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Abstract:

Surface water oxygen and hydrogen isotopic values are commonly used as proxies of precipitation isotopic values to track
modern hydrologic processes while proxies of water isotopic values preserved in lake and river sediments are used for
paleoclimate and paleoaltimetry studies. Previous work has been able to explain variability in USA river-water and meteoric-
precipitation oxygen isotope variability with geographic variables. These studies show that in the western United States,
river-water isotopic values are depleted relative to precipitation values. In comparison, the controls on lake-water isotopic
values are not well constrained. It has been documented that western United States lake-water input values, unlike river water,
reflect the monthly weighted mean isotopic value of precipitation. To understand the differing controls on lake- and river-water
isotopic values in the western United States, we examine the seasonal distribution of precipitation, evaporation and snowmelt
across a range of seasonality regimes. We generate new predictive equations based on easily measured factors for western
United States lake-water, which are able to explain 69–63% of the variability in lake-water hydrogen and oxygen isotopic
values. In addition to the geographic factors that can explain river and precipitation values, lake-water isotopic values need
factors related to local hydrologic and climatic characteristics to explain variability. Study results suggest that the spring
snowmelt runs off the landscape via rivers and streams, depleting river and stream-water isotopic values. By contrast, lakes
receive seasonal contributions of precipitation in proportion to the seasonal fraction of total annual precipitation within their
watershed. Climate change may alter the ratio of snow to rain fall, affecting water resource partitioning between rivers and
lakes and by implication of groundwater. Paleolimnological studies must account for the multiple drivers of water isotopic
values; likewise, studies based on the isotopic composition of fossil material need to distinguish between species that are
associated with rivers versus lakes. Copyright  2010 John Wiley & Sons, Ltd.
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INTRODUCTION

Investigation of surface water υD and υ18O values can
elucidate climatic and hydrologic processes of relevance
for both modern systems as well as for paleoclimatic
studies (Leng and Anderson, 2003; Diefendorf and Patter-
son, 2005; Wolfe et al., 2007; Henderson and Shuman,
2009; Kebede et al., 2009; Pham et al., 2009). Surface
waters, such as lakes and rivers may reflect the isotopic
values of precipitation, which are correlated with impor-
tant variables, including the seasonality of precipitation,
temperature and elevation (e.g. Rozanski et al., 1993;
Vachon et al., 2007; Henderson and Shuman, 2009). The
υD and υ18O values of ancient meteoric precipitation may
be reconstructed from river and lake sediment and fossil
archives to understand past climatic and tectonic con-
ditions (e.g. von Grafenstein et al., 1999; Rowley and
Garzione, 2007).

In the western United States, river-water isotopic
values are depleted relative to precipitation (Kendall
and Coplen, 2001). Dutton et al. (2005) suggest that
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relatively depleted river-water isotopic values are caused
by mountain catchment effects where high elevations
have more annual snowpack and precipitation is more
depleted than at low elevations. Similarly, lake-water
isotopic studies in the Great Plains show that input-water
values are skewed towards winter precipitation despite
that the majority of precipitation falls in the warm season
(Maule et al., 1994; Akinremi et al., 1999; Yu et al.,
2002; Pham et al., 2009). In contrast to rivers in the
western United States, and to lakes in the Great Plains,
lake-water inputs in the western United States reflect the
monthly weighted mean isotopic values of precipitation
across a range of seasonal precipitation regimes (sites
shown in Figure 1; Henderson and Shuman, 2009). For
example, regionally, river-water input isotopic values are
more negative than the lake-water input values (e.g.
Figure 2). Further differences are exhibited by the linear
relationships between the υD and υ18O of river water
and lake water as river-water trend slopes decrease
with continentality while lake-water trend slopes show
no apparent geographic pattern in the western United
States (Figure 2b; Kendall and Coplen, 2001; Henderson
and Shuman, 2009). On a regional scale, a similar
relationship between lake-water input values and the
weighted mean value of precipitation has also been found

Copyright  2010 John Wiley & Sons, Ltd.
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Figure 1. A map of the western United States shows sampled lakes
as diamonds and SNOTEL stations as squares. Sampling regions are
circled: 1, Cimarron Range; 2, Canjilon and Burned Mountains; 3, San
Juan Mountains; 4, Sawatch Range; 5, Front Range; 6, Park Range and
Medicine Bow Mountains; 7, Central Wind River Mountains; 8, Union
and Togwotee Pass; 9, Beaverhead Mountains; 10, Northwest MT; 11,

McCall Area; 12, Wallowa Mountains; 13, Cascade Range

in boreal Canada; however, in this region river-water
isotopic values also reflect the weighted mean isotopic
value of precipitation (Wolfe et al., 2007). The more
depleted input-water values for rivers than for lakes in
the western United States have also been documented
in Ireland; however, the relationship among surface
waters and seasonal precipitation was not evaluated there
(Diefendorf and Patterson, 2005).

