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Abstract

D/H ratios of leaf waxes (dDwax) derived from terrestrial plants and preserved in lake sediments can provide important
information on past continental hydrology. Ideally, dDwax can be used to reconstruct precipitation D/H ratios (dDP) which
is a well-established paleoclimate proxy. However, many other factors, such as vegetation and relative humidity (RH), also
affect dDwax variation. How the combination of these factors affects sedimentary dDwax is unclear. Here, we use a transect of
32 lake surface sediments across large gradients of precipitation, relative humidity, and vegetation composition in the south-
western United States to study the natural factors affecting sedimentary dDwax. dD values of C28 n-alkanoic acids show sig-
nificant correlation with dDP values (R2 = 0.76) with an apparent isotopic enrichment of �99 ± 8&, indicating that
sedimentary dDwax values track overall dDP variation along the entire transect. Leaf waxes produced by plants grown under
controlled conditions (RH = 80%, 60%, 40%) show a small increase in D/H ratios as RH decreases, consistent with prediction
from the Craig-Gordon model. However, the isotopic effect of RH on dDwax along the natural transect is partially countered
by the opposing influence of vegetation changes. The correlation between dDwax and dDP values is significantly higher
(R2 = 0.84) in the drier portions of the transect than in the wetter regions (R2 = 0.64). This study suggests that D/H ratios
of sedimentary leaf waxes can be used as a proxy for precipitation dD variations, with particularly high fidelity in dry regions,
although more studies in other regions will be important to further test this proxy.
� 2008 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Hydrogen and oxygen isotope ratios (D/H and 18O/16O)
of precipitation are among the most effective and quantita-
tive proxies for past continental climate variability. Ice
cores (e.g., Grootes et al., 1993; Petit et al., 1999) and spe-
leothems (e.g., Wang et al., 2001; Yuan et al., 2004) are the
most common archives for reconstructing precipitation iso-
topic ratios. While the fidelity of such reconstructions is
exceptional, the global distribution of ice cores and speleo-
thems is very limited; speleothems to regions with carbon-
ate bedrock and adequate precipitation; and ice cores to
polar and/or high altitude locations. Continental climate
is characterized by large regional variability, requiring re-
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cords from widely distributed sites to assess the underlying
mechanisms of variation. The wide geographic distribution
of lakes provides excellent opportunities to reconstruct the
isotope ratios of past continental precipitation from sedi-
ment cores.

D/H ratios of aquatic lipids in lake sediments have been
shown to track D/H ratios of lake water and precipitation
in regions with high precipitation/evaporation (P/E) ratios
(Sauer et al., 2001; Huang et al., 2002, 2004; Hou et al.,
2006). However, in dry and warm regions, D/H ratios of
lake water are strongly affected by evaporation, complicat-
ing climatic interpretation of dD records. Temporal vari-
ability in D/H ratios of leaf waxes (dDwax) derived from
terrestrial plants and preserved in sediments has been
attributed to past precipitation and hydrological changes
(Liu and Huang, 2005; Schefuß et al., 2005; Pagani et al.,
2006; Shuman et al., 2006; Huang et al., 2007). However,
in addition to dD of precipitation (dDP), other factors, such
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as relative humidity (RH) and vegetation composition, may
also affect sedimentary dDwax. Without a full evaluation of
these factors, the reliability and limitations of leaf wax dD

as a paleohydrological proxy remains uncertain.
Sachse et al. (2004) showed that leaf wax D/H ratios

(dDwax) from lake surface sediments track dDP variation
along a 13-lake transect in Europe. However, the European
sites used in the study have nearly constant relative humid-
ity (RH = 75–85%), and relatively invariable, forest-domi-
nated vegetation, and therefore cannot be used to assess
whether dDwax tracks dDP across relative humidity gradi-
ents and/or different biomes. While we know that RH has
a significant effect on the hydrogen isotopic fractionation
of water (Gonfiantini, 1986; Gat, 1996), the effect of RH
on the dD values of leaf waxes has not been studied directly.
Previous studies reported that the D/H ratios of cellulose
increase dramatically as RH decreases (Yapp and Epstein,
1982; Edwards and Fritz, 1986), but other studies (Gray
and Song, 1984; White et al., 1994; Terwilliger and DeNiro,
1995) contradict the claim. Most published studies (e.g.,
Sauer et al., 2001; Liu and Huang, 2005; Sachse et al.,
2006; Pagani et al., 2006) have assumed that dDwax values
are also affected by RH in addition to hydrological factors.
Furthermore, recent studies have shown that hydrogen iso-
tope enrichment between precipitation and leaf waxes
(ewax�p) differs greatly among different types of higher
plants (Liu and Huang, 2005; Liu et al., 2006; Hou et al.,
2007a; Liu and Huang, 2008), with grasses displaying �40
to 50& lower dD values than trees. Therefore, in order to
confidently reconstruct the variability of precipitation dD

using leaf waxes, we must determine how RH and vegeta-
tion changes affect the relationship between dDwax and
dDP values.

In this study, we aim to evaluate the degree to which
dDwax values in lake sediments reflect dDP variation across
large, natural environmental gradients of RH, precipitation
and vegetation types. If it is to be used as a proxy for recon-
structing past changes in dDP, dDwax must first be shown to
track modern precipitation dD values across sites with var-
iable RH and vegetation composition. To achieve this goal,
we examined lake surface sediments from a 32-lake transect
across large gradients in precipitation, RH, and vegetation
cover (from Phoenix, AZ to Houston, TX). We also grew
plants under controlled conditions to accurately assess the
effects of RH and modeled the isotopic effects under both
experimental and field conditions. Our integrated field,
experimental, and modeling approaches allow us to objec-
tively assess the fidelity of leaf wax dD values as a proxy
for dD variation of past continental precipitation.

2. SAMPLES AND METHODS

2.1. The southwestern transect

Surface sediment and lake water samples were collected
from 32 lakes spanning large precipitation and relative
humidity gradients (extending from Phoenix, Arizona to
Houston, Texas) in May 2004 (Fig. 1; Table 1). For the pur-
pose of this study (and based on our isotope data described
below), the sampling sites along the transect are divided
into two general groups according to their geographic set-
ting and mean annual precipitation: (1) the Interior Plains
(Texas and northeastern New Mexico, referred to hereafter
as ‘‘the Plains”), eastward of 104.5�W, with precipitation
>400 mm, and (2) Southern Rocky Mountains and Basin
and Range (Arizona and part of New Mexico, hereafter re-
ferred to as ‘‘Basin and Range”) westward of 104.5�W, with
precipitation <400 mm. The lakes from the Plains are
mostly naturally occurring, whereas the sampling sites from
the Basin and Range represent reservoirs constructed by
damming rivers and streams sourced from adjacent higher
elevations.

