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Measurement of the §'°>C value of soil-respired CO, (3,) has become a commonplace method through
which ecosystem function and C dynamics can be better understood. Despite its proven utility there
is currently no consensus on the most robust method with which to measure §,. Static and dynamic
chamber systems are both commonly used for this purpose; however, the literature on these methods
provides evidence suggesting that measurements of §, made with these chamber systems are neither
repeatable (self-consistent) nor comparable across methodologies. Here we use a three-dimensional
(3-D) numerical soil-atmosphere-chamber model to test these chamber systems in a ‘surrogate
reality’. Our simulations show that each chamber methodology is inherently biased and that no
chamber methodology can accurately predict the true §, signature under field conditions. If research-
ers intend to use §, to study in situ ecosystem processes, the issues with these chamber systems need
to be corrected either by using diffusive theory or by designing a new, unbiased §, measurement
system. Copyright © 2009 John Wiley & Sons, Ltd.

Measurement of the §'3C value of soil respired CO; (8,) has
become a commonplace method through which ecosystem
function and C dynamics can be better understood. Despite
its obvious utility there is currently no consensus on the most
robust static or dynamic chamber method with which to
measure 8., nor has any consistent approach for analysis of
these data emerged.

Non-steady-state static chambers are currently the most
commonly used method to determine §,, possibly because of
their affordability and ease of use.'” In their simplest form,
these chambers consist of a ‘cap” which is placed on the soil
surface to collect soil §'*C-CO, emissions. To determine §,,
these static chambers are sampled several times over a given
deployment period and the data are used to construct a
Keeling plot. The Keeling plot, a graphical representation of
Keeling’s two end-member mixing model (see Ohlsson et al.'
or Pataki et al.? for a more detailed description of the Keeling
approach), is used along side linear regression techniques to
provide estimates of .. Field and laboratory trials have
shown that the static chamber-Keeling plot method (here-
after referred to as the Static method) appears to be reliable
and linear over a wide range of scenarios; however, some
concern about the linearity of the method at high CO,
concentration has been raised."”' In addition to possible
methodological issues associated with the Static approach,
several studies®'! have also shown that statistical error and
natural variability can bias Keeling plot estimates of &,
significantly.
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As an alternative to the Static approach, some researchers
have used a Static chamber modification in which the
chamber is purged first to help eliminate existing atmos-
pheric §'°C fingerprints (viz. Buchmann and Ehleringer®). For
this purged chamber method, the value of 4, has been
derived either using the Keeling plot approach’ or simply by
taking a single sample of chamber CO, after sufficient
chamber concentration buildup. The assumption of this
single sample method is that, because the chamber is initially
purged, all (or most) of the chamber CO, must be derived
from efflux and thus the chamber’s isotopic signature must
be equal to §,. The single sample purged chamber method
(herein referred to as Purged-S) has been used in several
studies®!? with seemingly good results; however, the
method has never been rigorously tested to ensure that it
measures §,. For the Keeling plot-purged chamber method
(abbreviated Purged-K for the remainder of the paper),
careful examination of the method by Ohlsson ef al." revealed
that it probably does not measure §,; rather, it is hypothesized
to measure some fractionated value because of the disturb-
ance to the soil CO, diffusive regime caused by the purging
procedure.

More recently, Mora and Raich'® have suggested the
method of simply allowing a Static chamber to remain on the
soil surface for long time periods so that CO, concentrations
within the chamber headspace reach a natural, soil efflux-
driven equilibrium. After equilibrium is attained the authors
hypothesize that the §'°C in the chamber should reflect the
value of §,. When this method (referred to as the Mora
chamber for the remainder of the paper) was tested by Mora
and Raich' the authors concluded that the chamber
methodology accurately reflected the value of §, at their
field site. However, this result is in direct conflict with the
recent findings of Kayler et al.> who found that the Mora
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method better reflected the §'3C value of soil CO, at the soil
collar insertion depth.

