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Summary We compared the carbon isotope composition of
ecosystem-respired CO, (8'°Cg) from 11 forest ecosystems in
Canada and the USA and examined differences among forest
S13Cg responses to seasonal variations in environmental condi-
tions from May to October 2004. Our experimental approach
was based on the assumption that variation in 8"°Cy is a good
proxy for short-term changes in photosynthetic discrimination
and associated shifts in the integrated ecosystem-level inter-
cellular to ambient CO, ratio (c;/c,). We compared §'"*Cy re-
sponses for three functional groups: deciduous, boreal and
coastal forests. The 8"Cy values were well predicted for each
group and the highest R* values determined for the coastal, de-
ciduous and boreal groups were 0.81, 0.80 and 0.56, respec-
tively. Consistent with previous studies, the highest correla-
tions between 8'>Cy and changes in environmental conditions
were achieved when the environmental variables were aver-
aged for 2, 3 or 4 days before 8'*Cy sample collection. The rela-
tionships between 8'°Cy and environmental conditions were
consistent with leaf-level responses, and were most apparent
within functional groups, providing support for our approach.
However, there were differences among groups in the strength
or significance, or both, of the relationships between §'°Cy and
some environmental factors. For example, vapor pressure defi-
cit (VPD) and soil temperature were significant determinants
of variation in 8" Cy in the boreal group, whereas photo-
synthetic photon flux (PPF) was not; however, in the coastal
group, variation in §'*Cy, was strongly correlated with changes
in PPF, and there was no significant relationship with VPD. At
a single site, comparisons between our 8'*Cr measurements in
2004 and published values suggested the potential application
of 8" Cr measurements to assess year-to-year variation in eco-
system physiological responses to changing environmental
conditions, but showed that, in such an analysis, all environ-
mental factors influencing carbon isotope discrimination dur-
ing photosynthetic gas exchange must be considered.

Keywords:  AmeriFlux, boreal forest, Fluxnet-Canada,
Keeling plot, stable isotopes.

Introduction

Studying the ecosystem physiology of forests is challenging
because forests are large, have diverse species composition
and encompass broad physiological and environmental varia-
tion. Stable isotope techniques provide a tool for studying eco-
system physiology (Flanagan and Ehleringer 1998). The car-
bon isotope composition of leaves is useful for studying inter-
actions among environmental and physiological factors that
affect CO, assimilation in forest canopies because it provides
information about photosynthetic characteristics integrated
over the life of the leaf (Flanagan and Ehleringer 1998). In
particular, the carbon isotope ratio of leaf tissue provides a
photosynthesis-weighted mean of the ratio of intercellular (¢;)
to ambient (c,) CO, concentration (Farquhar et al. 1982). The
¢;/c, ratio is important because it is dependent on changes in
photosynthetic capacity and stomatal conductance (Farquhar
et al. 1989), and because c; controls leaf physiological charac-
teristics such as water- (Farquhar et al. 1989), light- (Farquhar
and Sharkey 1982) and nitrogen-use efficiency (Field et al.
1983). How changes in environmental conditions cause
changes in the ratio of photosynthetic capacity and stomatal
conductance, with associated changes in leaf carbon isotope
ratio (8"°C), is well documented (Ehleringer and Osmond
1989, Farquhar et al. 1989).

Studies have shown that carbon isotope ratios of ecosystem
respiration (8'°Cy) are directly linked to factors that control
leaf gas exchange activities, including vapor pressure deficit
(Bowling et al. 2002, Knohl et al. 2005, Mortazavi et al. 2005,
Werner et al. 2006), soil temperature during drought
(McDowell et al. 2004), precipitation (Flanagan et al. 1996,
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Ometto et al. 2002, Pataki et al. 2003), stand structure (Buch-
mann et al. 1997) and soil water availability (Fessenden and
Ehleringer 2003, Lai et al. 2005, Ponton et al. 2006, Werner et
al. 2006). Based on these studies, we propose that measure-
ments of 8"°Cy are a good proxy for canopy-level c;/c,, and
that they provide insight into constraints on ecosystem produc-
tivity and the acclimation of ecosystem responses to climate
change. The rationale for this proposition and the data that
support it are briefly described.

Carbon isotope discrimination occurring during net ecosys-
tem carbon uptake should reflect the photosynthesis-weighted
mean of discrimination in all plants in the ecosystem. Assum-
ing that no significant fractionation occurs during respiration,
the autotrophic (plant and rhizosphere) component of ecosys-
tem respiration should release CO, with an isotopic composi-
tion reflecting that of recently fixed carbohydrates (Amthor
and Baldocchi 2001, Hogberg et al. 2001). Total ecosystem
respiration also includes carbon dioxide released from organic
matter decomposition (heterotrophic respiration), but the car-
bon isotope ratio of CO, from soil litter and humus decompo-
sition is unlikely to change on time scales of less than one year
(Trumbore 2000), and so it should not substantially alter the
carbon isotope signal associated with recent ecosystem photo-
synthesis. This proposition assumes that any partitioning and
metabolism of molecules with different '*C/'*C ratios in the
shoots and roots are balanced on a whole-plant basis so that
there is no significant difference in the carbon isotope compo-
sition of respired CO, and whole-plant biomass (Klumpp et al.
2005). Our approach is supported by recent studies demon-
strating correlations between the carbon isotope ratio of eco-
system-respired CO, and changes in vapor pressure deficit,
precipitation, soil water availability and canopy conductance
(Ekblad and Hogberg 2001, Bowling et al. 2002, Ometto et al.
2002, Fessenden and Ehleringer 2003, Pataki et al. 2003,
McDowell et al. 2004, Lai et al. 2005, Ponton et al. 2006,
Werner et al. 2006).

