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Abstract

Compound-specific 8*H values of leaf wax n-alkanes are increasingly being used to infer
past hydroclimates. However, differences in n-alkane production and apparent fractionation
factors (eapp) among different plant groups complicate the relationships between n-alkane 5°H
values and those of environmental water. Mid- and long-chain n-alkanes in sedimentary archives
(i.e., n-Cz3 and n-Cy9) are thought to derive from aquatic and terrestrial plants, respectively, and
track the isotopic composition of either lake water or precipitation. Yet, the relationship between
n-Ca3 6°H values and lake water §*H values is not well constrained. Moreover, recent studies
show that n-alkane production is greater in terrestrial plants than in aquatic plants, which has the
potential to obscure n-alkane aquatic inputs to sedimentary archives. Here, we investigated n-
alkane contributions to sedimentary archives from both aquatic and terrestrial plants by
analyzing n-alkane 6*H values in plants and lake sediments at 29 sites across mid-latitude North
America. We find that both aquatic and terrestrial plants synthesize n-Cz3 and that sedimentary
n-Ca3 8*H values parallel those of terrestrial plants and differ from those of aquatic plants. Our
results indicate that across mid-latitude North America, both mid- and long-chain n-alkanes in
lake sediments commonly derive from terrestrial higher plants challenging the assumption that
submerged aquatic plants produce the n-Cpy3-alkane preserved in lake sediments. Moreover,
angiosperm and gymnosperm plants exhibit similar €,pp values between n-Cz9 and mean annual
precipitation (MAP) 8°H values across North America. Therefore, vegetation shifts between
angiosperm and gymnosperm plants do not strongly affect €., values between n-Cz9 and MAP.
Our results show that both mid- and long-chain n-alkanes track the isotopic composition of MAP

in temperate North America.
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1. Introduction

Compound-specific hydrogen isotopic ratios of leaf wax n-alkanes are increasingly being
used as proxies for past precipitation changes (Schefuf} et al., 2005; Pagani et al., 2006; Aichner
et al., 2010a; Tierney et al., 2011; Rach et al., 2014; Curtin et al., 2019; Puleo et al., 2020). Leaf
wax n-alkanes are simple, unbranched, long-chain saturated organic compounds (formula:
CnHan+2) biosynthesized by plants at the leaf surface during leaf formation from alkanoic acids
through the decarboxylation pathway (Jetter et al., 2006; Tipple et al., 2013; Sachse et al., 2010).
A stable chemical configuration enables n-alkanes to preserve well in marine and freshwater
sediments and facilitates extraction and purification (Yang and Huang, 2003; Sessions et al.,
2004; Schimmelmann et al., 2006; Diefendorf et al., 2015; Sessions, 2016). Depending on the
plant growth environment, the hydrogen source of leaf wax n-alkanes may derive from canopy-
intercepted precipitation, soil moisture, or lake water. Since precipitation is the ultimate
hydrogen source, leaf wax n-alkanes have been shown to track the hydrogen isotopic signature of
precipitation and have become proxies for studying past changes in environmental moisture
(Sachse et al., 2004; Sachse et al., 2012; Tipple et al., 2013, McFarlin et al., 2019). Because
different compounds may represent different moisture sources (e.g., lake water versus soil
moisture), understanding the differences could further enhance reconstruction of multiple
hydrologic processes such as soil or lake evaporation (Rach et al., 2014; Rach et al., 2017; Curtin
etal., 2019).

n-Alkanes absolute abundances and relative abundances of the different chain lengths
vary widely among plant types and among different environments (Ficken et al., 2000;
Diefendorf et al., 2011; Feakins et al., 2016; Liu and Liu, 2016; Liu et al., 2017). For

example, terrestrial broad leaf trees produce up to 300 times more n-alkanes per gram of dry leaf
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than shrubs and grasses (Freimuth et al., 2019), n-alkanes are up to 200 times more abundant in
angiosperms than in gymnosperms (Diefendorf et al., 2011), and 30 times more abundant in
terrestrial than aquatic plants (Dion-Kirschner et al., 2020). The distribution of n-alkane chain
lengths also varies based on plant growth environment. Aquatic submerged and floating plants
preferentially produce mid-chain homologues (n-Cai - n-Cas) (Ficken et al., 2000, Aichner et al.,
2010b; Gao et al., 2011), while terrestrial plants maximally form long-chain homologues (>n-
C»5) (Bush and Mclnerney, 2013). The difference in the most common chain lengths between
aquatic and terrestrial plants has led to the use of the mid-chain n-C»3 as proxy for lake water §*°H
values and evapotranspiration (Nichols et al., 2006; Seki et al., 2011; Rach et al., 2014; Rach et
al., 2017; Curtin et al., 2019; Puleo et al., 2020) and to the use of the long-chain n-Cpys-alkane as
proxy for precipitation *°H values (SchefuB et al., 2005; Pagani et al., 2006; Rach et al., 2014;
Curtin et al., 2019; Puleo et al., 2020; Schartman et al., 2020). A challenge with this approach
has been that most plants produce varying amounts of both mid- and long-chain n-alkanes
(Ficken et al., 2000; Gao et al., 2011; Feakins et al., 2016; Wang et al., 2018; He et al., 2020),
and the high production rates of all n-alkanes by terrestrial plants may dominate over aquatic

sources even for mid-chain lengths (Freimuth et al., 2019; Dion-Kirschner et al., 2020).

Precipitation 8*H composition undergoes isotopic fractionation through soil or lake water
evaporation, transpiration as well as during plant biosynthesis, which leads to a systematic
difference between the °H values of n-alkanes relative to those of precipitation. This apparent
fractionation factor (eapp) varies as a function of chain length, as well as plant type, climatic
conditions and geographic location (Sachse et al., 2012; Feakins et al., 2018; McFarlin et al.,
2019). gapp has been well described for the n-Cao-alkane, enabling estimates of precipitation &*H

values (Sachse et al., 2012; McFarlin et al., 2019). A recent global compilation of leaf wax §°H
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values from sedimentary archives (McFarlin et al., 2019) confirmed a strong relationship (r?=0.8)
between n-Ca9 8*H values and those of mean annual precipitation (MAP) with an average
apparent fractionation factor, ecaomap, of -121 %o (s.d.=18 %0). However, €app between n-Cz3 and
lake water has not been as widely constrained; the relationship (r?=0.4) is much weaker than for
n-Cz9 and MAP (McFarlin et al., 2019). Consequently, although 1n-C»9 and n-C23 3*H values are
assumed to represent terrestrial and aquatic sources, and often treated as 8?Hrerrestrial and
8?Haquatic, respectively (Balascio et al., 2013; Rach et al., 2014), these relationships may be

complex in many settings (McFarlin et al., 2019; Dion-Kirschner et al., 2020; He et al., 2020).

Models have been developed to differentiate the n-alkane sources (i.e., aquatic or
terrestrial inputs) in sedimentary archives based on the relative abundances of mid- and long-
chain n-alkanes (Fiken et al., 2000; Gao et al, 2011; Wang et al., 2018, Dion-Kirschner et at.,
2020, Peaple et al., 2021). However, differences in n-alkane production between terrestrial and
aquatic plants combined with different plant distributions in and around lakes presents a
challenge to this approach (Diefendorf and Freimuth, 2017). A recent study from Greenland
shows that n-alkane 8°H values and their distributions in sedimentary archives are more similar
to those observed in terrestrial plants, and, therefore, mid-chain n-alkanes do not track lake water

isotopic signatures at some sites in the high latitudes (Dion-Kirschner et al., 2020).