Steady-state chamber designs may be more appropriate
and less error prone than the aforementioned static chamber
approaches for gaining estimates of §, in diffusive environ-
ments. These chambers are typically more complex, but
should offer improved and more accurate measurements of
8, by eliminating or controlling disturbance to the natural
CO, and §'"°C gradients. One steady-state chamber design,
developed by Subke et al.'* and tested by Bertolini et al."® and
similar to the design described by Midwood et al.,'®
maintains the chamber headspace concentration at ambient
atmospheric concentration using a CO, sorbent (i.e. soda
lime) and a variable speed pump. This allows the natural
soil-atmosphere CO, gradient to be held near its steady-state
condition, theoretically eliminating biases associated with
non-steady-state diffusion processes.'*'”'® However, there
is conflicting evidence as to what is actually being measured
by these steady-state chamber methodologies. Experimental
data presented in Bertolini ef al.'” showed that the chamber
design described by Subke et al.'* (hereafter referred to as the
Bertolini chamber) yielded §'°C values that were character-
istic of soil CO, rather than of soil-respired CO,. The authors
hypothesized that this result may be due to the disturbance
of the natural *CO, gradient and subsequent lateral
diffusion effects that would result from this disturbance.
However, tests performed using the chamber developed by
Midwood et al.,'® which is based on the same principles as
the design of Subke et al.,'* showed that the method
measured the true §'°C value of soil-respired CO, rather
than that of soil CO..

Considering the large amount of conflicting evidence and
uncertainty in both non-steady-state and steady-state
chamber methodologies, it is clear that a broader theoretical
understanding of these methodologies is needed. In this
paper we use a previously validated'® three-dimensional
(3-D) numerical soil-atmosphere model designed to simulate
both in-soil and emitted §'°C signatures. This model
environment provides us with a surrogate reality to
theoretically test the robustness of these non-steady-state
and steady-state sampling methodologies. First we explore
the possible sources for the conflicting experimental
evidence and show that non-steady-state lateral diffusion
is an important consideration for interpreting chamber
measurements of é,. Next we evaluate the performance and
the reliability of §, estimates made using each chamber method
over a range of production and soil diffusivity scenarios,
providing estimates of inter- and intra-methodological error.
Finally, we make recommendations as to the methodologies
and analytical techniques that most accurately reflect §, and
outline the need for further research.

EXPERIMENTAL

Soil-atmosphere model

The numerical soil-atmosphere isotopologue mode
simulates the 3-D transport of gases through the soil column
and into the overlying atmosphere. The model consists of a
constant concentration atmospheric boundary layer and a
soil cylinder of length L (m) and radius R (m) that includes
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solid matter, air-filled and water-filled pore spaces (for all
simulations presented in this paper, L=0.25m and
R=0.125m). The soil column is divided into 10 vertical
and 5 radial soil layers of size L/10 and R/5, respectively,
each having its own layer specific total, air-filled and water-
filled porosity, effective diffusivity value and CO, pro-
duction rate. Exchange of CO, between model layers is
controlled by Fick’s law:

AC;

_Dif A(Z, r)ij (1

F,‘/' =

where D;; is the effective diffusion coefficient (m?2s 1)

between the two soil layers in question (layer i and layer j),

AC;; is the difference in layer CO, concentrations (umol m~2)

and A(z, 7);; is the difference in the positions (m) of the layers.

After each time step the new CO; concentration (Ci(z, 7, 1),
pmol m ) in each layer is calculated according to:"”

Fz—1)-F(z)+Fr—-1)+Fr+1)+y
* oV,

2
where Ci(z, 1, t — 1) is the layer concentration at the previous
time step, 6 is the soil air-filled pore space (v/v), F(z—1) is the
flux from the layer below, F(z) is the flux leaving the layer,
F(r — 1) and F(r+1) are the fluxes coming from laterally
adjacent soil layers, y is the biological production rate of CO,
(umolm 2s7Y), and V, is the volume of the layer (m®). In the
event that z=L or r =R, Eqn. (2) is modified to exclude the
terms F(z — 1) and F(r + 1) in accordance with there being no
flux boundary conditions placed at these positions.

Soil effective diffusivity is calculated using the modified
Millington-Quirk relationship, which relates pore space and
diffusivity:*

077 3)
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where ¢ is the water-filled pore space, 6 is the air-filled pore
space, 0 is the total pore space, Dy, and Dy, are the diffusion
coefficients of CO, in free water and free air, respectively,
and H is a dimensionless form of Henry’s solubility constant
for CO, in water (H=0.8317).

For the purposes of these simulations, production (y) of
CO, is partitioned equally over all vertical soil layers, with no
radial variation. To minimize the model run time, the model
is initialized using the analytical solution for a steady-state
system under the same assumptions. The initial CO,
concentration at each depth is calculated as follows:*'

4 z

C(z) = iD. <Lz -

where C(z) is the concentration (umol m~°) at depth z (m),
L (m) is the depth of the soil column and C,yy, is the
concentration of CO, in the atmospheric layer (wmol m ).

