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Abstract We continuously monitored CO2 concen-

trations at three locations along an urban-to-rural

gradient in the Salt Lake Valley, Utah from 2004 to

2006. The results showed a range of CO2 concentra-

tions from daily averages exceeding 500 p.p.m. at the

city center to much lower concentrations in a non-

urbanized, rural region of the valley. The highest val-

ues were measured in the wintertime and under stable

atmospheric conditions. At all three sites, we utilized

weekly measurements of the C and O isotope compo-

sition of CO2 for a 1-year period to evaluate the CO2

sources underlying spatial and temporal variability in

CO2 concentrations. The results of an inverse analysis

of CO2 sources and the O isotope composition of

ecosystem respiration (d18OR) showed large contribu-

tions (>50%) of natural gas combustion to atmospheric

CO2 in the wintertime, particularly at the city center,

and large contributions (>60%) of biogenic respiration

to atmospheric CO2 during the growing season, par-

ticularly at the rural site. d18OR was most enriched at

the rural site and more isotopically depleted at the

urban sites due to the effects of irrigation on ecosystem

water pools at the urban sites. The results also sug-

gested differences in the role of leaf versus soil respi-

ration between the two urban sites, with seasonal

variation in the contribution of leaf respiration at a

residential site and relatively constant contributions of

leaf respiration at the city center. These results illus-

trate that spatial and temporal patterns of urban CO2

concentrations and isotopic composition can be used to

infer patterns of energy use by urban residents as well

as plant and soil processes in urban areas.

Keywords Urban ecology � Carbon isotopes �
Oxygen isotopes � Respiration � Fossil fuel emissions

Introduction

Human-dominated ecosystems play an increasing role

in regional C cycles, leading to interest in the study of

land–atmosphere exchange of CO2 in cities. The urban

to rural gradient of CO2 concentrations in and sur-

rounding cities has been referred to as the urban CO2

‘‘dome’’ (Idso et al. 1998, 2001). Energy use invento-

ries, measurements of soil respiratory fluxes, and

measurements of the isotopic composition of CO2 have

shown that elevated CO2 in urban atmospheres origi-

nates from a number of sources, including gasoline

combustion, natural gas combustion, and CO2 of bio-

genic origin (Clark-Thorne and Yapp 2003; Day et al.

2002; Florkowski et al. 1998; Koerner and Klopatek

2002; Pataki et al. 2003a, 2005a). The spatial and

temporal variability in these sources has not been well-

studied, but this information is important for improv-

ing our understanding of spatial and temporal patterns
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of energy and fuel use by urban residents, and also to

quantify the role of plant and soil processes in urban

areas, which is particularly poorly constrained (Pataki

et al. 2006a).

In a previous study, we showed that a mass balance

approach utilizing measurements of urban CO2 con-

centrations, the C isotope ratio (d13C) and O isotope

ratio (d18O) of CO2, and the isotope ratio of local CO2

sources can be applied toward partitioning CO2 sources

into their component parts (Pataki et al. 2003a). The

basis of this method is the difference in d13C of natural

gas versus gasoline combustion and in d18O of fuel

combustion versus biogenic respiration. Limitations to

this approach are sampling restrictions and two-end

member assumptions associated with the Keeling plot

method, which can distinguish between a background

and a local CO2 source if their proportions do not

change during the measurement period (Keeling 1958,

1961; Pataki et al. 2003b). Using a tunable diode laser

absorption spectrometer, we measured d13C of CO2 at

5-min intervals and showed that the proportional con-

tribution of fossil fuel sources does vary on a diurnal

basis (Pataki et al. 2006b). In addition, the application

of O isotopes of CO2 to partitioning biogenic and

anthropogenic CO2 sources requires a priori estimates

of d18O of biological respiration (d18OR; see Table 1 for

list of all abbreviations). In practice, d18OR cannot be

reliably measured in urban areas due to contamination

from fossil fuel-derived CO2, and can only be modeled

with a number of assumptions regarding respiration

rates and the isotopic composition of ecosystem water

sources (Bowling et al. 2003; Lai et al. 2006b; Riley et al.

2003). Yet d18OR contains information about ecological

processes, particularly the relative contributions of

above and belowground components of ecosystem

respiration (Bowling et al. 2003). If the mass balance

approach can be used without the limitations of the

two-ended mixing model, and be can applied to solve

for d18OR rather than prescribe it, the magnitude and

isotopic composition of the urban CO2 ‘‘dome’’ can be

used to make further inferences about urban ecosystem

processes.

In this study we collected spatially and temporally

intensive measurements of CO2 concentrations, CO2

isotopic composition, and water isotopic composition

across an urban-to-rural gradient. Measurements were

collected in the downtown business district, a residen-

tial neighborhood, and a non-urbanized, rural location

in the Salt Lake Valley, Utah. The goals were to

compare and contrast CO2 concentrations, their iso-

topic composition, and their contributing sources

across this urban-to-rural gradient. We also wished to

further develop the isotopic mass balance approach to

determine urban CO2 sources for a wider range of

conditions than permitted by the Keeling plot ap-

proach. This can allow the inference of d18OR in order

to estimate the contribution of above versus below-

ground respiration to total ecosystem respiration.