There is a large mean annual precipitation gradient
(120–1150 mm) and mean annual relative humidity gradient
(36–82%) along the transect from Phoenix to Houston
(Fig. 1A and B). Vegetation composition changes dramati-
cally along the transect, from shrubland to grassland to sa-
vanna to subtropical forest (Fig. 1C). Mean annual
temperature along the transect, excluding the highest eleva-
tion sites, ranges from 12 to 21 �C (Table 1). Three of the
lakes (Upper Glacial Lake, Lake #1 and Mary’s Lake)
are at much higher elevation and have lower mean annual
temperature (Table 1) than the rest.

Surface sediments (0–2 cm below the sediment–water
interface) were collected from the deepest part of each lake
(in reservoirs, deepest sites are typically near the dam site,
far from river inlets) using an Ekman Dredge, and were
kept cold and in the dark until being frozen at Brown Uni-
versity. Duplicate lake water samples for isotopic analysis
were collected using 4 ml glass vials. The vials were filled
to capacity and sealed to prevent evaporation.

2.2. Growth chamber experiments

We grew 15 trees (representing 6 species) and 11 grasses
(representing 4 species) in an EGC� GC series temperature
and humidity-controlled growth chamber. Fraxinus ameri-

cana L. (white ash), Carya glabra (pignut hickory), Acer ru-

brum L. (red maple) and Quercus rubra L. (red oak) were
collected from the watershed of Blood Pond, Massachu-
setts. Two coniferous tree species, Thuja Occidentalis (east-
ern white cedar) and Picea Glauca (alberta spruce) were
obtained from a local nursery. Tree seedlings were 30–
50 cm in height before transplantation. The trees were
transplanted into 8-inch pots using Canadian Growing
Mix 2 (Fafard�). Grass seeds, including Zea Mays L.
(corn), Dactylis glomerata L. (orchard grass), Alopecurus

spp. (foxtail) and Phleum pratense L. (timothy weed), were
obtained from a local grass seed distributor. The trees were
kept in the greenhouse for 20 days and were irrigated with
water of known isotopic composition twice daily before
being moved into the growth chamber. The grasses were
germinated and cultured in the greenhouse for 20 days be-
fore being moved to the growth chamber.

The temperature in the growth chamber was kept at
20 �C. RH was set to 80% during the first growing period
(June 26–July 27, 2006), 60% for the second growing period
(July 28–September 4, 2006), and 40% for the third growing
period (September 5–October 11, 2006). A dehumidifier was
placed in the growth chamber for experiments with 60%
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Fig. 1. The modern lake transect in the southwestern United States. (A) Precipitation gradient (mean annual precipitation (mm/yr) from 1961
to 1990; data from NOAA Cooperative Station Normals climate observations); (B) relative humidity (RH) gradient and mean annual relative
humidity (%) (data from http://www.cdc.noaa.gov); (C) vegetation cover (data from http://www.nationalatlas.gov); ST, Subtropical forests;
PR, Prairie; T/ST D, Tropical/subtropical Desert; T/ST S, Tropical/subtropical Steppe; M/A Z Mountain with Altitudinal Zonation. The
arrows in (A) indicate the moisture source (Tropical Pacific Ocean from west, Gulf of Mexico from east) for precipitation in this region. The
lakes are divided into two groups according to the geographic division and mean annual precipitation: Plains (including lakes from Texas and
northeastern New Mexico); Basin and range (including lakes from Arizona and part of New Mexico).
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and 40% RH settings, in order to help the system maintain
stable RH levels. On the last day of each growing period,
newly grown leaves from trees were collected for dDwax
analysis. There was no new leaf growth on the Carya glabra

specimen during the experiment, so we collected preexisting
leaves from Carya glabra on the last day of each growing

http://www.cdc.noaa.gov
http://www.nationalatlas.gov


Table 1
Geographical lake data and measured hydrogen isotopic ratios of lake water and sedimentary leaf waxes

Name State Lat (�) Long (�) Elv (m) RH P (mm) E (mm) T (�C) dDP dDLake dDC26 dDC28 dDC30