This study investigates the hypothesis that the greater
importance of winter precipitation to rivers than to
lakes in the western United States is related to seasonal
drought, precipitation and snowmelt patterns. We propose
that because winter precipitation is stored as snowpack
and then released in a relatively short time period (e.g.
Dettinger, 2005) when lakes and soils may still be frozen
(e.g. Gibson et al., 1993), that surplus water is drained
from the landscape via rivers and streams, resulting in
river-water isotopic values depleted relative to lake-water
and the monthly weighted mean value of precipitation.
To test this hypothesis, we investigate the controls on the
isotopic values of rivers and lakes by first comparing indi-
vidual lake-water isotopic values to predicted river-water
and precipitation isotopic values across a range of differ-
ent seasonal precipitation regimes in the western United
States. Secondly, we assess regional-scale lake, river and
precipitation isotopic compositions in the context of the

seasonality of precipitation and drought, the snow accu-
mulation season and the snowmelt season. Third, we
investigate easily measured controls on lake-water iso-
topic values and we generate predictive equations for
lake-water values. Finally, we discuss the implications of
the differences between rivers and lakes in mountainous
regions for modern water resources and for reconstructing
ancient environmental conditions. This is the first study
with specific reference to the relationship among lake,
river and precipitation water isotopic values with evalua-
tion of local-scale seasonal precipitation and evaporation
across a gradient of climatic regimes.

METHODS

Lake water was sampled from 100 lakes located near
SNOwpack TELemetry (SNOTEL) stations in July 2006
along a south–north transect from 35Ð80° to 45Ð25°

latitude and a west–east transect from �122Ð13° to
�113Ð90° longitude (Figure 1). Sample regions include
northern New Mexico, Colorado, western Wyoming,
southwestern Montana, northwestern Montana, central
Idaho and Oregon. Collection and analysis of lake-
water υD and υ18O and lake-surface area, volume and
mean depth are described in detail in Henderson and
Shuman (2009). Monthly climate data, including rain,
snow and snowmelt data came from 50 SNOTEL stations
located near lakes (Figure 1). Climate data was averaged
for the years 1996–2006. SNOTEL stations continually
collect precipitation and snow water equivalency data;
an overview of SNOTEL data is given in Serreze et al.
(2001).

To evaluate the isotopic values of lake water at the
regional scale, we group lake-water isotopic data by
mountain ranges, and then group nearby mountain ranges
where the linear relationship between υD and υ18O are
the same, to make a total of 13 regions (Figure 1).
To compare the υD and υ18O of individual lake-water
values and regional lake-water input values with pre-
cipitation values, precipitation values were calculated
with The Online Isotopes in Precipitation Calculator
(http://waterisotopes.org/; Bowen and Wilkinson, 2002;
Bowen and Revenaugh, 2003) to predict monthly and
annual υD and υ18O values of precipitation. Precipitation
calculations are based on latitude, longitude, elevation
and interpolation of measured data from available sites.
We calculate isotopic values of precipitation at each lake
site. Within each sampling region, the calculator found
only minor differences in the isotopic values of pre-
cipitation. Therefore, for investigations of regional-scale
controls, we use the calculator to estimate the monthly
isotopic values of precipitation at the geographic centroid
of each sampling region (Henderson and Shuman, 2009).

The regional-scale lake-water isotopic values are eval-
uated by calculating regional lake-water input values
defined as the intersection of the Global Meteoric Water-
line (GMWL; υD D 8υ18O C 10‰; Dansgaard, 1964)
and the local evaporation line (LEL). We use the GMWL

Copyright  2010 John Wiley & Sons, Ltd. Hydrol. Process. (2010)
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Figure 2. (a) Local evaporation lines (LELs) are shown by state for rivers (data from Kendall and Coplen, 2001) and by sampling region for lakes
(data from Henderson and Shuman, 2009). (b) The LEL for rivers in Colorado and for lakes in the San Juan Mountains (Reg. 3) and the Sawatch
Range (Reg. 4) are shown. Sawatch Range lakes are labelled by name. The intersection of the river LEL and the GMWL and of the lake LELs and the
GMWL are marked. The isotopic composition of the monthly weighted mean of precipitation (mean) and the surplus-weighted mean of precipitation
(surplus) for the San Juan Mountains and the Sawatch Range are shown along with the lake-water isotopic values. (c) Measured river-water isotopic
values for Colorado are shown (values from Kendall and Coplen, 2001). (d) Monthly predicted isotopic values of precipitation for lake sites in the

San Juan Mountains and the Sawatch Range are shown (data from Bowen and Revenaugh, 2003)

instead of the predicted values of local precipitation
because the GMWL is based on a large set of measured
data while predicted precipitation would be modelled on
the basis of much smaller datasets. Further, the predicted
isotopic values of precipitation fall along the GMWL in
all study regions (e.g. Figure 2d; Henderson and Shuman,
2009).

