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Abstract

We compare hydrogen isotopic measurements of long-chain leaf-wax n-alkanes (8°Hyw; C27, Ca,
and Cs1) from Martin Lake, IN, United States of America (USA), with a calcite-based
reconstruction of the oxygen isotopic composition of precipitation (§'30,) from the same lake.
We observe stable and high 8*°Hy during the Common Era (last 2000 years), which we interpret
as growing-season precipitation originating mainly from the Gulf of Mexico and Atlantic.
During the Little Ice Age (LIA; 1200-1850 CE), 8*Hy values increased by 3-8 %o, concomitant
with a significant decrease in 5'0, values by up to 12.5 %o. Multiple proxy records for this time
indicate persistent growing-season drought. We interpret these relatively high 6°Hy, values, as
compared to the 8!80, values, as a signal of low relative humidity that resulted in an H
enrichment in plant source water resulting in high 8?H values through enhanced plant water
and/or soil evaporation. These results support the occurrence of low humidity conditions during
the LIA in the midcontinental USA that also contributed to the marked decline of regional pre-

Columbian Mississippian populations.
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Introduction
The hydrogen isotopic composition of long-chain plant wax n-alkanes (6*Hy) reflects the 8°H of
biosynthetically available source water (8°Hsw) used by terrestrial plants during photosynthesis
(Kahmen et al., 2013b; Smith and Freeman, 2006). Modern calibration studies have linked §?Hgw
and 6°Hy to the hydrogen isotopic composition of precipitation (6*°Hp) (Garcin et al., 2012; Rao
et al., 2009; Sachse et al., 2004), supporting the use of 8*Hy as a paleohydrological proxy for
annual average °Hp. Though more commonly used in tropical regions (e.g., Bird et al., 2014;
Sachse et al., 2012; Thomas et al., 2014; Tierney et al., 2008), an increasing number of 3*Hy
records are being developed in midlatitude temperate regions (e.g., Muiioz et al., 2020; Puleo et
al., 2020; Schartman et al., 2020). Unlike monsoon regions that experience pronounced wet and
dry seasons, midlatitude regions, like the midcontinental United States of America (USA), can
receive precipitation throughout the year, the isotopic composition of which changes seasonally
depending on the source from which it was derived (Bird et al., 2017; Liu et al., 2014).
Remarkably little variability has been observed in new compound specific §*H records from the
midcontinental USA (Mufioz et al., 2020; Puleo et al., 2020), which has been suggested to reflect
long-term stability in annual average 8*Hp. This stands in contrast to reconstructions of the
oxygen isotopic composition of precipitation (5'%0,) based on authigenic calcite (6'*Oc), which
demonstrate large amplitude variability during the Medieval Climate Anomaly (MCA; 950-1250
CE), Little Ice Age (LIA; 1250-1850 CE) and current warm period (CWP; last ca. 100 years)
(Bird et al., 2017).

Here, we evaluate the hydroclimatic significance of a new long-chain plant wax n-alkane
&’Hy record from Martin Lake, Indiana (IN), in the context of a previously published §'80.-
based 5'%0, reconstruction spanning the last 2000 years from the same lake (Bird et al., 2017).
Martin Lake was specifically selected to evaluate 8*Hy as a proxy for 8°H, in the midcontinental
USA because it is hydrologically open with a relatively small watershed and has a well-
constrained 830, reconstruction of §!%0, (Bird et al., 2017). Other hydroclimate proxies
measured at the lake provide additional information about regional temperature trends (carbon
isotopic composition of calcite; §'°C.) and the occurrence of warm-season rainstorm events
(%olithics) during the last 2000 years. With these data, we investigate §°Hy and 8'30. variability
during the MCA, LIA and CWP and test the hypothesis that *Hy reliably captures changes in
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annual average 8°Hp. If true, 8*Hy should broadly track 5'*0, at Martin Lake. If otherwise,

additional factors and alternative interpretations of 3*Hy may need to be considered.