In this study, the carbon isotope composition (*C/">C) of
ecosystem-respired CO, was considered a proxy for short-
term changes in photosynthetic discrimination and associated
shifts in integrated ecosystem-level c;/c,. Our primary objec-
tive was to compare 11 forest ecosystems in Canada and the
USA and to test for differences among forest §'°Cy, responses
to seasonal variation in environmental conditions from May to
October 2004. We compared coniferous and deciduous for-
ests, and forests in boreal and coastal environments. We as-
sumed that the carbon isotope composition of ecosystem-re-
spired CO, varies in response to significant changes in envi-
ronmental conditions in a manner consistent with the re-
sponses documented in leaf-level studies (Farquhar et al.
1989). Specifically, the 8"C of ecosystem-respired CO,
should follow the theoretical response patterns observed at the
leaf-level, where 8'*C values increase in response to declining
soil water availability and precipitation, and increasing
photosynthetic photon flux (PPF), temperature and vapor
pressure deficit (VPD) (Figure 1). Relationships between 8"°C
and changes in PPF, air temperature and VPD should be posi-
tive because an increase in these variables normally results in
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Figure 1. Illustration of anticipated general patterns of correlation be-
tween leaf-level carbon isotope composition (8'*C) and changes in
photosynthetic photon flux (PPF), air temperature, vapor pressure
deficit (VPD) and soil water availability. Relationships between 8'*C
and changes in environmental variables were expected to be positive
(PPF, air temperature and VPD) because an increase in these variables
normally results in decreased leaf ¢;/c,. In contrast, ¢;/c, normally in-
creases with soil water availability, and so a negative relationship be-
tween soil water availability and §'*C was expected. These relation-
ships are based on our understanding of leaf-level isotope effects dur-
ing photosynthetic gas exchange (Farquhar et al. 1989).

decreased c;/c,. In contrast, c;/c, normally increases in re-
sponse to increasing soil water availability, and so a negative
relationship between soil water availability and 8"C was ex-
pected.

We realize that simple, linear relationships between ecosys-
tem-respired 8'°C and individual factors are unlikely because
of the complex interactions between environmental conditions
and physiological processes. The relationships depicted in
Figure 1 represent anticipated general patterns of correlation
between single environmental variables and §'*Cg. We applied
linear regression models to simultaneously consider multiple
environmental variables, thereby incorporating variable inter-
actions, and to avoid misinterpretation of single variable re-
sponses. We employed variable reduction methods and collin-
ear statistical indicators to identify and reduce collinearity
among independent variables in the linear regression analyses.

Materials and methods

Study sites

Seven forest sites in Canada and four in the USA were studied.
The Canadian sites are all part of the Fluxnet-Canada research
network (FCRN; Coursolle et al. 2006) and the US sites are
part of the AmeriFlux program. The location of the sites and
some basic features are listed in Table 1. All sites are mature
forests that have either regenerated naturally after fire or were
planted after forest harvest.
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Collection and analysis of atmospheric CO, samples

Atmospheric CO, samples were collected at night on several
dates from May to October 2004. The isotopic composition of
ecosystem-respired CO, was calculated by a modified Keeling
plot approach (Miller and Tans 2003, Pataki et al. 2003). At the
Canadian sites, samples were collected in 200-ml glass flasks
equipped with high vacuum Teflon stopcocks. After sample
collection, the flasks were shipped to the University of Leth-
bridge where CO, concentrations and carbon isotope ratios
were analyzed as described by Ponton et al. (2006) with a
GasBench II interface (ThermoFinnigan, Bremen, Germany)
coupled to a gas isotope ratio mass spectrometer (Delta Plus,
ThermoFinnigan). At the USA sites, samples were collected
in 100-ml flasks equipped with high vacuum stopcocks. The
flasks were shipped to the University of Utah where CO, con-
centrations and carbon isotope ratios were analyzed as de-
scribed by Schauer et al. (2005) with a gas isotope ratio mass
spectrometer (Delta Plus, ThermoFinnigan).
Carbon isotope ratios were expressed as 8"C (%o):

R,
8= —;"“"‘e -1 (1
std

where R is molar ratio of heavy to light isotope and the sub-
script std refers to the Vienna PeeDee Belemnite standard
(VPDB). At the University of Lethbridge, measurement preci-
sion was 0.18 ppm for CO, concentration and 0.14% for §'*C
(Ponton et al. 2006). The corresponding values for measure-
ments made at the University of Utah were 0.48 ppm and
0.06%0 (Schauer et al. 2005). At both laboratories, measure-
ments of CO, concentration were referenced to the WMO
scale and the 8'°C measurements were expressed on the VPDB
scale (Coplen 1996).

At all but two study sites, an automatic flask sampling sys-
tem collected atmospheric CO, samples (Schauer et al. 2003).
The system included a data logger (CR23X, Campbell Scien-
tific, Logan, UT) and accessories that controlled the operation
of a multi-position valve (Valco Instruments Company, Hous-
ton, TX), solenoid valves on two manifolds, a pump and an in-
frared gas analyzer (LI-820, Li-Cor, Lincoln, NE). Air sam-
ples were manually collected at two of the Canadian sites (On-
tario and New Brunswick) as described previously (Flanagan
et al. 1996).