To model the isotopic composition of soil CO, and CO,
efflux each carbon isotopologue of CO, (*?CO, and *CO,) is
treated separately with an isotopologue specific atmospheric
concentration, production and diffusion rate (see Nickerson
and Risk'® for more detail). This allows two instances of the
model to be run and the resulting concentrations and fluxes

) + Catm (4)
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of each isotopic species can then be used to calculate
the §"°C signatures of the soil CO, and surface flux at each
time step.

The model was programmed in Perl and all model runs
were performed under the Macintosh OS X operating
system. All solutions were found by Euler integration with
a time step of 10°s.

Chamber models

Each numerical chamber model is based on a physical
chamber embodiment that has been previously used in field
or laboratory studies. The chamber, when deployed, occu-
pies the first two (starting from the centre) radial layers of the
soil-atmosphere model. The chamber is considered to be
perfectly mixed, regardless of size, and is allowed to interact
with the soil diffusively via Fick’s Law (Eqn. (1)). Each
chamber design fills with CO, according to different
numerical conditions, described below.

The numerical model for the Static chamber was based on
the chamber of Ekblad and Hogberg.* The chamber is
cylindrical and has a diameter of 10 cm and height of 5cm.
When deployed on the soil surface the time evolution of
chamber CO; concentration can be described by simple mass
balance as:

Fy(t)Ac

Celt) = Celt = 1) + =

)

where C.(t — 1) is the chamber CO, concentration at the
previous time step, V. is the chamber volume, Fy(t) is the
surface flux from soil to chamber during the current time step
and A, is the surface area of the chamber.

The Purged chamber is an extension of the design of
Ekblad and Hogberg* with the same geometry, similar to the
chamber used in Ohlsson et al.' Similarly, the filling of
the chamber is described by Eqn. (5); however, to mimic the
purging process, the initial chamber concentration is
assumed to be instantaneously reduced to 5% of atmospheric
at model time zero while maintaining the ambient atmos-
pheric §"°C signature.

The numerical model for the Mora chamber is based on the
chamber described in Mora and Raich."® This design consists
simply of a Static chamber that is left on the soil for long
periods of time to ensure full diffusive equilibration with
surface efflux. The simulated chamber geometry is cylind-
rical with a diameter of 10 cm and height of 5 cm. The filling
of the chamber is described by Eqn. (5).

Finally, we based our numerical Bertolini chamber model
after the chamber design of Subke et al.'* The modeled
chamber geometry is cylindrical, with a diameter of 10cm
and a height of 10cm. The chamber CO, concentration is
monitored using a logic switch (if/else) to ensure that the
steady-state (atmospheric) concentration is maintained
within the chamber headspace during the simulation. When
the chamber concentration differs from the ambient atmos-
pheric concentration the model alters the pump speed of air
passing over a perfectly absorbent soda lime column, thereby
increasing or decreasing the CO, concentration back to the
ambient level. At each model time step, filling of the Bertolini
chamber with soil CO; is described by Eqn. (5). Loss of CO,
from the chamber headspace due to absorption by soda lime
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Closs(f) = veCe(t — 1) (6)

is calculated as:

where v is the pump speed (m®s7!) and ¢ is the soda lime
efficiency (¢ =1, perfect absorber with no isotopic fraction-
ation). The final chamber concentration at each time step is
calculated by subtracting the result of Eqn. (6), the loss due to
soda lime, from the result of Eqn (5), the gain from soil flux.

To mimic field deployments all chamber models include a
soil collar of variable length & (m), which prevents diffusion
from the edge of the chamber (second radial layer) to the next
radial soil layer. To simulate 1-D diffusion scenarios, & is set
equal to L, the total soil column length, which prevents any
lateral diffusion of soil gases. Shortening the soil collar depth
(& <L) allows the study of lateral diffusion effects on chamber
CO, and §'3C evolution.

Model validation and simulation conditions

The model function was validated using both steady- and
non-steady-state analytical solutions to the diffusion
equation'® and the coupled chamber models were validated
using the non-steady-state analytical solution described by
Livingston et al.'” Further Static chamber specific exper-
imental validation of the model is provided in Nickerson
and Risk."

In this work, the chamber CO, concentrations and
813C signatures were simulated for a range of soil production
rates (0.1 to 10pmolm™2 s~ !) and diffusivity coefficients
(0.005t03.8 x 10"°m*s ). In all simulations the atmospheric
CO; concentration and isotopic signature were assumed to
be 400 ppm and —8%o, respectively. Similarly, the production
st3C signature, or 8,, was assumed to have a fixed value
of —25%o, a value that is typical of soil respiration at Cs
field sites.*'?