Given the need to elucidate the use of n-Cas-alkane as a proxy for lake water 8°H values
in temperate regions, we analyzed the 8°H composition of mid- and long-chain n-alkanes in
sediments, aquatic plants, and terrestrial plants across mid-latitude North America. We
investigate the potential leaf wax sources in lake sediments from the Rocky Mountains east to
the Atlantic coast and evaluate the relationships between mid- and long-chain n-alkanes 8°H

values and environmental waters.
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2. Methods

2.1 Study sites and sample collection

Modern surface sediments, lake water, aquatic and terrestrial plants were collected in and
around 29 lakes from across central and eastern United States during May and early June of 2018
(Figure 1, Table 1, lakes numbered 1 through 29). The lakes span a large climatic gradient where
mean annual air temperatures (MAAT) range from 5.4 to 19.5 °C. Mean annual precipitation
(MAP) varies from 353-1431 mm/year and elevation from 11 to 2181 meters (Table 1). MAAT
and MAP were obtained using the Parameter-Elevation Regressions on Independent Slopes
Model (PRISM) with a resolution of 800 meters from the Climate Group at Oregon State

University (Prism Climate Group, 2019).

Modern sediment samples were collected in polycarbonate tubes using a gravity corer at lake
depths between 0.3 and 6 meters, and the upper 1 cm of sediment was preserved for n-alkane
analysis. We also analyzed a surface sediment sample from Libby Flats Lake, Wyoming, located
within sub-alpine meadows and gymnosperm forests and which is part of a network of lakes
were lake water isotopic values have been closely monitored (Liefert et al., 2019). Lake water

was collected in 60 mL polypropylene bottles.

The lakes are surrounded by both tree and graminoid angiosperms, but gymnosperms trees,
shrubs and forbs also grow near some of the lakes (see Supplementary Material). At each lake,
leaves were sampled from the most common tree and grass species surrounding the lakes and
from aquatic plants and macroalgae present in the littoral zone (at each lake, one sample per
plant species, Table 2). Terrestrial leaves (2-10 leaves per individual species) were collected

from trees and grasses adjacent to the lakes and tree leaves were sampled at a height of ~ 2
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meters above ground. Macroalgae, aquatic submergent, aquatic floating and aquatic emergent
plants were collected from the littoral zone where present (2-10 leaves per aquatic plant species
and 10-50 g of macroalgae). All samples were placed in Whirl-Pack bags and immediately stored

at 4 °C.

Sediments and plants were freeze-dried upon arrival at the University of Wyoming. We
analyzed the 6*H values of n-alkanes n-C3 to n-Czo in 30 surface sediment samples and in 129

plants.
2.2 Plant identification and classification

Plants were identified based on vegetative morphologies and differentiated into major
taxonomic groups. Although terrestrial and aquatic plants were collected from most of the sites,
here we report only the 129 plant samples for which we were able to reliably quantify n-alkane
8°H values. Of the 129 samples, 69 were collected from angiosperm trees, 12 from gymnosperm
trees, 26 from C3 graminoids (hereafter grasses), and 21 from aquatic macrophytes. Aquatic
plants were further divided into subgroups based on their growth habitat within the lake as:

macroalgae (n=4), aquatic submergent (n=3), aquatic floating (n=4) and aquatic emergent (n=9).
2.3 Lake water analysis and modeled precipitation data

Lake water samples were analyzed for 8?°H and §'80 values using 12 sequential replicate
measurements on a Picarro L2130 isotope analyzer at the Stable Isotope Facility at the
University of Wyoming. We report the average 6*H (%o) and 3'30 (%o) values of the last 3 of the
12 replicate measurements for each lake water sample. Samples were normalized using two in-
house quality assurance reference materials, which were run at the beginning, in the middle, and

at the end of the analytical run. An in-house quality control reference material was used to check
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the quality assurance corrections. The quality reference materials were calibrated against
VSMOW and SLAP with known &°H isotopic values of 0 %o and -428 %o, respectively, and
known 8'30 isotopic values of 0 %o and -55.5 %o, respectively. The standard deviation for the
quality control reference material was 0.47 %o for 8°H and 0.06 %o for 8'%0 (n=6), and the long-
term averages of standard deviation for the quality control reference material are 1.06 %o for 5°H

and 0.34 %o for 530 (n=3233).

Modeled monthly and MAP &°H values were obtained using the Online Isotopes of
Precipitation Calculator (OIPC) (Bowen, G. J., 2020). Weighted seasonal precipitation 5*H
values were calculated as in Eq. 1 using monthly modeled OIPC 8°H values and the PRISM
long-term monthly averages of precipitation amounts (mm) for each season as follows: Winter-
December, January, February (DJF); Spring- March, April, May (MAM); Summer- June, July,
August (JJA); and Autumn- September, October, November (SON). Predicted 6°H values are

reported relative to VSMOW.

) __ Y(Preciptitationmonth (mm) X 82Hponth (%0))
¥ months (mm)

Season 82H (%o Eq. 1

For comparison with our results, the global meteoric water line (GMWL, Figure 2) was

calculated as in Eq.2 (Craig, 1961):
82H %0=8*8180 %0 + 10 %o Eq.2
2.4 n-Alkane analysis

Lipids were extracted from 2-8 g of freeze-dried sediment and 2-8 g of freeze-dried leaves
using an accelerated solvent extractor (ASE Dionex 350) with dichloromethane (DCM):

methanol (9:1, volume:volume, hereafter V/V). The total lipid extract was separated over



169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

aminopropyl (LC-NH2) solid phase columns using DCM: isopropanol (2:1, V/V) then re-
dissolved in hexane and separated over silica gel columns using Hexane to isolate the aliphatic
fraction. The aliphatic fraction was re-dissolved in hexane and separated over activated 10%

silver nitrate-impregnated silica gel columns to isolate the saturated n-alkane compounds.

n-Alkane 6*H values were measured by injecting 1uL of the saturated fraction into a Thermo
Scientific Trace GC Ultra fitted with an Agilent DB5 column and coupled to a Thermo Delta V
IRMS. The injector was held at a constant temperature of 250 °C and the reactor at a constant
temperature of 1420 °C. The GC oven was held at 35 °C for 2 minutes then ramped 30°C/min to
a temperature of 225 °C, held for 1 min, then ramped again 10 °C/min to a final temperature of
300 °C and held for 12 minutes. All samples were run in duplicate. A standard n-alkane mixture
(mixture A7 from Arndt Schimmelmann, Indiana University) containing n-Cis to n-Cso n-alkanes
was used to identify the n-alkane compounds based on retention times, and to account for
instrument D/H offset. The standard mixture was measured in triplicate at different
concentrations (0.05 pg/uL, 0.08 pg/ul, 0.10 pg/uL, and 0.150 pg/uL) at the beginning and at
the end of the sequence, and the standard mixture dilutions were also analyzed in duplicate at a
regular interval throughout the sequence (after every 5" sample). For each homologue, linear
equations were generated using the relationships between peak area and the offset between
known and measured 8*H values in the standard mixture, which were then applied to normalize
the measured 6*H values of individual homologues in each sample. We only report the §*°H
values of n-alkanes with amplitudes >1 volt. All 3*H measurements are reported as per mil (%o)
relative to the Vienna Standard Mean Ocean Water (VSMOW). The average H3" factor for all

runs was 2.19 and ranged between 1.98 to 2.21 across all runs. Duplicate sample 8*°H
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measurements were averaged, and the average 6°H difference between duplicates was 2.4 %o

across all runs.

