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A Proposed Mechanism for the Pulse in Carbon Dioxide Production Commonly
Observed Following the Rapid Rewetting of a Dry Soil

Noah Fierer* and Joshua P. Schimel

ABSTRACT

The rapid rewetting of a dry soil often yields a pulse in soil CO,
production that persists for 2 to 6 d. This phenomenon is a common
occurrence in surface soils, yet the mechanism responsible for produc-
ing the CO, pulse has not been positively identified. We studied the
effects of a single drying and rewetting event on soil C pools, to
identify which specific C substrates are mineralized to produce the
observed pulse in respiration rates. We labeled two soils with
“C-glucose and measured the enrichment and pool sizes of the re-
leased CO,, extractable biomass C, and extractable soil organic matter
(SOM-C) throughout a drying and rewetting cycle. After rewetting,
respiration rates were 475 to 370% higher than the rates measured
before the dry down. The enrichment of the released CO, was 1 to
2 times higher than the enrichment of the extractable biomass C pools
and 10 to 20 times higher than the enrichment of the extractable
organic C, suggesting that the CO, pulse was generated entirely from
the mineralization of microbial biomass C. However, there was no
evidence of substantial microbial cell lysis on rewetting. We hypothe-
size that the pulse of CO, is generated by the rapid mineralization of
highly enriched intracellular compounds as aresponse by the microbial
biomass to the rapid increase in soil water potentials. The drying and
rewetting process also releases physically protected SOM, increasing
the amount of extractable SOM-C by up to 200%. The additional
SOM-C rendered soluble by the rewetting event did not contribute
substantially to the rewetting CO, pulse. Overall, the rapid rewetting
of a dry soil can influence soil C cycling in the short-term, by increasing
the microbial mineralization of cytoplasmic solutes, and in the longer-
term, by decreasing the total amount of SOM physically protected
within microaggregates.

NUMEROUS STUDIES have shown that the rapid rewet-
ting of a dry soil can cause a large pulse in soil C
mineralization rates (Birch, 1958; Clein and Schimel,
1994; Franzluebbers et al., 2000; Jager and Bruins, 1975;
Soulides and Allison, 1961). After a soil rewetting, CO,
production rates are often elevated by as much as 500%
compared with samples kept continuously moist, with
the CO, pulse generally persisting for a 2- to 6-d period
following the rewetting event. Since many surface soils
experience large seasonal fluctuations in moisture con-
tent, these short-term pulses in CO, production after
rewetting are likely to be a common occurrence in many
soils. In arid, semi-arid, or Mediterranean environ-
ments, where rainfall events are infrequent and soils are
often dry, the rewetting CO, pulse may constitute a
significant proportion of the total annual CO, flux from
surface soils.
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There is uncertainty about the mechanisms responsi-
ble for producing the rewetting CO, pulse. One pro-
posed mechanism is that the pulse of CO, is largely a
result of the mineralization of nonbiomass soil organic
matter (SOM) rendered accessible to microbial attack
by the rewetting event. According to this hypothesis,
the drying and rewetting process disrupts aggregate
structure, releasing organic matter from physical protec-
tion within aggregates and producing a pulse in micro-
bial activity as this material is mineralized (Adu and
Oades, 1978; Appel, 1998; Denef et al., 2001; Sorensen,
1974; Utomo and Dexter, 1982). Alternatively, others
have proposed that microbial C, not SOM-C, is the major
substrate mineralized to produce the rewetting CO,
pulse (Bottner, 1985; Kieft et al., 1987). The rapid in-
crease in soil water potential associated with the rewet-
ting of a dry soil causes microbes to experience osmotic
shock. In general, microbial cells either lyse completely
or adjust to the water potential shock by releasing intra-
cellular osmoregulatory solutes (Halverson et al., 2000;
Harris, 1981). The compounds released into the soil
environment are taken up by surviving microbes and
mineralized, producing the respiration pulse. Some
studies have combined these two proposed mechanisms,
suggesting that both biomass C and nonbiomass SOM-C
contribute to the rewetting CO, pulse (Scheu and Park-
inson, 1994; Van Gestel et al., 1993a; Van Gestel et al.,
1991; Van Veen et al., 1985).