Study Area and Background

Martin Lake is a small monomictic kettle in LaGrange County, IN (41.56°, -85.38°, 274 m ASL;
Fig. 1). Its bathymetry is steep sided and flat bottomed, with a maximum depth of 17 m. Martin
Lake’s watershed is small (12.86 km?) and relatively flat, with an elevation range of 125 m.
Vegetation is primarily deciduous eastern hardwood forest that was stable during the last 2000
years until Euro-American land clearance began in the 1800s (Williams, 1974). Regional
precipitation averages ca. 910 mm yr!, which equates to 1.18x10” m?® over the watershed. This is
more than 10 times Martin Lake’s volume (1.11x10° m?) and results in a ca. 3-month residence
time (New, 2009). Hydrologically open conditions are reflected in lake water 6°H (6?°Hi) and
880 (8'%0r) measurements, which plot on the regional meteoric water line (RMWL) at the
intersection with the regional evaporation line (REL), indicating that they are not impacted by
evaporation and instead reflect the annual average 8*H, and 8'%0,, (Fig. 1C, D). The 6'%0 values
of modern authigenic calcite (8'%0.) match those predicted for %0 (Kim and O'Neil, 1997),
demonstrating that 3'30. is precipitated in equilibrium with §'30¢ and that they reflect annual
average 8'%0, (Bird et al., 2017).

Like much of the Midwest, climate and 5'%0, and 6°H,, vary seasonally at Martin Lake.
Enhanced clockwise atmospheric circulation over the Gulf of Mexico and midcontinental USA
during the warm season (April — November) draws 30 and ?H enriched moisture (-5.5 %o & -
33.8 %o, respectively) from the Gulf of Mexico and Atlantic into the region that is precipitated by
west to east moving frontal convective systems (Andresen et al., 2012; Bird et al., 2017).
Enhanced ridge and trough atmospheric circulation during the cold season (December — March)
typically delivers 30 and ?H depleted moisture (-16.4 %o & -126.2 %o, respectively) from the
Pacific and/or Arctic (Bird et al., 2017). Changes in the frequency of precipitation events from
these primary moisture sources is directly related to the Pacific North American teleconnection
(PNA), which has strong and significant correlations with precipitation and isotope variability in
the midcontinental USA (Coleman and Rogers, 2003; Leathers et al., 1991; Liu et al., 2014). In
general, negative (-) PNA conditions resemble warm-season circulation, precipitation, and

isotope patterns while positive (+) PNA conditions resemble cold-season patterns.
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Changes in atmospheric circulation resembling negative and positive PNA mean states
have long been suggested to have occurred in the midcontinental USA during the Holocene.
Based initially on pollen data (Webb, 1985), an increasing number of multi-proxy and isotope-
based studies support this assertion (Baker et al., 1998; Bird et al., 2017; Booth et al., 2006;
Wright et al., 2023). At Martin Lake, §'*Oc, 8'°C., and lithic abundances (%lithics) indicate that
significant changes in atmospheric circulation resembling PNA-like mean states influenced the
source and seasonality of precipitation in the midcontinental USA during MCA, LIA, and CWP
(Bird et al., 2017). During the MCA and CWP, these proxies indicate more frequent warm-
season rain events (+%lithics) from the Gulf of Mexico and Atlantic (+8'%0.) when regional
temperatures were warm (+8'3Ce; -PNA-like). During the LIA, the proxy data indicate cool (-
813C,), dry warm-seasons (-%lithics), and longer, snowier winters with moisture derived from
the Pacific and Arctic (-6'%0c), consistent with +PNA-like conditions. The consistency of these
data with other regional paleoclimate records (e.g., Bird et al., 2019; Booth et al., 2006; Gibson
et al., 2022; Laird et al., 1998; Pompeani et al., 2021; Wright et al., 2023) supports the
widespread occurrence of rapid hydroclimate changes (e.g., severe LIA drought) during the

MCA and LIA.