At all sites, air was sampled about 1 m above ground and
midway between the ground and the top of the tree canopy.
Samples were collected at night (starting one hour after PPF
decreased below 100 umol m~2 s™"). We attempted to maxi-
mize the range of CO, concentrations in air samples to mini-
mize the uncertainty in the modified Keeling plot slope calcu-
lation (Miller and Tans 2003, Pataki et al. 2003). All samples
for a given Keeling plot calculation were collected during a
maximum of three successive nights, with the majority of sam-
ples collected during one night.

Our sampling protocol likely constrained the footprint of
the Keeling plot analysis for two reasons. First, samples were
collected both near the ground (about 1 m or less) and at mid-

canopy height. The height of the near-ground inlet assured that
the footprint of these samples was small. Air samples were
collected on calm nights (a requirement to reduce statistical
uncertainties for Keeling plot analysis, see Pataki et al. 2003
and Miller and Tans 2003), which reduced the contribution of
respiration from adjacent ecosystems. Second, all the study
sites are eddy covariance flux sites that have large areas of ho-
mogeneous vegetation (in contrast to agricultural areas and
low stature crops). This minimized variation in land use, plant
species composition and disturbance.

Our measurements were potentially affected more heavily
by belowground respiration. Carbon dioxide concentrations
were higher in the samples collected close to the ground than
in the samples collected at mid-canopy height, which may
have biased 8" Cy to more negative values. However, this
should have no effect on our cross-site comparison because the
collection procedure was the same at all sites.

The carbon isotope composition of ecosystem-respired CO,
(8"CR) was calculated from CO, concentration and carbon
isotope composition by the modified Keeling plot approach
described by Miller and Tans (2003):

8ub‘cubs = 8Rcubs _Cbg(8 bg _SR) (2)

where ¢ is CO, concentration, § is carbon isotope composition
of CO, and the subscripts obs, bg and R refer to observed,
background and ecosystem-respired CO,, respectively. Equa-
tion 2 describes a simple linear function with slope &y and in-
tercept —cpg (Op, — Or). A geometric mean linear regression
was performed to estimate 8"3Cy (Pataki et al. 2003). Uncer-
tainty in the slope was calculated as described by Miller and
Tans (2003) and Ponton et al. (2006). For the Canadian site
data, the linear regressions for the 8"3Cy calculations had a
mean (+ SD) 72 = 0.993 + 0.006 (minimum r> = 0.971, maxi-
mum 7> = 0.999) (42 §"Cy values). For the USA site data,
mean r*>=0.966 (90 8"°Cy values; minimum r*=0.947, maxi-
mum r> = 1.000).

The slope method (Miller and Tans 2003) differs from the
intercept method originally proposed by C.D. Keeling (Pataki
et al. 2003). In addition, a geometric mean regression can re-
sult in a systematic negative bias in 8!3Cy estimates (Zobitz et
al. 2006) . We compared 8'"°Cy values calculated by the slope
method with 8"*Cg, values calculated by a least-squares regres-
sion. For the seven Canadian sites, there was close agreement
between the techniques. A scatter plot of the 42 Canadian
8"*Cg values had the following linear regression statistics: in-
tercept method (y) = 1.0154 x slope method (x) + 0.5238,
r%=0.995. For the USA 8"Cj values, the linear regression sta-
tistics were: intercept method (y) = 1.0120 x slope method (x)
+ 0.3745, r* = 0.987. We concluded that the choice of the
8"*Cg calculation method had no effect on our interpretation of
the results.

Statistical analyses

All study sites were included in an initial ANOVA to deter-
mine if there were significant differences (P < 0.05) in §"*Cy
values among sites, and to examine the relationships between
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single environmental variables and 8"3CR (Table 2). The envi-
ronmental variables included in these analyses were: daily
maximum PPF; daily maximum air temperature (73, ); daily
maximum soil temperature (7, ); mean soil water availability
(SWA, volumetric soil water content expressed on a relative
scale); and cumulative total precipitation (PPT). Before con-
ducting the statistical analyses, the environmental measure-
ments for each site were averaged for different time periods
(lag times) that varied from one to six days before, and includ-
ing, the 8"Cg sample collection date. Because the initial
ANOVA revealed site-specific differences in the effects of en-
vironmental variables on &'°Cr (Table 2), forests were
grouped as boreal, coastal or deciduous (Table 1). A second
ANOVA was run separately for each group to test for site dif-
ferences within each group (Tables 3—5). A series of regres-
sion analyses were conducted for each ecosystem group sepa-
rately to determine the statistical significance of relationships
between single environmental variables and 8'"°Cy, (for all lag
times). Such an analysis was complicated because of correla-
tions among the environmental factors studied. For example,
the highest correlations observed within the coastal group (for
the 4-day lag time) occurred between VPD and T, (r = 0.90),
between VPD and PPF (r=0.84) and between T;; and PPF (r=
0.82). Similar high correlations were observed within the de-
ciduous group between VPD and PPF (r > 0.81), with the sec-
ond highest correlation between T,; and SWA (r < —=0.77).
The correlations between environmental variables were lowest
for the boreal group, with the highest correlation observed be-
tween T and Ty, (r = 0.78) for the 4-day lag time.