Specifically, we hypothesized that:

1. Atmospheric CO2 concentrations would decline

from the city center to the residential neighbor-

hood and the non-urbanized site.

2. Gasoline combustion would dominate CO2 sources

at the city center while natural gas combustion

would dominate the residential site and biogenic

respiration would dominate at the rural site.

3. Ecosystem water sources would be most enriched

at the rural site in comparison to the two urban

sites due to frequent irrigation with relatively iso-

topically depleted water at the urban sites.

4. Biogenic respiration at the city center would be

dominated by leaf respiration due to the low pro-

portion of pervious versus impervious surfaces.

To test these hypotheses in a coupled human–natu-

ral environment influenced both by plant and soil

Table 1 List of abbreviations used in the text

CB Background CO2 concentration
CG CO2 concentration originating from gasoline combustion
CN CO2 concentration originating from natural gas

combustion
CR CO2 concentration originating from respiration
CT Total ambient CO2 concentration
K Number of observations
P Probability density function
ea Ambient vapor pressure
ei Intercellular vapor pressure
D18OE Enrichment of O isotopes at the site of enrichment

relative to the plant water source
D18OV O isotopic composition of water vapor relative

to the plant water source
d13C C isotope ratio
d13CB C isotope ratio of background CO2

d13CG C isotope ratio of CO2 derived from gasoline combustion
d13CN C isotope ratio of CO2 derived from natural gas

combustion
d13CR C isotope ratio of CO2 derived from respiration
d13CS C isotope ratio of local, non-background source CO2

d13CT C isotope ratio of atmospheric CO2

d18OB O isotope ratio of background CO2

d18OG O isotope ratio of CO2 derived from gasoline combustion
d18ON O isotope ratio of CO2 derived from natural gas

combustion
d18OR O isotope ratio of CO2 derived from respiration
d18OS O isotope ratio of local, non-background source CO2

d18OT O isotope ratio of atmospheric CO2

e* Equilibrium fractionation factor
ek Kinetic fractional factor
r SD
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processes and by decision-making related to energy

consumption and vegetation management, we col-

lected an extensive dataset on the magnitude and

variability in the urban CO2 dome and its isotopic

composition. We propose that these measurements

have great potential for inferring patterns of human

activities and biological respiration in complex, hu-

man-dominated ecosystems.

Materials and methods

CO2 measurements

CO2 concentrations and the isotopic composition of

CO2 were measured at three locations in the Salt Lake

Valley: The University of Utah campus which is sur-

rounded by a residential neighborhood, the Salt Lake

City downtown business district, and a non-urbanized,

rural region of the western valley characterized by

mixed agricultural and natural sagebrush scrub land

cover. These sites were referred to, respectively, as the

Eastern foothills site, the Downtown site, and the

Western foothills site in Pataki et al. (2005b), which

showed a map of their locations. Coordinate locations,

elevations, and street addresses of each site are shown

in Table 2 and are described in detail in Pataki et al.

(2005b). Measurements were conducted on the roof of

four-story, ~18-m-high buildings at the Eastern foot-

hills and Downtown sites. At the Western foothills site

(which will be referred to here as a ‘‘Rural’’ site for

clarity), roughness elements were much lower, such

that measurements were taken from the top of a 9-m-

tall meteorological tower.

CO2 concentration measurements were conducted

with infrared gas analyzers (LI-COR 7000 and LI-

COR 6262; LI-COR, Lincoln, Neb.) and dataloggers

(CR23x; Campbell Scientific, Logan, Utah), recording

2-min running averages every 5 min. Sampling was

conducted according to Pataki et al. (2003a, 2005b)

with the following exceptions: WMO-traceable cali-

bration standards were introduced into the gas ana-

lyzers hourly at the Downtown and Rural sites rather

than every 4 h to correct measurements to known

values, as the instrumentation for these sites was lo-

cated in outdoor, non-climate controlled enclosures.

At the Eastern foothills site the instrumentation was

located in a climate-controlled laboratory, and the

calibration standard was introduced every 2 h. During

2005, we installed quality-control cylinders at each of

the three sites to measure precision and accuracy of

each system. The two outdoor systems (Downtown and

Rural) had a precision of ±0.2 and ±0.4 p.p.m.,

respectively and an accuracy of +0.1 p.p.m.. The indoor

system (Eastern foothills) had a precision and accuracy

of ±0.2 and ±0.5 p.p.m. until September 2005 when an

additional calibration standard was introduced to the

system. This increased the precision and accuracy to

±0.1 and +0.03 p.p.m., respectively.

Sampling for d13C and d18O of CO2 was similar to

Pataki et al. (2003a, 2005b). Briefly, an automated

sampler (Schauer et al. 2003) was used to fill sets of

fifteen 100-ml glass flasks on a weekly basis from 0000

to 0500 hours mountain standard time (MST), using

the same air inlets described for concentration mea-

surements. This period was chosen because it com-

monly shows the greatest atmospheric stability, which

is important in order to maximize sampling of local

sources of CO2. Air samples were dried with

Mg(ClO4)2 prior to sampling and analyzed for d13C

and d18O with continuous flow isotope ratio mass

spectrometry (Delta Plus; Finnigan MAT, San Jose,

Calif.) as described by Schauer et al. (2005). The pre-

cision of these measurements was 0.1& for d13C and

d18O of CO2 and 0.5 p.p.m. for concentration. Isotope

ratios are expressed in d notation referenced to Vienna

Pee Dee belemnite for d13C and Vienna standard mean

ocean water for d18O.