Methodology
Twenty-nine sediment samples were selected from the top ca. 2 m of the Martin Lake composite
core at 8- tol0-cm intervals for biomarker analysis at the University of Cincinnati. All samples
were freeze-dried and homogenized. Lipid extraction followed the methods reported in Freimuth
et al. (2020). Briefly, lipids were extracted from 0.5-2.5 g of sediment using an Accelerated
Solvent Extractor (ASE 350, Dionex) with dichloromethane/methanol (5:1, v v'!). Lipid extracts
were base saponified and then separated into neutral and acid fractions over aminopropyl-bonded
silica gel. The neutral fraction was further separated into aliphatic and polar fractions over
alumina oxide and the aliphatic fraction was further separated over 5 % silver nitrate silica gel to
isolate the saturated hydrocarbons that include the n-alkanes. n-Alkanes were identified and
quantified using an Agilent gas chromatograph (GC) mass spectrometer (MS) and flame
ionization detector (GC-FID) using n-alkane standards.

Compound-specific hydrogen isotopes of n-Cz7, n-Ca9, and n-Cs; alkanes were measured

using a Thermo Electron Delta V Advantage isotope ratio MS connected to a Thermo Trace GC
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123 Ultra coupled to an Isolink pyrolysis reactor. Data were normalized to the VSMOW/SLAP scale
124  using a standard n-alkane mix of known 8°H composition (Mix A5; A. Schimmelmann, Indiana
125  University). The long-term analytical precision was measured following Polissar and D’ Andrea
126 (2013) and is 3.3 %o (n = 187).

127 The composition of odd-chain n-alkanes is commonly compared among plants using the
128  average chain length (ACL) metric following Diefendorf and Freimuth (2017) where:

129

130 ACL = (25n-Cys5 + 27n-Ca7+ 29n-Ca9 + 31n-C31 + 33n-Cs3 + 35n-Css5) / (n-Cas + n-Ca7+ n-Cog +
131  n-C31+ n-Cs3 + n-Css)

132

133 To characterize differences in odd chain length preference, the carbon preference index (CPI)
134  was measured using the Marzi et al. (1993) equation where:

135

136  CPI= (n-Cx3 + n-Cas+ n-Cy7+ n-Ca9+ n-Csi1) + (n-Cas + n-Ca7 + n-Co9 + n-Cs1 + n-Cs3) / (2(n-Caa
137+ n-Cys+ n-Cog+ n-Czo + n-Csy))

138

139 Py, a proxy for quantifying submerged or floating aquatic plant material vs. emergent and

140  terrestrial material, based on n-alkanes, was measured using the equation in Ficken et al. (2000)

141  where:

142

143 Py = (n-Cx3 + n-Cas) / (n-Ca3 + n-Cas + n-Cao + n-Csp)

144

145 Methods for §'%0, 8'3C, %lithics and radiometric dating at Martin Lake are described in
146  (Bird etal., 2017).

147

148  Results

149  Concentration data for all n-alkane chain lengths were generally low and stable except for a
150 prominent peak centered at 1500 CE (Fig. 2). The average chain length (ACL) for the record
151 ranged between 29.8 and 28.4 (average = 29.1), with a carbon preference index (CPI) averaging
152 10.2, except for a peak of 32.6 at ca. 1370 CE, and a Paq index between 0.120-0.303 (average =
153  0.186) (Fig. 2) (Ficken et al., 2000; Marzi et al., 1993). 8°Hy values for n-alkane Cz7, C29, and
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Cs1 decreased during the last 2000 years with n-C31 showing the steepest negative slope (m = -
5.068 x 107%) (Fig. 3). Considerable high-frequency variability was superimposed on the long-
term trends, with n-Ca7, n-Ca9, and n-Cs1 8?Hy values respectively varying by 27.7, 23.3, and
26.7 %o (Fig. 3). Relative to their long-term trends, 8*Hy values for all chain lengths showed
generally low to average values between 0 and ca. 1110 CE, with n-C»7 showing a one-sample
peak at ca. 750 CE and n-Cy9 and n-C3; showing a broader increase from ca. 550 to 800 CE.
Between 1200 and 1840 CE, 8*Hy values and variability increased across all chain lengths with
peaks between 1200-1300, 1380-1600, and 1700-1850 CE. After 1850 CE, 8’Hy, values for all

chain lengths decreased.