This correlation or collinearity among supposedly inde-
pendent variables can lead to distortions in regression analy-
ses, especially when sample size is low or when models are
poorly designated (Mason and Perreault, Jr. 1991). To identify
collinearity distortions in our analyses, we used two diagnostic
indicators based on the eigenstructure of the data matrix: the
variance inflation factor (VIF) and the condition index (CI).
Although there is no consensus, several authors have sug-
gested that collinearity effects are theoretically inconsequen-

tial when VIF values are below 10 (Hair et al. 1995, Neter et al.
1996, Chatterjee et al. 2000). Belsey et al. (1980) and Johnston
(1984) suggest that CI values (the square root of the ratio of the
largest eigenvalue to each individual eigenvalue) of 5—10 indi-
cate weak collinearity and CI values above 30 indicate strong
linear dependencies. However, confounding effects of collin-
ear predictors on regression coefficients were demonstrated
even when VIF and CI values were below these “rule-of-
thumb” values (Mason and Perreault, Jr. 1991, Mela and
Kopalle 2002). Because our group sample sizes were small
(28-30 per group), the regression results were carefully con-
sidered. In addition, we examined the proportion of variance
of the parameter estimate associated with each eigenvalue in
the corresponding variance-decomposition tables. A high pro-
portion of two or more coefficients associated with the same
eigenvalue indicates that linear dependencies between the cor-
responding variables were distorting the regression analysis.
When all six environmental factors were included in the pre-
liminary linear regression models, the coastal and deciduous
groups had the highest VIF and CI values (coastal: VIF > 18
and CI = 11 for Ty, ; deciduous: VIF = 15 and CI = 10 for T,
and T,;;). The VIF values for the boreal group were lower
(VIF =10, and CI = 7). Because collinearity effects likely con-
founded some of our statistical analyses, we conducted addi-
tional analyses to remove these effects. The simplest approach
to reducing the marginal statistic derived from regression anal-
yses of collinear data is to drop the collinear variables from the
model (Legendre and Legendre 1998, Philippi 1993). We used
a variable-reduction method to derive statistical models that
describe the relationship between environmental factors and
8"3Cy variation for each group, and in many cases this vari-
able-reduction process reduced the collinearity among inde-
pendent variables (Graham 2003). An “all possible subsets”
approach to variable-selection was chosen, rather than a step-
wise method, because collinearity can bias the selection of
variables in stepwise analyses ( Mason and Perreault, Jr. 1991,
Graham 2003). The variable subset with the greatest fit was
identified based on Akaike’s Information Criteria (AIC), de-

Table 2. Parameters and variable P values of ANOVA models for all sites combined. Six separate ANOVAs were conducted; each model compares
the lag-time-averaged climate variables (1-6-day lags) with the carbon isotope composition of ecosystem-respired CO,.

Number of lag days before the sampling date

1 2 3 4 5 6

Model parameters

P value <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
R? 0.53 0.53 0.53 0.53 0.52 0.52
Variable P values

Photosynthetic photon flux 0.17 0.27 0.25 0.15 0.17 0.24
Vapor pressure deficit 0.39 0.46 0.75 0.76 0.56 0.57
Daily maximum air temperature 0.74 0.89 0.89 0.86 0.71 0.83
Daily maximum soil temperature 0.07 0.08 0.05 0.06 0.09 0.17
Mean soil water availability 0.09 0.26 0.33 0.33 0.31 0.30
Cumulative total precipitation 0.80 0.61 0.27 0.43 0.87 0.58
Site <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
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Table 3. Boreal, coastal and deciduous group model parameters and variable P values for two separate ANOVAs for each group; each model com-
pares the lag-time-averaged climate variables (3- and 4-day lag times shown) with the carbon isotope composition of ecosystem-respired CO,.
Site factor was not significant in the ANOVA models (not shown) for 1-, 2-, 5- and 6-day lag times for all three groups.

Number of lag days before the sampling date

Boreal Coastal Deciduous

3 4 3 4 3 4
Model parameters
P value 0.06 0.04 <0.01 <0.01 <0.01 <0.01
R? 0.58 0.61 0.85 0.82 0.79 0.79
Variable P values
Photosynthetic photon flux 0.77 0.35 0.01 0.01 0.07 0.07
Vapor pressure deficit 0.23 0.21 0.72 0.62 0.02 0.02
Daily maximum air temperature 0.62 0.81 0.37 0.22 <0.01 <0.01
Daily maximum soil temperature 0.14 0.28 0.69 0.79 0.03 0.03
Mean soil water availability 0.77 0.91 0.18 0.30 0.60 0.60
Cumulative total precipitation 0.80 0.85 0.21 0.73 0.53 0.53
Site 0.89 0.76 0.11 0.19 0.89 0.89

Table 4. Boreal group model parameters and variable P values for six separate linear regression analyses; each model compares the lag-time-aver-
aged environmental variables (1—-6-day lag times) with the carbon isotope composition of ecosystem-respired CO,. Model selection was con-
ducted based on Akaike's Information Criteria.

Number of lag days before the sampling date

1 2 3 4 5 6
Model parameters
Akaike's Information Criteria -46.9 -49.9 —48.8 —45.1 -50.2 -50.3
Condition Index 4.1 4.4 1.3 1.1 1.3 1.4
P value <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
R? 0.51 0.56 0.45 0.54 0.53 0.53
Variable P values
Vapor pressure deficit <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Daily maximum air temperature 0.02 0.05 = - N -
Daily maximum soil temperature <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Mean soil water availability 0.07 0.03 0.03 0.04 0.01 0.01

Table 5. Coastal group model parameters and variable P values for six separate linear regression analyses; each model compares the lag-time-aver-
aged environmental variables (1-6-day lag times) with the carbon isotope composition of ecosystem-respired CO,. Model selection was con-
ducted based on Akaike's Information Criteria.

