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A B S T R A C T

The hydrogen isotopic composition (δ2H) of plant waxes is a powerful tool for reconstructing past precipitation, 
yet its accuracy relies on constraining the apparent fractionation (ε) between plants and source water (εwax/water). 
While regional information on n-alkanes exists in the Falkland Islands, values for n-alkanoic acids remain un
constrained, despite the latter often being more abundant in sedimentary archives. To address this, we analysed 
paired n-alkanes and n-alkanoic acids from modern plant species in the Falkland Islands. We present a regional 
dataset for n-alkanoic acids (n = 9), finding a mean fractionation (εacid/precip) of –147 ± 22‰. This is broadly 
consistent with co-occurring n-alkanes (–137 ± 20‰), validating the use of n-alkanoic acids as a complementary 
proxy. Comparing our n-alkane data with previous studies reveals a ~ 28‰ offset in (εalkane/precip), which we 
attribute to distinct plant communities and year-to-year variability in precipitation δ2H affecting source water. 
We also assess the influence of high-biomass species on landscape-scale (εalkane/precip). Our new abundance- 
weighted mean fractionation factor for the combined n-alkane dataset (–129‰) is statistically indistinguish
able from the unweighted community mean (–121‰) and demonstrates that high-biomass species do not skew 
the landscape-scale signal, providing confidence in using δ2H for quantitative paleoclimate reconstruction in the 
Falkland Islands.

1. Introduction

The Falkland Islands (51.7◦S) are situated directly within the mean- 
annual path of the Southern Hemisphere Westerlies (SHW), an atmo
spheric system that profoundly influences regional precipitation, tem
perature, and Southern Ocean dynamics (Toggweiler et al., 2006). As a 
result, sedimentary plant wax isotope records from the islands serve as a 
highly sensitive archive for reconstructing past shifts in the position and 
strength of the westerlies (Spoth et al., 2023). Understanding these shifts 
is crucial, as the westerlies are a primary control on regional precipi
tation patterns and strongly influence Southern Ocean dynamics, ocean 
carbon flux, and regional cryosphere mass balance. Accurate interpre
tation of these archives, however, requires a robust understanding of the 
distribution and natural variability of the hydrogen isotopic composi
tion of modern local plant waxes (δ2Hwax).

δ2Hwax is a widely applied proxy for reconstructing the δ2H of past 
precipitation (Sachse et al., 2012). However, accurately applying this 
proxy requires constraining the apparent fractionation (εwax/precip) that 
occurs between source water and the n-alkyl lipids synthesised by plants 
(Smith and Freeman, 2006; Hou et al., 2007). This fractionation varies 

between plant species due to differences in their biosynthetic pathways 
(Smith and Freeman, 2006; Hou et al., 2007), meaning the net 
landscape-integrated εwax/precip is determined by the composition of the 
plant community. Subsequently, changes in vegetation through time can 
introduce large uncertainty into palaeoclimate reconstructions (Feakins, 
2013).

In the Falkland Islands, foundational work by Corcoran et al. (2022)
characterised the εwax/precip of long-chain n-alkanes across 10 plant 
species, demonstrating that the regional mean fractionation value (–109 
± 18‰) is broadly consistent with global averages (McFarlin et al., 
2019). Building on this work, we expand the analysis to include n- 
alkanoic acids. This addition is valuable as n-alkanoic acids are often 
more abundant than n-alkanes in sedimentary archives (Andersson and 
Meyers, 2012; Wu et al., 2019), but remain entirely unconstrained in 
this climate-sensitive region.

Building on this initial research, our study refines the regional εwax/ 

precip. We present the first hydrogen isotope fractionation data for n- 
alkanoic acids from the Falkland Islands plant community (including 
graminoids, ferns, woody shrubs, forbs, and mosses) and expand the 
existing n-alkane dataset. By integrating these results, we provide a 
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community-integrated εwax/precip that quantifies natural precipitation 
variability and includes a broader range of plant species, thereby 
strengthening the foundation for future palaeoclimate studies in the 
region.

