrum and C. pilosa, n-Cy alkane is the dominant chain length. Plant wax
concentrations also vary on the scale of different orders of magnitude, with species such as the woody
shrub, E. rubrum, having n-Ca alkane concentrations close to 900 pg g' dry leaf, whereas other species
such as the fern, B. magellanica, having n-Cay alkane concentrations less than 10 ug g™ dry leaf. Similar
magnitudes of n-alkane concentrations of woody shrubs are observed at high-latitude study sites, such as
western Greenland, where Empetrum hermaphroditum has a n-C,o alkane concentrations of about 600 pg
g dry leaf ™" (Berke et al., 2019). Slightly smaller n-Cay n-alkane concentrations are observed in woody
shrubs in northern mid-latitudes of about 130 ug g dry leaf ™' (Freimuth et al., 2017). When compared to
high latitudes, the Falklands graminoid C. pilosa, has a similar concentration magnitude to other
graminoids in western Greenland and other Cs grasses in the northern mid-latitudes (Freimuth et al.,
2017; Berke et al., 2019). Comparison of Falkland Island n-alkane concentrations to other similar modern
plants of the same growth form from other regions indicate that the plants studied on the Falkland Islands

produce similar concentrations of plant waxes.

4.2 Plant wax isotopes
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Plant n-alkane 8"*Cyax and 8*Huwax, like plant wax concentrations and distributions, are sensitive to
vegetation and climate changes (Sachse et al., 2012; Diefendorf and Freimuth, 2017). For example,
paleoclimate records of n-alkane §'*Cy.x are often used to determine shifts between C; and Cs plants
through time (Badewien et al., 2015; Andrae et al., 2020). All of the plants studied on the Falkland
Islands are Cs plants with n-alkane §'"*Cyay falling into the expected range of C; plants, between —35 and —
20%o (Fig. 3, Fig. 4a) (Diefendorf and Freimuth, 2017). For §*Hy.s, differences in plant type morphology
or growth form have been linked to differences in 8 Huax (Smith and Freeman, 2006; Sachse et al., 2012).
On the Falkland Islands we find similar results, with each plant growth form being significantly different
from the others (ANOVA, p < 0.05 for all chain lengths). The §*Hy.x observed for each of the growth
forms studied here are within the range of 5?Hy.x observed in other terrestrial plants found in the mid and
high latitudes (Sachse et al., 2012; Freimuth et al., 2017; Berke et al., 2019; He et al., 2020). On the
Falkland Islands, we observe similar trends in graminoids and ferns to other regions, with graminoids
being more “H-depleted and ferns being more *H-enriched than other plant growth forms (Fig. 5b)
(Sachse et al., 2012; Daniels et al., 2017; Berke et al., 2019; He et al., 2020). Differences in n-alkane
8"3Cyax and 8’Hyay between and within plant growth forms found on the Falkland Islands can be furthered
used to assess which species are contributing the greatest amounts of plant waxes to sediment archives

(see Section 4.4).

4.3 Fractionation

Examining and quantifying the relationship between 8*Hprecip and plant §*Hyax is required to
generate records of hydroclimate on the Falkland Islands. e*Hyax/precip Varies spatially among different
terrestrial plants species and at different latitudes (Liu et al., 2006; Sachse et al., 2012; Liu and An, 2019).
For example, some plants from high latitudes are found to have smaller €?Hyaxjprecip than those at mid- and