Horseshoe Lakea AZ 33.99 �111.72 613 45.0 368 1615 16.2 �67 �73 �173 �161 �162
Bartelett Lakea AZ 33.84 �111.64 527 44.0 500 1637 13.5 �65 �70 �164 �154 �155
Saguaro Lakea AZ 33.57 �111.54 472 41.0 487 1717 13.2 �64 �49 �151 �150 �151
Apache Lakea AZ 33.57 �111.26 567 41.0 304 1731 21.7 �65 �52 �154 �147 �147
Roosevolt Lakea AZ 33.68 �111.10 655 43.0 234 1711 12.3 �67 �67 �164 �156 �157
San Carlos Reservoira AZ 33.17 �110.52 728 40.0 348 1665 20.4 �66 �59 �167 �161 �163
Cluff Ponda AZ 32.81 �109.86 1006 37.0 463 1743 18.1 �69 �39 �150 �152 �153
Roper Lakea AZ 32.76 �109.72 948 36.0 512 1734 11.3 �68 �57 �159 �157 �158
Dankworth Ponda AZ 32.71 �109.71 978 36.0 503 1770 11.3 �68 �80 �166 �154 �155
Crescent Lakea AZ 33.00 �109.00 1975 42.5 305 1650 15.1 �82 �88 �184 �176 �177
Animas Ditcha AZ 32.28 �108.89 1268 43.0 305 1715 15.6 �70 4 �142 �141 �142
Caballo Lakea NM 32.91 �108.31 1271 47.0 258 1572 15.7 �71 �66 �159 �160 �162
Elephant Butt Lakea NM 33.17 �107.21 1335 54.0 215 1499 13.1 �71 �78 �183 �176 �178
Lake Escondidaa NM 34.11 �106.89 1423 60.0 127 1383 13.9 �74 �80 �174 �174 �175
Upper Glacier NM 36.82 �105.05 2524 68.0 358 1246 9.7 �96 �94 �212 �215 �219
Lake #1 NM 36.08 �105.04 2420 65.0 396 1246 4.4 �92 �49 �177 �191 �196
Mary’s Lake NM 36.00 �105.00 2155 63.0 — — 11.0 �88 �27 �191 �186 �188
Santa Rosa Lakea NM 35.01 �104.69 1466 51.0 394 1537 14.4 �75 �83 �192 �190 �193
Conchas Lakea NM 35.39 �104.19 1283 53.0 419 1547 11.9 �73 �21 �168 �158 �159
UTE Lakea NM 35.33 �103.43 1155 53.0 194 1547 12.1 �69 �8 �165 �163 �165
Buffalo Spring Creek TX 33.52 �101.71 919 51.0 583 1699 15.6 �56 �39 �131 �136 �136
Lake Mereditha TX 35.65 �101.63 616 57.0 455 1654 12.9 �59 �9 �152 �154 �155
Lake Colorado City TX 32.34 �100.92 631 53.0 338 1589 17.6 �48 �3 �106 �134 �134
Champion Creek TX 32.29 �100.86 616 53.0 615 1589 16.7 �48 �18 �126 �143 �143
EV Spence Reservoir TX 32.00 �100.67 607 54.0 483 1589 17.4 �47 �7 �105 �129 �128
Lake Nasworth TX 31.37 �100.60 565 56.0 483 1663 17.4 �45 9 �108 �139 �140
Lake Junction TX 30.49 �99.46 579 61.0 702 1461 18.2 �41 �34 �141 �142 �142
Lake Medinaa TX 29.57 �98.70 324 67.0 611 1375 18.5 �35 �18 �150 �162 �163
Lake Bastrop TX 30.18 �97.29 137 73.0 850 1341 19.4 �31 16 �126 �127 �126
Cedar Creek Lake TX 29.93 �96.73 98 76.0 995 1138 20.4 �30 13 �148 �141 �142
Somerville Lake TX 30.33 �96.60 73 76.0 1108 1138 19.6 �29 �7 �116 �124 �124
Lake Houston TX 29.70 �95.17 13 82.0 1150 1175 20.7 �27 �26 �135 �134 �134

a Dammed reservoir; Elv, elevation; RH, Mean annual relative humidity; P, mean annual precipitation; E, evaporation; T, temperature;
dDP, mean annual dD of precipitation; dDlake, dD of lake water; dDC26, dDC28, dDC28, dD values of C26, C28, C30 n-acids.
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period. For grass specimens, we collected whole leaves on
the last day of each growing period. All plants were irri-
gated with 500 ml of water of known hydrogen isotopic ra-
tio (dD = �49&) every two days. The irrigation water was
stored in Reliance Fold-A-Carrier� collapsible containers
at 4 �C prior to the experiment to ensure the isotope ratios
remained constant.

2.3. Analyses of water dD values

D/H ratios of lake water samples and irrigation water
were measured using Thermal Conversion/Elemental Ana-
lyzer-Isotopic Ratio monitoring Mass Spectrometry (TC/
EA-IRMS). Nine 0.2 ll aliquots of each water sample were
manually injected into the TC/EA. Standard Mean Ocean
Water (SMOW, dD = 0&), Greenland Ice Sheet Precipita-
tion (GISP, dD = �190&) and Standard Light Antarctic
Precipitation (SLAP, dD = �428&) were measured be-
tween every 10 sample analyses for isotope calibration
(Huang et al., 2002). A regression line (R2 = 1) was estab-
lished between measured and actual dD values of the three
isotope standards, and was used for instrument calibration.
The standard deviation for water dD values was < ± 1.5&.
2.4. Analyses of sediment and plant samples

All sediment and leaf samples were freeze-dried. Sediment
samples were extracted using an Accelerated Solvent Extrac-
tor (ASE200, Dionex) with dichloromethane:methanol
(2:1 v/v) at 150 �C and 1200 psi for three 15-min cycles.
Approximately 5 g of each dry sample were extracted. Leaves
were soaked in dichloromethane:methanol (2:1 v/v) and ultr-
asonicated for 15 min to extract lipids. This extraction proce-
dure was repeated three times. The total lipid extract
obtained from sediment and plant leaves was separated into
neutral and acid fractions using Supelco� SupelcleanTM LC-
NH2 SPE column and dichloromethane:isopropyl alcohol
(2:1 v/v) and ether with 4% acetic acid (v/v), respectively, as
eluents. Acid fractions were methylated with 5% anhydrous
HCl in methanol at 60 �C for 12 h. Hydroxyl acids were re-
moved by eluting the methylated samples through silica gel
columns with hexane, and the fatty acid methyl esters were
collected by elution with dichloromethane.

Quantification and identification of compounds was
performed by Gas Chromatography-Flame Ionization
Detection (GC-FID) and Gas Chromatography-Mass
Spectrometry (GC-MS) (HP 6890, Agilent). An HP 6890
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GC interfaced to a Finnigan DeltaPlus XL stable isotope
spectrometer through a high-temperature pyrolysis reactor
was used for hydrogen isotopic analysis (Huang et al.,
2004). The compounds separated by the GC were pyrolyzed
to H2 and CO at 1445 �C. A tank of ultra high purity
hydrogen gas with known dD values was used as the isotope
standard during the measurements. The H3

þ factor was
determined daily prior to sample analysis (average value
was 2.5 ± 0.04 (1 sigma) during the course of this study).
The accuracy for the instrument was routinely checked by
an injection of laboratory isotopic standards (C16, C18,
C22, C24 n-alkanoic acid methyl esters) between every six
measurements. The precision (1r) for the four laboratory
standards was <±2& throughout the entire process. The
precision (1r) for triplicate analyses of all samples was
<±2&. dD values obtained from individual alkanoic acids
(as methyl esters) were corrected by mathematically remov-
ing the isotopic contributions from added groups before
reporting. The dD value of the added methyl group was
determined by acidifying and then methylating (along with
the samples) the disodium salt of succinic acid with a prede-
termined dD value (using TC/EA-IRMS) (Huang et al.,
2002).

3. RESULTS

3.1. Precipitation and lake water dD

The D/H ratio of precipitation (dDp, weighted average
values based on monthly precipitation amount) at the loca-
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dD values of C28 n-alkanoic acid (hereafter referred to as
dDwax) are taken as representative of integrated dD values
of terrestrial leaf waxes from plants around the lakes.