Discussion
In contrast to the hypothesized in-phase relationship between §*Hy and 8'%0, the long-term
8180, trend was positive over the last 2000 years (Fig. 4B). Higher frequency variability was also
anti-phased, with low 8*Hy during the MCA and CWP when 8'%0, was high, and vice versa for
the LIA (Fig. 4A & B; Table 1). Given the relationships between average annual 5'30,, §'80L,
and 8'80., at Martin Lake, §!30. and 8°Hy, anti-phasing indicates that *Hsw did not reflect
annual average 8°H, at Martin Lake during at least the last 2000 years. Because plant waxes are
synthesized during the growing season (Freimuth et al., 2017; Tipple et al., 2013), it is likely that
&’Hsw, and hence 8*Hy, instead reflected growing-season 8*H,, (e.g., Schartman et al., 2020),
possibly reflecting subsurface groundwater compartmentalization (e.g., Evaristo et al., 2015).
This is consistent with the relatively narrow 30 %o range in 3*H compared to the range
observed in modern 8°H,, and predicted for past 8*Hy, variability based on §'*0. (both ca. 90 %o;
Table 1). Converting 5*Hy, to 8*H, using an epsilon factor of 107 %o (Freimuth et al., 2017)
places reconstructed 6°H,, between ca. -80 and -50 %o with a long-term average of -63 %o for all
chain lengths (Fig. 4A; Table 1). These values are consistent with warm-season precipitation
derived from the Gulf of Mexico and Atlantic (ca. -43 %o) and modern annual average §*H,, (ca. -
60 %o), which is predominated by warm-season precipitation (75 %) relative to cold-season

precipitation (25 %), but are far higher than cold-season precipitation derived from the Pacific

and Arctic (ca. -125 %o) (Bird et al., 2017).

Page 7 of 15



183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212

If 8*Hy captures warm-season precipitation, what are the hydroclimatic implications of
increased 6°Hy during cooler and drier periods (e.g., the LIA) and decreased 8*Hy during
warmer and wetter periods (e.g., the MCA and CWP)? One possibility is that §?Hy, could reflect
rainout from air masses originating in the Gulf of Mexico and Atlantic (i.e., the amount effect)
(Gat, 1996). Increased 8*Hy during the LIA, for example, is consistent with evidence for less
frequent warm-season precipitation events (low 6'%0. and %lithics) and regional aridity. Soil
and/or plant water evaporation could also have affected 5*Hyw (Kahmen et al., 2013a; Kahmen et
al., 2013b; Smith and Freeman, 2006). Relative humidity, for instance, affects both soil and plant
water evaporation, with reductions in growing-season humidity of 20 % increasing 6°Hy by 11
%o in grasses (Smith and Freeman, 2006) with isotopic enrichments also noted for leaf waxes
from deciduous trees (Feakins and Sessions, 2010; Kahmen et al., 2013b; Sachse et al., 2012).
Similar humidity reductions are not unrealistic at Martin Lake and regionally during the LIA,
possibly contributing to the 3 to 13 %o differences in §°H between the MCA, LIA, and CWP
(Table 1; Bird et al., 2017; Booth et al., 2006; Pompeani et al., 2021).