We only report the 8°H values of alkanes n-C»3 through n-Cao as the concentrations of short
chain n-Ci7 to n-Cs1 n-alkanes in most sediments and terrestrial plants were too low to reliably be
measured for the °H isotopic composition. Similarly, we report n-alkanes 8°H values in aquatic
plants collected from 12 of the lakes. However, aquatic plants were collected from 20 of the lake

but n-alkanes concentrations were too low to be reliably quantified.

The apparent fractionation (eapp) between leaf wax n-alkanes (from sediments or plants) and

source water (e.g., lake water or MAP) was calculated using Eq. 3:

82Hyax (%o0) + 1000
82Hwater (%o0)+ 1000

8wax/water(o/oo) = 1000 = ( - 1)
Eq.3

We also applied Eq. 3 to calculate €,pp values between measured lake water and modeled

MAP §%H values.

We used one-way ANOVA and Tukey Honest Significant Differences tests (TukeyHSD) to
check if significant differences in &wax/water means exist between sediments and plant groups. All
of our statistical treatments of the data were completed using base functions in R (R Core Team,

2018).
3. Results
3.1 Modeled MAP and measured lake water 6*H values

Modeled MAP &*H and 8'%0 values at our sample sites plot along the GMWL and range

from -118 %o to -21 %o and -16.3 %o to -4 %o, respectively (Figure 2A, Table 1). Measured lake
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water 8’H and 8'30 values also plot along or near the GMWL and range from -125 %o to 3 %o
and -17 %o to 1.8 %o, respectively. Overall, most of our sites cluster along the mid- to high-end

range of modeled precipitation and measured lake water 5°H and §'30 values.

Modeled MAP and measured lake water 8°H values are highly correlated across sites
(Pearson’s correlation coefficient, r=0.92, p=<0.01) (Figure 2B), with differences between lake
water and MAP 3’H values (giake/mar) ranging from -23 %o to 47 %o (mean=10 %o). Furthermore,
measured lake water 3*°H values correlate more with modeled MAP §°H values (Pearson’s
1=0.92, p=<0.05) than with the seasonal °H values (Table 3). Consequently, we use MAP §°H
values as the variable of interest in our subsequent analyses. Seasonally, measured lake water
8?H values best correlate with the modelled 8°H values of MAM precipitation (Table 3,
Pearson’s r=0.88, p<0.05). Modeled MAP &%H values also correlate best with modeled seasonal

8°H values (Table 3) of spring precipitation (MAM, Pearson’s r=0.97, p<0.05).
3.2 gakanemap Values across plant groups and sediments

We calculated &aixanemapr values for surface sediments and for individual plant groups
(Figure 3; Table 4). gaikanemap values for n-Ca3 to n-Ca9 in sediments and individual plant groups
vary, but estimates based on n-alkanes from sediment and terrestrial plants overlap (Figure 3;
Table 4). For both mid- and long-chain n-alkanes, €aikane/map distributions are similar for
sediments and angiosperm plants; the means fall within 1 %o, 6 %o, 0 %o, and 4 %o for n-Cao, n-
C27, n-Cas and n-Cas, respectively (Figure 3). Gymnosperm gaikanemap distributions are similar to
those of sediments for 7-Cz9 and n-Ca3 (within 1 %o and 5 %o, respectively), but lower than those

of sediments for #-Cz7 and n-Cas (by 13 %o).
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Mean e&aikanemar values for grasses, however, are consistently lower than for sediments
(by>15 %o; Figure 3). Mean gaianemap 1s also lower for all aquatic plant groups than for
sediments (by 16-51 %o) with most of aquatic €aianemap distributions plotting below the means of
€alkaneMAP 10 sediments (Figure 3). Even though the water source of aquatic plants is lake water,
mean €alkane/lake Values for aquatic plant n-alkanes versus lake water are also consistently lower
(by >24 %o0) than those of sediments (Table 4). Due to low abundances of n-C»3 and n-C»s in

floating plants, we were unable to reliably calculate their €akanemap distributions.

A one-way ANOVA test revealed no significant differences in €aikanemap means between
aquatic plant groups (Pr(>F) > 0.05), therefore, we combined all aquatic plants and plotted their
€alkaneMAP distribution in each panel in Figure 3 (light blue). With the €aanemap distributions
incorporating all the aquatic plants, a one-way ANOVA test revealed significant differences
(Pr(>F) <0.05) in gakanemap means between sediments and different plant groups for n-Ca3, n-Cos,
n-Cz7, and n-Cao. Therefore, we used a TuckyHSD test to identify the groups with significant
differences in €aanemap means. The TuckyHSD test identified significant differences (adjusted
p<0.05) in gaanesmap means between those of all aquatic plants (Figure 3, light blue boxplots)
and those of sediments and angiosperm for n-Cas, n-Czs, n-Ca7 and n-Cay. Except for n-Cas, the
all aquatic plants €aianemap means are also significantly different than those of gymnosperm.
Grass €alkaneMaP Means are significantly different than those of sediments for #-Css, n-Cz7 and n-
Ca9, than those of angiosperm for n-Ca3, n-Cas, n-Cz7 and n-Cao, and than those of gymnosperm
for n-Cy9 (adjusted p<0.05). We found no significant differences (adjusted p>0.05) between the
€alkaneMAP Means of all aquatic plants (Figure 3, light blue boxplots) and those of grasses,
between those of angiosperm and gymnosperm plants, between those of sediments and

angiosperm plants, or between those of sediments and gymnosperm plants.



256 3.3 Sources of n-C33 and n-Cy in lake sediments

257 Differences in 6*H values between n-Ca3 and n-Cao, represented by €cao/c23 values, differ
258  among sources (Figure 5). Comparisons with ec29/c23 based on n-alkanes from different plant
259  sources highlight similarities in the isotopic composition of sediments and terrestrial plants. At
260  our sites, the ecao/c23 distributions reveal that n-Ca9 8*H values in sediments averaged ~22 %o
261  lower than those of n-Ca3 (5.d.=24 %o; Figure 5). The sediment €c29/c23 distribution is similar to
262  that in angiosperm trees (mean=-18 %o, 5.d.=26 %o), gymnosperm trees (mean=-26 %o, s.d.=16
263 %o), and grasses (mean=-38 %o, 5.d.=23 %o0). We find no significant differences in £c29/c23 means
264  between sediments, angiosperm, gymnosperm, grasses and submergent aquatic plants

265  (TukeyDSD adjusted p>0.05), although, submerged aquatic plants, often assumed to be a major
266  source of n-Ca3, represent an extreme difference with a positive €c29/c23 mean (mean=10 %o,

267 5.d.=38 %o).

268 Assuming a constant angiosperm source for the n-Czg in sediments, but different plant
269  sources of n-Cz3, produces a range of different outcomes (Figure 5, white boxplots). We find that
270  the &c29angiosperm/C23submergent Mean (mean=34 %o, s.d.=31 %o) is significantly different than ec9/c23
271  means in sediments, angiosperm, gymnosperm, grasses, angiosperm/gymnosperm, and

272  angiosperm/grass (TukeyHSD adjusted p<0.05). Submergent aquatic plant sources of n-Ca3

273 produced positive ec29/c23 values, suggesting that n-Ca9 8°H values in angiosperm plants are

274  consistently more positive (by ~56 %o) than n-C23 8°H values in submerged aquatic plants. We
275  also find significant differences between the £c29/c23 means in angiosperm/grass (mean = -3.4,
276  s.d.=29 %0) and those of sediments, grasses, and angiosperm/submergent as well as between the

277  ec29/c23 means in angiosperm/gymnosperm (mean=-13 %o, s.d.=23 %o) and grasses.