low- latitudes (Porter et al., 2016; Daniels et al., 2017; Berke et al., 2019; Dion-Kirschner et al., 2020). To
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our knowledge, this study provides the first &?Hyax/precip between 8*Hyax of individual plants and 8*Hprecip
from the mid-latitudes in the Southern Hemisphere (Liu and An, 2019). The average e*Haoprecip 0f the
samples collected on the Falkland Islands is —112 + 16%o0 (15, n = 22) (Fig. 6), which is well within the
uncertainty of the global average £Haojprecip of all plants —121 £ 32%o (n = 316) (Sachse et al., 2012), and
of the updated global average £?Hag/precip of higher plants, —116 % 5%o (n = 941) (Liu and An, 2019). This
indicates that despite living in the isolated ecosystems of the Falkland Islands, variations in factors
including plant wax formation, source water, rooting depth between plants is averaged out when
calculating &xoprecip for all plants on the Falkland Islands. The €*Hagjprecip of Falkland Island plants is
similar to northern mid-latitude sites which have an average €?Hag/precip 0f —117%o (n = 543) (Liu and An,
2019). The average &*Ha7jprecips € Hs1/precip> and ”Hssjprecip of the 11 plants species on the Falkland Islands is
—113 £ 27%0 (16, n =22), and —103 = 21%o (1o, n = 18), —99 + 25%0 (15, n = 8) respectively. The
&?Huwas/precip determined for the species on the Falkland Islands also are similar to &?Hyaxprecip determined
for species with similar growth forms in other regions (Sachse et al., 2012; Daniels et al., 2017; Freimuth
et al., 2017). We find significant differences between each of the plant species for e*Ha7/precip, €-Hoo/precips
&”H31/precip, (oneway ANOVA, p < 0.05) but not for £?Hs3precip (oneway ANOVA, p > 0.05,) indicating that
for n-Ca7, n-Cao, and n-Cs, differences in €?Hyaxprecip between plant species may affect the reconstructed
*Hyprecip using 8*Huyax if vegetation changed through time. Variability between plants species may be
attributed to differences in the biosynthesis linked to differences in plant morphology or plant growth
form.

Biosynthetic fractionation (e?Hyaxiw), €Xists due to biochemical reactions occurring during the
synthesis of leaf waxes by plants and can vary among plants due to differences in the biosynthetic
pathway of the synthesis of leaf waxes (e.g. Sachse et al., 2012). In the Falkland Islands, the average
&?Hywayuiw of each of the chain lengths, 7-Ca7 (—121 = 35%o), 71-Cao (=117 £ 27%o), n-Cs1 (—108 = 30%o), n-
Cs3 (—105%o = 30%o), are similar to reported e?Hyaxiw from high latitudes (e.g., —120%o for all chain

lengths, Berke et al., 2019), but are more positive than northern mid-latitude sites (e.g., —164%o for all
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chain lengths; Mclnerney et al., 2011). The variation observed between plants species in the Falklands is
likely linked to isotopic exchange and portioning of pools of water during leaf wax synthesis (Post-
Beittenmiller, 1996; Sessions et al., 1999; Sachse et al., 2012). Differences in &”Hyaxiw between plant
species can create complications when interpreting paleoclimate reconstructions using 8°Hyay; changes
observed in sediment records of 8*Hy.x through time may be due to shifts in e?Hyaxw due to changes in
plant community abundances on the landscape rather than changes in 8*Hprecip. However, assessing
concentration changes of each plant wax chain length and 8"*Cy.x through time can help assess whether
changes in €?Hyaxiw are linked to changes in plant community and should be considered when interpreting
climate records in the Falkland Islands. Similarly, independent proxies (e.g. pollen, sedimentary ancient

DNA) from sediment archives can help constrain changes in plant contribution to sediments through time

(Fréchette and de Vernal, 2009; Feakins, 2013; Crump et al., 2019).

4.4 Contribution of plant waxes to sediment archives

Plant wax concentration and distribution, §"*Cyax and 8*Hy.x of both the modern plants and
modern lake surface sediments can provide additional guidance for interpreting records of past climate
and vegetation by assessing what plants are contributing the most to sediment archives. In the surface lake
sediments from Tarn 2 and Tarn 4, n-Cy9 alkane is the most concentrated chain length followed by the n-
Cs alkane. The plant wax chain length distribution for each of these lakes is not identical to any of the
studied plant species, indicating that the sediment is a mixture of some of all the plants found in the
watersheds. The greatest total concentration of plant waxes are observed in the forb B. gummifera, and in
the woody shrub, E. rubrum, suggesting that if each plant is sourced equally, a significant amount of plant
waxes found in sediment archives would be from these two species (Fig. 2). The §"*Cyax and 8*Hyax of E.
rubrum is similar to the sediment samples for n-Cs7, n-Ca9, n-Cs1 and n-Css, (t-test, p > 0.05 for 81 Cyax