Keeling plots of d13C and d18O of CO2

For each sample period, Keeling plots were con-

structed to determine the C isotopic composition

(d13CS) and O isotopic composition (d18OS) of local,

non-background CO2 (Keeling 1958, 1961; Pataki et al.

2003b). This method essentially removes the influence

of background CO2 with a two-ended, linear mixing

model between background and local source CO2. If

Table 2 Location and elevation above sea level of the three measurement sites in the Salt Lake Valley, Utah

Site Land cover Coordinate location Nearest cross streets Elevation (m)

Eastern foothills Residential 40�45¢N, 111�50¢W 1400 E, 200 S 1,430
Downtown Commercial 40�45¢N, 111�53¢W 200 E, 300 S 1,320
Rural Agricultural/shrubland 40�33¢N, 112�03¢W Hwy 111, 9000 S 1,580

Oecologia (2007) 152:307–322 309

123



there are more than two sources of CO2, as is generally

the case in this study, this approach is only valid if the

proportional contribution of each source does not

change during the sampling period. Estimates of d13CS

and d18OS were obtained by geometric mean regres-

sion with error bars derived from standard linear

regression (Pataki et al. 2003b). Outliers were removed

for datapoints with residuals more than 2 SDs from the

mean (Bowling et al. 2002). Estimates were obtained

only for statistically significant regressions at a = 0.05,

R2 > 0.6, and SEs <3&. Using this filter, 87% of the

sample sets at the two urban sites were retained for C

isotopes, and 41% were retained for O isotopes. At the

rural site, 47% of the sample sets were retained for C

isotopes and only 10% were retained for O isotopes.

Inverse modeling

We applied a simple set of mass balance equations for

determination of the magnitude of local CO2 sources:

CT ¼ CB þ CN þ CG þ CR ð1Þ

d13CTCT ¼ d13CBCB þ d13CNCN þ d13CGCG

þ d13CRCR

ð2Þ

d18OTCT ¼ d18OBCB þ d18ONCN þ d18OGCG

þ d18ORCR

ð3Þ

where C is CO2 concentration, d13C C isotope ratio of

CO2, d18O O isotope ratio of CO2, and the subscripts

T, B, N, G, and R refer to total ambient CO2, back-

ground CO2, natural gas combustion, gasoline com-

bustion, and biogenic respiration, respectively. In this

application, background CO2 refers to the CO2 con-

centration of the atmosphere in the absence of local

sources.

In this analysis, we solved for CN, CG, CR, and

d18OR, the most unconstrained of all the variables in

Eqs. 1–3. The isotopic composition of local fuel

sources can be directly measured, and we have char-

acterized these values in previous studies (Bush et al.

2007; Pataki et al. 2003a, 2005a). The concentration

and isotopic composition of the background atmo-

sphere can be estimated with measurements from a

National Oceanic and Atmospheric Administration

Climate Monitoring and Diagnostics Laboratory

(NOAA CMDL) monitoring station in Wendover,

Utah, which corresponds well to the minimum, after-

noon CO2 concentration recorded at our urban sites

during periods of large-scale atmospheric mixing

(Pataki et al. 2006b). d13CR has been measured

extensively in a variety of natural ecosystems, and is

relatively well constrained in C3-dominated ecosys-

tems in comparison to the other sources of variability

considered here. However, d18OR varies greatly with

the isotopic composition of the water sources of a

particular ecosystem, because respiratory CO2 in both

plants and soils equilibrates with water (Gillon and

Yakir 2001). Aboveground respiration is generally

enriched relative to belowground respiration because

CO2 in leaves equilibrates with leaf water that has

been enriched by transpiration of isotopically light

water (Farquhar and Lloyd 1993; Farquhar et al.

1993). Belowground respiration is generally more

depleted because soil CO2 equilibrates with shallow

soil water at about 5–15 cm depth that is not as

evaporatively enriched as leaf water (Flanagan et al.

1996; Miller et al. 1999). If the isotopic variation of

local water sources is known, d18OR can be modeled

as a function of the climatic variables that drive

evaporative enrichment, but only if the proportional

contributions of leaf and soil respiration are known.

In the past, we assumed a constant, arbitrary value for

the partitioning between leaf and soil respiration, so

that we could use Eqs. 1–3 to solve for CG, CN, and

CR (Pataki et al. 2003a).

As an alternative, in the current study we used an

inverse modeling approach to solve for four unknowns:

CN, CG, CR, and d18OR. For the end members, we

specified d13CG = –28& and d13CN = –37& from pre-

vious studies in the Salt Lake Valley that characterized

the isotopic composition of fossil fuel sources from

direct measurements (Bush et al. 2007; Pataki et al.

