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Abstract. Oxygen concentration and 618 Of 02 have been monitored in light and heavy soils. Steep
oxygen gradients were present at the heavy soil site (minimal 02 concentration was 1% at 150cm
depth) and 6180 values typically ranged from OM to -. 6%o relative to air 02. In the light-soil site, the
02 concentration was 20.38% to 20.53% and 6180 Values ranged from -. 06±0.015%o to 0.06±0.015%o
relative to atmospheric 02,. The fractionation in soil respiration was estimated from the observed [02]

and 180 profiles and their change with time by a five-box numerical model. Diffusion due to
concentration and temperature gradients was taken into account. Good agreement was found between
the model results and the measured values. The average discrimination against 180 in the two study
sites was 12±1%o. The current understanding of the composition of air 02 attributes the magnitude of
the fractionation in soil respiration to biochemical mechanisms alone. Thus the discrimination against
180 is assumed to be 1 8%o in cyanide-sensitive dark respiration and 25%o to 3% in cyanide-resistant
respiration. The discrimination we report is significantly less than in dark respiration. This overall low
discrimination is explained by slow diffusion in soil aggregates, and in root tissues that results in low
02 concentration in the consumption site. Since about half of the terrestrial respiration occurs in soils,
our new discrimination estimate lowers significantly the discrimination value for terrestrial uptake.
Higher then currently assumed discrimination was found in experiments with illuminated plants. This
high discrimination might compensate for the low discrimination found in soils.

1. INTRODUCTION

Soil-respiration is a major component of the global carbon cycle and contributes about one
third of the global 02 uptake. Since the uptake rates of various stable oxygen isotopes are
different, soil respiration significantly affects the isotopic composition of atmospheric 02. The
18 0 enrichment of air 02 with respect to ocean water is known as the Dole effect". Changes
in the Dole effect have been used to infer past variations in the ratio of marine to terrestrial
biospheric production, related to past climatic changes [1, 2]. However, in order to derive
quantitative estimates, it is necessary to gain better understanding of the basic mechanisms
affecting the isotopic composition Of 02 during its photosynthetic production and respiratory
consumption.

In recent treatments of past variations in the Dole effect, it was assumed that global terrestrial
respiration preferentially discriminates against 18 0 by 18%o with respect to 160 [1-3]. This
value is based on measurements in isolated plant organs [4, 5]. However, it has been noted [5]
that when 02 diffusion to the consumption site is slow, the discrimination of a system would
depend not only on the discrimination in the consumption process but also on the
discrimination in diffusion, and on the relative rates of consumption and diffusion. In an
extreme case where diffusion is very slow in comparison to respiration, oxygen level in the
consumption site is near zero, and any 02 entering is immediately respired. The
discrimination in this case is the discrimination in diffusion since no discrimination in
respiration takes place.

Bender et al. [1] recognized the role of diffusion limitation on oxygen isotope discrimination
in their treatment of the Dole effect. They suggested that in the ocean the role of diffusion
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limitation is negligible, because most of the respiration takes place by small organisms in
which the ratio of surface area to volume is large. However, this limitation cannot be
neglected in soils in which the 02 supply to the consumption site is slowed down by low
diffuisivity of root tissues and soil aggregates. Hence, we expect the overall discrimination
against 0~ in soil respiration to be lower than in dark respiration alone (1 8%o in cyanide-
sensitive respiration [5]). This expectation is strengthen by incubation experiment we
conducted with intact roots in which low discrimination were measured [6].

To the best of our knowledge, there is only one previous study in which the 6180 Of 02 in soil
air was measured [7]. In the present study, the discrimination against 0 in soil respiration
has been evaluated by monitoring [02] and 6180 in two sites with heavy and light soils. To
this end the soil air was sampled in the upper 1 .5m of the soil, where most of the biological
activity and respiration take place.

2. METHODS

2.1. The study sites

Two model study-sites were chosen in the coastal plane of Israel. The first was a citrus
orchard near Alexander stream. At this site, the soil changes gradually from clay in the top
layers to sandy clay loam in the deeper ones, and therefore this site will be referred to as the
"heavy-soil site". In the summer months this orchard is irrigated every second week.

The second site was an avocado orchard located near Caesarea, about 20 km north of the first
one. The soil in this site is sandy and it will be referred to as the "light-soil site". In the
summer months this orchard is irrigated every morning.

2.2. Monitoring of soil air

To sample soil air at the heavy-soil site, we have inserted five Nalgene~m tubes (/16" ID,
1/8" GD) at evenly spaced intervals (30 to 150 cm) in a drilled hole. The hole was filled with
alternate layers of sand and bentonite clay in such a way that the opening of each tube was
centered in a 10-cm layer of sand. The sand layers ensured easy pumping of air from the
ground, and the clay layers prevented movement of air from layer to layer during sampling.