The identification of the specific mechanisms respon-
sible for producing the rewetting CO, pulse is important
if we want to understand the implications of climate
change on soil C dynamics. In the future, many regions
of the globe may experience higher mean annual tem-
peratures and greater intra-annual variability in the tim-
ing of precipitation events (Barrow and Hulme, 1996;
Houghton et al., 1996; Waggoner, 1989). Under these
scenarios, we would expect many surface soils to experi-
ence more frequent drying and rewetting events. If non-
biomass SOM-C is the primary source of the rewetting
CO, pulse, an increase in the frequency of soil drying
and rewetting will increase the amount of soil C accessi-
ble to microbial attack, potentially decreasing the total
amount of C sequestered in a particular soil over time.
However, if microbial biomass is the source of the rewet-
ting CO, pulse, an increase in the frequency of drying-
rewetting events may increase the level of physiological
stress for soil microbes, potentially reducing C mineral-
ization and increasing C sequestration rates over time.

We conducted an experiment with two soils from a

Abbreviations: SOM, soil organic matter.
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Mediterranean-type environment to determine if bio-
mass or nonbiomass SOM is the substrate mineralized
to produce the rewetting CO, pulse and to identify the
specific mechanisms involved in the process. We labeled
the microbial biomass pool with “C glucose and mea-
sured the enrichment of the CO, after rewetting to assess
the relative contributions of labeled microbial biomass
C and unlabeled SOM-C to the CO, pulse. We propose
a conceptual model of rewetting C dynamics that ex-
plains the results from this experiment as well as the
results obtained from similar studies.

MATERIALS AND METHODS

The two soils used for the experiment were collected from
the University of California Sedgwick Reserve in Santa Ynez,
CA (N 34°42'30” 1at., W 120°2'30” long.). The climate is Medi-
terranean, with an average annual rainfall of 50 cm yr~! (Ca-
chuma Reservoir, Santa Barbara County Water District) and
most of the rainfall occurring between the months of Novem-
ber and March. The soils of the field site are Haploxerolls
(Gessler et al., 2000). Surface soils (0-10cm) were collected
from underneath perennial oak (Quercus agrifolia) and from
adjacent annual grassland (primarily Bromus spp.). These soils
will be referred to as “oak” and “grass” soils, respectively.
The oak soil has a higher total C and N content (3.9 and 0.3%,
respectively) than the grass soil (2 and 0.2%, respectively),
more available N, higher nitrification rates, and a larger micro-
bial biomass (Fierer and Schimel, 2002). The oak soil is a loam
with a pH in water of 6; the grass soil is a clay loam with a
pH of 6.5. Seasonally, the oak soil would be subjected to fewer
rapid fluctuations in soil water content than the grass soil
because of a thicker litter layer and canopy shading (Parker
and Muller, 1982).

The soil samples were collected in April 2001, sieved to
4 mm, and stored at field moistures (22 and 12% for oak and
grass soils, respectively) at 5°C. Three weeks before the start
of the experiment (August 2001) the two soils were adjusted
to field capacity (—0.03 MPa), as measured on a thermocouple
psychrometer (Decagon Devices, Inc. Pullman, WA; Model
SC-10a). Field capacity corresponds to gravimetric H,O con-
tents of 55 and 42% for the oak and grass soils, respectively.

A schematic diagram of the experimental setup is provided
in Fig. 1. Four replicate samples of each soil type were weighed
into individual 50-mL centrifuge tubes, each sample weighing
7 g (dry weight equivalent). All samples were kept at 20°C
throughout the course of the experiment. A 1-mL aliquot of
universally labeled “C-glucose (28 kBq mL ™}, 3.4 nmol glucose
mL ') was added to each sample, raising the water potential
of the oak and grass soil samples from —0.03 MPa to approxi-
mately —0.01 MPa. After an 8-d pre-incubation, we started
monitoring total CO, and “CO, production rates from the
samples by placing NaOH traps (2 mL of 0.2 M NaOH) inside
each gas-tight centrifuge tube. Sodium hydroxide traps inside
empty tubes were used to determine the background levels
of CO, and “C-CO,. Traps were removed on a regular basis
and stored in a CO,—free environment until analyzed.

Twenty days after the *C glucose addition, all samples were
dried over a 3-d period and then rewet back to the pre-dry
down water content. The relatively long incubation period
allowed for the equilibration of the '“C into the microbial
biomass C pools before dry-down. Soil water potentials were
maintained at a constant level (—0.01 MPa) for the entire
period after the addition of the “C glucose and before drying
(Fig. 1). Soil drying was accomplished by placing samples
directly beneath a low powered fan in a 20°C room. By the
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Fig. 1. A schematic diagram (not to scale) illustrating the time course
of events and the soil water potentials during the experiment.
Oak and grass soil samples were adjusted to identical soil water
potentials. * equals a set of samples were destructively harvested
for unfumigated and fumigated extractions. Dashed lines indicate
the time periods during which we monitored CO; and “C-CO, pro-
duction.

end of the drying period, both oak and grass soil samples had
dried down close to —30 MPa (approximately 5% gravimetric
water content). All soil samples were rewetted back to —0.01
MPa by adding a single aliquot of a pre-determined amount
of deionized water to the middle of the sample. Soils were
never removed from their respective tubes, physically agitated,
or heated during the course of the drying and rewetting
process.