278 3.4 Comparison with global sedimentary wax *H values
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The &°H values of MAP, lake water, sedimentary n-C»3 and n-Cao (Figure 6, red points)
plot consistently along with other global §°H datasets compiled by McFarlin et al. (2019) with
additional data from Ladd et al. (2021) (Figure 6, grey and blue points). Our 30 new
measurements of n-Ca9 8*H values from surface sediments do not depart from the global
relationship with MAP 8°H values (Figure 6A). Adding our data, updates the global relationship

to
n-Cao 8°H (%0) = 0.76 x (MAP &2H (%o)) — 132,

and slightly improves the coefficient of determination (r?) from 0.83 to 0.84; McFarlin et al.,

(2019) found that
1n-Cao 8°H (%o0) = 0.78 x (MAP &2H (%o)) — 129.

We also find that, at a global scale, n-Ca 8°H values from sediments are significantly correlated
to lake water 8’H values (1?=0.64, p<0.01) (Figure 6B). Although there is more scatter in the
relationship between n-Ca9 8°H values and those of lake water than with those of MAP, the
scatter clusters around sites from high latitudes (>65°N) where lake water §°H values can be

decoupled from MAP &°H values (Culet and Thomas, 2020; Thomas et al., 2020).

In the case of the n-Cas-alkane (Figure 6C and 6D), our additional §°H measurements also
improve the global relationships with both MAP and lake water 6*H values (r>=0.52 and 0.63,
respectively, compared to r>=0.3 and 0.4, respectively, from McFarlin et al., 2019). Importantly,
however, the slopes of the updated global relationships for MAP and lake water do not differ,
within uncertainty error, from each other or from the n-Ca9 relationships: 0.76 (s.e.=0.08) for

MAP and 0.73 (s.e.=0.07) for lake water (Figure 6C and 6D).
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Using the linear relationships between MAP and n-C2o 8°H values and between lake
water and n-C»3 8°H values from Figure 6A and 6C to predict MAP and lake water 3*H values,
respectively (Figure 7A), we find no significant differences in the slopes, within uncertainty
error: 1.00 (s.e.=0.10) for MAP and 0.99 (s.e.=0.10) for lake water (Figure 7A). Instead, the
overlap between predicted MAP and predicted lake water 8°H values is consistent with the
similar correlations of 8°H values among MAP, lake water, and both n-Ca and n-C3 (Figure 6).
We detect a significant correlation (p<0.05) between n-Ca3 and n-Ca9 8°H values (Figure 7E). n-
Cas and n-C»7 8°H values in sediments also correlate significantly with n-Cx 8°H values at a
global scale (p<0.05), and global correlations intercepts (Figure 7C-E) agree with the terrestrial

plants €app means calculated for our sites (Figure 3).

In parallel, we find no significant correlation (p<0.05) between the n-Ca9 and n-C»3 8*H
difference (ec29/c23) in sediments and the MAP-lake water 8°H difference (emaprw) related to
evaporation (Figure 7B).We find that the ec29/c23 mean in global sediments (-11%., Figure 7B,
grey boxplot) is not statistically different than the ec29/c23 mean in angiosperm plants
(TukeyHSD adjusted p>0.05; Figure 7B, dark green boxplot). Conversely, the ec29/c23 mean in
global sediments is significantly different than the ec29/c23 mean of mixed angiosperm and
aquatic submergent plants input (TukeyHSD adjusted p<0.05; Figure 7B, white boxplot). Some
of the data might represent aquatically-derived n-Ca3 (i.e., samples with high ec29/c23 values
overlapping with the ec29/c23 range expected by mixing submerged and terrestrial sources, white
boxplot, Figure 7B), but the global dataset supports a dominantly terrestrial source of
sedimentary n-Cz3. Most €ca9/c23 values in the global sediment dataset (89%) lie below the mean
of €angiospermC29/submergedc23 (gray boxplot, Figure 7B), and 84% fall within the

€angiospermC29/angiospermC23 distribution (dark green boxplot, Figure 7B).
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4. Discussion
4.1. Provenance of mid- and long-chain n-alkanes in sedimentary archives

Previous studies show that submerged and floating aquatic plants favor the production of
mid-chain n-alkanes (Aichner et al., 2010; Ficken et al., 2000; Nichols et al., 2006; Gao et al.,
2011). Therefore, the sedimentary n-Cz3-alkane has been interpreted as being derived from
aquatic submerged plants (Ficken et al., 2000; Seki et al., 2011; Rach et al., 2014; Rach et al.,
2017; Curtin et al., 2019; Puleo et al., 2020). Here, we show that n-alkanes 8°H values in plants
and lake sediments from across North America do not support such an inference. Instead, the §°H
values in plants and sediments at our sites suggest a terrestrial source of mid-chain #n-alkanes in

sedimentary archives (Figure 3 and 5).

The distributions of €app values support a dominantly angiosperm tree source of mid- and
long-chain n-alkanes in sediments where mean ewaxymap values for angiosperm trees are not
significantly different than those of sediments (TukeyHSD adjusted p>0.05, Figure 3).
Conversely, mean ec23map and ecaomap values for grasses and aquatic plants are significantly
lower than those of sediments (by >15 %o; TukeyHSD adjusted p<0.05). Moreover, mean
ec23map and ec2omap in aquatic plants are also significantly different than those of sediments,
angiosperm plants, and gymnosperm plants (by >25 %o; TukeyHSD adjusted p<0.05),
Differences in &.pp means between aquatic plants and sediments, or angiosperm and gymnosperm
trees are slightly larger if we consider the €app between n-alkanes and lake water for sediments
and aquatic plants (Table 4). The lower &app values in aquatic plants compared to angiosperms
and gymnosperms is consistent with previous findings (Chikaraishi and Naraoka, 2003; Duan et
al., 2014; Aichner et al., 2017; Dion-Kirschner et al., 2020). Mosses are another possible

contributor to the sedimentary n-Cz3 pool as they have been shown to primarily synthesize mid-



346  chain n-alkanes (Sachse et al., 2006; Nichols et al., 2009; Bush and Mclnerney, 2013; Hollister
347  etal., 2022). Although we did not sample mosses in this study, moss €czomap values have been
348  shown to be more positive than those of terrestrial plants (Sachse et al., 2006). Therefore, if
349  mosses were a major contributor of n-Czz-alkane in sediments at our sites, sediment €c23/map

350  values would have been more positive than those of terrestrial plants (Figure 3).

351 Our results challenge the assumption that submerged aquatic plants produce the n-Cas-
352 alkane incorporated in sediments, which has led to the use of ec29/c23 as a proxy for terrestrial
353  evapotranspiration (i.e., Ewerr-aquatic; Seki et al., 2011; Rach et al., 2014, Rach et al., 2017; Curtin et
354  al., 2019). The rationale behind this assumption is that long-chain n-alkanes in terrestrial plants
355  (e.g., n-Cy) track MAP &’H values plus an additional enrichment from soil and leaf water

356  evaporation (Sachse et al., 2004). If lake water can be assumed to have experienced little

357  evaporative enrichment, then the n-Czs-alkane in submergent aquatic plants should track the
358  original MAP &°H values; if not, n-C23 could record the 8*H signature of amplified evaporation
359  within a lake. Either way, the ecao/c23 values would reflect the strength of either soil or lake

360 evaporation depending upon the sign of the difference. Such a range of outcomes could be

361  supported given that the mean eapp between n-Cao 8°H values and n-Ca3 8*H values in sediments

362 s -22 %o with a large standard deviation of 24 %o (Figure 5).