Sedimentary dDwax values show significant correlation
with dDP values along the entire transect (R2 = 0.76,
y = 0.93; x � 99.1, n = 32, p < 0.001, residual mean squares
(RMS) = 122.3; Figs. 2 and 3A). However, dDwax and dDp

correlate much more strongly within the Basin and Range
(R2 = 0.84, y = 1.69 x � 42, n = 18, p < 0.001, RMS =
70.2) than they do for the entire transect (R2 = 0.76) or
the Great Plains lakes (R2 = 0.64, y = 0.67 x � 109.7,
n = 14, p < 0.001, RMS = 60.6; Fig. 3B). Furthermore, a
second-order polynomial regression through the entire
transect provides an overall better fit for the dDwax and
dDP data (R2 = 0.86, y = �0.02 x2 � 1.06 x � 147.4,
n = 32, p < 0.001, RMS = 73.0, Fig. 3A) than does the lin-
ear regression. The correlation between dDwax and dDlake

(R2 = 0.46, n = 32, p < 0.001, RMS = 280.3) is not as
strong as that between dDwax and dDP.

3.3. Leaf wax dD for plants from growth chamber

dD values of C28 n-alkanoic acids are strongly correlated
with C30 n-alkanoic acids for the growth chamber samples
(R2 = 0.86). As with the transect samples, dD values of
C26 n-alkanoic acids show weaker correlation with C28

and C30 n-acids (R2 = 0.61 and 0.44, respectively). This
observation suggests that C28 or C30 n-alkanoic acids may
be better choices for representative leaf wax compounds
in sediment samples. It should also be noted that for certain
growth chamber species, dD values of the three n-alkanoic
acids show relatively large variation within and among
specimens (Table 2), highlighting the natural variability of
individual plants. The calculated leaf wax hydrogen isoto-
pic enrichment values from source water (ewax–water) for
the growth chamber samples show an approximately nor-
mal distribution (Fig. 4). The average ewax–water values of
all plants grown at 80%, 60% and 40% RH are �114&,
�111.5&, and �107&, respectively, depicting minor deute-
rium enrichment as RH decreases.
4. DISCUSSION

4.1. Controls on dD of precipitation and lake water

The patterns of dDP variation along the transect in the
southwestern United States result from differing water va-
por sources and the continental isotope effect (Gat, 1996).
The water vapor for precipitation in the Texas Plains
mainly originates from the Gulf of Mexico, while the pre-
cipitation in the Basin and Range mainly derives from the
eastern Pacific Ocean, off coastal Mexico (Fig. 1A; Adams
and Comrie, 1997). Due to Rayleigh distillation, as water
vapor moves inland the heavier isotopes are preferentially
precipitated, resulting in isotopically lighter precipitation
with increasing distance from the source. This helps explain
the observation that higher dDP values are found at either
end of the transect, and lower dDP values are found in
the central portion of the transect. The lowest dDP values
are found at Mary’s Lake, �105�W (Fig. 2). This site is
the farthest from both vapor sources and is at high eleva-
tion (2155 m) (Table 1).

The dDlake values along the transect are controlled not
only by dDP, but also by the degree of evaporation and lo-
cal hydrological conditions. Evaporation causes lake water
to become isotopically enriched in D and 18O, relative to
precipitation (Gat, 1996). The evaporative effect explains
the observation that dDlake values are higher than dDP val-
ues within the Great Plains. However, the lake waters from
the Basin and Range do not show isotopic enrichment with
respect to precipitation (dD values of lakes fall within 95%
confidence intervals of estimated dD values for local precip-
itation; Fig. 2). This could be due to the fact that all Basin
and Range lakes in this study are reservoirs, representing
dammed rivers that originate in adjacent mountains (Table
1). The rivers are fed by precipitation within their catch-
ments, including melt water from wintertime precipitation
(e.g., snow) in the mountains. The water delivered to the
reservoirs by river input is thus depleted in deuterium rela-
tive to precipitation falling directly onto the reservoirs (i.e.,
our estimated dDP). Subsequent evaporative enrichment in



Table 2
dD values and mean values ± standard deviation of long chain n-alkanoic acids from individual species cultured in growth chamber

Species Life form RH = 80% RH = 60% RH = 40%

C26 C28 C30 C26 C28 C30 C26 C28 C30

Fraxinus americana L tree �156 �142 �136 – �141 �129 �136 �139 �133
Fraxinus americana L tree �160 �162 �160 – �145 �152 �134 �156 �141
Fraxinus americana L tree �163 �152 �155 – �135 �136 �132 �139 �139
Fraxinus americana L tree �143 �134 �132 – �134 �121 – �121 �125
F. americana mean �156 ± 9 �147 ± 13 �146 ± 14 – �139 ± 5 �135 ± 13 �134 ± 2 �139 ± 14 �134 ± 8

Carya glabra tree �157 �153 �142 – �152 �144 – �152 �140
Acer rubrum L. tree �171 �167 �160 �149 �157 �148 �138 �144 �133
Acer rubrum L. tree �169 �163 �151 �138 �143 �135 �141 �146 �135
Acer rubrum L. tree �162 �154 �147 �128 �136 �136 �139 �150 �144
A. rubrum mean �168 ± 5 �161 ± 7 �153 ± 7 �138 ± 11 �145 ± 11 �140 ± 7 �139 ± 1 �146 ± 3 �137 ± 6

Quercus rubra L. tree �183 �171 �166 �169 �177 �169 �167 �173 �166
Quercus rubra L. tree �170 �163 �159 �146 �159 �159 �145 �153 �153
Quercus rubra L. tree �155 �165 �170 �150 �172 �178 �125 �167 �173
Q. rubra mean �169 ± 14 �167 ± 4 �165 ± 5 �155 ± 12 �170 ± 9 �168 ± 9 �145 ± 21 �164 ± 11 �164 ± 10

Thuja occidentalis tree �154 �134 �128 �141 �136 �125 �140 �139 �133
Thuja occidentalis tree �138 �133 �134 �143 �140 �131 �140 �141 �136
T. occidentalis mean �146 ± 11 �134 ± 1 �131 ± 4 �142 ± 1 �138 ± 3 �128 ± 4 �140 ± 0 �140 ± 1 �135 ± 2

Picea glauca tree �158 �141 �139 �152 �138 �138 �156 �147 �153
Picea glauca tree �161 �146 �145 �156 �141 �139 �151 �144 �144
P. glauca mean �159 ± 2 �143 ± 4 �142 ± 4 �154 ± 3 �139 ± 2 �139 ± 1 �154 ± 4 �145 ± 3 �149 ± 6