For our chamber reliability and comparability scenarios
we used common field sampling and analytical method-
ologies to make our model data more directly comparable
with empirical data. For Static chamber simulations a
deployment period of 10min and a sampling interval of
2 min (six measurements in total including t = 0) was used in
the construction of Keeling plots and ordinary least-squares
(OLS) regression was used in the estimation of §,.* For the
purged Purged-S and Purged-K chambers, chamber con-
centrations were initially reduced to 5% of ambient atmos-
pheric concentration.? For the Purged-S method chamber the
8'3C signature was singly sampled after the chamber reached
an internal concentration of 350 ppm.> For the Purged-K
method, the chamber headspace was sampled using the
same protocol as for the Static chamber,and Keeling plots
were constructed and analyzed (OLS) using these data.'*

For the Mora chamber a single §'°C measurement is made
after chamber equilibration. Equilibrium is defined by the
decrease of the time derivative of both the CO, concentration
and the §"C signature to zero (+£0.01ppm CO,s '/
0.001%, s ).1® Finally, for the Bertolini chamber a single
8°C measurement was made after chamber §"°C equili-
bration (usually within 1-3 h of deployment time, depending
on flux rates).'*'?
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RESULTS AND DISCUSSION

Static and Mora chambers

Not surprisingly, when the simulations for the Static and
Mora chamber were compared they showed identical results
due to their similar designs and deployment strategies.
Because of this, we have combined these results and will
present them in the current section. Shown in Fig. 1 is the
simulated 1 -D (£ =L; CO, can diffuse only in the z-direction
with no lateral movement) time series (24h) evolution of
Static/Mora chamber CO, concentrations and §'°C signa-
tures for model soils with varying production and diffusion
rates. For the Mora sampling approach (taking a single
sample after the chamber has reached equilibrium) it is clear
from Fig. 1 that, even after chamber s13C signatures have
reached a stable value, they are still ~1%o different from the
simulated signature of soil production. Comparison of
these model results with the results of a simulation in which
the chamber conditions could not influence soil conditions (data
not shown) shows that this ~1%o discrepancy is the result of
chamber-to-soil feedbacks; i.e., the change in the CO,
concentration and §'°C signature within the chamber feeding
back and changing CO, concentrations and §'°C signatures
within the soil below the chamber. These chamber-to-soil
feedbacks cause non-steady-state differential diffusion of
CO, isotopologues driven by the fact that '*CO, diffuses
1.0044 times faster’ than *CO,. Because these chamber-to-
soil feedbacks will always be present in both field and
experimental work this result implies that estimates of 5,
made using the approach of Mora and Raich'® are probably
inherently biased by this effect. For the Static chamber
approach, Keeling plots for 1-D simulations show distinct
non-linearities'® made more evident by their derivatives,
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Figure 1. Time series evolution for simulated Static chamber
CO, concentrations (solid lines) and §'°C signatures (dashed
lines). (a) Production rates of 0.2 umolm~—3s~" (light grey),
1 umolm~3s~" (dark grey) and 10 umolm~3s~" (black) at a
stable diffusivity of 4.68 x 107" m?s™". (b) Diffusivity rates of
4.66 x 1078 m?s ' (light grey), 4.68 x 10" m?s~' (dark grey)
and 1.81 x 1078 m2s~" (black) at a stable production rate of
1 umolm—3s~1.
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presented in Fig. 2. These Keeling plot non-linearities are also
caused by chamber-to-soil diffusive feedbacks (causing
differential diffusion) and violate key assumptions of the
Keeling plot approach. This feedback leads to linear
regression estimates of §, that are enriched (range of
enrichment ~0-1.1%o for a 40min chamber deployment,
see Nickerson and Risk'’ for more data) compared with the
actual 8, signature because of the concave-up curvature of
feedback-affected Keeling plots.