and 8’Hyay), whereas the 8"*Cyax of B. gummifera is different from the surface sediment for 7-Ca7, n-Cao,
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n-Cs (t-test, p < 0.0034), and the §*Hy.x of B. gummifera is different from the surface sediment for 7-Cas,
and n-Cs; (t-test, p < 0.0015) (Fig. 3). This suggests that because E. rubrum is similar to the sediment
samples, it may be contributing more to the sediment than B. gummifera despite both having large
concentrations of plant waxes. The 83 Cyax of the n-Ca7, n-Cao, and n-Cs; in the sediment samples is more
3C-enriched than all of the plant growth forms except the fern (Fig. 5a). This indicates that ferns, in
particular, B. magellanicum, are contributing to plant waxes found in the sediment (Fig. 4a, b, and c). B.
magellanicum does not produce high concentrations of n-Cs3 (Fig. 2), so the n-Cs; found in the sediment
archives is likely from other plants. A similar pattern is found in the §*Hy.x of the 7-Ca7, n-Cag, n-C31 and
n-Cs3 in the sediment samples and the graminoids, where the sediment is *H-depleted relative to all of the
growth forms besides the graminoids (Fig. 5b). This suggests that one or both the graminoids studied on
the Falkland Islands is a primary contributor to the waxes found in the sediment. The graminoid, M.
grandiflorum, has low concentrations (<15 ug g"' dry leaf) (Fig. 2) indicating that this species is likely
contributing smaller amounts to the sediment archives than the other graminoid, C. pilosa, which has
higher concentrations of waxes (Fig. 2). The forbs, which have a similar 8'°Cyax and §*Hy.x to the
sediment wax samples (see Section 3.3), in addition to E. rubrum, B. magellanicum and C. pilosa, are
likely contributing the most waxes to sediment archives. E. rubrum and C. pilosa are the most common
plants found on the Falkland Islands and are present throughout the field area, confirming that the waxes
of these two species are likely contributing to the sediment waxes.

There can be limitations with applying molecular and isotopic data from modern plants to
sediment archives, because this can assume that waxes from each plant are sourced equally. However, this
is often not the case with different plant types and species being preferentially transported and deposited
into the lake due to proximity and taphonomic controls (e.g., Freimuth et al., 2019). In the Falkland
Islands, plant waxes are likely deposited into sediment via numerous processes including wind ablation
from leaf surfaces, remobilization of waxes from soils and from leaves transported to the lake via wind