363 However, gapp values vary between individual n-alkanes and within individual plant

364  groups (Figure 3), and ec29/c23 values in sediments are similar to those observed in angiosperm
365 and gymnosperm trees (Figure 5). Moreover, if submerged aquatic plants would be the dominant
366  source of n-Cz3 and higher terrestrial plants the dominant source of #-Cy9 (e.g., angiosperms) in
367  sediments at our sites, then the mean values of ec29/c23 in sediments would be positive (mean €

368  angiospermC29/submergedc23=34 %o; Figure 5). Instead, the observed offsets in most sediments appear
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because n-Ca3 8°H values are more positive than n-Cao 8°H values by ~23 %o in higher terrestrial
plants (Fig 3). Consequently, £c29/c23 signifies variations in gupp between n-Coz and n-Cag 5*°H

values, which typically should not be interpreted as changes in evaporation.

The dominance of terrestrial angiosperm trees as the source of mid- and long-chain n-
alkanes in lake sediments could be explained by differences in: (1) aquatic versus terrestrial tree
distributions in and around lakes, and (2) the rate of n-alkane production in aquatic versus
terrestrial plants (Dion-Kirschner et al., 2020). In general, the distribution of submerged aquatic
plants is limited to the aquatic near-shore zone of lakes where photosynthesis can occur (Jiang et
al., 2021). Conversely, terrestrial plants extend over large water- and air-sheds around most lakes
and previous studies show that regionally sourced leaf wax aerosols (from tens to hundreds of
km away) are also an important contributor to lake sediments (Gao et al., 2014; Nelson et al.,
2018). Additionally, previous studies show that aquatic plants produce 30x less leaf wax while
shoreline plants produce 10-300x less leaf wax than terrestrial plants per unit of leaf biomass
(ng/g; Freimuth et al., 2019; Dion-Kirschner et al., 2020). Consequently, greater rates of n-
alkane production on terrestrial tree leaves and the larger extent of terrestrial ecosystems
combine to favor angiosperm tree leaf wax contribution to the sediments, masking the weak
signal of mid-chain n-alkanes produced by aquatic plants. Even though terrestrial plants
synthesize less mid-chain than long-chain n-alkanes (Ficken et al., 2000; Gao et al., 2011),
terrestrial trees act as the dominant sources for both chain lengths (Diefendorf and Freimuth,
2017). Therefore, we recommend the use of other lake water isotopic proxies such as short-chain
n-alkanes and n-alkanoic acids that are primarily synthesized by algae (Huang et al., 2002;

Sachse et al., 2012).

4.2 gapp as a function of vegetation type
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In our dataset, €app varies within and between individual plant groups and, therefore,
individual plant groups have different influences on the &.pp values of n-alkanes deposited in
sedimentary archives (Figure 3, Table 4). Thus, information on the vegetation contributing to the
sedimentary n-alkane pool is crucial for inferring source water 8°H values. Below we discuss the
impact of vegetation changes on n-Ca, as n-Cp9 1s the most abundant alkane in sediments and

most commonly used for inferring the 8°H values of precipitation.

Across different regions, and through time, vegetation changes might affect n-Cao 8°H
values preserved in lake sediments due to differences in ecaomap values between different plant
groups. Consistent with previous findings (Chikaraishi and Naraoka, 2003), we find no
significant difference in ec2omap means between angiosperm and gymnosperm trees (Figure 3,
Table 4) suggesting that vegetation shifts between angiosperms and gymnosperms trees would
not impact n-Ca9 6*H signatures in sedimentary archives. These results are reinforced when
comparing ecaomap values in lake sediments collected from an angiosperm tree dominated site
(Lake #16) and a gymnosperm tree dominated site (Lake #30) (Figure 1 and 4). At these sites,
ec2omap values in lake sediments are similar (Figure 4): ecoomap of -126 %o and -122 %o (£2.4
%o) for the angiosperm and gymnosperm dominated sites, respectively, and both ecomap values
fall within the range of reported global sedimentary ecoomap values of -121418 %o (McFarlin et
al., 2019). The similar ec2omap values at our two most extremely different angiosperm and
gymnosperm sites (Figure 4) demonstrate that sedimentary n-Ca9 8*H values should track the §*°H
values of source water with a relatively constant €,pp even if shifts in vegetation sources do occur
(i.e., angiosperm trees to gymnosperm trees, or vice versa). Nevertheless, while ecoomap values

in angiosperm and gymnosperm trees do appear to be similar across North American tree
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species, the similarity in ec2omap values needs to be further tested in angiosperm and

gymnosperm species from other parts of the world (Diefendorf et al., 2015).

Grasses may present a challenge, however. The mean ecoomap value in grasses is
significantly different than the means of angiosperm or gymnosperm trees, and a change from
either source to grasses (or vice versa) would produce a significant shift in the §°H values of
sedimentary n-Cz9. Our data support previous findings (Sachse et al., 2012; Bush and Mclnerney
et al., 2013; Wang et al., 2018) and show that the grass ecaomap mean (-162 %o) is significantly
different (adjusted p<0.05) than the mean in angiosperm (-130 %o) and in gymnosperm (-136 %o)
(Figure 3). A shift favoring grass inputs to sediments would decrease n-C29 3*H values by ~29
%o, but varying n-alkane contributions from grasses and tress to sedimentary archives would also
modify ecaomap values. Varying grass n-alkane inputs might also help explain the scatter in the
global relationship between n-Cz9 and MAP &°H values (Figure 6A). Therefore, constraints on
grass-derived n-alkane inputs should be evaluated. Previous efforts to distinguish between trees
and grass inputs using the ratio between the abundance of #-C3; and n-Ca9 have been
unsuccessful because this ratio is highly variable in both grasses and higher terrestrial plants
(Bush and Mclnerney, 2013). Other methods using 3'3C can successfully distinguish between C4
and C3 plants (Tierney et al., 2017; Bhattacharya et al., 2018), but this tool does not apply well
to temperate grasslands dominated by C3 plants. However, in such regions, other
paleovegetation proxies such as fossil pollen abundances can help distinguish between dominant

terrestrial vegetation sources (Overpeck et al., 1985)

Submerged and floating aquatic plants may also represent an important lipid source that
would affect the §?H values of both n-Ca9 and n-C»3 in sediments (Figures 3 and 5). Our data

suggest that €aikanemap values are ~17 %o and ~43 %o more negative in submerged aquatic plants
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than in angiosperms for n-Cag and n-Ca3, respectively (Figure 3). Therefore, ec29/c23 may help to
distinguish between submerged aquatic plant and angiosperm inputs (Figure 5). Our results show
that n-C»3 6*H values are more positive than n-Ca9 8°H values in angiosperm trees, gymnosperm
trees, and grasses, while n-C»3 8°H values are more negative than n-Ca9 6°H values in submerged
aquatic plants. However, given that aquatic plants produce much less leaf waxes per unit of mass
compared to terrestrial plants (Freimuth et al., 2019; Dion-Kirschner et al., 2020), a dominant
submerged aquatic source of n-Cao-alkane is unlikely, except in the absence of higher terrestrial

plants around the lakes, as is the case with desert lakes (Wang et al., 2018).