When the soil collars were shortened (§<L; CO, can
diffuse in both the z and r directions) simulations showed
that lateral effects caused by diffusion of CO, around soil
collars becomes an important consideration for both
methodologies.'’ Lateral diffusion effects were negligible
for all simulated soil collar lengths (range: 2.50-25.0 cm)
when the soil diffusivity and air-filled porosity were low and
when the chamber deployment time was short. This limited
lateral diffusion is a direct effect of the relationship between
soil diffusivity, distance and time. When the soil diffusivity is
low, chamber-to-soil feedbacks take much longer to occur
because the soil CO, profiles are more resistant to change.
This increases the time that it takes for chamber-driven soil
CO, disturbances to propagate to the bottom of the soil collar
and, therefore, increases the time that it takes for lateral
diffusion to become a significant portion of the total gas
movement. For this reason the time evolution of the chamber
concentrations and the §'°C signatures follows a trajectory
similar to those simulated in the 1-D case. However, when
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Figure 2. Keeling plots for selected simulated Static
chamber scenarios (solid lines) and their derivatives (dashed
lines). (a) Production rates of 0.2 pmolm=3s~" (light grey),
1umolm~3s~" (dark grey) and 10pumolm=3s~"' (black).
(b) Diffusivity rates of 4.66 x 1078m?s~" (light grey), 4.68 x
107"m2s ™" (dark grey) and 1.81 x 107®m?s~" (black).
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the modeled soil diffusivity increased, chamber-to-soil
feedback rates also increased, as did the effect of the lateral
diffusion of soil gases around the collar, with the greatest
deviations from the 1-D simulations occurring when the soil
collar was short (2.5 cm) and soil diffusivities were high. This
lateral diffusion resulted in decreased (compared with the
1-D case) chamber CO, concentrations and increased (more
enriched) §'°C values within the chamber head space, shown
in Fig. 3.

In some cases the §'°C signatures in the chamber
headspace become transiently lighter (more negative) than
their equilibrium value before asymptotically returning to
equilibrium after sufficient time had elapsed (light and dark
grey lines in Fig. 3). Further analysis of these data showed
that where lateral diffusion is present, Static and Mora
chambers appear to initially tend toward equilibrium with
soil-respired §'°*C-CO, but once the lateral gas flux becomes
significant compared with the vertical gas flux, the chambers
begin to equilibrate with soil CO, at the base of the soil collar
(see Fig. 3). In concurrence with the results presented in Risk
and Kellman® increases in simulated production rate caused
increases in the magnitude of the transient dip in §'°C-CO,
signature, given the same diffusivity, and increases in soil
diffusivity caused the dip to occur sooner given the same
production rate (not shown here but discussed in Risk and
Kellman”?).

Finally, Keeling plots constructed for 3-D diffusion
simulations showed stronger concave-up curvature than
their 1-D counterparts.'® This increased curvature is due to a
combination of chamber-to-soil feedback mechanisms, as in
the 1-D case, and lateral diffusion effects that only occur
when diffusion is allowed to occur in 3-D. Previous analysis
of these lateral diffusion Keeling plots showed potential
Keeling intercept errors of up to 4%o in high-diffusivity low-
production scenarios where chamber-to-soil feedbacks are
greatest.'”
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Figure 3. Time series evolution for simulated Static chamber
CO, concentrations (solid lines) and §'*C signatures (dashed
lines) for a production rate of 0.2 umolm~3s~". Black lines
show the 1-D (¢ =L) time evolution whereas dark and light
grey lines show the time evolution with soil collar depths (&) of
12.5 and 2.5 cm, respectively. Note both the dip behaviour of
the 'C curve and the final equilibration of the chamber
8'3C signatures with soil §'3C signatures at the depth of the
soil collar (shown for £ =2.5 cm, short dashed line represents
chamber signature and long dashed line shows soil
8'3C signature at the base of the collar).
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This simulated non-linear behaviour in the Keeling plot
was recently experimentally noted by Risk and Kellman’
who showed that it was probably an effect of the differential
diffusion of CO, isotopologues. While no deviations from
linearity have been seen in previous field studies that have
used the Static chamber approach (i.e. Ohlsson et al.' and
Ekblad and Hogberg?) it is plausible that the predicted non-
linear behaviour of the Keeling plot is not distinguishable
because of error due to sampling methodologies (i.e. sample
extraction and analysis errors) or variability created by non-
steady-state diffusive processes.'”*

The Mora chamber was found to equilibrate with a value
close to 8, under 1-D diffusion, as was expected by Mora and
Raich;'® however, when lateral diffusion around soil collars
was taken into account, the method was found to equilibrate
with soil §'3C-CO, rather than with §, as was observed in
Kayler et al.> Unfortunately, this type of equilibrium in the
Mora chamber means that a steady-state diffusion model”
must be applied if the source signature is to be known,
leading to potentially large error because of uncertainty in
soil parameter estimates and possible dynamic fractionation
effects.'® While this model result seems to contrast with the
experimental results of Mora and Raich'® which showed
equilibration with §,, we argue that the chamber used by the
authors probably equilibrated with CO, deep in the soil
profile and that the isotopic signature of respiration in these
ecosystems is probably at least 4.4%, depleted” from their
measured values.