(Diefendorf and Freimuth, 2017; Freimuth et al., 2021). The first process, wind ablation of waxes from
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leaf surfaces, occurs when waxes are transported via aerosol and then are deposited into lakes by wet
deposition from precipitation (Gao et al., 2014; Nelson et al., 2018). If waxes are scrubbed from aerosols
via snowfall on the Falkland Islands, waxes could be deposited into the lake during the spring melt period
when the snow in the surrounding catchment melts. However, aerosol n-alkane concentrations have been
observed to be greatest during spring when leaves emerge (Nelson et al., 2017), indicating that there may
not be much deposition via this mechanism in winter. Future collection of aerosols would indicate the
plant wax concentration and isotopes that are deposited via this mechanism into lake sediment. The
second process, deposition via remobilization of soils into the lake, depends on certain lake-specific
parameters, including lake catchment, size and hydrology, landscape erosion, and soil development
(Douglas et al., 2014; Gierga et al., 2016). The studied lakes are cirques with steep slopes suggesting that
soil erosion into the lake is a likely method of deposition of waxes in the Falkland lakes. The third
mechanism, direct deposition of leaves into lakes, may result in certain plant species’ waxes to dominate
the lake sediment due to taphonomic differences between leaves may result in sediment waxes being
dominated by certain plant species (Diefendorf and Freimuth, 2017). For example, lighter and smaller
leaves typically travel further than larger and heavier leaves (Spicer, 1981; Spicer and Wolfe, 1987).
Woody vegetation surrounding the lake catchment tends to dominate the leaves, and therefore the waxes,
entering the lake (Drake and Burrows, 1980; Diefendorf and Freimuth, 2017; Freimuth et al., 2019). This
suggests that on the Falkland Islands, E. rubrum, a woody shrub, may contribute more waxes to the
sediment than other non-woody plants on the landscape. Our results indicate that sediment 8> Cyax and
8*Hyax is similar to the 8" Cyax and 8*Hyax of E. rubrum (see last paragraph), suggesting that this
taphonomic bias could exist on the Falkland Islands. However, there has been little work done studying
plant wax transport and taphonomic processes in landscapes such as the Falkland Islands where the
vegetation is dominated by low-stature plants including herbs and shrubs. Taphonomic biases that results
in a few species dominating the plant wax contributions to lake sediment archives is important to consider

when reconstructing past climates using 8*Hyax.
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4.5 Implications for paleoclimate reconstructions

Next, we establish how meteoric water (i.e. precipitation, lake water) varies isotopically on the
Falkland Islands, how that may affect plant §*Hyax values, and what that implies for paleoclimate
reconstructions. The isotopic composition of meteoric waters can vary both regionally and seasonally due
to differences in moisture source location, moisture source distance and evaporation (Dansgaard, 1964;
Gat, 1996; Bowen et al., 2019). Based on global meteoric waters observations, we expect precipitation
isotopes observed on the Falkland Islands to vary geographically by distance inland from the ocean (e.g.
coastal vs. inland) and by the elevation of the site. Similarly, we expect precipitation isotopes to vary
seasonally on the Falkland Islands as a result of the seasonal changes in moisture sources location
observed in the Falkland Islands (Groff et al., 2020). Observed long term (n = 15 years) precipitation
isotopes from Stanley and modelled precipitation isotopes from OIPC do exhibit this seasonal trend of
H-depleted precipitation in austral winter (June, July, August; JJA) (Fig. 1a, b) and more *H-enriched
precipitation in austral summer (December, January, February; DJF) (Section 3.4) (Bowen and
Revenaugh, 2003; Bowen, 2021; IAEA/WMO, 2021). The seasonal variation observed in the observed
8" Hprecip at Stanley Bay and modelled §*Hprecip at the study sites is likely due to changes in moisture
source. A greater amount of precipitation during JJA comes from the south, where source water,
circulation patterns, temperatures, and distance travelled results in precipitation that is “H-depleted
relative to precipitation that comes from the north, (Groff et al., 2020; Spoth, 2020). Understanding how
8*Hprecip Varies in the Falkland Islands has implications for terrestrial plants that utilize this precipitation to
synthesize plant waxes and how they should be interpreted in sediment archives.

Precipitation isotopes along with climatic parameters (e.g. timing of snowmelt), and proxy
mechanisms (e.g. timing of leaf wax synthesis) influence terrestrial plant §*Hyax preserved in lake

