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The molecular hydrogen isotope composition (6D) of leaf waxes from terrestrial plants is increasingly
used to infer hydrological characteristics of ancient high latitude climates. Analysis of the hydrogen iso-
tope composition of n-alkanes (dD,_akane) from a global dataset of individual plants growing at low and
middle latitudes indicates that plant ecological life form is an important factor in determining the hydro-
gen isotope fractionation. However, environmental and biological controls of high latitudinal leaf wax sD
values are poorly understood because of a lack of 5D records from modern flora in these regions. We pre-
viously noticed smaller apparent hydrogen isotope fractionations between n-alkanes and environmental
water (&qr-water) in deciduous trees growing at high latitudes (>59°N; Liu, W.-G., Yang, H., 2008. Multiple
controls for the variability of hydrogen isotopic compositions in higher plant n-alkanes from modern eco-
systems. Global Change Biology 14, 2166-2177.) To further examine these issues, we measured 6D;,_ajkane
from a variety of plants that inhabit high latitude environments and added critically needed leaf wax 6D
data from grass and herbs to the existing global 6D,,_;ikane database. Inclusion of these new data with the
existing global dataset (n = 408) confirms plant ecological life form as an important control for leaf wax
éD variation for terrestrial plants living at high latitudes. Our results suggest that, while precipitation 6D
is captured in these high latitude plants, physiological characters such as leaf area, venation pattern and
hydraulic system, that enhance transpiration rate during summer growth, may impart D,,_ajkane differ-
ences among plants with different ecological life forms.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The hydrogen isotopic composition of plant leaf waxes pre-
served in sediments is becoming an increasingly important tool
in the reconstruction of ancient hydrologic conditions. However,
records of the hydrogen isotope composition of plant n-alkanes
(0Dp-alkane) from high latitudes are limited and our understanding
of the factors affecting the apparent hydrogen isotope fractionation
between n-alkanes and environmental water (€gpk-water) iS Still
developing. An improved understanding of &gp-wacer ultimately
comes from the study of the 6D;,_ajkane Variation in identifiable indi-
vidual plants because the biology and ecology of the plants are
known, and physiological experiments can be designed in green-
houses or growth chambers to test the cause and consequence of
observed 6D variation.

Early studies of 6D;_ajkane Values of living plants focused on doc-
umentation of 6D variation from various types of plants, the distri-
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bution of 6D values for lipids with different chain length and their
relationship with 6'3C values for the same compounds (Sessions
et al., 1999; Chikaraishi and Naraoka, 2003; Yang and Huang,
2003; Bi et al., 2005). Subsequent studies explored the effects of
n-alkane synthesis (Chikaraishi et al., 2004, 2005), seasonality
(Sessions, 2006; Sachse et al., 2009), plant ecological life forms
(Liu et al., 2006), same site variation (Hou et al., 2007a), rooting
patterns (Krull et al., 2006) and climate gradient (Sachse et al.,
2006; Duan and Wu, 2009). Using the available global n-alkane
éD record, Liu and Yang (2008) identified and ranked multiple con-
trolling factors and their impact on the variation of §D values of
higher plant waxes. They also observed a smaller &gpqrer from
deciduous trees living at high latitude and anticipated D depleted
hydrogen isotope values for grass leaf waxes from the same re-
gions. A recent greenhouse experiment using deciduous conifers
grown under a simulated Arctic environment further illustrated
high latitude effects on hydrogen isotope fractionation caused by
enhanced leaf transpiration under 24 h continuous light illumina-
tion (Yang et al., 2009).
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Here, we present 6D;,_akane records of grasses and other plants
from high latitude regions (>59°N). These new data, in combina-
tion with published records, are used to examine éD;,_ajkane differ-
ences between plants living at high and mid/low latitudes, with a
focus on the influence that ecological life form has on determining
06Dy _aikane Values. Our results have significant implications for the
application of n-alkane D data as a paleoclimate proxy and in par-
ticular, to high latitude paleohydrology.

2. Materials and methods

We analyzed the 6D,_akane Values of 26 leaf samples collected
from a range of high latitude environments (>59°N; Table 1).
Among these, 15 were collected from Northern Europe (Sweden
and Finland) and the rest were from North America (Alaska and
Canadian Arctic). Except for one C4 plant (Zea mays L.) from Swe-
den and one horsetail (Equisetum pretense Ehrhart) from Alaska,
the samples derive from 16 grass/herb species and 8 tree/shrub
species that utilize the C; photosynthetic pathway (Table 1). Be-
cause of the low occurrence and the difficulty in collecting fresh
grass species at high latitude, we supplemented our samples with
six herbarium grass specimens collected from Finland in 1983.