Comparing the Martin and Horseshoe lake 8°Hy, records shows that both increased during
the LIA by similar amounts (3-8 %o and 5 %o, respectively; Fig. 4), suggesting regionally
coherent hydroclimate processes. Increased evaporation during the LIA as a driver of 8*Hy, is
consistent with significant evaporative enrichment of §'*0. at Horseshoe Lake (Pompeani et al.,
2021), lower ground water tables in Michigan and Minnesota (Booth et al., 2006), reduced lithics
at Martin Lake, and less frequent rainstorm-driven flooding on the White River, IN (Wright et
al., 2023), which support regional increases evaporation and reductions in the amount of
growing-season precipitation. The Martin and Horseshoe lake 8°Hy, records diverged during the
CWP, however, with continued 8’Hy, increases at Horseshoe Lake while 5°Hy, declined at Martin
Lake. This divergence could possibly reflect vegetation changes in response to Euro-American
land clearance, including a dramatic increase in disturbance grasses (e.g., Ambrosia) since ca.
1850 CE (McAndrews, 1988; Munoz et al., 2015). A ca. 30 %o decrease in 8?°H,, is possible if all
long-chain n-alkane leaf waxes were derived from C3 grasses like Ambrosia (Sachse et al.,
2012), but nearby pollen data from Pretty Lake indicates the presence of forest cover even
though Ambrosia pollen increased over the past 200 years (Williams, 1974). Nonetheless, while

the decrease in 8*Hy, is consistent with a return to higher humidity during the last 200 years, it
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remains possible that the deep amplitude 6*Hy, low during the CWP may in part reflect an
increase in disturbance grasses. At Horseshoe Lake, the increase in 8°Hy during the CWP is
more perplexing given the documented increase in Ambrosia at the site during the CWP (Munoz
et al., 2014). One possibility is that local soil and/or pore water evaporation increased during the
CWP, increasing 6°Hy. It is also possible that recent trends reflect local or non-local
hydrological signals given that an unknown fraction of plant waxes delivered to the lake may be

derived from the upper Mississippi and/or Missouri river watersheds (Suh et al., 2019).

Conclusions

The isotopic range, and values of reconstructed 8*H,, suggest that 8°Hy, reflects growing-season
&’Hp, not annual average 5°H,. 8*°Hy stability indicates consistency in the source of growing
season precipitation (i.e., the Gulf of Mexico and Atlantic) during the late Holocene. Increased
&?Hy during the LIA likely reflects soil and/or plant water evaporation in response to reduced
growing-season relative humidity (ca. —20 %) and precipitation, consistent with widespread
regional evidence for low effective moisture in the midcontinental USA during this time. This
illustrates that a multi-proxy approach is needed when interpreting midcontinental §°Hy, records
and that modern 82H,, calibrations under the current warm-season climate regime may not apply
under cold-climate mean states (e.g., the Little Ice Age). Additional proxy calibration is needed
if 5°Hy is to be widely applied as a paleohydrological proxy in the midcontinental USA. If
seasonally specific, 8*Hyw could yield important information about growing-season
paleohydrological variability and its relationship with mean state atmospheric circulation

changes reflected in records of the annual average isotopic composition of precipitation.

Data Availability
All original data is available on the NOAA Paleoclimatology Database:

https://www.ncei.noaa.gov/access/paleo-search/study/39005
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Figure Captions

Figure 1 Composite mean maps of (A) cold-season (Dec-Mar) and (B) warm-season (Apr-Nov)
850 hPa vector winds between 1949-2015 from the NCEP-NCAR reanalysis database. Black
arrows are wind directions with colored shading indicating velocity (m s™!). Also plotted are
mean back trajectories for cluster 1 (thick white line in A) and cluster 2 (thick red line in B) of
the event-based Indianapolis, IN, precipitation samples. White squares are spaced at 24 hr
intervals. White circles indicate the starting point from which back trajectories were calculated.
The mean back trajectories are in good agreement with their respective seasonal atmospheric
circulation patterns since 1949, indicating the precipitation back trajectories are representative of
the modern climatological mean. Images provided by the NOAA/ESRL Physical Sciences