We also compare our results for lakes with published
studies of river water (Kendall and Coplen, 2001; Dutton
et al., 2005) and predicative equations of annual average
river-water isotopic values:

υ18Oriver D 3Ð2103 � 0Ð0042 ð Elevation � 0Ð0065

ð Latitude2 � 0Ð0016 ð Latitude �1�

As we did for precipitation, we use (Dutton et al.,
2005; Equation [1]) to predict the river-water υ18O values
at the location of each sampled lake as well as for the
geographic centroid of each sampling region.

Regional lake-water input and predicted river-water
isotopic values are compared to two different mean iso-
topic values of precipitation for each sampling region to
explore the importance of the seasonal precipitation and
drought. The ‘monthly weighted mean of precipitation’
takes into account only monthly amounts of precipitation,
and the ‘surplus-weighted mean of precipitation’ takes
into account the monthly balance of precipitation and
evaporation (i.e. Henderson and Shuman, 2009). Monthly
potential-evaporation data was calculated as in Whitmore
et al. (2005).

Copyright  2010 John Wiley & Sons, Ltd. Hydrol. Process. (2010)
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Table I. Variables considered for predicting lake water isotopic values

Variables Elevation Latitude open D 0,
closed D 1

Apr. to Oct.
rain/ann.
precip.

Volume (m3) Surface Area
(m3)

υ18O ‰ υD ‰

Mean 2265 42Ð82 0Ð50 0Ð35 13 731 586 536 099 �11Ð45 �97Ð04
Sd 686 3Ð78 0Ð50 0Ð09 52 280 392 1 736 891 4Ð86 25Ð86
Max 3482 48Ð95 1Ð00 0Ð52 342 268 793 12 366 640 0Ð65 �29Ð32
Min 937 35Ð80 0Ð00 0Ð21 300 1000 �18Ð48 �139Ð53
Median 2318 43Ð52 0Ð50 0Ð34 139 841 50 000 �11Ð78 �97Ð99

To evaluate the controls on individual lake-water iso-
topic values, we generate new predictive equations spe-
cific to lake-water isotopic values using stepwise linear
regressions in SPSS Statistical package (SPSS, 2006).
Predictive parameters included in the analysis were
related to (1) geography, including latitude, longitude and
elevation; (2) hydrologic residence time, including vol-
ume, mean depth, surface area and whether or not a lake
is surficially open or closed (an open lake is defined
as having surface outflow) and (3) seasonality of pre-
cipitation, including monthly fractions of total annual
precipitation, and warm- and cool-season composites of
monthly fractions (Table I). Several variables were highly
correlated and we chose the variables that explained
the most variability in isotopic values for analysis and
discussion.

HYDROCLIMATIC CONTEXT

The western United States sampling regions share the
common feature of a warm-season drought and a cool-
season moisture surplus. However, regions differ from
one another in terms of the duration, extent and tim-
ing of drought and the moisture surplus conditions
(Figure 3). The study regions can be divided into three
main seasonal precipitation regimes: southern continen-
tal (Reg. 1–5), northern continental (Reg. 6–10) and
the northwest (Reg. 11–13). Within-region variability
in precipitation amounts reflects the spatial variation
(shown by error bars) in precipitation (Figure 3) related
to the heterogeneity of precipitation in complex topo-
graphic regions (Mock, 1996). The southern continen-
tal regions have more spatial variation in warm-season
monthly precipitation amounts than in northern con-
tinental or northwest regions, while northern regions
have high spatial variability in cool-season precipita-
tion amounts (Figure 3). The longest duration of warm-
season drought (drought is defined in this study as periods
when there is greater evaporation than precipitation) per-
sists from April to September in the Cimarron Range,
New Mexico (Reg. 1), the Front Range, Colorado (Reg.
5) and the Central Wind River Mountains, Wyoming
(Reg. 7; Figure 3). The shortest duration of drought lasts
from July to August in northwest Montana (Reg. 10;
Figure 3).

The seasonal distribution of precipitation and the tim-
ing of the snowmelt season further differentiate regions

from each other. The southern-continental regions receive
between 5 and 10% of annual precipitation in each
winter month. Snowmelt begins in March and coin-
cides with low precipitation in May and/or June, fol-
lowed by high precipitation in July and August (Reg.
1–5; Figure 4). In comparison, the northern-continental
and northwest regions receive 10–20% of annual pre-
cipitation in each winter month and as little as 0% of
annual precipitation in July and August. Snowmelt in
the northern-continental and northwest regions begins
in April, but may not be complete until the beginning
of July (Reg. 6–12, Figure 4). However, in the mar-
itime Cascades, snowmelt occurs throughout the win-
ter (Reg. 13; Figure 4). In contrast to the southern-
continental regions, snowmelt in the northern-continental
region coincides with a May and June peak in precipita-
tion, followed by drought in July and August (Reg. 6–10;
Figure 4).