Leaves were cleaned with distilled water to remove dust parti-
cles, dried at 40 °C and extracted with dichloromethane (DCM).
Hydrogen isotope analysis was performed using a HP 6890 gas
chromatograph, interfaced via a high temperature conversion
interface to a Thermo Finnigan MAT 253 mass spectrometer
(Hilkert et al., 1999). The gas chromatography (GC) temperature
program was: 80 °C (1 min) to 180°C at 3 °C/min and then to
300 °C (held 10 min). Separated components were converted to
H, by way of a pyrolysis reactor at 1445 °C. The 6D values were
calibrated against H, reference gas calibrated via a co-injected
laboratory working standard (n-Ci¢ and n-C3p alkanes, and
5a-androstane; isotopic ratio values determined offline by A.
Schimmelmann, Biogeochemical Laboratory at Indiana University).
Each sample was analyzed three times; Hs factors were calculated
daily using the same H, reference gas. The precision of isotopic
measurements of H, reference gas after Hs factor correction was
1%0 or better. Analytical error was <4%. for samples; 5D values
are expressed relative to the VSMOW standard using Eq. (1).

6D = 1000 x [(°H/"H) e/ CH/ H)yson — 1] (1)

Leaf wax D/H ratio values from Cy7, C,9 and C3; n-alkanes are
highly correlated (Liu and Yang, 2008), so we used an amount-
weighted mean 6D value of the three compounds for our interpre-
tations, as practised in other recent studies (e.g. Smith and
Freeman, 2006; Feakins and Sessions, 2010). Pearson correlation
was conducted to investigate various correlations between 5D
values of n-alkanes and various geographic and environmental
factors. One-way ANOVA tests were used to examine the statistical
significance of different relationships; €g-water Was calculated from
the following relationship:

Ealk—water = ]000 X [(5Dn—alkane + 1000)/(5Dwater + 1000) - 1] (2)

3. Results and discussion
3.1. Distribution of leaf wax 6D in high latitude plants

Our new data (Table 1) indicate that 6D;,_ajkane Values from high
latitude plants fall into two distinct groups based upon plant eco-
logical life form, including woody trees/shrubs and grasses/herbs.
Grasses and herbs tend to possess relatively lower 6D values rela-
tive to trees/shrubs at given latitudes (Fig. 1). The 6D,,_ajkane Values
from grasses and herbs range from —171%0 to —307%., with the

lowest value for Alopecurus alpinus J.E. Smith, a C3 grass from Axel
Heiberg Island in Canada at 80°N. In contrast, the values for woody
plants span a range from —151%o. in Castanea sativa Mill (60°N) to
—262%o from Salix arctica Pall. (woody deciduous shrub from Axel
Heiberg Island). Except for one C4 species (Zea mays L.) with a 6D
value of —228%0 (59°N), all the species are Cs plants. Significant
6D variation (up to 89%o) is evident from the range of plants eval-
uated at the same site.

These data, in combination with published records from high
latitude deciduous plants (Sachse et al., 2006), indicate that
6Dp-aikane Values track the hydrogen isotope compositions of pre-
cipitation as the first order control, which is further modified by
plant ecological life form (Fig. 1). While 6D,_ajkane Signals from
plants of both life forms record precipitation 6D, these correlations
have different slopes and can be clearly separated into two groups:
grass vs. woody plants. The pattern and range of 6D,_ajkane differ-
ences between grass and trees are consistent with our previous
observations from middle and low latitudes (Liu et al., 2006; Liu
and Yang, 2008). Regression analysis revealed three general
patterns: (i) Correlation R? values were similar whether modeled
annual or summer precipitation 6D values were applied; (ii) corre-
lation can be significantly improved if different plant ecological life
forms (trees/shrubs vs. grasses/herbs) were considered. (3) A
better correlation was obtained between JD,_sjane Values from
grasses/herbs and precipitation than trees/shrubs or integrated
trees mixed with grasses.

3.2. Global éDy,_qikane distribution

Fig. 2 displays the correlations between available n-alkane 6D
values from identifiable living plants (n = 408) and modeled mean
annual precipitation 6D values at these sites (Bowen and
Revenaugh, 2003). The general pattern is similar to that of an anal-
ysis using middle and lower latitude data (Fig. 4b in Liu and Yang,
2008) with grass and woody plants clearly separated. Slopes for
both woody trees/shrubs and grasses/herbs have slightly changed,
especially for 6D values in grasses/herbs which display a lower
slope with the addition of new high latitude data. Differences in
slopes between the two ecological life forms are distinct and statis-
tically significant (p < 0.01). Although both Correlation R* values
(Fig. 1) are lower (0.31 for grasses and 0.28 for woody plants) com-
pared with the high latitude data alone (0.85 for grasses and 0.53
for woody plants) because of the large variation in 6Dp_jkane in
the global database, the distinguishable distribution patterns
between leaf 6D,_akane Values from grass and woody plants with
respect to global precipitation 6D remain apparent.