Division, Boulder Colorado (http://www.esrl.noaa.gov/psd/). C) Hydrogen and oxygen isotope

results for Indianapolis, IN, precipitation events (gray circles), average 5'30 for the LIA, peak
LIA drought between 1400-1450 CE, and minimum LIA 5'80 (blue squares), average 8'30
values for the MCA (orange square), CWP (red square), and modern (green square) 5'%0 (orange
square). LIA, MCA and CWP 8'¥0. values were converted to VSMOW and then §!80, using the
equation Kim and O’Neil (1997) assuming a lake water temperature of 20° C during calcite
precipitation. Histograms show the distribution of modern 'O, (blue) and 8°H,, (red). The solid
black line delineates the Regional Meteoric Water Line (RMWL). The dashed black line
delineates the Regional Evaporation Line (REL). D) Expanded view of 6!%0 and 6*H values of
precipitation (gray circles), regional lakes (blue circles), Martin Lake, IN (green circles), and the
MCA, LIA, and CWP (squares indicate 5'0, values as described in C). The RMWL-REL
intercept (white box) overlaps with the average value of modern Martin Lake waters and the

8180 of modern calcite. Surface waters from Horseshoe Lake (red circles) plot along the REL.
Figure 2 Plot of the carbon preference index (CPI), average chain length (ACL), and Paq

indexes calculated from concentration data. Concentrations of n-alkanes C17 through C35 in ug

g’ are also shown.
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Figure 3 Plot of 8*Hy, results for (A) n-C27, (B) n-C29, (C) and n-C31. Black lines indicate the
slopes of each n-alkane. (D) Detrended 6°Hy, timeseries for n-C31 showing periods of high (red)

and low (blue) isotope values relative to the long-term trend.

Figure 4 A) Martin Lake 8°H results for n-Ca7 (green), n-Cao (red), and n-Cs; (blue).
Uncorrected (top) and corrected to 8*Hj (bottom in parentheses) values are both shown on the y-
axis. Solid colored lines represent the different periods of average 8*Hy values where orange is
average, red is elevated, and blues are below average. B) Martin Lake 'O, (black) and 8'3C.
(red) results. C) Lithic abundances (brown) from Martin Lake indicating the frequency and
occurrence of warm-season rainstorm events (increasing lithics = increasing warm-season
rainstorm events). D) Water table reconstructions from Hole Bog, MN, and Minden Bog, MI. E)
&?H results from Horseshoe Lake for n-Cas (green), n-Cae (red), and n-Cas (blue). Vertical shaded
boxes reflect the Medieval Climate Anomaly (MCA), Little Ice Age (LIA), and current warm
period (CWP). Black triangles show the location of '*C ages for the Martin Lake record.

Table 1 Average *&H,, and §'30. during the MCA, LIA, and CWP, and differences between the
MCA-LIA and LIA-CWP. Estimated §'%0, and expected associated 3*H,, based on the Martin
Lake 5'30. values are also shown.

Isotope MCA LIA CwP MCA-LIA LIA-CWP
System (%0) (%0) (%0) %o Difference %0
Difference
*5*Hco7-p -72.7 -64.3 -75.4 -8.4 11.0
*&*Hcze-p -68.9 -64.2 -73.8 47 9.6
*5*Hes1-p -59.5 -56.5 -69.5 3.0 13.0
380, -9.9 -12.1 -9.5 2.0 -2.6
18180, -8.6 -10.8 -8.2 292 2.7
Expected &°Hp -58.8 -76.4 -55.6 17.6 -20.8

*Corrected to VSMOW-Precipitation with epsilon factor of 107 %o (Freimuth et al., 2017).
tConverted to 3'*0, (VSMOW) assuming lake water temperature of 20 °C after Kim and O’Neil
(1997).
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