Zea mays L. grass �165 �156 �160 �162 �154 �151 �158 �157 �166
Zea mays L. grass �164 �154 �146 �159 �159 �164 �155 �164 �163
Z. Mays mean �164 ± 0 �155 ± 2 �153 ± 10 �161 ± 2 �156 ± 3 �157 ± 9 �157 ± 2 �160 ± 5 �165 ± 3

Dactylis glomerata L. grass �208 �190 �178 – �192 �189 – �188 �183
Dactylis glomerata L. grass – �191 �189 – �194 �183 – �174 �170
D. glomerata mean �208 ± 0 �190 ± 1 �184 ± 7 – �193 ± 1 �186 ± 4 – �181 ± 10 �177 ± 9

Alopecurus spp. grass �162 �158 �147 �170 �167 �160 – – �
Alopecurus spp. grass �169 �162 �149 �161 �164 �159 – – �
Alopecurus spp. grass �165 �160 �157 �157 �163 �159 – – �
Alopecurus mean �166 ± 4 �160 ± 2 �151 ± 5 �163 ± 6 �165 ± 2 �159 ± 1 – – –

Phleum pratense L. grass �166 �160 �150 �166 �159 �143 �147 �144 �135
Phleum pratense L. grass �166 �152 �150 �159 �158 �158 �141 �138 �131
Phleum pratense L. grass �169 �160 �132 �158 �152 �130 �146 �144 �136
P. pratense mean �167 ± 2 �157 ± 4 �144 ± 10 �161 ± 4 �156 ± 4 �144 ± 14 �145 ± 3 �142 ± 4 �134 ± 3
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the reservoirs might counter the influence of lower dD val-
ues of the winter snow precipitation, and help explain the
similarity between dDlake and the estimated dDP in the Ba-
sin and Range (Fig. 2).

As a further test of our explanation for lake water dD

variations described above, we used the Craig-Gordon
model to calculate the isotope ratios of lake water at steady
state (Craig and Gordon, 1965; Gat, 1996), by assuming
that all lake waters had the initial dD values of the precip-
itation prior to evaporative enrichment.

P ¼ Qþ E ð1Þ
PdP ¼ QdQ þ EdE ¼ QdL þ EdE ð2Þ

where P, Q and E represent the amount of precipitation,
outflow, and evaporation, respectively, and dP, dQ, and dE

are their associated hydrogen isotope ratios. dL is the D/
H ratio of lake water (note dL = dQ). We adopted the mod-
ified Craig-Gordon model described by Gibson and Ed-
wards (2002),

dE ¼
a�dL �RH� dA � ðe� þ eKÞ

1�RHþ 10�3eK

ð3Þ

where e* is the equilibrium isotopic enrichment factor
[e* = 1158.8(T3/109) � 1620.1(T2/106) + 794. 84(T/103) �
161.04 + 2.9992(109/T3), T is temperature (K) (Gibson and
Edwards, 2002)]. a* is the equilibrium isotopic fractionation
factor, a* = (1 + 10�3e*). eK is the kinetic isotopic enrich-
ment factor [eK = 12.5 � (1-RH)]. dA is the D/H ratio of
atmospheric water vapor, estimated assuming equilibrium
with flux-weighted precipitation (dA = a*dP � e*; Gibson
and Edwards, 2002). RH is relative humidity, obtained
from the NOAA Climate Diagnostic Center (http://

http://www.cdc.noaa.gov/
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www.cdc.noaa.gov/) for individual study sites. Mean an-
nual precipitation and pan evaporation data are from the
State Climatological Summaries (http://nndc.noaa.govge-
tsiteref) for each site (Table 1). Pan evaporation data for
lakes in Texas were also obtained from Texas Evapora-
tion/Precipitation website (http://hyper20.twdb.state.tx.us/
Evaporation/evap.html), and evaporation from lake sur-
faces has been estimated as 70% of that measured from
evaporation pan (e.g., Gonfiantini, 1986; Gibson and
Edwards, 1996; Gibson et al., 1998; Smith and Freeman,
2006).

Rearranging Eqs. (1)–(3) yields

dL ¼
P
E

dP þ
RH� dA þ e� þ eK

A�

� �
a�

A�
þ P

E
� 1

� ��
ð4Þ

where A* = 1 � RH + 10�3eK. We can obtain modeled D/
H ratios of lake water (dDmodel = dL) from Eq. (4). dDmodel

for all the lakes along the SW transect are plotted in Fig. 2.
For lakes in the Plains, the dDmodel values are similar to the
measured dDlake values, consistent with our explanation
that these lakes are largely recharged by local precipitation.
However, for most lakes/reservoirs in Basin and Range, the
dDmodel values are markedly higher than the measured
dDlake values. The data are again consistent with our expla-
nation that the Basin and Range reservoirs are mainly re-
charged by rivers rather than by local precipitation. The
dD values of river water (sourced at colder temperatures
and higher elevations than the reservoirs they recharge)
are expected to be lower than the estimated local dDP,
resulting in the correspondingly lower dD values for the ob-
served lake waters than the modeled lake waters (the local
dDP is used to represent the initial or un-evaporated lake
water in the model calculation) (Fig. 2).

4.2. Sedimentary dDwax as a proxy for dDP: insights from the

natural transect

Sedimentary dDwax values are strongly correlated
(R2 = 0.76) with mean annual dDP values along the entire
transect (Fig. 3A). Similar correlation (R2 = 0.77) is ob-
served between dDwax values and mean summer (April–
October) dDP values calculated from OIPC. Water is the
30 40 50 60 70 80 90
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Fig. 5. The correlation between RH and apparent isotopic enrichment
modeled soil water (ewax–soil water) assuming fe = 15%, (C) modeled soil wa
15% to 25% for our study sites. ewax–soil water = [(D/H)wax/(D/H)soil water �
Glacial Lake) and SRL (Santa Rosa Lake) show different ewax-p values (
ultimate source for hydrogen in plant tissues, and organic
matter derived from terrestrial plants should record the iso-
topic ratio of soil water, which is ultimately recharged by
precipitation. The dD values of sedimentary leaf waxes
could thus be expected to correlate with dDP at a large
scale. However, there are a number of other factors that
could significantly impact the relative strength of this corre-
lation. Two prominent factors are: (1) changes in evapora-
tive isotopic enrichment at different RH due to evaporation
from soil and leaf surfaces, and (2) variations in the appar-
ent hydrogen fractionation among different vegetation
types. Both factors could potentially impact dDwax so
strongly that reconstruction of dDP from dDwax would be-
come too complicated and inaccurate for paleoclimate
applications.