3.3. High latitude effect on hydrogen isotope fractionation

A high latitude effect on &g-warer iS apparent in Fig 3. The
6Dp-alkane Values and &gy warer relationships for both woody decidu-
ous trees and grasses/herbs from middle and low latitudes exhibit
a similar linear relationship and 6D, akane Values from woody
plants show slightly lower &gy water Values than those from grasses,
as indicated by the trend lines. Correlation R? values indicate a
tighter correlation between &gj_yarer and middle and lower latitude
0Dp-alkane from grasses (0.94) than that from woody plants (0.88).
However, 6D, aikane Signals from high latitude plants deviate from
this middle and low latitude linear relationship, the deviation
being driven by low &gp_warer Values. This occurs for woody decidu-
ous trees as well as grasses and herbs at the high latitudes, with
woody plants having slightly smaller &g waeer Values. We attribute
the expression of lower high latitude &gywaeer Values to higher
transpiration rates and other physiological effects caused by
increasingly longer daily intervals of photosynthesis associated
with increasing latitude.
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Fig. 1. Variation in 6D,_ykane from high latitude plants showing separate distribu-
tions of dDy_aikane for grass (open circles) and woody (solid circles) plants vs. 6D
values for modeled precipitation. 6Dp.aikane fOr grass (y=1.4927x — 87.013,
R?=0.8562) and woody (y=1.0071x — 87.549, R*>=0.5316) plants vs. average
mean annual precipitation (1A) and 6Dp_akane for grass (y=1.4687x — 110.6,
R?=0.8498) and woody (y = 0.9985x — 106.18, R>=0.5717) plants vs. mean sum-
mer precipitation (1B). Precipitation D data were obtained from the Online
Isotopes in Precipitation Calculator, version 2.2 (Bowen and Revenaugh, 2003).
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Fig. 2. Global analysis of 6D,,_ajkane (1 = 408) and 6D of mean annual precipitation in
the Northern Hemisphere. Solid circles and solid line trend represent woody plants
(y=0.61716x — 131.06, R?>=0.2809), whereas open circles and dash line trend
annotate grasses (y = 0.8909x — 153.92, R? = 0.3164). Average mean annual precip-
itation oD values are based upon data from the International Atomic Energy Agency
and the World Meteorological Organization (IAEA, 2001).

4. Implications

The apparent hydrogen isotope fractionation between plant leaf
wax and environmental water is controlled by multiple environ-
mental and biological factors (Sachse et al., 2006; Liu and Yang,
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Fig. 3. Plot between plant leaf 6D, _aikane (1 =408) and apparent hydrogen isotope
fractionation factors (&qk-water), Showing deviation of &g warer from high latitude
plants from those in middle and low latitudes in the Northern Hemisphere. Note the
linear relationship for middle and low latitude plants (square symbols) and the de-
trended &gp-warer from both woody trees and grasses inhabited at high latitudes
(circle symbols). Solid line and dash line trend represent middle to low latitude
woody plants (y =0.8499x + 15.736, R?=0.88) and grasses (y = 0.9072x + 18.289,
R? = 0.94) respectively.

2008). Our new data and published information demonstrate that
the 6D of precipitation and plant physiology exerts primary influ-
ences on Eqp.water- Previous studies have shown that evaporation
of soil water (Hou et al., 2008), temperature (Duan and Wu,
2009), rooting pattern (Krull et al., 2006), plant systematics (angio-
sperms vs. gymnosperms; Pedentchouk et al., 2008), water use effi-
ciency (Hou et al., 2007b) and rate of leaf transpiration (Yang et al.,
2009; Feakins and Sessions, 2010) also influence the distribution of
0Dp-aikane Variation at a given site. While the amount of lipid 6D
variation among plants growing at the same high latitude site is
consistent with previous reports (Chikaraishi and Naraoka, 2003;
Liu et al., 2006; Hou et al., 2007a; Feakins and Sessions, 2010),
our new n-alkane 6D data provide additional support for the link
between D variation and plant ecological life form (Liu et al.,
2006). As Fig. 1 illustrates, the distribution of 6D values from
grasses and herbs can be separated from that of shrubs and trees,
with a lack of evidence for 6D variation as a result of plant system-
atics (i.e. angiosperms vs. gymnosperms) or photosynthetic
pathways.