2. Methods

Modern plant leaves were collected from six peatland sites across the 
Falkland Islands: Canopus Hill, Kingsford Valley, Penguin Cove, Plaza 
Creek, Pond Mountain, and Weddell Island (March 2024; Fig. 1a). To 
ensure sufficient material for analysis, approximately 5–10 leaves were 
sampled per individual plant, depending on leaf size, targeting a wet 
tissue mass of ~1 g. A detailed list of the specific plant species collected 
and site coordinates is provided in the publicly available data deposition 
(Peaple, 2025). Total lipid extracts (TLEs) were obtained from freeze- 
dried plant material (mean = 0.37 g) via sonication in dichloro
methane:methanol (DCM:MeOH, 9:1, v/v). The TLEs were separated 
into neutral and acid fractions using aminopropyl (NH2) column chro
matography. The neutral fraction was eluted with 2:1 DCM:isopropanol, 
and the acid fraction was subsequently eluted with 4% formic acid in 
DCM. The neutral fraction was further purified by eluting with hexane 
through a silica gel column to isolate n-alkanes, which were treated with 
activated copper to remove sulphur. The acid fraction was methylated 
using 95:5 MeOH:HCl (70 ◦C, 12 h) to convert n-alkanoic acids to their 
corresponding fatty acid methyl esters (FAMEs). Compound quantifi
cation was performed on a Thermo Trace 1310 GC-FID. The Carbon 
Preference Index (CPI) and Average Chain Length (ACL) were calculated 

to characterize lipid distributions: 

CPI =
2[Cn]

[Cn− 1] + [Cn+1]
(1) 

ACL =
Σ(n[Cn] )

Σ[Cn]
(2) 

where Cn refers to the n-alkane or n-alkanoic acid of length n (for C23 to 
C31 n-alkanes, and C22 to C32 n-alkanoic acids).

Stable hydrogen and carbon isotopic compositions (δ2H and δ13C) of 
individual n-alkanes and FAMEs were measured at the University of 
Southampton using a Thermo Trace 1310 GC coupled to a Delta V Plus 
Isotope Ratio Mass Spectrometer (IRMS). Analyses for δ2H used a py
rolysis furnace (1400 ◦C), while δ13C analyses used a combustion 
furnace (1000 ◦C). Data were normalized to the VSMOW and VPDB 
scales, respectively, using an external n-alkane standard (A6 mix, A. 
Schimmelmann) run 5 times a day. Average RMS errors on the standard 
were <2‰ for δ2H and <0.2‰ for δ13C. The H3

+ factor was monitored 
daily, with a mean value of 3.33 ppm/mV. To account for the added 
methyl group, we apply a mass balance correction (Polissar and D’An
drea, 2014) to the measured n-alkanoic acid methyl esters. The correc
tion is based on the isotopic values from a methylated phthalic acid 
standard supplied by A. Schimmelmann (Lee et al., 2017).

3. Results and discussion

3.1. Plant wax distributions

Two general patterns were identified in the dataset regarding n-alkyl 
lipid distribution (Fig. 2). First, n-alkanes were generally more abundant 
than n-alkanoic acids, with a mean alkane-to-acid ratio of 14.5. An 
exception was the fern Blechnum penna-marina, which displayed an n- 
alkanoic acid-dominant ratio (alkane-to-acid ratio: 0.01), consistent 
with previous observations for fern species (Lee et al., 2017). Second, 
total n-alkane concentrations were highly variable, ranging from <20 
µg/g in the fern to ~25,000 µg/g in the graminoid Festuca magellanica.

Graminoids exhibited the highest concentrations of n-alkyl waxes. 
The highest values were found in Festuca magellanica (~25,000 µg/g), 
Festuca contracta (3494 µg/g), and Luzula alopecurus (3236 µg/g). This 
group also had high ACL for both n-alkanes (mean = 28.7) and n-alka
noic acids (mean = 27.7), and high CPI values (n-alkane mean = 61.5, n- 
alkanoic acid mean = 26.5). An exception within this group was Mar
sippospermum grandiflorum, which had a lower n-alkane ACL of 26.8. 
Forbs and woody shrubs showed intermediate and variable wax con
centrations and distributions. Forbs had average n-alkane concentra
tions of 222 (±331) µg/g and ACL values that were similar to graminoids 
(mean n-alkane ACL = 27.6; n-alkanoic acid = ACL 27.1). Mosses had 
lower concentrations of n-alkanes (mean n-alkane concentration = 33.5 
µg/g, mean alkanoic acid concentration 11.0 µg/g). Mosses also showed 
the lowest ACL values for alkanoic acids (mean = 24.4), which is 
consistent with peat datasets (Naafs et al., 2019). The mean alkane ACL 
of Sphagnum magellanicum (24.3) also fits this trend, but Sphagnum 
fimbriatum exhibits a higher alkane ACL of 27.9. This divergence be
tween n-alkane and n-alkanoic acid ACL patterns in some Sphagnum 
species has been previously observed (Baas et al., 2000) and is likely 
driven by a combination of environmental and/or genetic factors 
(Bingham et al., 2010). As summarised in Fig. 3, the aggregated mo
lecular metrics highlight the distinct central tendencies and variability 
within each plant functional type. For instance, the distributions 
demonstrate the exceptionally wide range in CPI among graminoids (n- 
alkane CPI: 7.3 to 185.5; n-alkanoic acid CPI: 8.3 to 26.5) compared with 
the more constrained variance seen in woody shrubs (n-alkane CPI: 10.2 
to 39.5) and mosses (n-alkane CPI: 23.3 to 46.9).