Submerged and floating aquatic plants may, conversely, represent an important source of
n-Caz alkane (Ficken et al., 2000, Puleo et al., 2020), but that does not appear to be the case at
most of our sites. Higher terrestrial plants produce most of the n-C»-alkane based on isotopic
compositions (Figure 3) and ec29/c23 distributions (Figure 5). If the sedimentary n-Ca3 source is
aquatic submergent plants, the €c29angiosperm/C23submerged distribution should be ~52 %o more
positive than sediments with a higher terrestrial plant source (mean &c29angiosperm/C23submerged =34
%o0). Consequently, ecao/c23 values in sediments equal or greater than the mean of
€C29angiosperm/C23submerged Trom our study sites (mean=34 %o) are indicative of aquatic submerged
plant input and, therefore, n-C23 8?H values can be used as proxy for lake-water 8°H values in

those cases.

Nevertheless, previous studies show that changes in ec29/c23 values in sedimentary records
can be consistent with other paleoclimate proxies of evapotranspiration at sites where a
predominant aquatic source for n-Cas-alkane can be constrained (Rach et al., 2014; Curtin et al.,
2020). However, our data shows that without a predominant aquatic input constrain on the n-Cas-

alkane in sedimentary archives, ecz9/c23 variations in sedimentary archives can be misinterpreted



460  as changes in hydrology. Our dataset shows large variability in €app values within and among
461  individual plant groups (Figure 3), which generates large variations in €c29/c23 values in

462  sediments (s.d.=24 %o, Figure 5). Therefore, ec29/c23 values in sedimentary records are expected
463  to vary in time even during periods of stable vegetation sources, but even more so during shifts
464  in vegetations sources (Figure 3 and Figure 5). Thus, a predominant aquatic input of 7-Ca3-

465  alkane to sedimentary archives has to be well constrained before interpreting changes in £c29/c23

466  values as changes in evapotranspiration or precipitation regimes.
467 4.3 Global relationship between mid- and long-chain n-alkanes to environmental waters

468 Previous studies show that n-Cz9 and MAP &°H values correlate well at a global scale
469  (Sachse et al., 2012; McFarlin et al., 2019; Ladd et al., 2021), and our results do not depart from
470  this relationship (Figure 6A). However, while our 8*H measurements improve the relationships
471  between n-Cz3 and n-Ca9 to environmental waters (McFarlin et al., 2019), they indicate that 7-C»3
472 §%H values are likely also linked to those of MAP rather than lake water §°H signatures (Figure

473 7). Several possible factors might influence these relationships.

474 First, higher terrestrial plant input to sedimentary archives at a global scale must

475  generally dominate the n-Ca3 pool (Sachse et al., 2012; Nelson et al., 2018; Liu and Liu, 2019).
476  Higher terrestrial plant leaf-wax 8°H values at our sites show similar €c23map distributions to
477  those detected in sediments, which are more positive than those detected for aquatic sources

478  (Figure 3). Second, lake water 8*H values during the spring closely track those of MAP with an
479  average €Lakemap Of 10 %o (s.d.=16 %o). Likewise, the global €Lakemar distribution has a mean of
480 9 %o (s.d.=25 %o) (Figure 7B), which indicates that, at a global level, lake water §°H values are
481  controlled by MAP 8H values. Consequently, the relationships between sedimentary ?H values

482  of individual n-alkanes and those of MAP or lake water are driven by &app (Figures 3 and Figure
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6). Therefore, the updated global dataset confirms that: (1) both #-C»3 and n-Cyo are likely
derived from higher terrestrial plants (Figure 7), and (2) the global relationships between n-
alkanes 6°H values and environmental waters are determined by eapp (Figure 6 and Figure 7). We
speculate that the scatter in the relationship between observed versus predicted lake water §°H
values (Figure 7A) is the result of a dominant higher terrestrial plant input to sedimentary
archives, which generates a poor relationship between n-Ca3 and lake water 8°H values at sites
where MAP and lake water 8°H values are decoupled (Cluett and Thomas, 2020; Thomas et al.,

2020).

In agreement with previous results from lakes across North America (Huang et al., 2002),
modeled MAP and measured lake water 6*H and 8'®0 values are strongly correlated and plot
near the GMWL (Figure 2). While some of the lake water 8’°H values deviate from the GMWL
(Figure 2A), suggesting varying degrees of evaporative enrichment, the average grakemap value
of 10 %o suggests that lake water 8*°H values during the spring are on average 10 %o more
positive than modeled MAP &%H values. We further show that both measured lake water and
modeled MAP &°H values significantly correlate with modeled seasonal precipitation 5*°H values
(Table 3) but have the strongest relationships with modeled spring 8°H values (Pearson’s r=0.88
and 0.97, respectively). A strong correlation between measured lake water and modeled spring
precipitation 5’H values is expected because lake water at our sites were sampled during the
spring season. However, the strong correlation (Pearson’s r=0.97) between MAP and spring
season precipitation 8?H values suggests that MAP §?H values at our sites are mainly controlled
by spring precipitation 8*°H values. Therefore, because MAP 8°H values are strongest correlated
to spring precipitation 6*H values and because lake water 8’°H values show the strongest

correlation to MAP 8?H values (Pearson’s r=0.92), both lake water and MAP &*H values at our
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sites carry a spring precipitation signal. Since leaf wax n-alkanes have been shown to track the
8°H signatures of source moisture during leaf-formation (Tipple et al., 2013), which is spring
season at our sites, leaf wax n-alkanes in plants and sediments should track modeled MAP §°H

composition.

At a global level, lakes also track MAP 82H signatures, although some sites show a clear
decoupling between lake water and MAP 6°H values (i.e., extremely low or high €raemap values
(Figure 7B). Furthermore, the global ec29/c23 distribution supports the hypothesis that on a global
scale, the dominant source for 7-C»;3 in sedimentary archives is of higher terrestrial plant origin
(Figure 7B). A dominant terrestrial source of mid- and long-chain n-alkanes to sedimentary
archives is also supported by the strong correlations between n-Ca9 and other mid-and long-chain
n-alkanes (Figure 7C-D) where slope and intercept values are representative of the ecoomap
values in terrestrial plants at our sites (Figure 3). The scatter in the relationship between n-Cz3
and n-Cy9 (Figure 7E) could suggest a mix of n-Cz3 sources (e.g., aquatic vs. terrestrial), but the
intercept of the relationship suggests a dominant terrestrial source. If the n-Cz3-alkane in the
global dataset was predominatly derived from aquatic submergent plants (or aquatic plants in
general), then the intercept value between n-Ca and n-Ca3 8°H values would be negative as our
data shows that n-C 8°H values in terrestrial plants are more positive than the n-C»3 values in

aquatic plants (Figure 3 and Figure 5).

n-Cas and n-C,7 8*H values also correlate significantly with n-Ca9 8*°H values suggesting
that both mid-and long-chain n-alkanes in sediments are likely derived from higher terrestrial
plants (Figure 7D-E). Furthermore, the intercepts of the global correlations (Figure 7C-E) agree

with the €app distributions found by comparing sediments and angiosperm trees (Figure 3).
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Given large uncertainties in €alkane/water Values within and among individual plant groups
(Figure 3, Table 4; also see Sachse et al., 2012 and Liu and Liu, 2016) and the strong correlation
between MAP and lake water 3*H values at our sites (Figure 2) and at a global scale (Figure 7B),
even if the dominant source for n-Ca3 to sedimentary archives would be of aquatic origin,
absolute differences between MAP and lake water 8°H values would be difficult to constrain
except for sites where lake water 8°H values are not controlled by MAP &°H values. Therefore,
constraining n-C»3 and n-Cao sources and the dominant processes controlling lake water §*H

values is critical for interpreting sedimentary &c29/c23 values in lake sediments.
5. Conclusions