RESULTS

Comparison of lake- and river-water isotopes

In the western United States, the predicted range of
υD and υ18O of precipitation and river-water values
are smaller and more negative than the range of lake-
water values (Figure 5). The predicted river-water values
have a slightly larger and more negative range of
values than precipitation values (Figure 5). Precipitation
values explain 25% of the variability in lake-water
isotopic values (Figure 5a). In comparison, predicted
river-water isotopic values calculated with Equation (1)
explain 17% of the variability (Figure 5b). As described
further below, lake specific equations explain more than
60% of variability.

We investigate the role of seasonality by comparing
the isotopic composition of the monthly weighted mean
and the surplus-weighted mean of precipitation. Surplus
values are more negative than the monthly weighted
mean values, except in Reg. 13 where there is mini-
mal warm-season precipitation and these values are the
same (Figure 5c). Both the surplus and the weighted
mean of precipitation have the most negative values in
Wyoming (Reg. 7 and 8, Figure 4) and the least nega-
tive values in regions closest to the ocean (Reg. 13, 1;
Figure 4).

To determine regional-scale controls on lake- and river-
water isotopic values, we compare regional predicted

Copyright  2010 John Wiley & Sons, Ltd. Hydrol. Process. (2010)
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Figure 3. Monthly precipitation measured at SNOTEL stations and predicted evaporation values are shown. Error bars show the standard deviation
between sites within a region. Shaded areas mark periods when there is a surplus of precipitation (precipitation > evaporation)

river-water isotopic values and lake-water input isotopic
values with the two mean values of precipitation. For
example, Figure 2 shows lake- and river-water input
values and the monthly weighted mean and surplus-
weighted mean of precipitation for Colorado. Evaluation
of all the study regions shows that the predicted iso-
topic composition of river-water values fall along a 1 : 1
line with the isotopic value of the surplus-weighted mean
value of precipitation (r D 0Ð92; Figure 5d). In contrast,

lake-water input isotopic compositions fall along a 1 : 1
line with the monthly weighted mean of precipitation
(r D 0Ð84; Figure 5e). Exceptions to this include lake-
water inputs in the Front Range (Reg. 5) and the Beaver-
head Mountains (Reg. 9), which are more negative than
the weighted mean value of precipitation (Figure 5e).
However, lake-water input values for these regions are
not as negative as the moisture surplus (Figure 5d). By
contrast, lake-water input values are more positive than
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(b) Canjilon & Burned Mtns (Reg. 2)
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(j) Northwest MT (Reg.10)
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(g) Central Wind River Mtns (Reg. 7)
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Figure 4. The monthly percent of annual precipitation is shown on the left axis, the white area under the curve is snow; the grey area under the curve
is rain. Monthly snowmelt values are shown on the right axis with a dotted line. Error bars show the standard deviation between SNOTEL stations

within a region

the monthly weighted mean of precipitation in the more
southern regions (Reg. 1–3; Figure 5e).

Controls on lake-water isotopes

Analysis shows that lake-water isotopic values are dif-
ferent from river-water and precipitation isotopic values

on both regional (i.e. lake-water inputs) and local (i.e.
individual lakes) scales. We found that the quantitative
controls on the variation in lake water υ18O and υD val-
ues in the western United States can best be explained by
the following equations derived from stepwise multiple
regressions:
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Figure 5. Measured lake-water isotopic values are compared to model predictions for the same elevation, latitude and longitude for (a) precipitation
and (b) river-water. (c) The monthly weighted mean of precipitation is compared to the surplus-weighted mean of precipitation for the 13 regions
shown in Figure 1. (d) Lake-water input values (Henderson and Shuman, 2009) and predicted river-water values (Dutton et al., 2005) are shown
versus the surplus-weighted mean υ18O value of precipitation. Sampling regions are labelled by the same scheme as in Figure 1. (e) Same as (d),

but for the monthly weighted mean υ18O value of precipitation

υDlake D 168Ð080 � 0Ð027 ð Elevation � 5Ð640

ð Latitude C 20Ð496 ð �Open D 0, Closed D 1�

C 76Ð464 ð (April to October rain/

total annual precipitation) �2�

υ18Olake D 19Ð164 � 0Ð004 ð Elevation � 0Ð706

ð Latitude C 5Ð179 �Open D 0, Closed D 1�

C 16Ð885(April to October rain/

total annual precipitation) �3�

Equations (2) and (3) explain a large portion of the
variability in lake-water υD and υ18O values (adjusted
r2 D 0Ð69, 0Ð63, respectively; Figure 6a,b; Table II). The
residual values from Equation (2) and (3) are evenly
distributed (Figure 6c,d).

Latitude and elevation, the primary controls on pre-
cipitation (Bowen and Revenaugh, 2003) and river-water
isotopic values (Dutton et al., 2005), have similar powers
for predicating lake-water isotopic values (Table II). Lat-
itude of the study lakes has a 13Ð15° range (Table I); an
increase in latitude of that magnitude lowers the predicted
υ18O (υD) values of the data set by up to 9Ð28‰ (74Ð16‰)

based on point estimates of the coefficients. Elevation of
study lakes has a 2545-m range; an increase of elevation
of that magnitude would lower the predicted υ18O (υD)
values of the data set by up to 10Ð18‰ (66Ð71‰) based
on point estimates of the coefficients.