Number of lag days before the sampling date

1 2 3 4 5 6
Model parameters
Akaike's Information Criteria -45.8 -47.8 -53.9 -50.4 —49.1 -50.1
Condition Index 3.0 3.1 3.6 43 35 3.7
P value <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
R? 0.69 0.71 0.81 0.76 0.65 0.69
Variable P values
Photosynthetic photon flux 0.02 0.02 <0.01 <0.01 <0.01 <0.01
Vapor pressure deficit 0.06 0.05 - - 0.85 0.66
Daily maximum air temperature - - - 0.07 - -
Daily maximum soil temperature - - 0.02 - - -
Mean soil water availability - - 0.01 0.03 N -
Cumulative total precipitation - - 0.02 - - -
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fined as 2InL + 2k, where L represents the maximum likeli-
hood estimate and k the number of free parameters. Thus,
higher likelihood-estimation values are associated with better
fitting models, and correspond to smaller AIC numbers
(Akaike 1973, Neter et al. 1996). After performing AIC model
selection analysis, CI values were reviewed for each selected
model to confirm that no significant collinearity effect existed.
Where CI values were still above the threshold values, or
where the proportion of two or more coefficients were associ-
ated with the same eigenvalue, an additional ridge regression
variable-reduction method was conducted to adjust for the as-
sociated collinearity. This procedure was conducted only for
the deciduous group. The ridge regression method adds an ad-
ditional constant K, with values between 0 and 1, to the diago-
nal elements of the correlation matrix, effectively lowering the
standard errors of the regression coefficients (Neter et al.
1996). Thus, the ridge regression method adds some bias, but
reduces the inflated variance resulting from collinearity and
should derive a better estimate of the model (Bare and Hann
1981). Use of ridge regression as a screening tool for variable
reduction involves examining the change in the standardized
regression coefficients over a range of K values (called a ridge
trace) to identify which combination of model variables is
most stable (Bare and Hann 1981).

Before statistical model selection, Studentized-residuals
were derived for §'°Cy values from each group by ANOVA in-
cluding all associated environmental variables, and the
Shapiro-Wilk statistic tested for normal distribution. Extreme
outliers having a Studentized-residual value > 2.5 were re-
moved from each population; five 8"3Cg values were removed
from the boreal group, three from the coastal group and two
from the deciduous group (i.e., a total of eight §'°Cy values
were removed from the whole data set, because some sites
were included in more than one group). Regression coeffi-
cients are all based on Type III Sum of Squares for unbalanced
ANOVA analyses (Neter et al. 1996). All 8"3Cg values and cor-
responding environmental factors that were included for
year-to-year comparisons were included in the summary sta-
tistics, including the outliers removed before regression analy-
ses. All observations were included in the correlation analyses
of 8"*Cg and sample collection date.

Results

A total of 123 (after eight outliers were removed) 813Cy values
were calculated from the 11 forest sites, with an overall mean
8"Cg of —27.1 = 0.10%o (+ SE), and individual site values
ranged from —24.0 to —30.4%o. Temporal variation in 8"°Cy, at
a given site during the growing season was moderate for most
sites (Figure 2). No significant correlations were found be-
tween 8"°Cy and day of collection for any of the sites or
groups, although the Saskatchewan aspen, Harvard and Niwot
sites showed trends toward negative relationships (Saskatche-
wan aspen, r = —0.72, P = 0.10 n = 7; Harvard, r = —0.40,
P =0.06,n=24; Niwot, r=-0.38, P=0.09, n =21). The high-
est seasonal variations in 8"*Cg occurred at the British Colum-
bia (3.6%0) and Howland (3.9%o) sites, and the lowest seasonal

variations occurred at the Ontario (1.0%o0) and the three Sas-
katchewan (0.9%o) sites.

The collection site factor had a significant effect on §*Cy
variation in the initial ANOVA including all study sites, but en-
vironmental influences did not (Table 2). These findings were
consistent for all lag times (1-6 days). Differences in site char-
acteristics apparently masked environmental influences on
8"*Cg. Therefore, we grouped sites with similar characteristics
before analyzing the effects of environmental variation on
8"Cg. Subsequent ANOVAs were conducted after nine of the
11 sites were classified into one of three groups (boreal, decid-
uous or coastal). The Niwot and Howland sites were not in-
cluded in these groups.

Collection site was not a significant factor for any of the
groups for any lag times considered (results for 3- and 4-day
lag times shown in Table 3), supporting our choice of criteria
to group sites with similar characteristics. There was no signif-
icant correlation between environmental effects and 8'>Cy, for
the Niwot or Howland sites, likely because the sample size was
small (n = 23 for both sites).

For the boreal group, after application of the statistical se-
lection procedure, all models had CI values below five, indi-
cating minimal effects of collinearity (Table 4). All 6 lag time
regression models were significant, with the 2- and 4-day lag
time models having the highest R? values (0.56 and 0.54, re-
spectively; Table 4). The VPD and T; factors were significant
in all lag-time models, and SWA was significant for all but the
1-day lag-time model (Table 4). As predicted, 8'°C was posi-
tively correlated with VPD and T, (Figure 3). Contrary to ex-
pectations, SWA was positively correlated with §°Cr when
data from all boreal sites was considered together (Figure 4).
However, this trend was weak when data from each site within
the boreal group were examined separately (Figure 4).