We posit that higher 6D,_aane Values of woody plants reflect
higher rates of leaf water transpiration during high latitude sum-
mer months than for grasses, preliminarily because of their charac-
teristics by way of leaf area and denser and more orderly venation
patterns that increase hydraulic conductance (Brodribb et al.,
2007; McKown et al., 2010). Hydrogen isotope enrichment in leaf
water during transpiration is well known (Leaney et al., 1985,
see also Farquhar et al., 2007 and Barbour, 2007 for recent re-
views), but there is a lack of understanding for how the D-enriched
leaf water influences 6D,,_aikane Signatures. In a greenhouse experi-
ment Yang et al. (2009) detected that, under 24 h simulated arctic
environment, some deciduous conifers can lose up to 2.4 times
more water per day than that under regular diurnal light at lower
latitudes, and this transpiration effect resulted in D enrichment of
leaf water attributed to have produced up to 40%. heavier éD,,_ajkane
signals in the leaf waxes. However, a recent growth chamber
experiment with grasses has shown that &g.warer in grasses is
insensitive to relative humidity, suggesting evaporation rather
than transpiration has more influence on leaf 6D;,_ajkane Signatures
in grasses (Mclnerney et al., 2011, but see Brader et al., 2010 for
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minimal evaporation effect on Sphagnum). In the above cases, leaf
water was not measured, leaving room for a direct assessment of
the impact of D-enriched leaf water on éD,,_ajkane due to transpira-
tion. It is possible that, as a result of different physiological charac-
teristics, such as leaf area, venation pattern, hydraulic system and
different timing for lipid synthesis between woody plants and
grasses (Koch et al., 2004; Richardson et al., 2005), the impact of
transpiration on éD,_akane Signals is different between these two
major plant groups with different ecological life forms. If this is
true, then it may help explain the profound and consistent pattern
of heavier 6D;,_ajkane in Woody plants relative to that in grasses at a
given site (Fig. 2).

Our results have several implications for high latitude paleocli-
mate interpretations based on 6D,,_jiane Values. First, as apparent
Ealk-water fOT plants living at high latitude is 20-50%. smaller than
at lower latitudes, 6D in ancient precipitation can be overestimated
if a globally averaged &gjk-wacer Value is applied. Second, as grasses
and woody trees fall into distinct isotopic fields, it is important
to understand the specifics of the ecosystem in order to distinguish
whether 6D change was due to a change of vegetation or climate.
Thus, paleovegetation information obtained from traditional
paleobotanic and palynological methods should be consulted when
interpreting 6D data from sediments. Third, as both 6D,_ajkane and
Ealk-water Vary across different plant taxa, specific fractionation fac-
tors calibrated for an individual taxon may be used in collaboration
with the reconstruction of paleo-precipitation 6D based upon lipids
from sediments, especially in high latitude regions. It has been no-
ticed (Sachse et al., 2004; Hou et al., 2008; Polissar and Freeman,
2010) that 6D,,_akane Values for lipids extracted from sediments
and soils usually have a closer correlation with 6D in precipitation,
presumably because of an ecosystem-wide averaging effect of lipid
isotope signals. While the range and mechanism for the isotopic
averaging effect are not well understood, an ecosystem-wide dif-
ference in &gy-water cOMplicates the reconstruction of 5D in regional
precipitation (Polissar and Freeman, 2010; Mclnerney et al., 2011).
Taxon-specific 6D studies based upon taxon-specific fractionation
factors calculated from controlled experiments (Yang et al., 2009;
Nichols et al., 2009; Brader et al., 2010; Mclnerney et al., 2011)
should shed more light on the mechanism of the process. Finally,
the application of 6D values generated from herbarium specimens
for studies of recent climate changes has not been exploited and
our study demonstrates the feasibility of utilizing herbarium spec-
imens, collected from historical times or regions that are now dif-
ficult to access, as a viable resource for compound-specific
hydrogen isotope analysis.

5. Conclusions

Leaf 6D,,_aikane data obtained from plants living at high latitude
(>59°N) provide further evidence for multiple controls on D/H
composition of plant leaf waxes and &gjx-warer, €Xtending the general
trend predicted by Liu and Yang (2008) to higher latitudes. Our re-
sults further demonstrate that plant ecological life forms play an
important role in controlling éD,,_aikane Values. Physiological char-
acteristics that impact on leaf transpiration rates are likely respon-
sible for some of the observed oD variation in woody plants, as well
as for the appearance of smaller &g_ywarer Values for high latitude
plants. Our results point toward the importance of understanding
ecosystem changes when interpreting n-alkane 6D data from
sediments.
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