In the light-soil site, a stainless steel tube (10mm ID, 12.5mmn 0D) was inserted into a pilot
hole made by hammering a 10mmn diameter rod into the soil. The tube end was pointed to
ensure easy insertion into the pilot hole, and 2mm diameter holes were drilled above the
pointed end for soil air collection. A 7mm-diameter rod inserted inside the tube reduced its
dead volume. The soil air was collected from a depth of 90cm.

In the heavy-soil site all samples were measured in duplicate and the average error based on
the duplicates was ±O.03%o and ±4%o for 6180 and 30 2/Ar respectively. Due to the very weak
signal in the light-soil site, 1 0 replicates were taken from the sampling depth. The confidence
intervals for the light-soil samples were (for 95% confidence level) ±.0l5%o for 618 0 and
±0.8%o for 80 2/Ar.

The diffusivity of the soil (k) was assessed after [8]. The oxygen concentration was evaluated
from the ratio Of 02 to Ar, which was determined by mass spectrometric analysis of the same
sample used for isotopic analysis. Sample preparation and mass spectrometry was according
to [9].
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2. RESULTS

Soil air from the heavy-soil site was sampled in two field experiments. In each experiment
soil air was sampled over 2-3 days intervals. The first experiment started 10 days after the last
irrigation and lasted 3 days. The second experiment started 3 days after a rain event and lasted
8 days. Both experiments ended before the next rain/irrigation event. The results of these
experiments are shown in Fig. 1.

Steep 02 gradients were present at the heavy-soil site. The 02 concentration in all sampling
dates decreased with depth. In both experiments the 02 concentration increased with time in
all depths while the 6180 values decreased with time. The 6180 profile shows a decreasing
trend with depth. In addition to these experiments, soil air was sampled once at 90cm, one day
after irrigation and 02 concentration was very low - less than 3%. The 6 180 was about I OM
but due to the very low 02 concentration, the accuracy of this measured value is less than in
the rest of the results.

Two field-experiments were preformed in the light-soil site. Soil air was sampled at 90cm
depth in a different spot in the orchard for each experiment. In the first experiment soil air
was sampled 3, 9 and 21 hours after the irrigation. In the second experiment soil air was
sampled 2 and 6 hours after the irrigation. The 02 concentration in the soil air at all sampling
times was 20.38% in the first experiment, and 20.53% in the second. The soil air was enriched
in 0, on the average, by .06%o relative to atmospheric oxygen in the first experiment and
by -. 06%o in the second, with no significant changes among the different sampling times.
The temperature difference between the soil at 90cm depth and the soil surface was I1.40C to
3.40C with an average of 2.80C in the first experiment and 1.60C to -1.60 C with an average of
Of00C in the second.

3. DISCUSSION

3.1. Soil air monitoring in the heavy-soil site

In order to evaluate the discrimination in soil respiration, it first necessary to understand the
dynamics of the oxygen in the soil. Two trends in oxygen concentration were observed: 1. A
depth-trend of decreasing 02 concentration with depth due to respiration in the soil and slow
replenishment with fresh atmospheric oxygen. 2. A time-trend of increasing 02 concentration
after irrigation that could be explained as follows: irrigation/rain caused a decrease in the air-
porosity of the soil, and consequently lowered gas diffusivity. The respiration in the soil
combined with very low diffusivity caused lowering f 02 concentration. As
evapotranspiration and drainage removed part of the water, the diffuisivity increased and
allowed the introduction of fresh oxygen from the atmosphere.

The 6180 profile is somewhat surprising because the 6180 values decreased with depth. If
respiration were the sole important mechanism, an increase in 6180 with the decrease in
oxygen concentration would be expected. The most probable mechanism that introduced
oxygen with an isotopic composition lighter than in air, is diffusion into the soil profile, in
which the lighter isotope moves faster (a discrimination of 14. 1 %o against 180 is derived from
the theory of binary diffusion of gases [10]). As discussed above, the increase in diffusivity
that resulted from drainage of the soil caused a net flux of oxygen from the atmosphere to the
soil. This oxygen has light isotopic composition due to the discrimination in diffusion, and
hence caused the observed decrease in 6180.
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The discrimination of the soil can not be evaluated from a simple Raleigh distillation
calculation, since the soil air is not a closed system. To estimate the discrimination we used a
five box numerical model. In this model the soil profile is divided into five 30cm thick layers.
In each layer the balance of 16 0 and 180 concentrations is calculated, separately for each
isotope species, from the diffusion and respiration fluxes by a finite difference approximation.
The model time-step was 1/8 hour. In a sensitivity analysis we found that adding more layers
to the model, or decreasing the time step, do not significantly change the predicted profile.