Surprisingly, however, even with the dramatic changes
in RH and vegetation type along the lake surface sediment
transect, the average apparent isotopic enrichments be-
tween local precipitation and sedimentary leaf waxes
(ewax�p) do not differ significantly over the entire transect
(�98.8 ± 7.8&, Fig. 5). This finding would suggest that
the combined impact of environmental factors (e.g. vegeta-
tion cover, RH) is relatively small. Moreover, the stronger
correlation between dDwax and dDP in dry regions
(R2 = 0.84) relative to the entire transect or the more humid
regions (Fig. 3B) may imply that dDwax tracks dDP varia-
tion with greater fidelity in dry regions. We will provide a
detailed interpretation for this observation in Sections 4.3
and 4.4 after presenting data from growth chamber and
model calculations.

Three lakes of the transect (Animas Ditch (AD), Upper
Glacial Lake (UGL), and Santa Rosa Lake (SRL)) stand
out as having significantly different ewax�p (Fig. 5). These
exceptions can be understood in the context of their local
geographical and hydrological settings. Animas Ditch is lo-
cated adjacent to a major highway, within an extensive
playa (dry lake bed). dD values measured for Animas Ditch
(dDlake = 4&), a small remnant pond, are much higher than
other lakes in Arizona (dDlake � �40 to 110&), indicating
the influence of very strong evaporation. Therefore, excep-
tionally strong evaporation of soil water at Animas Ditch
could explain the reduced ewax�p. Upper Glacial Lake
70 80 90
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see text for discussion).
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receives water from nearby glaciers, and both precipitation
and lake water show low dD values (�96 and �94&,
respectively). Glacial melt water and snowmelt in the catch-
ment of this high-elevation lake may represent a large pro-
portion of the soil water recharge. Plants utilizing this soil
water would produce leaf waxes with correspondingly low
dD values. Santa Rosa Lake is a recently constructed
man-made reservoir, completed in 1981. Disturbance asso-
ciated with construction activities may complicate the
dDwax signal of surface sediment. Reservoirs are dammed
rivers. It is therefore possible that a small fraction of the
leaf waxes in sediments might have been contributed from
fluvial input. However, we collected all of our sediment
samples from the deepest part of the reservoirs (dammed
side), minimizing the fluvial components. Therefore, the
leaf waxes extracted from the lake sediments in this study
should reflect primarily the local vegetation inputs.
4.3. The effect of RH on ewax�p
4.3.1. RH and ewax�p variation along the transect

The apparent isotopic enrichment between local precip-
itation and sedimentary leaf waxes (ewax�p) is plotted
against RH in Fig. 5A. There appears to be a small decrease
in absolute ewax�p values as RH decreases, although the cor-
relation between RH and ewax�p is relatively weak
(R2 = 0.28). To better understand whether soil evaporation
or plant evapotranspiration causes the RH effect on ewax�p,
we estimated the D/H ratios of soil water (dDsoil) at all sites
using the modified Craig-Gordon model. We then took the
fraction of evaporative water into consideration and
adopted a binary isotope model (Smith and Freeman,
2006):

dDsoil ¼ ð1� feÞ � dDP þ fe � dDmodel ð5Þ

where dDmodel (the modeled dD ratios of soil water sub-
jected to evaporation) is calculated from Eq. (4); fe is the
fraction of soil water subjected to evaporation in bulk soil
water. Because accurate measurements for fe are not avail-
able for all sites along the SW transect, fe was set to 20%
according to Smith and Freeman (2006) who modeled soil
evaporation over a similar relative humidity range. The esti-
mated ewax–soil shows no correlation to RH (R2 = 0.01,
Fig. 5B). However, because the assumption of constant fe

along the SW transect might be too simplistic (fe could be
relatively higher in dry regions, such as in Basin and Range,
than in wet regions, such as the Plains), we also modeled the
soil water under the condition that fe increases linearly from
15-25% for our sites from east to west along the transect.
The new model results (shown in Fig. 5C) still show no sig-
nificant correlation between RH and ewax–soil (R2 = 0.01),
suggesting that the small effect of RH on ewax�p in our tran-
sect samples may be primarily due to soil evaporation
rather than plant transpiration.

4.3.2. RH and ewax�p: growth chamber experiments

Natural samples are inevitably influenced by many com-
plicated environmental factors that may affect dDwax, and
varying levels of inaccuracy exist in estimates of precipita-
tion dD. To examine the effect of RH on dDwax while min-
imizing the complications inherent to natural systems, we
conducted controlled plant growth experiments. The plants
selected for the growth chamber experiments include broad
leaf trees, conifers, C3 grasses and C4 grasses, and represent
the typical plant types found in the catchments of lakes in
the southwestern United States. The results of the growth
experiments indicate that the effect of RH on the apparent
hydrogen isotopic enrichment between irrigation water and
leaf waxes (ewax–water) is very small (Fig. 4). The average
ewax–water values for plants grown at 80, 60 and 40% RH
are �114 ± 14, �111.5 ± 17, and �107 ± 15&, respec-
tively. Therefore, the ewax–water values only increase by
�7& over a 40% change in RH.

In order to quantify and to better understand the minor
effect of RH on isotopic fractionation between plant leaf
waxes and water, we modeled plant leaf water D/H ratios
at different humidity levels using the modified Craig-Gor-
don model of Flanagan et al. (1991) and Roden et al.
(2000), which considers the leaf boundary layer and diffu-
sion through stomata (Eq. (6)). We also applied the same
isotopic model to simulated plants around the lakes along
the SW transect, to examine the RH effect on the isotopic
composition of leaf waxes in the lake surface sediment.