After application of the statistical selection procedure, all
models for the coastal group had CI values below five, indicat-
ing minimal effects of collinearity (Table 5). The regression
models derived from the coastal group data were significant
for all six lag times (Table 5). The 3-day lag-time models
yielded the highest R? values (R* = 0.81) and all models had
R?>0.65. Photosynthetic photon flux was significant in all re-
gression models for the coastal group, whereas SWA was sig-
nificant only for the 3- and 4-day lag-time models. Values of
8"3CR were positively correlated with PPF and T, as shown
for the 3-day lag-time data set in Figure 5 (panels A and B, re-
spectively). There was a negative correlation between §'°Cg
and 3-day lag-time PPT (Figure 5D). There was a weak nega-
tive correlation between 8'°Cy and SWA when all sites within
the group were considered (Figure 5C), but a strong correla-
tion for the Wind River data only (r = —0.73, P < 0.01; Fig-
ure 5C).

Condition Index values were higher for the deciduous group
than for the boreal and coastal groups, ranging between 6 and
11 for the 4- to 6-day lag-time models (Table 6), indicating
that collinearity was likely to have a significant effect on the
statistical analysis in this group. All lag-time models for the
deciduous group were significant, with the 3-day lag-time
model yielding the highest R? (R? = 0.78). Air temperature,
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PPF and VPD were significant factors in the regression models
selected for the deciduous group and were positively corre-
lated with 8"Cy (Figure 6).
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Figure 2. Seasonal variation of the
carbon isotope composition of
ecosystem-respired CO, (8"Cg)
measured at the study sites from
May-October 2004.

To further explore the effects of collinearity on the statistical
analysis of the deciduous group data, the variance-decomposi-
tion tables associated with each deciduous group model were
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Figure 3. Relationships between
the carbon isotope composition of
ecosystem-respired CO, (813CR)
for the boreal group and (A)
4-day lag-time vapor pressure def-
icit and (B) 4-day lag-time soil
temperature. Different symbols
represent different sites, and the
correlation coefficient () and P
values represent calculations for
all sites combined. Symbols: O,
New Brunswick; [, Ontario; A,
Quebec; ¥, Saskatchewan aspen;
V, Saskatchewan black spruce;
and @, Saskatchewan jack pine.
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Figure 4. Relationships between the carbon isotope composition of
ecosystem-respired CO, (8'3Cg) and 4-day lag-time soil water avail-
ability for the boreal group. Symbols: O, New Brunswick; [J, On-
tario; A\, Quebec; V¥, Saskatchewan aspen; V, Saskatchewan black
spruce; and @, Saskatchewan jack pine.

examined (data not shown). For all models, the highest propor-
tion of variation was split between Ty;; and T, (e.g., values of
0.88 and 0.92 for the 4-day lag-time model). A ridge trace
method determined that, for all six models, the PPT, SWA and
VPD variables were unstable, and these variables were elimi-
nated from the model stepwise in this order. The resulting re-
gression models for the deciduous group were significant for
all lag times tested, and R? values were above 0.5 for all but the
1-day lag-time model (Table 7). Both T3, and T,; were signifi-
cant factors in the regression models for the deciduous group

(Table 7, Figure 6), and PPF was significant in the 3-day re-
gression model (Table 7).

Discussion

In general, 8"3Cy was correlated with environmental changes
as predicted by known leaf-level responses (i.e., ¢;/c, response
to environmental changes, see Figure 1). We observed positive
relationships between &'°Cy and PPF in the coastal and decid-
uous groups (Figures 5 and 6), VPD in the boreal group (Fig-
ures 3), T, and T in the deciduous group and T in the bo-
real and coastal groups (Figures 3, 5 and 6). There was a nega-
tive correlation between 8'°C and PPT in the coastal group
(Figure 5D). These results agree with those of previous studies
(Ekblad and Hogberg 2001, Bowling et al. 2002, Ometto et al.
2002, Fessenden and Ehleringer 2003, McDowell et al. 2004,
Scartazza et al. 2004, Lai et al. 2005, Knohl et al. 2005, Ponton
et al. 2006), and are consistent with the assumption that the
majority of ecosystem-respired CO, comes from the break-
down of recently-fixed carbon compounds whose carbon iso-
tope composition reflects that of the conditions during photo-
synthetic gas exchange.

There are time lags between photosynthetic carbon fixation
and subsequent carbon release to the atmosphere by respira-
tion. The magnitude of the time lags should vary among eco-
system components, being shortest for foliage and root and
rhizosphere respiration and longest for litter and soil organic
matter respiration and decomposition. When correlating sea-
sonal changes in 8"*Cy with changes in environmental condi-
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Table 6. Deciduous group model parameters and variable P values for six separate linear regression analyses; each model compares the lag-time
averaged environmental variables (1-6-day lag times) with the carbon isotope composition of ecosystem-respired CO,. Model selection was con-

ducted based on Akaike's Information Criteria.