The results show that while functional plant groups generally display 
distinct chemotaxonomic patterns, specific taxa diverge from group 

Fig. 1. Study area and regional climatology. (a) Satellite map of the Falkland 
Islands showing the location of sampling sites. Red circles indicate sites 
sampled in this study, while the cyan diamond indicates the reference site 
(Mount Usborne) from Corcoran et al. (2022). (b) Seasonal variation in pre
cipitation and isotopes (Bowen, 2025). Grey bars display mean monthly pre
cipitation (mm/day) with error bars representing one standard deviation. The 
blue line shows the annual cycle of precipitation δ2H (‰ V-SMOW), plotted on 
an inverted y-axis. (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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means. Notably, Marsippospermum and S. fimbriatum display outlier ACL 
values in their n-alkane distributions that could lead to misclassification 
if used in isolation. However, these deviations are often class specific. 
For instance, while S. fimbriatum exhibits a high 'vascular-like' n-alkane 
ACL, it retains the characteristically low n-alkanoic acid ACL of mosses. 
Consequently, a multi-proxy approach is essential; by cross-validating n- 
alkanoic acid and n-alkane fingerprints, we can resolve these specific 
ambiguities and constrain the biological source more accurately than 
with a single lipid class.

3.2. Carbon Isotope Composition and Chemotaxonomic Implications

The δ13C of the analysed n-alkanes and n-alkanoic acids ranges from 
–38.9‰ to –29.7‰ (Fig. 2). These values fall entirely within the range 
characteristic of plants utilising the C3 photosynthetic pathway 
(–41.4‰ to –28.6‰, 2σ range from Liu and An, 2020) confirming the 
absence of C4 vegetation in the cool, maritime climate of the Falkland 
Islands. While there is overlap in δ13C values across plant functional 
types, we observe minor systematic differences; for instance, the fern 

Fig. 2. Distributions and carbon isotopic composition (δ13C) of leaf wax n-alkyl lipids in modern plants from the Falkland Islands. The panels are organised by plant 
functional type: graminoids, ferns, woody shrubs, forbs, and mosses. For each species, paired histograms display the distributions of (left) n-alkanes and (right) n- 
alkanoic acids. Bars represent lipid concentrations (µg/g dry leaf mass), with colours corresponding to plant functional types. Note that the y-axis scales for con
centration vary between species to highlight distribution patterns. Grey lines with markers indicate compound-specific carbon isotope values (δ13C, ‰) where data 
were available. The inset boxes display the Carbon Preference Index (CPI) and Average Chain Length (ACL) calculated for the respective homologue series. X-axis 
represent the carbon chain length. Empty plots indicate where a compound class was not detected or was below quantification limits.
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Blechnum penna-marina exhibits notably positive δ13C values (mean n- 
alkane δ13C = –30.3‰) compared with the more negative values 
observed in graminoids such as Festuca magellanica (–32.9‰) and woody 
shrubs like Empetrum rubrum (–34.0‰). These offsets are consistent with 
previous regional observations (Corcoran et al., 2022) and likely reflect 
differences in water-use efficiency and stomatal conductance inherent to 
these growth forms. When grouped by functional type (Fig. 3), the δ13C 
distributions clearly visualize these systematic offsets, highlighting the 
distinctly positive isotopic space occupied by ferns (δ13CC29alkane =

–30.5‰; δ13CC28acid = –32.4‰) compared with the broader, more 
negative ranges of graminoids (δ13CC29alkane: –36.1‰ to –31.5‰; 
δ13CC28acid: –38.5‰ to –31.8‰) and forbs (δ13C C29alkane: –37.0‰ to 
–34.6‰).