2005a, 2006b). d18OG and d18ON were assumed to be

equivalent to the theoretical value of 23.5& (the iso-

topic composition of atmospheric O2) due to the dif-

ficulty of measuring these values directly without

experimental artifacts caused by condensation. While

there is a possibility that actual and theoretical values

differ, these effects are likely to be small relative to the

range of possible values and uncertainties in d18OR

(Pataki et al. 2003a, 2005a). For d13CR, a mean value

for C3 ecosystems of –26& was specified. CB was

estimated from measurements at the NOAA CMDL

monitoring station in Wendover, about 200 km to the

west of the Salt Lake Valley (Globalview-CO2 2005).

d13CB and d18OB were specified as average observed

values of –8.5 and 41&, respectively (Pataki et al.

2005b).

For Bayesian prior constraints on the unknown

variables, CR, CG, and CN were each restricted to

0 £ CN, CG, CR £ maximum(CT–CB) with (CR + CG +

CN) = (CT–CB). For d18OR, the isotopic composition of

total ecosystem respiration is expected to fall between
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the values for isotopically enriched aboveground

respiration and relatively depleted belowground

respiration (Flanagan et al. 1996). For CO2 equili-

brated with leaf water, we modeled the isotopic com-

position of leaf water using the modified Craig–Gordon

equation:

D18OE ¼ e� þ ek þ ðD18OV � ekÞðea=eiÞ ð4Þ

where D18OE is enrichment of water at the site of

evaporation, e* temperature-dependent equilibrium

fractionation in evaporation, ek kinetic fractionation of

diffusion, D18OV isotope ratio of water vapor in air

relative to the plant’s water source, and ea/ei ratio of

vapor pressure outside and inside the leaf (Craig and

Gordon 1965; Flanagan et al. 1991, 1997). This is a

steady state model that does not consider potential

changes in leaf water content, as will be discussed

further. For these calculations, we used the mean ob-

served value for atmospheric water vapor in 2004 of –

23& measured as described below and temperature

and relative humidity data reported by the NOAA

MesoWest monitoring station (http://www.met.utah.e-

du/mesowest/) location nearest to each of our study

sites.

Prior estimates of the maximum (max.; most en-

riched) expected d18O of leaf respiration and minimum

(min.; most depleted) expected values of d18O of soil

respiration were applied, such that: min.(soil

d18O) £ d18OR £ max.(leaf d18O). These values were

modeled with estimates of the isotopic composition of

source water. In the Salt Lake Valley, winter snowmelt

is the dominant source of groundwater, surface water,

and urban irrigation water, with an average d18O of

approximately –15&. Therefore, the most depleted

expected value for soil water is –15&. To allow for

some possible enrichment of plant source water, we

used a source value of –10& in Eq. 4. The prior con-

straints for the isotopic composition of d18OR were

then specified by modeling leaf water enrichment with

Eq. 4 and assuming temperature-dependent equilibra-

tion between CO2 and with soil water or modeled leaf

water according to Majoube (1971).

Using these prior values, a Bayesian probabilistic

inversion technique (Leonard and Hsu 1999; Tarantola

2005) was used to solve for CN, CG, CR, and d18OR in

Eqs. 1–3. For this purpose, a prior probability density

function (PDF) effectively defines the range of the

estimates. A uniform distribution assumes that any

value in the defined range is equally likely. For each of

the observation periods, CN, CG, CR, and d18OR were

specified as:

JðCN;CG;CR,d18
R Þ¼

XK

i¼1

CNþCGþCR�ðCT;i�CB;iÞ
� �2

=r2
1

þ
XK

i¼1

d13
N CNþd13

G CGþd13
R CR�ðd13

T;iCT;i�d13
R CB;iÞ

� �2

=r2
2

þ
XK

i¼1

d18
N CNþd18

G CGþd18
R CR�ðd18

T;iCT;i�d18
B CB;iÞ

� �2

=r2
3

P / exp � 1

2
JðCN;CG;CR, d 18

R Þ
� �

ð5Þ

where P represents the PDF for CN, CG, CR, and

d18OR, a proportionality, and K number of observa-

tions in each period. Constants r1, r2, and r3, SD of,

CT–CB, dT
13CT–dR

13CB and dT
18CT–dB

18CB and are used to

normalize the difference between simulated data and

observed data in function J.

A Metropolis–Hastings algorithm (Gelfand and

Smith 1990; Gelman and Rubin 1992; Geman and

Geman 1984; Gill 2002; Hastings 1970) was used to

obtain samples from Eq. 5 in order to make a mean

estimation for the unknown parameters CN, CG, CR,

and d18OR for each time period. The algorithm was run

by repeating two steps: a proposing step and a moving

step. In each proposing step, the algorithm generated a

new estimation based on a previous estimation

according to a uniform proposal probability distribu-

tion. The new estimation was tested against the

Metropolis criterion to determine if it should be ac-

cepted or rejected. The mean estimation was based on

about 5,000 accepted samples of the PDF. A similar

application of this method with detailed procedures of

the Metropolis–Hastings algorithm was described by

Xu et al. (2006).

Ecosystem water measurements

The isotopic composition of water vapor was mea-

sured weekly at the Eastern foothills site from the

same air inlets as the CO2 measurements. Samples

were collected by condensing water vapor in a cold

trap placed in a dry ice–ethanol slush. A long sam-

pling period was chosen from 1200 to 1700 hours

MST in order to ensure sufficient sample sizes during

the dry summer period. Water samples were ana-

lyzed for d18O by online pyrolysis (TC EA and Delta

Plus; Finnigan MAT) according to Gehre et al.