Rleaf ¼ a� aKRsoil

ei � es

ei

� �
þ aKBRsoil

es � ea

ei

� �
þ Ra

ea

ei

� �� �

ð6Þ

where Rleaf, Rsoil, Ra refer to the D/H ratios of leaf water
subject to evaporation, soil water, atmospheric water va-
por, respectively. a* is the equilibrium fractionation factor;
aK is kinetic fractionation associated with diffusion in air,
and aKB is the kinetic fractionation associated with diffu-
sion through the boundary layer (aKB = (aK)2/3; Roden
et al., 2000). ei, es, and ea represent the vapor pressures of
intercellular air spaces in the leaf, leaf surface, and the
atmosphere, respectively. These vapor pressures were esti-
mated using stomatal conductance and transpiration rate
(Ball, 1987; Roden et al., 2000). Eq. (6) estimates the leaf
water dD values at the site of evaporation. Because not
all of the water within the leaf is subjected to evaporation,
a correction is needed for bulk leaf water isotopic ratios
(dbulk).

dbulk ¼ dleaf fl þ dsoilð1� flÞ ð7Þ

where fl is the proportion of the leaf water subjected to
evaporative enrichment and ranges from 13% to 33% (Flan-
agan et al., 1991); because the accurate measurements of fl

are not available, fl is set at 15% for all sites in this study in
order to provide the most conservative estimate.

The model results for growth chamber plants and field
plants are plotted in Fig. 6A and B, respectively. To facili-
tate comparison between the RH effect on the D/H ratios of
soil water and leaf water, the precipitation for plants from
the field is set to �49&, the same as the irrigation water
used in the growth chamber experiments. To be consistent
with the plants in the growth chamber, the temperature in
the field model was set to 20 �C. However, there are differ-
ences between the growth chamber model and the field
model. dDsoil in the growth chamber experiments approxi-
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mately equals dD of irrigation water because the plants
were irrigated every two days, minimizing evaporative ef-
fects (note plant transpiration does not fractionate D/H ra-
tios of the remaining water inside the growth chamber).
Therefore, the RH effect on soil water in the growth cham-
ber experiment is negligible. However, when modeling field
conditions, soil evaporation must be considered. dD of soil
water is estimated using Eq. (4), where fe is set to 20%
according to Smith and Freeman, 2006 and as discussed
in Section 4.3.1. In other words, the field model takes into
consideration both soil evaporation and plant transpira-
tion, whereas the growth chamber model considers only
plant transpiration. The modeled dDleaf water value is
�46& at RH = 80%, dDleaf water = �43& at RH = 60%
and dDleaf water = �40& at RH = 40% for the growth
chamber plants. This 6& modeled increase in dDleaf water

as RH decreases from 80% to 40% agrees well with the ob-
served increases in dDwax of 5.7& as RH in the growth
chambers was lowered from 80% to 40% (Fig. 4). The effect
of RH on the D/H ratios of leaf water is small, as we ob-
served in the transect samples (Fig. 5). For the simulated
field plants, modeled dDleaf water is slightly higher at corre-
sponding humidity levels, �36, �27, �19&, due to the
additional isotope fractionation associated with soil water
evaporation. dDleaf water increases by 17& when RH de-
creases from 80% to 40%. This modeled RH effect must rep-
resent an average value, as natural desert plants show large
variability in their leaf water isotopic ratios (e.g., Gat et al.,
2007). Inevitably, growth chamber results can never fully
represent all the complex variables of natural settings.

4.4. The effect of vegetation types

Recent work has shown that there is significant differ-
ence in dDwax among different plant types. Our recent
study at Blood Pond, MA shows that dDwax values from
trees are �40 to 50& higher than those from grasses
(Hou et al., 2007a). Because all plant samples at the Blood
Pond site receive the same precipitation, our results sug-
gest significantly larger apparent hydrogen isotopic frac-
tionation during leaf wax synthesis in grasses relative to
trees. Similarly, Krull et al. (2006) found that leaf waxes
from grasses and grassland soils are �50& lower than
those from trees and woodland soils. Discrepancy between
the dDwax of grasses and trees was also reported by Liu
et al. (2006), although the precipitation dD values in their
study were not well constrained. The vegetation change
along the SW transect is dramatic, shifting from shrubland
to savanna to temperate grassland to subtropical forest
(Fig. 1C). Relatively small ewax�p would be expected in
the eastern Texas Plains due to more extensive forest cov-
er, while relatively large ewax�p would be expected in the
western part of the transect due to more extensive grass-
land, shrubland and CAM plants. However, these expecta-
tions are not observed and the large changes in vegetation
cover are accompanied by a relatively small change in
overall ewax�p. We hypothesize that the opposing hydrogen
isotope fractionation effects of RH (as expressed in the
above model and our growth experiments) and vegetation
type offset one another and result in relatively constant
ewax�p across the transect.

In order to test our hypothesis, we modeled separately
the effects of RH and vegetation cover on dDwax ratios
along the southwestern US transect. First, we used the soil
water model (Eq. (5)) and leaf water model (Eq. (7)) to esti-
mate the effect of RH on dDwax variation, while holding the
vegetation constant (assuming 100% tree cover) (Fig. 7A).
We then calculated the effect of vegetation types on dDwax

values by holding RH constant (assuming RH = 100% for
all sites). We used a binary isotopic model to estimate the
vegetation effect. Because we were unable to find accurate
productivity data for different plant types (e.g., trees,
grasses, shrubs, CAM plants) along the transect, we as-
sumed that the relative proportion of trees vs. grasses–
shrubs is linearly correlated to RH. CAM plant leaf waxes
have mean enrichment factor ewax�p values � � 145& (Chi-
karaishi and Naraoka, 2003; Chikaraishi et al., 2004).
Therefore, similar to an increase in grass–shrub cover, an
increase in CAM plants relative to trees should also in-
crease the ewax�p, justifying our use of a simple two end
member model to simulate the vegetation effect along the
SW transect.
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The combined vegetation and RH effects are shown in
Fig. 7A. To simplify the plots, we show the polynomial
regression for the measured and modeled D/H ratios of leaf
wax (dDwax(model)) values and dDp values along the transect.
The dDwax(model) � dDp curve matches the measured
dDwax � dDp well (Fig. 7A), supporting our hypothesis that
the opposing RH and vegetation effects could regulate
dDwax values. Altering the modeled relationship between
percent tree cover and RH (by varying the coefficient of
the linear relationship from 0.7 to 1.2) only results in minor
changes in the modeled dDwax (Fig. 7B and C). Of course,
our model is a simplification of natural systems, and many
other environmental factors may also play a part in deter-
mining the ultimate ewax�p values at any given site. More-
over, there is very little published data showing that the
vegetation effect extends to very arid regions. However,
we are encouraged to see that this simple model experiment
closely matches our observations. It is likely that the RH
and vegetation effects are not always perfectly canceled.
For example, we observe two distinct relationships between
dDP and dDwax in the transect data (one for the dry portion
and one for the wet portion) (Fig. 3B). In the Basin and
Range, the dominance of grassland and shrubland may
produce more leaf waxes with lower D/H ratios, resulting
in a vegetation effect that overwhelms the RH effect. This
would explain why sites from the Basin and Range show
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a greater slope in the relationship between dDP and dDwax