Variables that reflect local climate and hydrology
were significant for predicting lake-water υD and υ18O
(Table II). Warm-season rain ranges from 21 to 52% of
annual precipitation, and an increase of this magnitude
increases the predicted υ18O (υD) values of the data set
by up to 5Ð23‰ (23Ð70‰) based on point estimates of the
coefficients. In terms of hydrology, a binary of whether a
lake is surficially open or closed raises the predicted υ18O
(υD) values of the data set by up to 5Ð18‰ (20Ð50‰)
based on point estimates of the coefficients.

We also explored the effects of lake-size parameters,
which may be related to isotopic changes over time at a
given lake (e.g. Jones and Imbers, 2009) such as surface
area and volume (Table II). In our work, these variables
are not significant. As surface area and volume are
highly correlated (r D 0Ð94), we only discuss an in-depth
examination of volume. To examine the relationship
between volume and surficial hydrology, we explored
whether the volume coefficient varies by the binary of
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Figure 6. Measured lake-water υD and υ18O values versus predicted υD and υ18O values by (a) Equation (2) and (b) Equation (3). The frequency
distribution of residuals between modelled and (c) measured υD and (d) measured υ18O values

whether a lake is open or closed. We found no significant
relationship (Table II).

Further examinations of subsets of open and closed
lakes do not show a robust relationship between lake-
size and lake-water isotopic value (Figure 7). This holds
even when the smallest outliers are removed from the
subset of closed lakes (Table II). For surficially open
lakes, there is a negative significant relationship between
isotopic value and size, but when the seven largest lakes
in excess of sizes observed in the closed subset (and
outliers within the open subset; Figure 7) are dropped
from the dataset this relationship goes away. In summary,
within the range of lake sizes in our dataset, there is not
a robust relationship across space between lake size and
isotopic value.

DISCUSSION

Differential partitioning of seasonal precipitation to
lakes versus rivers

Analysis of seasonal precipitation, drought and
snowmelt patterns (Figures 3 and 4) and of the iso-
topic values of precipitation (Figure 5c–e) support Dut-
ton et al.’s (2005) hypothesis that snowmelt is an impor-
tant contributor to river water. Analysis in our study sug-

Figure 7. Lake-water υ18O values are compared to lake volumes for open
and closed lakes. Lakes with the smallest and largest volumes, which were

removed from some regression equations (Table II) are circled

gests that river-water isotopic values reflect the surplus-
weighted mean of precipitation because of how snowmelt
is incorporated into landscapes. Snow represents up to
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Table II. Coefficents for predicitive equations of υ18O and υD

dD predictions for all lakes

Elevation �.027 (.003)ŁŁ �.027 (.003)ŁŁ �.027 (.003)ŁŁ

Latitude �5.640 (.612)ŁŁ �5.734 (.610)ŁŁ �5.859 (.615)ŁŁ

Open D 0, closed D 1 20.496 (2.943)ŁŁ 19.287 (3.013)ŁŁ 18.264 (3.095)ŁŁ

Apr. to Oct. rain/ann. precip. 76.464 (19.886)ŁŁ 75.895 (19.723)ŁŁ 69.451 (20.217)ŁŁ

Volume (10�9 m3) �.047 (.029) �.049 (.029)Ł

(Volume (10�9 m3))Ł (open D 0, closed D 1) .685 (.510)
Constant 168.080 (34.314)ŁŁ 175.028 (34.298)ŁŁ 181.896 (34.533)ŁŁ

N 100 100 100
Adjusted R2 .683 .688 .691

dD predictions for closed lakes

Elevation �.024 (.005)ŁŁ �.025 (.006)ŁŁ

Latitude �4.915 (1.144)ŁŁ �4.894 (1.2894)ŁŁ

Apr. to Oct. rain/ann. precip. 109.629 (1.144)ŁŁ 106.724 (40.108)ŁŁ

Volume (10�9 m3) .406 (.651) 4.5E-7 (.000)
Constant 140.757 (61.436)Ł 140.912 (68.193)Ł

N 50 44###

Adjusted R2 .461 .375

dD predictions for open lakes

Elevation �.0300 (.003)ŁŁ �.031 (.0030)ŁŁ �.0300 (.0040)ŁŁ

Latitude �6.731 (.584)ŁŁ �6.813 (.5850)ŁŁ �6.622 (.6430)ŁŁ

Apr. to Oct. rain/ann. precip. 31.607 (19.797) 30.848 (19.780) 26.234 (22.400)
Volume (10�9 m3) �.055 (.020)ŁŁ �.701 (.034)Ł �.919 (.995)
Constant 240.238 (33.657)ŁŁ 245.531ŁŁ 238.156 (37.669)ŁŁ