sediment archives (Tipple et al., 2013; Freimuth et al., 2017; Thomas et al., 2020). For example, plants
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that synthesize terrestrial leaf waxes at certain times of the year in regions where is a seasonal cycle of
8*Hprecip, including the sites in this study, may be seasonally biased to the §*Hprecip at the time of synthesis.
Similar to some high latitude sites in the Arctic, the high elevation on the Falkland Islands experiences
snow cover during winter. Depending on the amount of snow that falls and persists on the landscape,
terrestrial plants may utilize soil water that is primarily made of snowmelt during wax synthesis in the
spring. In this case, terrestrial plant §*Hyax would be biased towards winter §*Hprecip. However, if the plant
waxes are made throughout the entire growing season (i.e. spring, summer), or there was little snowmelt
on a given year, 8’Hy.x may be biased towards annual 8*Hprecip or summer 8*Hprecip because the plants are
using a combination of winter snowmelt and summer precipitation or just summer precipitation to
synthesis their waxes. In the Falkland Islands, based on the modelled precipitation isotopes from the
OIPC, average spring and summer (SONDJF) §*Hprecip is —61 = 16%o (15, n = 6) and mean annual 8*Hprecip
is =67 £ 15%o (1o, n = 12). This means that because these values are similar, regardless of whether the
plants are only using spring and summer precipitation or some combination of winter snowmelt and
spring and summer precipitation, terrestrial plant §*Hyax mean annual precipitation. The same conclusion
can be made based on the observed precipitation at Stanley (IAEA, 2021). This indicates that sediment
records of terrestrial plant §*Hy.x can be used to reconstruct mean annual 8*Hprecip.

The relationship between plant §*Hyw and §*Hprecip (*Hxwiprecip) can be used to characterize the
amount of soil evaporation occurring in the local environment (Feakins and Sessions, 2010), an important
factor to consider when interpreting terrestrial plant 8*Hyax records. When plants uptake water by the
roots, there is no fractionation (with the exception of salt water tolerance plants), so any variation between
plant §*Hyw and 8*Hprecip is due to soil evaporation (Ehleringer et al., 1991; Ehleringer and Dawson, 1992;
Schwendenmann et al., 2015; Cernusak et al., 2016; Sprenger et al., 2016). Increased soil water
evaporation would cause the plant source water to become *H-enriched relative to the §*Hprecip resulting in
a larger &Hxwiprecip- The two plant species in this study analyzed for §*Hyw, B. magellanic and E. rubrum,

have a e?Hywjprecip 0f =17 £ 3%o (15, n = 2) and 18 £ 15%o (15, n = 3), respectively. The difference in
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&”Hywiprecip between the two species may be a result of each plants species utilizing pools of soil water
from different depths within the soil (Ehleringer et al., 1991; Williams and Ehleringer, 2000) or due to the
timing of sampling during the year. The £*Hxwiprecip 0f the two sampled plants here are similar than those
observed at high latitudes, such as western Greenland (14 = 17%o, 15, n = 23; Berke et al., 2019) and
Alaska (26 = 17%o, 16, n = 24; O’Connor et al., 2020). Overall, the €’ Hywjprecip Of the two sampled plants
on the Falkland Islands indicate that there is minimum soil evaporation occurring, further supporting that
terrestrial plant 3*Hyax reflects mean annual precipitation without much influence of evaporation.
Examining modern 8*Hyu. can aid in interpreting records using aquatic plant 8*Hya.x. Aquatic
plants utilize lake water to synthesize their waxes, so aquatic plant §*Hyax reflects 8*Hiake. 8*Hiake is
function of both the 8*Hyrecip 0f the precipitation falling into the lake and surrounding catchment and any
evaporation occurring in the lake basin (Gat, 1996; Anderson et al., 2016; Cluett and Thomas, 2020).
Lake water 8*H may be seasonally biased depending on whether 8”Hyrecip Varies seasonally and whether
lake-water residence times, or the time it takes for the lake water to completely flush, is short enough for
water in the lake to completely turnover (< 3 months) (Anderson et al., 2016; Thomas et al., 2020). Based
on the modelled and observed 8*Hprecip and on the observation that lake water isotopes reflect precipitation
isotopes falling into the lake and surrounding catchments, we expect that the lake water from the tarns to
reflect precipitation isotopes with some seasonal variation with possible evaporative effects. Average
summer 8*Hiake collected from the Black Tarn, Tarn 2 and Tarn 4 (—44 + 3%, 16, n = 5) is similar to
observed (—48 + 10%o, 15, n = 23) and modelled summer precipitation (—48 £+ 7%o, 15, n = 3) (Fig. 1b) for
DJF indicating that lake water reflects precipitation isotopes in the Falkland Islands during the summer
(the time of lake water collection). Lake water 3°H from the Black Tarn, Tarn 2 and Tarn 4 fall on the
LMWL (Fig. 3), suggesting that there is minimal lake water evaporation under today’s climate. Average
relative humidity on the Falkland Islands is 83%, with mist being common in the cirques suggesting that
there is little evaporation, especially in regions of high elevation over the study lakes. Persistent winds on