Immediately after the rewetting, we continued monitoring
total CO, and “CO, production rates for 6 d, switching NaOH
traps every 12 or 24 h. The NaOH traps were analyzed for
total dissolved C with a flow injection autoanalyzer (Lachat
Instruments, Milwaukee, WI). After converting dissolved bi-
carbonate to CO, using HCl, CO, was measured by running
the sample over a Teflon membrane with phenol red as a color
indicator (a modification of the Lachat ammonium diffusion
method, 31-107-06-5-A, Lachat Instruments Milwaukee, WI).
Headspace “C-CO, accumulation was measured by counting
an aliquot of each NaOH trap on a liquid scintillation counter.
Both “C-CO, and CO, flux rates were calculated for each
sample after subtracting the amounts of “C and CO, in the
respective “blank” NaOH traps.

An additional set of soil samples were treated in exactly the
same manner as those described above, but were destructively
harvested during the course of the experiment for unfumigated
and fumigated extractions. The harvests were conducted at
three time points: 6 d before drying, 1 d before drying, and
immediately following the rewetting (Fig. 1). We conducted
a preliminary harvest after the 8-d pre-incubation period and
before the “C labeling to determine if the addition of the
glucose led to a substantial increase in the amount of biomass
C. At each harvest, four replicate soil samples were extracted
with and without CHCI; using a method modified from Gre-
gorich et al. (1990). Briefly, for unfumigated and fumigated
extractions, samples were transferred to 70-mL glass tubes
(Pyrex No. 9825) and 40 mL of 0.5 M K,SO, was added to
each sample. For fumigated extractions, 0.5 mL of EtOH-free
CHCI; was added directly to the sample along with the K,SO,
solution. Blanks, extract solution without soil, were prepared
both with and without the addition of CHCl;. All extracts
were shaken for 3 h at 150 rpm and gravity filtered through
Whatman No. 1 paper (Whatman, Maidstone, UK). The ex-
tracts were then bubbled vigorously with air for 30 min to
remove any CHCI; and stored at —20°C. In terms of biomass
extraction efficiencies, this method is directly comparable with
vapor-phase chloroform fumigation techniques (N. Fierer, un-
published data, 2001).
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Total dissolved organic C concentrations in soil extracts
were measured by persulfate digestion (Cabrera and Beare,
1993) with the inorganic C concentrations of the digested
samples analyzed using the method described above. Dis-
solved C concentrations in the K,SO, blanks with and without
CHCI; addition were subtracted from the fumigated and unfu-
migated extract concentrations, respectively. Extractable or-
ganic C levels were determined from the unfumigated K,SO,
extractions. Aliquots of both unfumigated and fumigated ex-
tracts were analyzed on a liquid scintillation counter to mea-
sure the quantity of “C in extractable DOC and biomass C.
Microbial biomass C and “C flush values are reported as
the difference in extracted C, or “C, between fumigated and
unfumigated samples, without conversion to total microbial
biomass C. Statistical analyses of the extract data were con-
ducted using one way ANOVAs with Fisher’s LSD post-hoc
tests (SPSS, Inc., 2000).

RESULTS

After exposure to a drying and rewetting event, a
CO, pulse was evident in both the oak and grass soils
(Fig. 2). After the rewetting, respiration rates were ele-
vated by as much as 475 and 370% (oak and grass soils,
respectively) relative to the respiration rates measured
before drying. Approximately 5 to 6 d after rewetting,
respiration rates in both soils returned to the pre-dry
down levels. Over the entire 6-d period following the
rewetting, an average of 71 and 36 pg C-CO, g soil !
were released from the oak and grass soils, respectively.
By calculating the amount of C-CO, released during
an equivalent 6-d period before drying (46 and 29 pg
C-CO, gsoil !, oak and grass) we can estimate, by differ-
ence, that the rewetting CO, pulse itself was approxi-
mately 25 and 7 pg C-CO, g soil™! for oak and grass
soils, respectively.