(2004).

During the growing season, leaf, stem and soil

samples were also collected for water extraction and
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isotopic analysis from the three study sites every

2 weeks during midday. At the Eastern foothills sites,

leaf and stem samples were collected from six indi-

viduals of Pinus spp. and six deciduous species: three

Gleditsia triacanthos and three Tilia cordata. Six soil

samples were collected at 10-cm depth. At the Western

foothills site, leaf and stem samples were collected

from six individuals of Artemisia tridentata and six soil

samples were collected from 10-cm depth. At the

Downtown site, six leaf and stem samples were col-

lected from G. triacanthos as well as an additional six

samples from Acer platanoides. Soil samples were not

collected downtown as trees were grown in small

planters or sidewalk cutouts and very little exposed soil

was available. All samples were collected in vacutain-

ers, parafilmed, and frozen until extraction by cryo-

genic vacuum distillation (West et al. 2006) and

analyzed by online pyrolysis (TC EA and Delta Plus;

Finnigan MAT).

Results

Atmospheric CO2 concentrations

Mean daily CO2 concentrations from January 2004 to

May 2006 showed the expected seasonal cycle with the

highest concentrations during wintertime inversions

(Fig. 1). Among sites, the Rural site consistently

showed the lowest concentrations while the Downtown

site showed the highest. At the two urban sites, 24-h

average CO2 concentrations occasionally exceeded

500 p.p.m. in the wintertime (Fig. 1). Differences

among sites were even more apparent in the average

diurnal patterns in January versus July. In January

2005, the Downtown site showed the highest CO2

concentrations at night, but was similar to the Eastern

foothills site in the daytime, while the Rural site

showed consistently lower and relatively constant val-

ues (Fig. 2). This pattern was maintained in July 2005,
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although absolute CO2 concentrations were lower at all

three sites, particularly during afternoon, well-mixed

atmospheric conditions (Fig. 2).

The isotopic composition of CO2

The isotopic composition of local, nighttime CO2

sources as estimated with the Keeling plot method also

showed a seasonal cycle (Fig. 3). For C isotopes, the

Keeling plot intercept (d13CS) was most depleted in the

wintertime and heaviest during summer (Fig. 3, upper

panel). Among sites, the Rural site showed the heaviest

values, with d13CS exceeding the range of possible

combustion and C3 plant respiratory sources during the

growing season (Fig. 3, upper panel). For O isotopes,

there was some indication of a seasonal cycle at the two

urban sites (Fig. 3, lower panel), but during the growing

season there was too much scatter in the relationship

between CO2 concentrations and isotopic composition

to derive d18OS, such that Keeling plots during this

period were not statistically significant. For the Rural

site, which generally showed lower CO2 concentrations

than the urban sites (Figs. 1, 2), Keeling plots were

rarely statistically significant for O isotopes (P > 0.05).

As an alternative to using Keeling plots to account

for the influence of the background on local CO2, we

applied an inverse analysis to Eqs. 1–3 to solve for CR,

CG, CN and d18OR. The results showed reasonable and

intuitive patterns, with 20–60% of nighttime, local CO2

originating from biogenic respiration during the

growing season, in contrast to 0–40% contributions of

biogenic respiration during winter, depending on

location (Fig. 4a). Biogenic respiration made the larg-

est contribution to local CO2 at the Rural site and the

smallest contribution at the Downtown site (Fig. 4a).

In contrast, natural gas combustion made the largest

contribution to nighttime CO2 at the Downtown site in

winter and the smallest contribution at the rural site in

summer (Fig. 4c). The proportional contribution of

gasoline combustion remained relatively constant

throughout the year (Fig. 4b). For clarity, error esti-

mates are not shown in Fig. 4, but are shown in Fig. 5

as a function of the magnitude of the estimated percent

contribution of CR, CN, and CG to total CO2. The SDs

of the estimates were not randomly distributed, but

increased as the magnitude of the estimates decreased

(Fig. 5). In other words, there was a large uncertainty

(>50% relative error) associated with the inverse

model results when a given CO2 source was a small

(<30%) contributor to local CO2. Therefore, the most

robust estimates of CR in Fig. 4 occur during the

growing season and the most robust estimates of CN

occur in the winter.

For model validation, measured and modeled d13CT

were compared and found to be in very good agree-

ment (Fig. 6). Therefore, we further utilized the model
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to evaluate the model estimates of d18OR, which

showed some seasonality, particularly at the Rural site

(Fig. 7). There was a trend toward higher, more en-

riched values of d18OR overall at the Rural site, and for

more depleted values following summer precipitation,

although these differences were not distinguishable

based on the SD of the estimates (Fig. 7). The seasonal

pattern in d18OR was not explained by effects of sea-

sonality in the isotopic composition of water vapor on

leaf water enrichment, as d18O of water vapor showed

weekly variability but not on a seasonal basis (Fig. 7).