the Falkland Islands may result in increased evaporation. However, because the lake water 3°H falls on
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the LWML, there was likely minimal lake water evaporation at the time of the sample collection. Sample
collection occurred during the summer, when temperatures are close to their maximum, and evaporation
would have been at its greatest, suggesting that there is little lake water evaporation occurring in the study
lakes year-round. One lake water sample from the small pond, located at low elevation plots below and to
the right of the LMWL indicating that this pond has some evaporative enrichment compared to the other
lakes. There is likely due to lower humidity and less fog that persists on this pond than at higher
elevations and the fact that this pond is shallow (~1 m) so there is a greater effect of evaporation on the
water isotopes. Today, these results indicate the *Hiake currently reflects summer precipitation and
aquatic proxies that reflect 8*Hy. therefore reflect summer precipitation with minimum evaporative

effects.

5. Conclusion

This new dataset of meteoric waters, modern plant, and surface sediment molecular and isotopic data
provides new insights for generating hydroclimate records on the Falkland Islands. Plant wax
concentration, distribution, §*Hyax and 8> Cyax among plant growth types observed on the Falkland Island
is similar to that of plants found in other mid- and high-latitude sites. Comparisons of plant wax
concentration, 8*Hyax, 8"*Cyax and the calculated &?Hyax/precip Of the sampled plants and sediment samples
suggests that E. rubrum, B. magellanicum and C. pilosa are contributing the most to the waxes in
sediment archives, in keeping with their abundance on the landscape. Mean annual 8*Hprecip and spring
and summer biased 8*Hyrecip are similar, indicating that regardless of what terrestrial plants on the
Falkland Islands are synthesizing waxes, terrestrial plant 5*Hy.x reflects mean annual precipitation.
Therefore, sedimentary records that reconstruct terrestrial plant 3*Hyax can be interpreted as changes in
mean annual §*Hprecip. Lake-water samples 8*Hiake reflect summer precipitation and fall on the LMWL

indicating that, at least for recent similar climate states, there is minimal surface-water evaporation in the
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Falkland Islands, and for similar climates, §*Hjue proxies can be interpreted as summer precipitation.
Overall, this survey of modern plants and surfaces establishes the framework needed to interpret records
of 3*Hyax from sediment archives in the Falkland Islands and other mid-latitude maritime climatic

regions, allowing for reconstructions of past hydroclimate.
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Appendix A. Supplementary data

The supplementary data and information to this article can be accessed online at (insert link to

supplement here). Water isotope data will publicly available on waterisotopes.org. Falkland plant

molecular and isotopic data will be uploaded to PANGAEA.
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Figure Captions:

Figure 1: Map and modern climatology of the Falkland Islands. a) Elevation map of the Falkland Islands.
Black dots indicate locations of precipitation isotope, temperature and precipitation amount data used in
this study. Black box indicates map in panel e. b) Average monthly precipitation 3*H observed at Stanley
(green) from 1961 to 1976 from the Global Network of Isotopes in Precipitation (GNIP), and monthly
precipitation §*H modelled at the sample collection sites (orange) from the OIPC (Bowen and Revenaugh,
2003; Groff et al., 2020; Bowen, 2021; IAEA/WMO, 2021). Modelled precipitation &°H at each of the
four collection sites is the same. Shaded region is the monthly standard deviation of precipitation &*H
determined at Stanley (green) and the 95% confidence interval for the modelled precipitation from the
OIPC (orange). c) Average monthly temperature are from Mount Pleasant, FK for from 1985- 2019
(NOAA, 2021). d) Average monthly precipitation amount from Mount Pleasant, FK from 1991 — 2019

(NOAA, 2021). e) Location of the four sampling locations and 3 neighboring lakes for this study.