Before drying, the rates of “C-CO, release (Fig. 3a)
and the enrichments of the CO, (Fig. 3b) were relatively
constant for both soils. Following rewetting, we ob-
served an increase in the rates of “C-CQ, release from
both soil types (Fig. 3a). This pulse of “C-CO, release
is of relatively short duration, lasting for approximately
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Fig. 2. Rates of total CO, production before and after rewetting.
Carbon dioxide production was not monitored during the drying
period, Day 11 to Day 13. Error bars represent =1 standard error
of the means (N = 4).
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Fig. 3. Carbon-14 labeled CO, release rates (2a) and the enrichment
of respired CO, (2b) before and after rewetting. Error bars repre-
sent *+1 standard error of the means (N = 4).

1 to 3 d before rates return to the basal rates observed
before drying. For both soil types, the relative size of
the “C-CO, pulse on rewetting was greater in magnitude
than the pulse in total CO, production, producing an
overall increase in CO, enrichment after rewetting
(Fig. 3b). Carbon dioxide enrichments immediately fol-
lowing the rewetting were 2 to 3 times higher than the
CO, enrichments measured before the drying.

The addition of the “C-glucose (0.48 nmol [34.6 ng]
glucose-C g soil!) did not lead to any measurable net
microbial growth in either soil type. Extractable biomass
C levels before glucose addition, 225 (SE = 20) and
140 (SE = 14) pg C g soil™! for oak and grass soils
respectively, were nearly equivalent to the levels of bio-
mass C extracted 14 d after glucose addition (6 d before
drying, Fig. 4a).

The pool sizes of extractable microbial biomass C in
both oak and grass soils were not substantially affected
by rewetting. The amounts of extractable microbial bio-
mass C were not significantly different between samples
collected 1 d before drying and samples collected imme-
diately after rewetting (Fig. 4a). Similarly, the *C enrich-
ments of the microbial biomass pools from both soils
were not significantly different in samples extracted just
before drying or just after rewetting (Fig. 4b). The en-
richment of the extractable biomass C, as measured
following rewetting, was approximately 3.4 and 4.8 Bq g
soil~! for oak and grass soils, well below the measured
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Fig. 4. The amount (3a) and enrichment (3b) of extractable microbial
biomass C recovered from oak and grass soils at three time points
during the experiment. Error bars represent 1 standard error of
the means (N = 4). Means denoted by the same letter do not differ
significantly (P > 0.05).

levels of enrichment for the CO, released soon after re-
wetting.

In both soils, the pool sizes of extractable organic C
were significantly increased by the drying and rewetting
process (Fig. 5a). Soils extracted immediately after re-
wetting had over 200% more organic C than soils ex-
tracted before the drying. These increases in extractable
C concentrations were not accompanied by a change in
the enrichment of the C (Fig. 5b). With both soil types,
there were no significant differences in the levels of
enrichment of the extractable organic C at the three
different extraction times. The enrichments of extract-
able C were generally 4 to 10 times lower than the
enrichment of biomass C in both soil types.

DISCUSSION
The Source of the Rewetting CO, Pulse

The high “C enrichment of the CO, released after
rewetting is evidence that microbial C, not SOM-C, is
the primary substrate mineralized after a soil-rewetting
event. If SOM-C was a significant source of the CO,
pulse, we would expect the enrichment of the rewetting
pulse CO, to be lower than the CO, released before
drying since SOM-C is largely unlabeled. If the micro-
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Fig. 5. The total amount (4a) of extractable-organic C from an unfu-
migated extraction with 0.5 M K,SO, and the enrichment of the
extracted C (4b). Error bars represent 1 standard error of the
means (N = 4). Means denoted by the same letter do not differ
significantly (P < 0.05).

bial C was uniformly labeled and was the sole source
of C mineralized to produce the rewetting CO, pulse,
we would expect the enrichment of the rewetting pulse
CO, to be nearly equivalent to the enrichment of the
microbial biomass C. Interestingly, with both soil types
the enrichment of the CO, released immediately after
rewetting was nearly double the enrichment of the ex-
tractable microbial biomass C.

There are two possible explanations why the rewet-
ting-pulse CO, is more “C enriched than the extractable
microbial biomass pool. One explanation, the “active
biomass” hypothesis, is that the added "C is preferen-
tially incorporated into metabolically active microbes
which are sensitive to being lysed on rewetting and the
mineralization of the lysed cells produces a pulse of
highly enriched CO,. Another possible explanation is
that a subfraction of the microbial biomass is more
highly enriched with *C than the overall microbial bio-
mass and this highly enriched fraction is mineralized on
rewetting. Although we are not able to identify the
specific composition of the highly enriched cellular ma-
terial, it is likely to consist of soluble cytoplasmic mate-
rial, hence we term this hypothesis the “cytoplasmic
solute” hypothesis.