Number of lag days before the sampling date

1 2 3 4 5 6
Model parameters
Akaike's Information Criteria =325 -38.0 -40.0 -42.6 -45.1 -45.5
Condition Index 2.7 2.7 9.1 6.3 6.3 6.4
P value <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
R? 0.71 0.75 0.78 0.67 0.71 0.72
Variable P values
Photosynthetic photon flux 0.11 0.11 0.02 <0.01 <0.01 0.01
Vapor pressure deficit - - 0.04 <0.01 <0.01 <0.02
Daily maximum air temperature <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Daily maximum soil temperature - - 0.10 <0.01 <0.01 <0.01
Mean soil water availability <0.01 <0.01 0.06 - - -

tions during photosynthesis, it is necessary to consider the en-
vironmental conditions before §'*C sample collection. We
conducted statistical tests for a variety of lag times. In general,
all lag times had similar patterns of statistical significance,
though the highest R* values occurred for the 2-, 3- and 4-day
lag times. This 2—4-day peak in lag times was consistent with
previous studies that examined carbon residence times in ter-
restrial ecosystems (Horwarth et al. 1994, Trumbore 2000).
The peak lag times we found were similar to those found for a
temperate deciduous forest (4—5 days; Knohl et al. 2005), a

boreal conifer forest (1-4 days; Ekblad and Hogberg 2001)
and a ponderosa pine forest in Oregon (3 days; McDowell et
al. 2004). In contrast, Bowling et al. (2002) found a strong cor-
relation between §'°Cy and VPD in Oregon conifer forests
with 5-10-day lag times.

To analyze the effects of environmental variation on sea-
sonal changes in 8"*Cy, we classified the study sites into three
broad-scale ecological groups (boreal, coastal, deciduous).
Examining the 3'"°Cy responses of the combined sites within
each forest type provided a way to pool samples to derive sta-
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Table 7. Parameters and variable P values from the ridge regression analyses of the deciduous group, where separate trace analyses were compared
for each of the six lag-time-averaged environmental variables (1-6-day lag times) with the carbon isotope composition of ecosystem-respired

COs,.

Number of lag days before the sampling date

1 2 3 4 5 6
Model parameters
Condition Index 43 3.7 33 35 3.5 3.6
P value <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
R? 0.36 0.51 0.55 0.56 0.62 0.64
Variable P values
Photosynthetic photon flux 0.08 0.06 0.04 0.09 0.12 0.20
Daily maximum air temperature 0.02 <0.01 <0.01 <0.01 <0.01 <0.01
Daily maximum soil temperature 0.01 <0.01 <0.01 <0.01 <0.01 <0.01

tistically viable population sizes, and facilitated analysis of
8"*Cy responses with a single statistical model. This approach
also minimized the possible misinterpretation of significant
correlations between §'°Cy and non-independent environmen-
tal factors (Aranibar et al. 2006). In addition, our functional-
type approach provided a large-scale view, demonstrating
variation in §"*Cy responses among the different forest groups.

There were differences among the forest groups in the
strength or significance, or both, of the relationships between
8"*Cg and particular environmental factors. For example, VPD
and soil temperature were significant determinants of varia-
tion in 8'"*Cy in the boreal group, but PPF was not a significant
factor (Table 4). By contrast, in the coastal group, variation in
8"3Cg was strongly correlated with changes in PPF (Figure 5),
but there was no significant relationship with VPD. Coastal re-
gions have more cloudy days than continental boreal sites;
thus, daily variation in PPF may influence leaf photosynthetic
gas exchange processes and carbon gain at coastal sites. The
moderate maritime climate of coastal regions may also mini-
mize seasonal variations in temperature and VPD relative to
continental boreal sites. The larger day-to-day and seasonal
variations in temperature in the boreal sites, which have more
consistently high PPF compared with coastal sites, suggests
that temperature, and indirectly VPD, have stronger effects on
photosynthetic gas exchange and carbon isotope discrimina-
tion in boreal ecosystems than in coastal ecosystems.

Unlike the boreal and coastal groups, the initial statistical
analysis for the deciduous group showed that variation in
8'*Cg had similar positive correlations with temperature, PPF
and VPD (Figure 6, Table 6), although strong collinearity ef-
fects were noted for this analysis. After ridge regression vari-
able reduction, air and soil temperature were the most impor-
tant environmental factors explaining variation in §'"*Cy in all
lag-time models for the deciduous group (Table 7). However,
the 8'°Cy, dataset for the Harvard site was much larger than that
of the Saskatchewan aspen site, and so the Harvard data domi-
nated the patterns observed in the combined deciduous dataset
(Figure 6). In addition, the environmental conditions at the
two deciduous sites differed greatly, and so the observed corre-
lations are likely biased by effects at the Harvard site and may

not represent deciduous forests in general.