Figure 2: Abundances and chain length distributions for n-alkanes from 11 plants, 1 lichen species and 2
surface lake sediment from the Falkland Islands. Species examined for n-alkanes Cz; — Css include 4.
pumila (n = 2), B. magellanica (n = 3), B. masellanicum (n = 1), B. penna-marina (n = 1), B. gummifera
(n=3), C. pilosa (n=13), E. rubrum (n = 2), G. pumila (n = 2), L. conferta (n =4), M. grandiflorum (n =
2), N. serperis (n = 1) and a lichen Usnea species (n = 2). Solid black lines are the standard deviation of
all samples of that species. Vertical dashed lines indicate average chain length (ACL) for each species.

Note each concentration axes are scaled individually to maximum chain length.

Figure 3: Relationship between 8Hyax and 8" Cyax for each chain length for a-d) 7n-Ca7, n-Cao, n-Cs1, n-
Cs3 of the Falkland plant and surface lake sediment samples. Colors represent plant species and
correspond to the colors in Fig. 2. Dot size indicates plant wax concentration. Surface lake sediment

samples are shown as triangles. Analytical error on the concentration measurements is + 2.0 pg/g.
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Figure 4: 8"Cyax and §*Hyay for each of the plant growth forms studied, ferns (n = 2), forbs (n = 10),
graminoids (n = 5), and woody shrubs (n = 8) and for sediment samples from Tarn 2 and Tarn 4 combined
(n = 5) for n-Ca7, n-Cag, n-Cs1, n-Cs3. @) 8"*Cyax. b) 8*Huwax Colors correspond to the carbon chain length.

Boxes are quartiles about the median, whiskers are 5 and 95 percentiles and dots are outliers.

Figure S: Lake, river, leaf, xylem water and precipitation isotopes from the Falklands Islands. Symbols
and colors correspond to different water types and locations. Lake water samples (black triangles) are
labelled with which location the sample was collected from. Global meteoric water line (GMWL) and

local meteoric water line (LMWL) are plotted. The LMWL was determined using the observed &*Hprecip

and 8"30precip at Stanley (IAEA/WMO, 2020).

Figure 6: Calculated fractionation, €’ Ha7jprecip, £ Haosprecips £ H31/precip and e*Hisprecip 0f the Falkland plants
and surface lake sediment. Colors represent plant species and correspond to the colors in Fig. 2. Symbols
represent the chain length used to calculate £?H »7precip (Circle), e Haojprecip (triangle), €2Hsiprecip (square) and
&”H33/precip (diamond). Weighted average of all plants for €?Ha7precip, € Ha9/precips €31/precip and €7 H33/precip Was
calculated using chain length concentrations for each plant sample. Dashed line indicate global average

&Haoprecip (Sachse et al., 2012).
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976 Table 1:

Table 1: Site locations, elevation and °H and $'%0. NA: no data avaliable.

. . : 2 0 18 0,
Site Name Latitude  Longitude Elevation &°H (%o 00 (%o

(°S) (°W) (m) VSMOW) VSMOW)
Black Tarn 1 51.6866 58.8202 385 -41 -5.7
Black Tarn 2 51.6850 58.8276 383 NA NA
Tarn 2 51.6959 58.8276 600 -44 -7.3
Tarn 4 51.7022 58.8155 520 -47 -7.6
Pool near Black Tarn 51.6850 58.8194 383 -65 -8.6
Low Pond 51.6601 58.8327 63 -13 -0.7
River 51.6674 58.8172 73 -47 -60.8
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