N 50 48# 43##

Adjusted R2 .780 .788 .767

d18O predicitions for all lakes

Elevation �.004 (.001)ŁŁ �.004 (.001)ŁŁ �.004 (.001)ŁŁ

Latitude �.706 (.124)ŁŁ �.716 (.125)ŁŁ �.742 (.126)ŁŁ

Open D 0, closed D 1 5.179 (.596)ŁŁ 5.047 (.616)ŁŁ 4.835 (.632)ŁŁ

Apr. to Oct. rain/ann. precip. 16.885 (4.025)ŁŁ 16.822 (4.031)ŁŁ 15.487 (4.131)ŁŁ

Volume (10�9 m3) �.005 (.006) �.006 (.006)
(Volume (10�9 m3)) Ł (open D 0, closed D 1) .142 (.104)
Constant 19.164 (6.946)ŁŁ 19.926 (7.011)ŁŁ 21.350 (7.057)ŁŁ

N 100 100 100
Adjusted R2 .632 .631 .634

d18O predicitions for closed lakes

Elevation �.003 (.001)ŁŁ �.003 (.001)ŁŁ

Latitude �.446 (.242) �.443 (.270)
Apr. to Oct. rain/ann. precip. 26.681 (7.472) ŁŁ 26.508 (8.413)ŁŁ

Volume (10�9 m3) 0.056 (.138) .064 (.143)
Constant 8.7 (12.976) 8.672 (14.303)
N 50 44###

Adjusted R2 0.321 .253

d18O predicitions for open lakes

Elevation �.004 (.001)ŁŁ �.005 (.001)ŁŁ �.004 (6.152)ŁŁ �.004 (.001)ŁŁ

Latitude �.983 (.096)ŁŁ �.997 (.096)ŁŁ �.955 (.105)ŁŁ �.953 (.098)ŁŁ

Apr. to Oct. rain/ann. precip. 5.263 (3.250) 5.100 (3.242) 4.468 (3.658) 5.571 (3.354)
Volume (10�9 m3) �.007 (.003)Ł �.009 (.005) �.174 (.163)
Constant 36.667 (5.526)ŁŁ 37.545 (5.531)ŁŁ 35.766 (6.152)ŁŁ 34.64 (5.614)ŁŁ

N 50 48# 43## 50
Adjusted R2 .738 .75 .723 .721

Standard error of coefficents shown in parantheses.
Ł Signifigant at 5%.
ŁŁ Signifigant at 1% or better.
# Removed lake with two largest volumes.
## Removed lakes with the seven largest volumes.
### Removed lakes with six smallest volumes.
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6 months of precipitation in study regions, but melt
is released over only 2–4 months (Figure 4). Snow-
pack may melt before the ground thaws, and even if
snowpack were to melt when the ground was thawed,
the rate of water release might be greater than the local
landscape could absorb (e.g. Gibson et al., 1993). In
summary, a large portion of snowmelt is drained from
local landscapes, via streams and rivers, contributing
to more negative river-water isotopic values than the
monthly weighted mean of precipitation or lake-water
input isotopic values (Figure 5).

The differences in river- and lake-water evaporation
trends not only reflect different input-water values but
also imply differences in evaporative effects on these
systems (Figure 2). River-water local evaporation line
(LEL) slopes exhibit geographic patterns, while lake-
water trend slopes range between values of 4 and 5
and exhibit no geographic pattern (Figure 2). These
differences may be related to the different residence
times of lake water versus continually moving river
water (Gibson et al., 2002; Diefendorf and Patterson,
2005). The spatial pattern in the river-water LELs may
be related to continental effects (Figure 2). For instance,
river-water LEL slopes in Oregon are close to the GMWL
slope value, which may be related to greater relative
humidity closer to the coasts than in the interior western
United States. In comparison, the LEL in Montana has a
slope of 5, which implies evaporative evolution of water
(Figure 2; Gammons et al., 2006).

Our results suggest that seasonal processes have differ-
ent controls in the western USA mountains than in other
regions. In the western United States, lake-water inputs
reflect the weighted mean isotopic value of precipitation,
while in the USA plains lake-water inputs are skewed
towards winter precipitation (e.g. Yu et al., 2002; Pham
et al., 2009). River-water in the non-mountainous United
States reflects mean precipitation isotopic values, while in
the western United States river-water values are skewed
towards winter precipitation (Kendall and Coplen, 2001;
Dutton et al., 2005). Further, in the western United States,
lake- and river-water input isotopic values reflect dif-
ferent seasonal components of annual precipitation. In
comparison, in boreal Canada river-water and lake-water
inputs both record the weighted mean of precipitation
(Wolfe et al., 2007). It is interesting to note that though
in boreal Canada most river- and lake-water input val-
ues reflected the mean of precipitation, only one site had
input values skewed towards winter precipitation (sim-
ilar to the plains). Similar to our southern-continental
study region, 29% of sites in boreal Canada were skewed
towards summer precipitation (Wolfe et al., 2007). Our
southern-continental study regions show that lake-water
isotopic values are skewed towards summer precipita-
tion (Figure 5) when there is a second peak of annual
precipitation (Figure 4), despite that this is a period of
greater evaporation than precipitation (Figure 3). How-
ever, river water in the southern-continental regions are
more depleted than precipitation values (Kendall and

Coplen, 2001; Dutton et al., 2005), suggesting a consis-
tent difference in the seasonal contributions of precipita-
tion to lakes than to rivers in the western United States.
Why differences exist between how seasonal precipita-
tion is incorporated into rivers and lakes in the western
USA mountains, the plains and boreal Canada is beyond
the scope of this study, but warrants further investigation.