To estimate the overall discrimination in the soil, we assumed that the respiration rates,
diffusion coefficients, and discrimination in all the layers were constant in the time span
between two samplings. By repeated simulation runs we determined the respiration rates (for
each layer) that gave the best fit between the observed and the simulated [02] profiles. This
rate was then used in similar simulation runs to derive the discrimination value which gave
the best fit between the observed and the simulated 6180 profiles (Fig. 1).

The weighted-average discrimination calculated for all the layers was 11 .3±0.3%o for the first
experiment, and 3 .1±. 7%o for the second (the difference between discriminations found for
the different layers was within the error margin). In both cases, the estimated discrimination is
much weaker than in dark respiration. The main source of error in calculating the
discrimination is the estimated diffusivity Of 02 in the soil. The estimated error is based on
assumed relative error in the diffusivity of 50%. In some samples from the second experiment
02 level was very low, and there was not enough oxygen gas for analysis of 6 18 0. However,
since the 02 concentrations were very low, the uncertainty in the initial 6180 values did not
significantly affect the calculated discrimination.

In the discussion above it was assumed that diffusion and respiration were the only important
mechanisms, but three additional mechanisms might affect [02] and 6 180 in soil: gravitational
settling, advection and thermal diffusion. The effect of gravitational settling on 6180 is less
than O.Ol%o in depth of m and can be neglected. Advection can be usually neglected in soils
[ 11]1 and evidently was not important in our site, otherwise the soil 02 would not have an
isotopic composition lighter than air 02. Thermal diffusion will increase 618 0 at the cold end
of a temperature gradient, and in steady state [12]:

A.51 8 O' -1I). 1 O (1)
T

where ct is the thermal diffusion factor (0.0107 after [13]), and T and TO are the temperature
values at the two ends. A 10C gradient will generate about 0. 4 %o thermal diffusion signal in
6180 . But, the temperature change in the observed profile, below 20cm, was less than 0.50 C,
hence thermal diffusion can be neglected at deeper levels (its effect is about 0.02%o). Steeper
gradient was present at the top 20cm (-4 0 C), but since the direction of the gradient changes
between night and the day, and the diffusivity of the soil was low v-0. 1 m 2day-1) the effect of
thermal diffusion must have been erased (by reversing its direction) before it could be
established. Severinghaus et al. [14] described a "water vapor flux fractionation effect" in a
sand dune located in an ad area. This effect is driven by water vapor gradients in the dune.
In our study site this effect must be negligible because the soil moisture content was high
throughout the profile (10%-30% by volume) and the relative humidity of the soil-air was
probably 100% at all depths.
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FIG. 1. Measured and modeled [Oj and P80 ,
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3.2. Soil air monitoring in the light-soil site

The small difference in 02 concentration between the soil air and ambient atmosphere at the
light-soil site indicates rapid diffusive mixing between the two reservoirs. The stability of
both [02] and 6180 values in both experiments shows that the soil air was close to diffusion-
respiration steady state. However, since the signals in the light soil were so week, the effect of
thermal diffusion on 6180 (in the order of 0.1 %o) could not be neglected (the effect on 30 2/Ar
is negligible).

As in the case of the heavy soil, we can find the discrimination of the soil by studying the soil
air with the 5-layer numeric model. In the light soil site soil-air was sampled from one depth
only, because the signals were so small that any difference between the soil-air in distinct
layers were expected to be within the measurement error. Hence, the model can be calibrated
only by the measurements at one depth (90cm). The respiration was assumed to decrease
asymptotically to zero with depth (the model results were insensitive to the rate of decrease),
and the discrimination was equal in all depths. Since appreciable temperature gradient
occurred only in the upper 20cm of the soil, the top of the soil was assumed to be in thermal-
diffusion equilibrium with the atmosphere. As in the analysis of the heavy-soil site,
respiration rate and discrimination were adjusted by iteration until the best fit to the observed
data was found (Fig. 2).