Purged chamber

Similar to the 1-D Static case, simulated (1-D) Purged
chambers were found to equilibrate with an isotopic value
close (~1%o offset) to &, after sufficient deployment time
(Fig. 4). Because of the reduced atmospheric CO, fingerprint
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Figure 4. Time series evolution for simulated Purged
chamber CO, concentrations (solid lines) and §'3C signatures
(dashed lines). (a) Production rates of 0.2 pmolm=3s~" (light
grey), 1umolm3s' (dark grey) and 10umolm 3s™"
(black). (b) Diffusivity rates of 4.66 x 10~8m?s~" (light grey),
4.68 x 107" m?s~" (dark grey) and 1.81 x 107 ®m?s~" (black).
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within the chamber the required deployment time before
equilibrium was shorter for Purged chambers than for Static
chambers. For the Purged-S (single sample) method, Fig. 4
makes it abundantly clear that although purging reduces the
initial atmospheric contribution in the chamber significantly,
a single measured value of chamber §'°C is unlikely to reflect
8., even after full equilibrium has been attained.

Keeling plots constructed for Purged chambers (Fig. 5)
showed considerable non-linearity, especially considering
that Keeling plots for the 1-D Static simulations showed only
slight concave-up curvature. This extreme non-linearity is a
direct result of the initial drop in chamber CO, concentration
caused by the purging process. Reduction of the chamber
concentration causes a perturbation to the steady-state CO,
flux, which in turn allows isotopically heavy (because of
atmospheric invasion) CO, from the soil surface layers to
diffuse into the chamber headspace. This effect is transient
and after the chamber CO, concentrations have reached or
exceeded the ambient atmospheric CO, concentration the
Keeling plot data curve to become similar (but not the same
as, because of the initial perturbations) to Keeling plot data
collected by Static chambers (qualitatively illustrated in
Fig. 6(a)). In all 1-D cases Keeling plot intercepts estimated
using Purged chamber data were significantly more positive
than the actual value of §, (range of ~0-15%0 over all
diffusivities and production rates), with the largest devi-
ations occurring when the soil production is low and the soil
diffusivity is high.
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Figure 5. Keeling plots for selected simulated Purged-K
scenarios. (a) Production rates of 0.2 umolm~3s™" (light grey),
1 pmolm~3s~" (dark grey) and 10 umolm—3s~" (black). (b) Diffu-
sivity rates of 4.66 x 10°8m?s~" (light grey), 468 x 10~ " m?s™"
(dark grey) and 1.81 x 107 ®m?s™" (black).
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We also considered the effect of lateral diffusion on the
Purged chambers. Simulations show that, like the Static
chamber, the Purged chamber will equilibrate eventually
with soil CO, isotopic signatures at the base of the soil collar
rather than with the signature of soil flux because of lateral
diffusion. The Purged time series data also shows the dip
behaviour noted in the Static case but this dip was found to
occur sooner and to have a greater magnitude in Purged
chambers because of the reduced initial atmospheric con-
centration. Keeling plots constructed for the lateral diffusion
case are, again, non-linear and Keeling intercepts are more
enriched than §, (range of ~0-15%o over all diffusivities and
production rates). Single samples of chamber §'°C signatures
under lateral diffusion are, in general, more enriched than
the expected value of §, with the enrichment magnitude
depending on the soil §°C at the base of the collar.

Interestingly, the behaviour predicted by our Purged
chamber model has also been seen experimentally by
Ohlsson et al.' (shown for comparison in Fig. 6(b)), where
the hypothesis that disturbance to the soil CO, gradient
causes a non-linear effect in the Keeling plot was first
presented.

Bertolini chamber

Simulated characteristic 1-D (§=L) time evolutions for
chamber §"°C signatures for the Bertolini chamber are shown
for varying production rates in Fig. 7(a) and varying diffusivity
coefficients in Fig. 7(b). In all 1-D cases the chamber
813C signatures were found to asymptotically approach the
isotopic signature of biological respiration, §,, given suffi-
cient time. The speed of chamber §'°C equilibration depended
mainly on production rate, with increased production leading
to quicker equilibration of the chamber §'°C signature but the
equilibration speed also had a weak inverse dependence on
diffusivity where low diffusivity soils equilibrated margin-
ally faster than high diffusivity soils.