The controls on lake-water isotopic values

Latitude and elevation can explain most of the vari-
ability in river-water and precipitation isotopic values
(Bowen and Revenaugh, 2003; Dutton et al., 2005),
but these variables explain less than half of the vari-
ability in lake-water values. Individual lake-water iso-
topic values in the western United States are controlled
by regional lake-water input values, which reflect the
monthly weighted mean value of precipitation, and by
subsequent evaporation of input waters. The limit of geo-
graphic parameters to explain lake-water isotopic values,
relative to their ability to explain river and precipitation
values, is due to local-scale controls, which can vary
greatly even between lakes in the same climatic regions
(e.g. Figure 2b).

As shown by the predictive equations for lake-water υD
and υ18O, the amount of warm-season rain is an important
variable for lake-water isotopic values. The amount of
annual precipitation that falls as warm-season rain reflects
both temperature, in terms of the ratio of snow to rain,
and the seasonal distribution of precipitation. Variation
across the western United States in warm-season rain
could impact the ratio of snow to rain, evaporative
processes, the snowmelt season, and the duration of
snowpack accumulation (Figure 4). In comparison, cool-
season precipitation amounts are relatively high in all
regions (Figure 3).

Understanding the extent to which geographic, evapo-
rative and seasonal precipitation characteristics influence
lake-water isotopic values, is important for interpreting
paleorecords and for considering future changes in land-
scapes. However, it is important to note that (1) the
equations give only one value for each lake while in real-
ity lake-water isotopic values lie on a continuum deter-
mined by seasonal and annual change and (2) the error
of the predictions is greater than the relevant changes in
isotopic values related to climatic changes. For instance,
the standard error for a predicted υ18O lake water value is
2Ð95‰, which may be equivalent to a 3Ð2–5 °C change in
temperature (i.e. 1‰ change corresponds to 1Ð1–1Ð7 °C;
Clark and Fritz, 1997). We present our equations as a
quantitative analysis of the potential controls on lake-
water isotopic values across broad spatial scales. How-
ever, for such equations to be used as practical tools to
quantitatively reconstruct climate (e.g. the seasonal distri-
bution of precipitation) or landscape conditions (e.g. the
rate of flow in and out of a lake) more precise equations,
particular to individual lake conditions such as water res-
idence time, could be generated.

The effect of hydrologic residence time plays a large
and often dominant role in determining the υD and
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υ18O value of lake water via evaporative evolution (e.g.
Shapley et al., 2008). Because hydrologic parameters
are hard to measure, parameters of lake size are often
related to evaporative evolution of lake water. For
instance, Anderson et al. (2006) suggest that the ratio of
catchment-to-lake surface area for both open and closed
basin lakes effects hydrologic residence time and thus
closed lakes with small ratios of catchment to surface
area may have more evaporation. Leng and Anderson
(2003) sampled the υD and υ18O values of lake water
from 85 lakes in Greenland over 2 years and suggest that
lakes with smaller surface areas may be more sensitive
to climatic changes and evaporative effects than large
lakes. Such inferences that lake size and water isotopic
values are related may work at a given water body over
time (e.g. Jones and Imbers, 2009) and are utilized in
paleoclimatic studies, such as Kirby et al. (2004) and
Jones et al. (2007). However, the results of this study
support the findings of Jones and Imbers (2009) and
Shapley et al. (2008) that other controls, such as water
residence time, may be important over time. Further, our
study results suggest that the relationship between lake
size and isotopic value does not hold among lakes across
space in the western United States.

An example of the greater importance of local hydro-
geology versus lake size characteristics is illustrated in
the Sawatch Range, Colorado (Reg. 4; Figure 2b). We
sampled four lakes in this region: Seller, Diemer, Nast
and Ivanhoe Lakes. Seller and Diemer Lakes have the
same surface area (¾46 500 m2; Henderson and Shuman,
2009), but Diemer has a smaller volume (¾370 000 m3)
than Seller (¾431 700 m3). Diemer also has a smaller
volume than Ivanhoe (1 500 000 m3), but a larger volume
than Nast (¾26 000 m3). If large volumes and small sur-
face area limit evaporation, then we would expect Seller
to be less evaporated than Diemer. However, Seller is
more evaporatively evolved than Diemer. The compar-
ison of these lakes indicates that the influence of any
single characteristic on evaporation, such as lake size,
may be over-ridden by other hydrologic factors.