The isotopic composition of local water sources

There was some seasonality in ecosystem water sources

during the growing season that would subsequently

affect d18OR. At the urbanized Eastern foothills site,

d18O of soil water at 5-cm depth became more

enriched, from –13.1 ± 0.3& in May to –10.2 ± 0.9& in

October. Stem waters followed this trend, but were

more depleted overall (Fig. 8) due to plant water up-

take from lower depths. Stem waters at the Downtown

site were similar to those at the Eastern foothills site

(Fig. 8). The Rural site showed a different pattern of

stem, soil and leaf water than the urbanized sites

(Fig. 8), presumably because this site is not irrigated

and relies on lower elevation precipitation and spring

snowmelt as the plant and soil water source. Average

soil water d18O at this site ranged from –9.3 ± 0.6& in

June to –0.7 ± 2.1& in August, with stem waters more

depleted but largely mirroring soil water variability

(Fig. 8).

Midday leaf waters were much more enriched than

stem waters (Fig. 8) as expected during periods of

transpiration. We compared measured d18O of bulk

leaf water to d18O of water at the site of evaporative
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enrichment as modeled with Eq. 4. Overall, there was

good agreement for the Eastern foothills and Rural

sites (Fig. 9). For the Downtown site there were spe-

cies-specific effects, with G. triacanthos more depleted

than predicted and A. platanoides heavier than pre-

dicted for most sample collection periods (Fig. 9).

Contributions of aboveground versus belowground

respiration

As there was reasonable agreement between modeled

and measured leaf water, we used the estimates of

d18OR derived from the inverse analysis to evaluate the

potential proportional contributions of leaf versus soil

respiration to total biogenic respiration. We estimated

d18O of soil respiration from the mean observed value

of d18O of soil water observed at each site and the

temperature-dependent equilibration between CO2

and water (Majoube 1971). Similarly, we modeled d18O

of leaf respiration from the mean of observed value of

d18O of stem water and Eq. 4. We then estimated the

proportional contribution of leaf respiration to d18OR

assuming that leaf and soil respiration were the only

possible sources, (i.e., stem respiration was neglected).

For error estimates, the SD of estimated d18OR was

propagated with the SD of measured leaf and soil

water. Because there was a great deal of variability in

d18O of water sources at the Rural site, this resulted in

very large estimated errors, sometimes exceeding

100% relative error. Therefore, the results are shown

only for the two urban sites in Figs. 10, 11.

There was a seasonal pattern in the proportional

contribution of leaf respiration at the Eastern foothills

site, with relatively small contributions of <30% in

winter and large contributions of 40–80% in mid

summer (Fig. 10). At the Downtown site, there was a

relatively constant contribution of approximately 50%

leaf respiration during all periods, with the exception

of March–April, when leaf respiration constituted only

about 20% of total ecosystem respiration.

Discussion

Atmospheric CO2 across the urban to rural gradient

The seasonal cycle of atmospheric CO2 concentrations

at the Eastern foothills site observed in 2002 (Pataki

et al. 2003a) persisted in subsequent years (Fig. 1).

Elevated wintertime CO2 concentrations can often be

attributed to the effects of atmospheric temperature

inversions that result in the accumulation of urban CO2

throughout the Salt Lake Valley (Pataki et al. 2005b).

Near-ambient CO2 concentrations in the summertime

are likely due to increased convection and photosyn-
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thetic CO2 drawdown. In the summertime, CO2 con-

centrations were often similar at all three sites during

the daytime (Fig. 2). With regard to spatial variability,

the CO2 concentration record showed the hypothe-

sized urban CO2 ‘‘dome’’ effect, with the highest con-

centrations of CO2 consistently observed downtown

and the lowest at the non-urbanized Rural site (Figs. 1,

2). This spatial pattern was most pronounced during

nighttime, stable atmospheric conditions (Fig. 2).

Variability in CO2 sources

We utilized the isotopic composition of elevated local

CO2 concentrations to infer aspects of the urban eco-

system C cycle. Keeling plot intercepts for C isotopes

of CO2 showed a seasonal pattern that was very similar

at the two urban sites, but more isotopically enriched

at the non-urbanized Rural site (Fig. 3). This was likely

indicative of: (1) a smaller contribution of natural gas

combustion to atmospheric CO2 at the Rural site, and

(2) a contribution of C4 plant-derived organic matter to

respiratory CO2 fluxes. Gasoline combustion is likely

to make a larger contribution to CO2 at the Rural site

than natural gas combustion, as there are several roads

in the vicinity of the sampling site but no residences,

buildings, or other possible sources of natural gas

combustion. Respiration of C4 plant material may de-

rive from the very small proportion of C4 plant species

found in the surrounding sagebrush scrub land cover,

or from previous cropping with corn in the agricultural

portions of the site. However, historical records for the

site indicate previous cropping with C3 wheat and al-

falfa. We are not aware of industrial or other enriched

possible sources of CO2 in the immediate vicinity, al-

though periodic advection from more remote sources

may be possible. We suggest that the more likely

explanation for the enriched d13CS values outside of

the range of possible CO2 sources at the Rural site is

violations in the assumptions of the Keeling plot

method and resulting errors in the estimate.