When soil collar lengths were shortened (£ <L) chamber
8"°C signatures were found to asymptotically approach more
enriched §'°C values rather than 6§, The enrichment
magnitude of the measured value from §, depended on
atmospheric and biological production §'°C values, soil
diffusivity, biological production rate and collar depth.
Further examination of soil §°C gradients for all simulations
showed that the enriched value measured by the Bertolini
method is ~4.4%o depleted from the soil air signature at the
base of the soil collar (Table 1). This result implies that lateral
diffusion of gases around the soil collar causes equilibration
of the chamber air with soil air at the base of the collar, as was
the case in the Static, Mora and Purged chamber simulations.
However, unlike the other chamber designs, the use of a
sorbent to maintain ambient atmospheric concentration in
the chamber headspace means that CO, continues to diffuse
from the soil to chamber rather than diffusing laterally
around the chamber because of the maintained ambient bulk
CO, gradients. Because of the continual diffusion of CO, into
the chamber head space, the diffusive fractionation of 4.4%o.
must be accounted for.

Under lateral diffusion scenarios the Bertolini method
does not measure §,; rather, the measured value is the soil
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Figure 6. Conceptual comparison between model generated (a) Keeling plots for the
Static and Purged chamber methodologies and Keeling plots constructed based on
experimental data collected by Ohlsson et al." (b). Solid circles show the isotopic and
concentration data collected using a Static chamber without purging with the black
lines showing the best linear fit to the data. Open triangle show the isotopic and
concentration data collected using a purged Static chamber with the grey dashed lines
showing the best linear fit to these data. It should be noted that no attempt was made
here to match experimental and model data.

813C — 4.4%» to account for diffusive fractionation. Despite
this, if soil collars are deep enough the methodology may
reproduce a value close to 8, because the method measures a
value that is —4.4%o fractionated from the soil value, which at
sufficient depth should be equal to 8, +4.4%,.”*'** Unfortu-
nately, the use of deep soil collars may shear shallow plant
roots leading to unwanted disturbance of natural CO,
production regimes in the measurement area. In addition, the

D=0.0466/

Time (min)

Figure 7. (a) Time evolution (1-D transport) of Bertolini
chamber §'3C signatures for total soil production rates ran-
ging from 0.1 to 10 pmolm 3s~". (b) Time evolution (1-D
transport) of Bertolini chamber §'3C signatures for soil diffu-
sivity rates ranging from 4.66x 10 ®m?s™' to 1.81x
10 %m?s~ .

Copyright © 2009 John Wiley & Sons, Ltd.

soil collar depth required to accurately estimate §, depends
on the soil diffusivity and the production rate, and, therefore,
a fixed length collar will not work in all instances even at the
same site. Bertolini et al.'” suggest using their chamber
together with a steady-state diffusion model” as a way to
estimate &, values. While this approach may be possible in
some situations, it is important to note that uncertainty in
hard to measure parameters such as soil diffusivity and CO,
production profiles can lead to significant error in estimates
of 8,. Furthermore, dynamic fractionation effects caused by
time varying soil processesls’22 can impart additional bias on
steady-state calculations of §,.

We would also like to note the potential for bias in these
measurements due to sorbent fractionation.?* In the case that
the CO, sorption efficiency is different for 12C0O, and *CO,
the use of the continuous flow sorbent system could skew
results significantly by incorporating this measurement-
specific fractionation into estimates of 8,. This potential
problem can be circumvented by using an alternative source
of CO,-free air, such as a nitrogen/oxygen mixture,'® to
maintain the ambient CO, concentration.

Table 1. Model air-filled (9,) pore space, CO, production rate
(v), measured equilibrium (10 h) Bertolini chamber §'3C value,
steady-state soil air §'3C at the bottom of the soil collar (10cm
deep) and chamber §'3C minus soil air §'3C (As'3C) to show
the near theoretical kinetic fractionation factor

O y Chamber §'°C Soil 8'°C ASTC
0.10 3 —24.97 —20.67 —4.3

0.20 3 —24.71 —20.34 —4.37
0.25 3 —24.40 -19.96 —4.44
0.39 3 —22.65 —17.96 —4.69
0.35 1 —20.73 —16.06 —4.67
0.35 10 —24.45 —20.02 —4.43
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Table 2. Summary data from the simulated comparability and reliability scenarios. Methodologies were neither comparable with
one another nor reliable across the range of soil conditions simulated. All isotopic signatures are expressed as offsets (%o) from the
actual value of —25%, with positive numbers meaning the signatures contain more '3CO,, total soil production rate (y) and soil
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diffusivity (D) have units of umolm3s~" and x 10" °m?s™", respectively