Comparisons of n-alkanes 8*°H values in plants and sediments from across mid-latitude
North America demonstrate that both mid- and long-chain n-alkanes (i.e., n-C23 and n-Cao) in
lake sediments commonly derive from higher terrestrial plants. Most likely, the dominant
terrestrial leaf wax input to sedimentary archives is driven by terrestrial vegetation because
terrestrial plants cover larger source areas and have higher rates of leaf wax production compared
to aquatic plants. We show that €.y, values vary as a function of n-alkane chain length and
individual plant groups, and that at our sites, 7-C23 and n-Cag €app values in surface sediments
parallel those observed in higher terrestrial plants (i.e., angiosperm trees and gymnosperm trees)
rather than those observed in grasses or in aquatic plants. While these findings pertain to our
North American dataset, n-Ca3 and n-Cyo-alkanes are likely derived from higher terrestrial plants
in all lakes with landscapes covered in shrubs and trees. Therefore, n-C»3 8°H values should not
be universally used as a proxy for lake water isotopic composition. Future studies should first
take into account vegetation sources using other independent proxies such as pollen or §'3C

analyses to correctly interpret n-Cp3 8°H values.



551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

Similarities between &,pp in sediments, angiosperm and gymnosperm trees at our sites
indicate a dominant higher-terrestrial plant leaf wax input to sedimentary archives, but also show
that vegetation shifts between angiosperm and gymnosperm trees would not impact €app values.
Consequently, changes in leaf wax 6*H composition preserved in sedimentary archives can be
interpreted as changes in the 3*H values of source water, especially during vegetation shifts
between angiosperm and gymnosperms tree communities. Grasses produce a significant
exception, however, because n-Ca9 6*°H values in grasses are on average 32 %o lower than in
angiosperms and 26 %o lower than in gymnosperms. Therefore, n-alkanes source in sedimentary
archives needs to be constrained before interpreting n-Ca9 8°H values as changes in precipitation

&%H values.
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792  Figure 1. Map showing the site locations for plant and surface sediment collection. Color scale
793 displays modeled mean annual precipitation (MAP) 8°H %o values retrieved from

794 http://www.waterisotopes.org (Bowen, G. J., 2020). See Table 1 for sampling site information.
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Figure 2. A. §'%0 versus 8°H values of measured lake water (light blue circles) show evidence of
modest evaporative enrichment at some lakes compared to those of modeled mean annual
precipitation (MAP, dark blue circles). Both 8'80 and 3’H values at each of our sites are plotted
with respect to the global meteoric water line (GMWL, black line). B. Modeled MAP versus

measured lake water 8*H values at each lake.



> -50 > -50

O _ O

> 90 > 90 i

n n

> > N - R

S ! S

% -170 % % -170

> == >

= ™~

O -210 O -210 o

& &

W 550 (30) (66) (13) (26) B (3) (B) (9 (AN | W _p50{ 29 (63) (12) 26) 4 (B) (B ) (20)
= E§ 8 E w2 8 = E§ 8 E w2 8
5 & £ 5 5§ g & 2 B 5 2 £ 5 § £ & 8 8
2 g g s = § =5 2 2 E g 5 = § =

< & = & < < & = & <

B -50 B =50 S

O O

> -9 o > -9

m m B——

> . > -

<0 T | =T T o0 .

S i S

N ° N —

2 -170 ! ! E < -1 °

= =

v on

g -210 R o g -210

& &

W 550 (29 (61) (13) 26) B 3B) 2 B) AD| W _H50{ @9 (33) (12) 22) 4D (B) (1) (6 (14

EE OE ) EE L B S}
£ § o $ o w E 2 £ £ 38 $ o w E 2
Q)Q_‘Quw—tbl)ﬁﬂ)“ Q)Q_‘Quw—tbl)ﬂd)“
Ezz i385 9 ¢ E 2z (%8 E 28
= O =2 o 3 = O == L I
S % E O 3§ E & g S S % E O 8 E 2 g =
©vn £ 3 s = O Z ©vn £ 3 s = O Z

< 5 = @ < < B = @ <

800

801  Figure 3. Distributions of the apparent fractionation (gapp) between n-alkanes and MAP 6*H %o
802  values for sediments and different plant groups for n-C»3 to n-Ca9 (0dd alkanes). Horizontal lines
803  represent the mean &,pp value between sediments and MAP (&sedimentmar) for each n-alkane and
804  the sample size for each distribution is shown in parentheses. Boxplot statistics are as follows:
805  lower whisker=lowest value, lower hinge=first quantile, middle hinge=mean, upper hinge=third
806  quantile, and upper whisker=highest value. Open circles represent outlier data and black filled

807  circles represent actual data points.
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809  Figure 4. &4pp values (arrows) between n-C29 (tan points) and MAP (blue points) °H values are

810  similar at an angiosperm tree dominated sites versus a gymnosperm tree dominated site.
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Figure 5. Distributions showing the 8°H %o differences (£c29/c23) between n-Cag and n-Ca3 in
sediments and within plant groups (colored boxplots) and between a constant n-Cy9 angiosperm
source and varying n-Cz3 sources (white boxplots). Horizontal dashed line plotted at c29/c23=0

%o. Boxplot statistics are as follows: lower whisker=lowest value, lower hinge=first quantile,

middle hinge=mean, upper hinge=third quantile and upper whisker=highest value.
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Figure 6. Scatterplots showing the global relationships between modeled MAP and measured

lake water 3*H %o values versus n-Cag and n-Ca3 8*H %o values in global sediments. Compiled

global 8°H %o data for lake water, modeled MAP, n-C29 and n-C»3 were obtained from McFarlin

et al., 019) and Ladd et al., (2021) and are shown with gray and blue points respectively; this

study 6*H %o data are shown with red points. All the relationships are statistically significant

(p<0.05).




824

825
826
827
828
829
830
831

Predicted MAP 8%H (%c) VSMOW

& *Heaoicas (%0) VSMOW

Observed lake 8°H (%0)
~200 ~100 0

100+

—100 1

—200 1

—1:1

r 100

T
)

r—100

99%) H,Q e[ Pa1oIpaid

F—200 <—

200 ~100 0

100

Observed MAP 8°H (%0) VSMOW

I —

il-—(:23 (960) VSMOW

& “Heakermap (%0) VSMOW

100 1 ]3 o
501 o ©
® o o
0
() qé%i%B O
l ) o
01 @ P'ge g® 0
® o
Oa & 00
© )
-50+ e @ )
o @ O
() o) o
—1001 rho=0.09
-100 -50 0 50 100

n —Cs7 (%0) VSMOW

n-—(325 (96@)\]SDA()VV

|
o0
e

—120+

—160

—200

~240-

—280 1

—801

—120+

—160

—200

~240-

—280 1

—-801

—120+

—160

—200

~2401

—280

@

Q
4 y=1.0x+4.1
o° rho=0.90
a3 y=0.92x—6.2
© tho=0 87

E o
®

o

®

)
% y=1.08x+26
® S © rho=0.79
280 -240 -200 —160 —120

il-—(jzg (960) VSMOW

Figure 7. A. Scatterplot showing the observed versus predicted MAP &*H %o values (red points,
n=208) calculated based on the n-Ca9 6*H %o relationship to MAP 8°H %o shown in Figure 6A,

and the observed versus predicted lake water 8°H %o values (blue points, n=74) based on the n-

C23 8°H %o relationship to lake water 8*H %o shown in Figure 6D; the 1:1 line is shown in black.