Paleoclimate implications

The υD and υ18O values of fossils and sediment
may reflect the past isotopic values of precipitation,
and thus hold great potential for understanding paleocli-
matic dynamics and tectonic uplift (e.g. Edwards et al.,
1996; Stevens et al., 2001; Baker et al., 2007; Polis-
sar et al., 2009). If quantitative relationships between
isotopic values and lake-size parameters were estab-
lished, these parameters could improve reconstructions
of past water availability (e.g. Benson et al., 2002) and
help form clear interpretations of sedimentary isotope
records. The lack of significant relationships between lake
size and lake-water isotopic values in our study may
be an artifact of studying a wide range of lake sizes
compared to the total number of lakes sampled. How-
ever, our results suggest that different relationships may
exist between lake sizes and the υ18O and υD value of

water in lakes under different hydrologic and climatic
conditions.

Our study results suggest that reconstructions of pre-
cipitation from mountainous snow-dominated regions
may need to differentiate between river-water archives
that are skewed towards snowmelt, and lake-water
archives that represent the weighted mean isotopic value
of precipitation. The difference in how seasonal waters
contribute to lakes and rivers in snow-dominated regions
also has the potential to be exploited in paleoclimate
reconstructions. For example, a comparison of river and
lake sediments or fossils could be used to reconstruct past
changes in seasonal precipitation regimes.

Paleoaltimetry studies reconstruct elevation of ancient
land. Since precipitation υD and υ18O values decrease
with increasing elevation (e.g. Chamberlain and Poage,
2000), proxies of precipitation isotopic values are used
to reconstruct the past weighted mean value of precipi-
tation as representative of the past mean elevation (e.g.
Garzione et al., 2000; Rowley and Garzione, 2007, Ber-
shaw et al., 2010). However, since variables, such as
climate and evaporative processes, affect surface-water
isotopic values that might be preserved in the sediment
record, modern studies are needed to constrain pale-
oaltimetry methods (e.g. Rowley, 2007; Polissar et al.,
2009). Our study results suggest that lake- and river-
sediment isotopic values may need to be differentiated
in snow-dominated regions, because river-water values
may be more negative than the weighted mean value
of precipitation or than lake-water values. If evapora-
tive processes can be evaluated in paleorecords, then
regional lake-water input values would provide the most
reliable source for reconstructing past precipitation iso-
topic values and, by proxy, elevation. If evaporative
effects cannot be evaluated, then lake-archive isotopic
values could provide an upper limit on precipitation val-
ues and river-archive isotopic values could provide a
lower limit.

Implications for modern water resources

Study results suggest that changes in the seasonal dis-
tribution of snow, rain and drought may impact how
seasonal precipitation is distributed on the landscape to
lakes than to rivers. Snowpack in the western United
States is estimated to contribute 75% of stream flow
and water resources. Human-induced climate change is
already reducing snowpack by contributing to winter-
melt events and rain-on-snow events (Barnett et al., 2005;
Mote et al., 2005; Westerling et al., 2006). Declines in
snowpack and early melt lead to earlier peak flows and
declines in overall amounts of stream flow, which in
turn exacerbate warm-season droughts and fires (Wester-
ling et al., 2006). Our results suggest that such changes
may lead to a redistribution of snowmelt to local land-
scapes versus rivers that might transport water to lower
elevations.

Kendall and Coplen (2001) suggest that river-water
isotopic values could be used to track the isotopic val-
ues of precipitation. The International Atomic Energy
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Agency’s creation of the Global Network of Isotopes
in Rivers (GNIRs) makes this possible. Our results sug-
gest that though river-water isotopic values may reflect
meteoric precipitation in many parts of the world, in
highly seasonal regions, such as the western United
States, river water may be skewed towards a certain
season. Further, in some locations, river-water isotopic
values reflect evaporative processes as well as pre-
cipitation values (i.e. Gammons et al., 2006). To use
river water to track the isotopic values of precipita-
tion, investigation in the region of interest is needed
to establish the relationship between river water and
precipitation.

CONCLUSIONS

Our results suggest that lake- and river-water isotopic
values in the western USA mountains incorporate sea-
sonal precipitation differently and that this is probably
because of how snowmelt is incorporated into landscapes.
Snowmelt in the western United States is released in a
short pulse when the ground is frozen or saturated, and
is drained from local landscapes by streams and rivers,
resulting in more negative input-water values to rivers
than to lakes. We are able to explain a large portion of
the variability across space in lake-water isotopic values
with easily measured geographic, climatic and hydrologic
variables. A future or past change in the seasonal distribu-
tion of precipitation, without a change in the total amount
of precipitation, could have important impacts on land-
scape hydrology. Our results suggest that paleoisotopic
studies need to differentiate lake from river fossil and
sediment archives.
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