Name y D Static Purged-K Purged-S Bertolini Mora
Spring 0.6 0.4 0.21 4.39 4.15 27 6.1
Summer — Wet 3 0.4 0.18 1.30 5.28 0.59 4.7
Summer — Normal 3 1 0.39 2.40 3.28 14 53
Summer — Dry 3 3 0.92 4.64 2.23 3.55 6.9

Comparability and reliability scenarios

Here we seek to assess the comparability (how different
methods compare with each other under the same soil
conditions) and reliability (how a single method varies across
soil conditions) of these chamber methods using four
hypothetical field scenarios. Simulated field scenarios
include a ‘Spring’ scenario, with wet soils and low
respiration rate and three ‘Summer’ scenarios; (1) Summer
— Wet, where soils are wet but respiration rates are high; (2)
Summer — Normal, where soils are moist and respiration
rates are high; and (3) Summer — Dry, where soils are dry and
respiration is high. The specific model parameters used to
simulate these scenarios are outlined in Table 2. All the
scenario simulations were performed with a 2.5 cm soil collar
and analyzed using the protocols presented in the Exper-
imental section.

The resulting §, estimates produced by each methodology
for each scenario are presented in Table 2. These results
clearly show that (1) using a single methodology under
different field conditions does not produce reliable estimates
of the value of 8, and (2) comparison of data collected using
different measurement methodologies is impossible because
of strong method specific biases in §, estimates. In some cases
the bias caused by changing environmental conditions
reached values of 3%., which, if considered in the context
of past &, studies (i.e. Ekblad and Hogberg’), is large enough
to completely account for §, variations that were thought to
occur due to environmentally induced changes in the
8"°C signature of produced CO,.

RECOMMENDATIONS AND
CONCLUSIONS

Each methodology evaluated in this paper was found to be
subject to some bias resulting from the perturbation of the
steady-state diffusion profile. In all cases the most significant
bias arose due to lateral diffusion of soil CO, around the
chamber soil collar. We believe that quasi-steady or steady-
state methods will eventually offer the most robust estimates
of 8,; however, work still needs to be done to develop a
steady-state method that does not bias results. It will also be
crucial to couple chamber theory with experimental and field
results to ensure that the data gained from current and future
studies is sound and unbiased.

In the meantime, for laboratory work where the system of
interest can easily be constrained to 1-D (i.e. using closed

Copyright © 2009 John Wiley & Sons, Ltd.

wall containers), we recommend using the Bertolini method
as it provided an unbiased estimate of §, under the
assumption of 1-D gas transport. It is more difficult to make
a sound recommendation for a chamber system to use at field
sites. For the field scenarios presented in this paper,
simulations of the Keeling plot method offered the most
reliable results across the field scenarios considered, with a
variation of only 1%o compared with 1-3%o for the other
methodologies. However, over a wider range of chamber
deployment times and diffusive scenarios the error due to
Keeling plot non-linearity is shown to be as high as 4%o."
Given these significant errors due to non-linearity and
potential errors inherent in linear regression and extrapol-
ation procedures,g’11 we cannot recommend the Keeling plot
approach for use in the field, especially for studies that are
exploiting small isotopic source differences. Instead we
suggest that for chamber time series data that has already
been collected according to a Keeling type approach, the
model presented here (or other similar 3-D diffusion models)
provides a suitable alternative for determining actual source
signatures. It requires detailed soil-specific information (CO,
production rate and expected depth distribution, atmos-
pheric §13C-CO,, diffusivity, chamber collar insertion depth,
etc.) and may be computationally intensive if fitting of
unknown parameters is required but it can appropriately
account for non-linearity in isotope mixing, eliminating at
least one source of bias. Of course, error will still exist in
model estimates of §, because the model is simplified and
does not truly simulate field conditions. Researchers must
always consider the uncertainty inherent in isotope
measurements due to depth-varying isotopic signatures,
time-varying root signals, spatial heterogeneity in the soil
diffusive environment and possible advective processes (i.e.
wind pumping).

Isotopic measurements of ecosystem efflux can provide a
wealth of information, which cannot be obtained with
measurement of only CO, efflux rates. Because of this, the
development of a robust, accurate sampling methodology
will be crucial in studying these processes and gaining
more information about ecosystem and global scale carbon
cycling processes. It is important, however, not to overlook
inconsistencies in data and assumptions inherent in these
methodologies. To gain the best estimates of §,, researchers
should continually evaluate the theoretical underpinnings
of the tools and approaches used to acquire this important
data.
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