The discrimination determined in this method was 3 .0±0.4 %o for the first experiment and
11l.5±O. 4 %o for the second. Both values are in close agreement with the results derived from
one box analytical model (Angert et al., submitted to Global biogeochemical cycles). The
main source of error in calculating the discrimination is the 1 80-measurement error, since the
estimated diffusivity has small effect on the calculated discrimination when the soil-air is in
steady state. Although the changes in 6180 during the day were not statistically significant,
they behave in the same pattern as predicted by the model and followed (with some lag) the
diurnal temperature changes.
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FIG. 2. Measured and modeled 0O versus time in the light-soil site. Markers with error bars
represent the measured data, and the lines represent model simulations. The variations of PY0 in time
are caused by thermal diffumsion that is driven by the diurnal temperature changes. AT, is the average
temperature difference beftween 90cm depth and the surface. a. first experiment. b. model predicted
t180 changes for assumed discrimnination of 1 8%o (all other parameters as in a.). c. second

experiment Note that the main cause for the difference in d8O between a and c is not the respiratory
discrimination but the temperature gradient.
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The average overall discrimination in both the light soil and the heavy soil sites is 2±1%o and
is significantly smaller than the commonly accepted value for dark respiration (-1 8%o). This
low discrimination is probably the result of diffusion limitation f 02 transfer to the
consumption sites in root tissues and in soil aggregates.

3.3. Implications for the Dole effect

The overall discrimination in soil respiration measured in the present study is about 2%o.
This discrimination is markedly lower than the discrimination of dark respiration (1 8%o) that
has been used in interpretations of the Dole effect. Although more research is needed in
natural systems, especially forests as well as other globally important ecosystems, the similar
discrimination that was found in the present research in two very different study sites,
suggests that low discrimination is a general phenomenon in soil respiration. This conclusion
is strengthened by the low discriminations found in soil and root incubations.

In a review on the regulating factors of the Dole effect [1] the present-day Dole effect was
calculated as 20.8%o, which is 2.7%o less than the observed value (23 .5%o). In this calculation,
it was assumed that the mean global 6180 of leaf water, which is the substrate for
photosynthesis on land, is about -4%o higher than the 6180 of ocean water. It was suggested
that the discrepancy between the observed and calculated Dole effect might be resolved by
higher 6180 of leaf water (-8%o). However, there is no observational evidence to support this
suggestion. Our present finding increases the discrepancy even further. Since about half of the
terrestrial respiration occurs in soils, our new discrimination estimate lowers the
discrimination value for terrestrial uptake from 1 8%o to 1 5%o.

This discrepancy may be resolved by higher than currently assumed discrimination in
illuminated plants. Indeed, very high discrimination is calculated from published data of
terrarium experiments [9]. In these experiments the oxygen in an airtight terrarium containing
Philodendron plants, soil and natural water reached an photosynthesis-respiration steady state.
The difference between the 6180 of the terrarium air and the terrarium water is the "terrarium
Dole effect" and represent the average discrimination of all the consumption process in the
terrarium (since there is no discrimination in photosynthesis). By darkening the terrarium and
measuring the change in 02 concentration (form 0 2/Ar ) and the changes in 180 the
discrimination in dark respiration in the terrarium can be calculated.

In continues illumination, the average discrimination was 24.6%o, and at 10/14 hours
light/dark cycles it was 2.4%o. Much lower discrimination (4.8%o), similar to soils, was
measured in dark experiments. Calculation of isotopic mass balance, assuming that the rate of
light respiration was equal to that of dark respiration when the terrariums were in "normal" 1 0
hours per day illumination, yields 26%o for the discrimination of the light processes. This
discrimination, as well as the one measured in continues illumination, is much stronger then
the value used in modeling of the terrestrial Dole effect (8%o [1]). Moreover, high
discrimination (-23%o) was also found in three years study of Lake Kinneret (Luz et al. MS),
and similar discrimination was found in an analysis f 02 isotopes profiles we measured in
the Atlantic Ocean near Bermuda (our unpublished data).

These high discriminations can be the result of high rates of cyanide-resistant respiration
(which has high discrimination - 25%o-30%o) in the light. We suggest that cyanide-resistant
respiration is an important global mechanism, but it is hard to detect because it is chiefly
engaged during illumination and is associated with 02 production. Interestingly, light-
enhanced engagement of cyanide-resistant respiration was reported in illuminated plants
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([15]; [16]). Since the discrimination in cyanide-resistant respiration is high, including higher
rates of this respiration in global budgets will compensate for the low discrimination of soil
respiration we report.

4. CONCLUSIONS

1. Discrimination against 180 during 02 uptake in soil respiration is low and ranges from 1 1%o
to 4%o, with an averaged value of 2%o.

2. The measured discrimination is significantly lower than the commonly accepted dark-
respiration value (-l18%o).

3. The low discrimination is the result of diffusion limitation on 02 transfer to the
consumption site. This limitation is present in soil aggregates and roots.

4. Wide engagement of cyanide-resistant respiration in light can balance the low
discrimination found in soil respiration.

5. These new experimentally determined discriminations will probably alter the interpretation
of past changes in the Dole effect and may help to achieve better understanding of the
response of the biosphere to global climate change.
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