In this study, the Keeling plot approach was limited

in its usefulness for estimating d13CS and d18OS and for

distinguishing between biogenic and anthropogenic

CO2 sources for several reasons. Firstly, it was difficult

to obtain statistically significant relationships between

CO2 concentrations and isotope composition, particu-

larly for O. This difficulty has been noted previously

for natural ecosystems (Bowling et al. 2003; Harwood

et al. 1999; Lai et al. 2006b; Mortazavi and Chanton

2002; Sternberg et al. 1998), and is compounded here

due to the presence of additional combustion-derived

CO2 sources as well as above and belowground respi-

ration, which have very different O isotope composi-

tions. In addition, we have shown previously that CO2

sources vary diurnally at the residential site in winter-

time (Pataki et al. 2006b) and this is likely true for the

other sites during other periods of the year. In that

study, the contribution of natural gas combustion to

CO2 sources peaked in early morning hours due to

residential heating versus traffic contributions. Inte-

grated during our sampling period of 0000–0500 hours,

the average fraction of natural gas combustion was

relatively similar to the 24-h average in our previous

study (Pataki et al. 2006b); however, when the pro-

portional contribution of CO2 sources changes during

the Keeling plot sampling period, the estimates are

associated with a high degree of error and may result in

intercepts outside of the range of any local sources

(Pataki et al. 2003a).
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The inverse modeling approach provided a useful

alternative, albeit one with some caveats. The results

shown in Fig. 4 followed hypothesized trends in that

biogenic respiration was highest at the Rural site and

lowest at the Downtown site. However, natural gas

combustion was highest at the Downtown site rather

than at the Residential site, contrary to the original

hypothesis. This implies that natural gas combustion for

heating played a larger role than expected at the

Downtown site relative to gasoline combustion. It

should be noted that if C4-derived plant or soil respi-

ration is in fact important at the Rural site, the pre-

scribed value of d13CR of –26& is probably too

depleted. This would result in an over-estimation of the

proportional contribution of gasoline combustion and

an under-estimation of the proportional contribution of

natural gas combustion to the total. There is also likely

to be temporal variability in d13CR in response to cli-

matic variability that was unaccounted for, although

these variations may be relatively small in comparison

to the error of the estimates. The error analysis in Fig. 5

showed that the inverse method only yielded relatively

low errors of <30% relative error when a given CO2

source dominated the total local source. Estimated

contributions from less important CO2 sources, (e.g.,

biogenic respiration during wintertime or natural gas

combustion during summer) were associated with a

very high degree of error. Hence, this method appears

to be most useful for assessing patterns of dominant

urban CO2 sources.

Isotopic enrichment of water pools across the urban

to rural gradient

At the non-urbanized site, plant and soil water isotopic

composition followed common trends for natural eco-

systems: d18O of shallow soil water became progres-

sively enriched until mid July; however, stem water

isotopes were considerably more depleted (Fig. 8) be-

cause plant water sources originated from deeper, non-

enriched water. Exceptions were 27 July and 23 Sep-

tember, when stem water isotopes appeared to reflect

uptake of enriched local, monsoonal precipitation. In

contrast, both soil and stem water isotopes at the

urbanized sites remained relatively depleted through-

out the growing season (Fig. 8) due to continued irri-

gation as hypothesized. The two urban sites showed

about 2& enrichment of plant and soil water pools

during the growing season, while the non-urbanized site

showed temporal variability in the isotopic composition

of water late in the season without a clear seasonal

trend (Fig. 8). This is likely because irrigation at the
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two urban sites became insufficient to maintain con-

stant shallow soil moisture and isotopic composition as

the dry summer season progressed. At the non-urban-

ized site, winter snowmelt was likely to be largely ab-

sent from the shallow soil by July, after which plant and

soil water pools were more influenced by summer

monsoonal precipitation events (Fig. 5) than at the two

urbanized sites.

At the downtown site, there were species differences

in leaf water enrichment that were not reflected in stem

water isotopic composition (Fig. 8). Leaf water d18O of

G. triacanthos was generally more depleted than pre-

dicted by the Craig–Gordon model, while A. platano-

ides was more enriched (Fig. 9). Bulk leaf water

enrichment which was less than predicted may be

attributable to the Péclet effect, or mixing of enriched

and unenriched water, as well as to non-steady effects

involving changes in leaf water content (Cernusak et al.

2002; Farquhar and Gan 2003; Farquhar and Lloyd

1993; Lai et al. 2006a). For Acer, which has much larger

leaves than Gleditisia, under-prediction of leaf water

enrichment may have been caused by under-estimation

of ei, which was calculated with the assumption that

leaf and air temperature were equivalent. In fact, leaf

temperature in Acer may have been higher than air

temperature during midday sampling.

Estimating sources of ecosystem respiration

with O isotopes

The Bayesian approach for solving for d18OR appears

to be very promising for improving our understanding

of overall patterns of urban ecosystem function, par-

ticularly with respect to better understanding urban

plant and soil respiration. We have previously been

unable to measure d18OR directly, due both to difficulty

in applying the Keeling plot approach for O and also

because of contamination from fossil fuel-derived CO2

in urban areas. With the inverse modeling approach,

we placed relatively large prior constraints on d18OR

and inferred the optimal set of solutions to the mass

balance. The resulting seasonal pattern of d18OR shown

in Fig. 7 has two components: increased enrichment of
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ecosystem water pools during summer months as dis-

cussed above as well as shifts in the contribution of

aboveground versus belowground respiration to total

ecosystem respiration.