In the coastal group, seasonal variations in precipitation and
soil water availability significantly affected 8"°Cy (3- and
4-day lag time models; Table 5, Figure 5). These findings are
consistent with previous studies in coastal forests showing sig-
nificant relationships between 8"°Cy and precipitation (Bowl-
ing et al. 2002, McDowell et al. 2004) and between §"°Cy and
soil water availability (Fessenden and Ehleringer 2003, Lai et
al. 2005). Water availability in coastal forests in western North
America typically fluctuates seasonally, with heavy spring and
fall precipitation bracketing summer droughts. In contrast,
there was no strong correlation between 8'°Cy and precipita-
tion or soil water availability at the other study sites or for
other groups. For the Saskatchewan sites, total growing season
precipitation in 2004 was much higher than in 2003 (451 ver-
sus 193 mm) and may have minimized the effects of seasonal
drought on 8"Cy (Ponton et al. 2006). At the Harvard site,
there was only a minor difference between the seasonal mean
8"Cy value observed in 2003 (=27.0 + 0.3%o, Lai et al. 2005)
and 2004 (-27.8 + 0.2%0), and growing season precipitation in
2003 was only slightly higher than in 2004 (709 versus
678 mm). The Niwot site also had similar seasonal mean 8*Cg
values in 2003 (-26.5 + 0.1%0, Bowling et al. 2005) and 2004
(=26.2 + 0.1%o), despite less growing season precipitation in
2003 compared to 2004 (215 versus 468 mm). Environmental
factors other than precipitation and soil water availability also
influenced leaf-level photosynthetic gas exchange, with ef-
fects on seasonal and annual variations in 8"Cg. It is possible
that variation in temperature at the Harvard site confounded
comparisons of mean 3'"*Cy values between 2003 and 2004,
because air temperature was a primary control on 8"*Cy values
in the deciduous group. This comparison within and between
years suggests the potential application of 8"*Cy values to as-
sess year-to-year variation in ecosystem physiological re-
sponses to changing environmental conditions, but also shows
that all environmental factors influencing carbon isotope dis-
crimination during photosynthetic gas exchange need to be
considered in such an analysis.

An alternative to the statistical approach we adopted would
be to use a mechanistic model that incorporates known isotope
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effects during photosynthetic gas exchange to analyze the ef-
fects of the environmental variables on §'*Cy (Aranibar et al.
2006). Some of our group (T. Cai and L.B. Flanagan, unpub-
lished data) have recently developed an ecosystem-scale
model for one study site that calculates the §'°C values of eco-
system-respired CO,, and excellent agreement between mod-
eled and measured 8'>Cy values have been observed during
three separate study years. To accurately predict measured
8"3Cy values with the model, however, it was found that accu-
rate calculations of leaf ¢;/c, were required for the forest can-
opy and this involved modeling leaf CO, assimilation, sto-
matal conductance and chloroplast CO, concentration sepa-
rately for sunlit and shaded leaves within multiple canopy lay-
ers. The stomatal conductance model calculations were linked
to differences in water potential and resistances in the hydrau-
lic pathway between the soil and the tree foliage. In addition,
the model made use of prior knowledge of mesophyll or inter-
nal conductance for CO, from the leaf intercellular air spaces
to the chloroplast. Thus, the model requires a great deal of
prior information in order to apply it at one site and so it was
well beyond the scope of this analysis to apply it at eleven
study sites. However, the ecosystem model produced data that
closely resembled the conceptual relationships shown in Fig-
ure 1, consistent with the statistical approach taken in this
study.

The mean §"*Cy value based on samples from all sites was
calculated to be —27.1 + 0.1%o (equivalent to a discrimination
value of about 19.1%o, assuming that the 8'*C of source atmo-
spheric CO, is —=8.0%o). Lai et al. (2004) showed that, to infer
ecosystem discrimination from measurements of 8'*Cy, using
a global mean of atmospheric §'"°C creates no bias (also see
Flanagan et al. 1996). In addition, the variation in 8"°C of at-
mospheric CO, collected at three NOAA Global Monitoring
Division sites demonstrated little variation during May—Octo-
ber, which corresponds to our field collection period.

Our mean discrimination value of about 19.1%o for 11 North
American forests was consistent with calculations from a
global model by Lloyd and Farquhar (1994), who determined
discrimination values of 19.6%o for cool/cold deciduous for-
ests, 19.0%o for evergreen warm mixed forests, 18.3%o for
cool/cold mixed forests and 15.4%o for cool/cold conifer for-
ests. In a synthesis of 8'°Cy, values from North American tem-
perate conifer and boreal forests, Pataki et al. (2003) calcu-
lated a mean value of —26.5%o (equivalent to a discrimination
value of about 18.5%0), which was similar to our result. In con-
trast, Kaplan et al. (2002), in a global modeling analysis, cal-
culated discrimination values of 16.6%o for temperate decidu-
ous forests, 19.2%o for cold deciduous forests, 17.8%o for tem-
perate evergreen needle-leaf forests and 18.4%o for cold ever-
green needle-leaf forests. All forest types in our study had
similar mean 8'*Cy, values despite being in a range of different
geographic regions with contrasting climates.

In conclusion, we have provided additional evidence that
the carbon isotope composition of ecosystem-respired CO, is
indicative of physiological responses at the ecosystem-level.
The relationships we observed between §'°Cy and environ-
mental factors were consistent with known leaf-level re-

sponses, and these relationships were apparent within each
functional group. However, there were differences among the
functional groups in the strength or significance, or both, of
the relationships between 8'*Cy and particular environmental
factors. For example, although VPD and soil temperature were
significant determinants of variation in 8"Cy in the boreal
group, PPF was not a significant factor. By contrast, in the
coastal group, variation in 8'*Cy, was strongly correlated with
changes in PPF, and there was no significant relationship with
VPD. This suggests that seasonal variations in VPD and soil
temperature were the most prominent environmental limita-
tions on photosynthetic gas exchange in the boreal group,
whereas seasonal changes in PPF most strongly limited photo-
synthetic gas exchange in the coastal group, which included
sites where seasonal changes in temperature and VPD were
moderate. At a single site, comparisons between our §"Cg
measurements in 2004 and published values indicate the po-
tential application of 8'°Cy, values to assess year-to-year varia-
tion in ecosystem physiological responses to changing envi-
ronmental conditions. They also showed that all environmen-
tal factors influencing carbon isotope discrimination during
photosynthetic gas exchange need to be considered in such an
analysis.
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