Our dataset reveals that wax concentrations vary by over three or
ders of magnitude across the landscape. For example, the graminoid 
Festuca magellanica is a hyper-producer of n-alkanes (~20,000–25,000 
µg/g), whereas Blechnum ferns produce negligible amounts (~5–20 µg/ 
g; Fig. 2). Consequently, even if ferns are present in the catchment, their 
relatively positive δ13C and δ2H signals are likely to be dominated by the 
high-concentration input from graminoids and shrubs.

3.3. Plant Wax Hydrogen Isotopic Fractionation

The measured hydrogen isotopic compositions (δ2Hwax) of the 
dominant long-chain lipids show considerable ranges across plant spe
cies and functional type (Fig. 3). For n-alkanoic acids, δ2H values of the 
C28 homolog range from –229‰ to –129‰. For n-alkanes, the C29 ho
molog values range from –221‰ to –172‰. Grouped by functional type 
(Fig. 3), these δ2H values reveal distinct clusterings, such as the highly 

negative values observed in woody shrubs (δ2HC29alkane: –220.9‰ to 
–197.1‰) compared with the broader ranges seen in graminoids 
(δ2HC29alkane: –205.2‰ to –172.1‰; δ2HC28acid: –228.7‰ to –129.7‰). 
However, these ranges show significant overlap and likely reflect the 
influence of plant-specific biosynthetic effects (Sachse et al., 2012; 
Sessions, 2016).

We quantified the apparent hydrogen isotope fractionation (εwax/ 

precip) between leaf wax lipids (C28 n-alkanoic acid and C29 n-alkane) and 
precipitation for modern plants from the Falkland Islands. The εwax/precip 
value was calculated using the formula: 

εwax/precip = [(δ2Hwax + 1000) / (δ2Hprecip + 1000) − 1] × 1000 (3) 

To constrain εwax/precip we used long-term mean annual δ2Hprecip 
values for our sampling sites, obtained from the Online Isotopes in 
Precipitation Calculator (OIPC). Although distinct local values were 
applied at each sampling location, the modelled precipitation isotopes 
were spatially consistent across the study area, yielding a mean of –57.5 
± 3.1‰ (Bowen and Revenaugh, 2003; Bowen, 2025; IAEA, WMO, 
2025). While early growth-season precipitation can strongly influence 
lipid isotopic composition in well-drained soils (e.g., Saishree et al., 
2024), peat bogs can exhibit substantial hydrological buffering and 
extended water residence times (Morris and Waddington, 2011). Given 
the lack of site-specific constraints on seasonal water pools and species- 
specific rooting depths, we adopted mean annual δ2Hprecip as a conser
vative, time-integrated baseline for calculating fractionation factors, 
consistent with previous regional studies (Corcoran et al., 2022).

The mean εwax/precip for n-alkanoic acids was –147‰, which is lower 
than that of the n-alkanes (–137‰), although a Kolmogorov-Smirnov 
test indicates the underlying distributions of the two compound 

Fig. 3. Molecular and stable isotopic distributions of leaf wax lipids (n-alkanes and n-alkanoic acids) across five major plant growth forms. The top panels illustrate 
the structural metrics of the lipid arrays, showing (Top Left) Average Chain Length (ACL) and (Top Right) Carbon Preference Index (CPI). The bottom panels display 
the stable isotopic compositions, specifically comparing the C29alkane and the C28acid (Bottom Left) δ13C (‰) and (Bottom Right) δ2H (‰). Split violin plots represent 
the probability density of the data, with n-alkanes depicted in light blue (left half) and n-alkanoic acids in dark blue (right half). Interior horizontal lines within the 
violins denote data quartiles. Solid circular markers indicate singleton data points (n = 1) for a specific plant type and lipid class where density distributions could not 
be calculated. (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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classes are not statistically distinct. While similar differences between 
εacid/precip and εalkane/precip have been observed in global core top com
pilations (McFarlin et al., 2019) and between individual plant species 
(Feakins et al., 2016; Freimuth et al., 2017) we note that the central 
tendencies could simply be skewed due to low sample numbers. None
theless, the general consistency between the distributions supports their 
use as complementary proxies.