B. &app values between measured lake water and modeled MAP (€lake/map) Versus €app values

between sediment n-Ca9 and n-Ca3 (ec29/c23) (n=74); boxplots show the distribution of

€C29angiosperm/C23submergent (White), the distribution of €C29angiosperm/C23angiosperm (dark green), and the
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distribution of €c29//c23 in global sediments (grey). Boxplot statistics are as follows: lower
whisker=lowest value, lower hinge=first quantile, middle hinge=mean, upper hinge=third
quantile, and upper whisker=highest value. C-E. Scatterplots showing the global relationship
between sedimentary n-Cag and n-C27 8?H %o (n=115); n-C29 and n-Cas 8H %o (n=58); and n-Ca9
and n-Cas 8°H %o (n=95) with linear regression and Spearman’s rho shown in each plot. Data
from this study is shown with red points, from the global dataset compiled by McFarlin et al.,
(2019) is shown with grey points, and from Ladd et al., (2021) is shown with dark blue points.



839  Table 1. Site locations, environmental data and corresponding 8*H %o and 8'0 %o values of lake
840  water and modeled annual precipitation (MAP). 8*H %o and 3'30 %o values are reported relative
841 to VSMOW.

Site Latitude  Longitude  Elevation MAT MAP  H % 80 % &H% &0 %o
degrees degrees meters °C mm/yr lake lake MAP MAP
1. Overland 40.62100 -103.18200 1200 102 392 -90 -10.8 73 9.8
2. Antelope 39.37553  -100.11211 725 102 392 -58 7.5 -56 8.1
3. TIL3 37.76569  -97.31961 405 13.7 878 3 1.8 41 6.4
4. Spring 37.05976  -94.73146 245 144 1153 9 0.2 -36 5.9
5. Ferguson 35.88266  -92.63090 473 141 1175 5 0.2 -35 6.1
6. Bear Creek 3471125 -90.69264 80 163 1302 -16 2.4 29 48
7. Lamar 33.77759  -88.23522 110 165 1431 11 1.4 25 46
8. TILS 32.34999  -86.20918 87 182 1287 7 0.8 23 45
9. TIL9 31.38868  -84.39601 54 192 1300 14 4 21 3.7
10. Morgan 31.66976  -81.81111 11 195 1229 2 1 21 4
11. Turkey Hill 33.55354  -80.84634 73 178 1202 28 44 26 44
12. Wheatfield 35.17073  -79.67573 169 159 1170 -17 23 28 49
13. Buffalo 36.62386  -78.57864 12 145 1108 21 2.9 -30 5.5
14. Locust Shade  38.53797  -77.34658 45 13.6 1040 -37 5.9 -38 6.6
15. Middle Creek ~ 40.27465  -76.23239 175 114 1139 -39 6.1 -49 7.9
16. T2L17 41.69247  -74.68755 479 77 1224 -57 8.1 -55 8.7
17. Carter’s Pond ~ 43.16463  -73.42084 151 79 1056 -56 7.7 -60 8.8
18. Twin Ponds 4406117 -72.57968 410 55 1057 71 -10.5 -69 9.9
19. Arms House 4195139  -70.66550 24 102 1302 43 6.9 -46 7.2
20. Batterson 4171002  -72.78982 94 10 1248 42 6.4 -49 7.7
21. Blanding 4179835  -75.67582 454 76 1127 -57 8.1 -59 9.2
ﬁéiﬁa‘; Ser 4152093  -79.11079 523 73 1165 -59 8.9 -65 9.9
23. Norwalk 4123881  -82.58788 244 9.9 966 -40 6.2 52 -8
24. Eagle 4143546  -85.57648 275 9.8 954 43 6.6 -47 7.1
25. Mendota 41.55853  -89.13097 235 9.5 928 -36 5.1 -44 6.6
26. Quarry Spring ~ 41.68668  -93.24137 241 10.1 908 27 33 41 6.3
27. Cottonwood 4144972  -96.56627 370 10.2 773 -17 0.5 61 8.9
28. Cody Pond 41.15055 -100.75241 852 9.6 523 -47 43 -65 7.4
29. LaPrele Pond  41.31952 -105.54942 2181 5.4 353 -119 -14.9 98 -13.3
30. Libby Flats 4132491 -106.28588 3192 01 1014  -125 17 -118 -16.3
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Table 2. Number of plant types analyzed at individual sites.

Site

Angiosperm  Gymnosperm  (Grass

Algae

Submergent

Floating Emergent

Sediment
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Table 3. Pearson correlations values between predicted MAP and predicted seasonal 8*H %o
values and between MAP and measured lake water 8’H %o values (n=30). All correlations are
significant (p<0.05).

Variable

MAP

Lake water

DIJF
MAM
A
SON

0.757
0.887
0.885
0.855

0.650
0.817
0.814
0.745
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846  Table 4. Apparent fractionation factors between n-alkanes 8’H %o values and modeled annual
847  precipitation and lake water 0°H %o values in sediments and different plant types (€yamap,
84 8 8wax/lake) .
Ewax/MAP Ewax/lake
Type C29 C27 C25 C23 C29 C27 C25 C23
Sediment -131+12 %0 -114+17 %0 -138+£20 %0 -1114£24 %o | -140£18 %o -123£19 %o -147£21 %0 -119+24 %o
n=30 n=29 n=29 n=29 n=30 n=29 n=29 n=29
Angi rm -130+£21 %0 -120+24 %0  -138+23 %0  -107+24 %o
glospe n=66 n=63 n=61 n=32 - - - -
Gvmn m -136+14 %0 -128+21 %0  -151£27 %0 -112+21 %o
ymnospe n=13 n=12 n=13 n=12 - - - -
Gra -162+23 %0 -145+22 %0  -161£23 %0 -126+22 %o ) ) ) )
§§ n=26 n=26 n=26 n=22
Aloa -149428 %o -1404£36 %o  -160+£37 %0 -1274£30 %o | -163+£19 %o  -154429 %o  -173+£30 %0  -140+28 %o
gae n=4 n=4 n=4 n=4 n=4 n=4 n=4 n=4
Submersgent -147+£19 %0 -141+20 %0 -157+24 %o -154443 %o | -156£23 %o  -150+24 %o  -166+28 %o  -164+47 %o
ubmerge n=3 n=3 n=3 n=3 n=3 n=3 n=3 n=3
Floatin -163+21 %0 -150+44 %o  -141£26 %o -135 %o -163+£20 %o -1544+43 %o  -141£29 %o -137 %o
g n=3 n=4 n=2 n=1 n=3 n=4 n=2 n=1
Emergent 17515 %0 -1654£21 %0 -167+23 %o -139£16 %o | -179+15 %0  -1694+23 %o  -171+£30 %0  -140£19 %o
g n=9 n=9 n=8 n=6 n=9 n=9 n=8 n=6
All aquatic -161+22 %0 -152426 %0 -162+25 %0 -141£30 %o | -169+20 %0  -160+25 %o  -170+£27 %0 -149+32 %o
qu n=19 n=20 n=17 n=14 n=14 n=14 n=14 n=14