The partitioning between above- and belowground

respiration shown in Fig. 10 is associated with several

potential sources of uncertainty. Sources of error not

captured in the error bars of the estimates include: (1)

non-steady state leaf water enrichment caused by

changing leaf water content, and (2) the difference

between the effects of net CO2 efflux from leaves

(considered in this analysis) and one-way fluxes (the

true influence on d18O of leaf respiratory CO2). With

regard to (1), measured and Craig–Gordon modeled

leaf water showed reasonable agreement during the

daytime (Fig. 9) but at night, bulk leaf water can de-

part considerably from that predicted by Eq. 4

(Cernusak et al. 2002, 2005; Farquhar and Cernusak

2005). This may cause an error of several per mil in the

estimation of leaf water enrichment. However, the ef-

fect of (2) may cause an error of several hundred per

mil in the estimation of the isotopic composition of

leaf-respired CO2 (Cernusak et al. 2004). This is be-

cause CO2 may diffuse into leaves, equilibrate with leaf

water, and diffuse back to the atmosphere at night if

stomata are not fully closed. Barbour et al. (2005)

found that for Quercus rubra, a common street tree

species in the Salt Lake Valley, this effect was large

near sunrise and sunset, and less significant during

other periods. Non-steady state and gross flux refine-

ments to models of leaf water enrichment and respi-

ratory CO2 are relatively recent and their importance

in a range of natural and managed ecosystems is not

yet known. A limitation to current models of both non-

steady state leaf water enrichment and the one-way

flux of leaf respiratory d18O is that estimates of night-

time stomatal conductance are required. For long-

term, continuous monitoring of relatively large areas as

in the current study, obtaining continuous, whole can-

opy estimates of nighttime conductance is very diffi-

cult. For example, sap flux measurements of whole

plant transpiration cannot be applied toward estimat-

ing conductance during conditions of low evaporative

demand (Ewers and Oren 2000), as is commonly the

case at night.

For the purposes of this study, we conducted the

partitioning exercise in Fig. 10 mainly to highlight

the fact that information on the proportional con-

tribution of above- versus belowground respiration is

present in estimates of d18OR; there is still a great

deal of progress being made on methods of extract-

ing this information. It does appear that the
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assumption of 50% contributions of leaf and soil

respiration to total ecosystem respiration made in

Pataki et al. (2003a) may be invalid for the Eastern

foothills site, particularly in the wintertime, but rea-

sonable for the Downtown site (Fig. 10). The spatial

and temporal pattern of these results is not unex-

pected: the Salt Lake City urban forest surrounding

the Eastern foothills site is dominated by deciduous

species, such that small contributions of leaf respi-

ration are likely in the wintertime. In contrast,

downtown Salt Lake City has little exposed soil

surface (hence soil sampling was not conducted

there) and was therefore hypothesized to be domi-

nated by leaf respiration.

Conclusion

In this study we used spatial and temporal variability in

atmospheric CO2 concentrations, CO2 isotopes, and

water isotopes to infer both patterns of human activi-

ties as well as plant and soil processes in urban areas.

The relative impacts of natural gas combustion and

gasoline combustion were apparent in the C isotope

composition of elevated urban CO2 when combined

with O isotopes to quantify the role of biogenic respi-

ration. In addition, the magnitude of the O isotope

composition of respiration provided information about

evaporative enrichment of water pools, irrigation, and

the contribution of leaf versus soil respiration to the

atmosphere. By conducting these measurements along

an urban to rural gradient, the effects of urbanization

and land use on the local C cycle and the isotopic

composition of C and water pools could be quantified.

Further studies in other urbanized areas are needed to

generalize these patterns and to scale the impacts of

urbanization to larger regions. Expanding long-term

monitoring of CO2 concentrations and isotopic com-

position to a variety of land cover types, including ur-

ban land cover, can greatly expand our understanding

of the C cycle.
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Appendix

An example of the Bayesian inversion input data,

constraints, and results is given for the dataset

collected on January 21, 2004 at the Residential site.

CT, d13CT, and d18OT were measured directly and are

shown below with the standard deviation in parenthe-

ses. CB, d13CB, and d18OB were interpolated from

NOAA CMDL data as described in the text. The prior

constraints are specified below. For d18OR the con-

straints were modeled from climatic data and source

water measurements as the most depleted expected

value for soil respiration and the most enriched ex-

pected value for leaf respiration during the sampling

period. The unknown values CN, CG, CR, and d18OR

were then estimated by sampling the results from

equation (5) with a Metropolis-Hastings algorithm as

described in the text. The resulting marginal distribu-

tions for about 5000 accepted estimates are shown in

Figure 11 and the means and standard deviations are

given below.

Input data

CT 429.1 (3.2)
d13 CT –11.1 (0.1)
d18 OT 38.3 (0.1)
Prior constants
CN, CG, CR >0
CN + CG + CR CT – CB

d18 OR 23& < d18 OR < 30&

Final estimates
CN 30.0 (4.8)
CG 10.3 (4.9)
CR 3.5 (3.1)
d18 OR 28.5 (0.6)
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