A critical consideration for palaeoclimate studies is whether the 
sedimentary archive accurately reflects the diverse plant community or 
is biased by high-biomass species. Our concentration data (Fig. 2) reveal 
that wax production varies by over three orders of magnitude, with 
“hyper-producers” like Festuca magellanica (~25,000 µg/g) potentially 
dominating the input flux. To test this, we compared the unweighted 
mean fractionation of our combined n-alkane dataset (–121 ± 22‰) 
against an abundance-weighted mean. The abundance-weighted mean 
was calculated by weighting each species' average fractionation value 
proportionally to its total measured n-alkane concentration. The 
resulting weighted value (–129 ± 13‰) is statistically indistinguishable 
from the unweighted mean (p > 0.05). This convergence suggests that 
the high-production graminoids possess fractionation factors represen
tative of the broader community. Consequently, despite the large spread 
in individual species values, the central tendency of the proxy remains 
stable regardless of whether the sedimentary input is driven by high 
biodiversity or high biomass production. We note that this assumes the 
species dominating landscape biomass have been adequately charac
terised (inclusive of this study and Corcoran et al., 2022). While an 
uncharacterized, rare 'hyper-producer' with anomalous fractionation 
could theoretically exist, its low landscape abundance would limit its 
total net flux (which is governed by landscape coverage, leaf turnover, 
and ablatability), preventing it from skewing the integrated sedimentary 
signal.

When these datasets are combined with those of Corcoran et al. 
(2022), the integrated fractionation factor captures a more representa
tive range of the region's natural variability (Fig. 4). Viewed in isolation, 
the single-year studies show a significant offset; our mean εwax/precip 
value is ~28‰ lower than that reported by Corcoran et al. (2022). To 
assess if this offset was driven by taxonomic differences, we compared 

species common to both studies. We observed substantial intraspecific 
variability; for example, the widespread shrub Empetrum rubrum yielded 
a C29 δ2H of –221‰ in our dataset, compared with a mean of –176‰ 
reported by Corcoran et al. (2022). Conversely, the forb Astelia pumila 
showed closer agreement (–178‰ vs. –192‰). The persistence of these 
offsets within identical species indicates that the broader discrepancy 
likely reflects the combined influence of inter-annual climate shifts 
affecting source water δ2H, local microclimate effects, and distinct plant 
communities. Examining this variability by plant type (Fig. 4) reveals 
that forbs, graminoids, and woody shrubs have broadly similar un
weighted means (–115‰, –132‰, and –124‰, respectively), while ferns 
are notably more positive (–92‰). This indicates that unless there is a 
substantial shift in the proportion of fern-derived waxes, changes in the 
dominant plant community are unlikely to significantly bias palae
oclimate reconstructions of δ2Hprecip in this region.

4. Conclusions

This study presents the first regional hydrogen isotope fractionation 
data for n-alkanoic acids in the Falkland Islands. The mean fractionation 
for n-alkanoic acids (εacid/precip = –147 ± 22‰) is broadly consistent 
with that of co-occurring n-alkanes, supporting the utility of acids as a 
complementary proxy for paleohydrological reconstructions. We 
assessed the potential for bias driven by vegetation structure by 
comparing abundance-weighted and unweighted fractionation values 
for the combined n-alkane dataset. The abundance-weighted mean 
(–129 ± 13‰) is statistically indistinguishable from the unweighted 
community mean (–121 ± 22‰). This agreement suggests that, despite 
n-alkyl lipid concentrations varying by orders of magnitude across the 
landscape, the integrated isotopic signal exported to sedimentary ar
chives (e.g., peats) is not disproportionately skewed by high-biomass 
species such as Festuca magellanica. The integrated isotopic signal in
corporates a wider range of spatial and inter-annual variability than 
single-season studies, providing a refined baseline for converting sedi
mentary δ2Hwax records into precipitation isotopes and providing 
confidence in using δ2H for quantitative paleoclimate reconstruction in 
the Falkland Islands. Future work extending this dataset across seasonal 

Fig. 4. Comparison of unweighted and abundance-weighted biosynthetic hydrogen isotope fractionation (εwax/precip) values for Falkland Islands plant waxes. Split 
violin plots display the kernel density estimation of the data: the left half (light blue) represents the distribution of unique species means (unweighted, where each 
species counts as one observation), while the right half (dark blue) represents the distribution weighted by the relative abundance of n-alkanes or n-alkanoic acids per 
species. Horizontal lines within the violins mark the 25th, 50th (median), and 75th percentiles. Plant data combines results from this study and Corcoran et al. 
(2022), encompassing n-alkanes C21-C33 and n-alkanoic acids C22-C32. This comparison demonstrates how high-biomass species (e.g., Festuca magellanica) influence 
the aggregate isotopic signal compared with a simple species average. Values are reported in per mil (‰) relative to VSMOW. (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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cycles would further constrain these environmental controls.
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