than those from Texas Plains (Fig. 3B).
Vegetation cover may also explain the much stronger

correlation between dDwax and dDP observed in the dry
portion of the transect (Fig. 3B, R2 = 0.84 for Basin and
Range, R2 = 0.64 for the Plains). Diverse types of vegeta-
tion, more variable seasonal dDP values, groundwater vs.
summer precipitation input, and difference in plant growth
seasons in the Plains may introduce greater variability to
sedimentary dDwax values, thereby introducing noise to
the dDwax � dDP correlation over the more humid portion
of the transect. In contrast, plants in dry regions might only
grow in the rainy season, when soil water is available,
reducing the variability in source water dD values used by
plants during leaf wax biosynthesis.

5. IMPLICATIONS TO PALEOCLIMATE

RECONSTRUCTIONS

5.1. Wet and/or cool regions with high P/E ratio

The dD values of aquatic lipids, biosynthesized using
lake water, show strong correlation with dD values of lake
water at a nearly constant isotopic fractionation (Sauer
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Fig. 8. The schematic variation of D/H ratios for low RH and/or warm
This panel is adapted from Sachse et al. (2006)). e1, e2, e0 1, e0 2 represent
water; ebio and e0 bio are the hydrogen isotopic enrichment during biosynth
are the apparent hydrogen isotopic enrichment from precipitation to leaf
water due to evaporation.
et al., 2001; Huang et al., 2002, 2004; Hou et al., 2006;
Hou et al., 2007b). In cool and wet regions, such as north-
eastern North America (Huang et al., 2002) and western
Europe (Sachse et al., 2004), lake water is mainly re-
charged by precipitation and/or ground water. Therefore,
dD values of lake water more closely represent dD of
mean annual precipitation (Fig. 8, right panel). However,
dDwax values, especially those from low lying areas, are af-
fected by multiple factors, including multiple water
sources (direct precipitation, groundwater), seasonality of
precipitation, and diversity of vegetation cover. In addi-
tion to precipitation, plants can also use the shallow
ground water for biosynthesis. The groundwater in north-
eastern North America is mainly recharged in early spring,
which adds isotopically-distinct (relative to direct summer
precipitation) source water for plants. Diversity of plant
types could also introduce significant uncertainties to the
sedimentary dDwax ratios, as different plant types at the
same site have been shown to produce leaf waxes with
quite different dDwax values (Krull et al., 2006; Liu
et al., 2006; Hou et al., 2007a; Liu and Huang, 2008).
Therefore, dDwax values from higher RH and/or cool re-
gions could, generally, show larger variability relative to
dD of precipitation (Fig. 8).
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5.2. Dry and/or warm regions with low P/E ratios

In relatively dry and warm regions, such as the western
part of the transect in this study, the evaporation effect on
soil water and leaf water is enhanced due to the low RH
(e1, e2 in Fig. 8). The net biosynthetic H isotopic fraction-
ation (ebio in Fig. 8) also increases relative to wet regions
because of the reduced input from trees (Liu et al., 2006;
Hou et al., 2007a). In such regions, dD values of aquatic
lipids (which record the isotopic composition of lake
water) are isotopically enriched relative to precipitation
due to strong evaporation. Therefore, in dry regions the
dD values of terrestrial leaf waxes may prove to be better
proxies for dD of precipitation. Since speleothems tend
not to form in areas of insufficient precipitation, leaf
waxes extracted from lake sediments may provide the best
opportunity for reconstructing the dD of precipitation in
arid regions. Saline lakes in arid regions, recharged by
mountain glaciers (e.g., Mono Lake in the Western U.S.;
Lake Qinghai in China), could represent excellent candi-
dates for paleohydrological reconstruction using the dD

of leaf waxes.

6. CONCLUSIONS

The hydrogen isotopic composition of higher plant leaf
waxes represents an effective proxy for dD of past continen-
tal precipitation. The proxy may prove particularly useful
in dry regions, such as those with annual precipitation low-
er than 400 mm shown in this study. It appears that plants
grown in dry regions use direct precipitation as source
water for biosynthesis, as a means to maximize their water
use efficiency. If this is indeed the case, leaf waxes from
these plants are likely to track precipitation dD values with
high fidelity. While the relationship between dDwax and dDP

is also strong in wetter regions (such as those with annual
precipitation exceeding 400 mm in this study), complicating
factors such as multiple water sources (e.g., groundwater vs.
summer precipitation), seasonality of precipitation and
diversity of vegetation types could lead to reduced fidelity
of dDwax as a paleohydrologic proxy. However, because
the sites in this study are restricted to the Southwestern
United States, more research is needed to test whether
our findings are also applicable to other regions around
the world.

Our growth chamber experiments indicate that the effect
of RH on dDwax is small. Changing RH from 80% to 40%
led to a mere �7& increase in hydrogen isotopic enrich-
ment in ewax–water. The experimental results are consistent
with output from the latest leaf water model. Based on
model results using the natural transect data, soil evapora-
tion appears to make the largest contribution to the hydro-
gen isotopic variation induced by changes in relative
humidity. However, the isotopic effect of relative humidity
changes on plant leaf water and leaf waxes appears to be
partially cancelled by the opposing isotopic effects of chang-
ing vegetation cover. We were able to reproduce the ob-
served relationship between dDwax and dDP along our
southwestern US transect using a simple model by combin-
ing the effects of RH with those of vegetation cover.
In arid settings, the combination of D/H ratios of terres-
trial leaf waxes and aquatic lipids may provide important
information concerning the past variability of the hydro-
logic cycle, including changes to both the isotopic composi-
tion of precipitation and lake water evaporation. In wet
and/or cool regions, aquatic lipids from lakes in low lying
areas are particularly useful for reconstructing past precip-
itation dD values. Leaf waxes in wet and/or cool regions
may show greater variability relative to precipitation. How-
ever, if the effects of groundwater input could be minimized
(e.g. by selecting lakes at topographic highs), leaf waxes
could also provide valuable information on the dD values
of growth season precipitation in wet and/or cool regions.
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