The active biomass hypothesis has been used to ex-
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plain similar results from other drying and rewetting
experiments with “C-labeled soil. Bottner (1985) and
Van Gestel et al. (1993b) proposed that actively growing
microbes are preferentially enriched in “C and have
thinner cell walls, making them more susceptible to cell
lysis on rewetting than slower growing microbes. The
subsequent mineralization of the lysed active biomass
would then produce a CO, pulse with a higher level of
“C enrichment than the total extractable biomass C
pool. Although we cannot refute this hypothesis with
the data available from this study, the active biomass
hypothesis is not likely to be the most parsimonious
explanation for our results. We added a much smaller
amount of C (36 ng C g soil ') than in the experiments
by Bottner (1985) and Van Gestel et al. (1993b) and
these low concentrations of glucose should not be suffi-
cient to cause a net increase in the active microbial
biomass pool. Furthermore, we have no evidence that
the rewetting event induced cell lysis: there was no mea-
surable reduction in the size of the microbial biomass
pool after rewetting (if anything, microbial biomass
tended to increase, Fig. 4a) and the “C enrichments of
the unfumigated extracts collected immediately after
rewetting are low (Fig. 5b). The technique we used to
measure microbial biomass may not have had the sensi-
tivity to measure the relatively small changes in biomass
needed to account for the rewetting CO, pulse (5-10%
of microbial biomass). However, we should have been
able to detect an increase in the *C enrichments of the
unfumigated extracts if even a small proportion of the
microbial biomass had lysed in response to the re-
wetting.

Our data suggest, but do not necessarily confirm, that
the cytoplasmic solute hypothesis is a more plausible
explanation for the high enrichment of the rewetting
pulse CO,. Cytoplasmic C should have a higher level of
C enrichment than the overall extractable biomass C
pool because any added *C is more likely to be incorpo-
rated into cytoplasmic constituents than structural com-
ponents, particularly if low concentrations of “C-labeled
substrate are added to soil (Bremer and Van Kessel,
1990; Bremer and Kuikman, 1994). We speculate that
the large pulse of highly enriched CO, released after a
drying and rewetting cycle is a result of the mineraliza-
tion of highly enriched cytoplasmic solutes by cells re-
sponding to the water potential shock. The rewetting-
induced mineralization of cytoplasmic C, with limited
cell lysis, may explain why a number of studies have
observed an increase in respiration rates after the rewet-
ting of a dried soil and no significant reduction in micro-
bial numbers (Bloem et al., 1992; Fierer and Schimel,
2002; Lundquist et al., 1999a; Magid et al., 1999; Scheu
and Parkinson, 1994).

This proposed explanation for the rewetting CO,
pulse is supported by a number of pure-culture studies
examining the physiological responses of microbes to
dilution stress. At low water potentials, bacteria and
fungi accumulate cytoplasmic solutes, primarily low mo-
lecular weight carbohydrates, polyols, amino acids, and
amines, to lower intracellular water potentials and main-
tain cell turgor (Csonka and Hanson, 1991; Harris, 1981;

Potts, 1994). A rapid increase in water potentials (a
dilution stress) can induce microbial cell lysis unless
intracellular water potentials are immediately raised by
the release of these cytoplasmic solutes into the sur-
rounding environment (Halverson et al., 2000; Sleator
and Hill, 2001). After release, the cytoplasmic solutes
are rapidly (in as little as 10 min.) re-incorporated into
the microbial cells (Hohmann, 2002; Ruffert et al., 1997;
Schleyer et al., 1993; Tschicholz and Truper, 1990; Wood
et al., 2001) where they are eventually mineralized or
re-assimilated (Csonka and Hanson, 1991; Dylan et al.,
1990; Reed and Stewart, 1983; Wood et al., 2001).

We hypothesize that the microbes in the oak and
grass soils rapidly mineralize cytoplasmic solutes on re-
wetting, producing a pulse of highly enriched CO..
These solutes could possibly be microbial osmoregu-
lants that accumulate intracellularly during low water
potential conditions and are subsequently removed by
mineralization or assimilation on rewetting of the soil.
If this hypothesis is correct, the quantity of osmoregu-
lant C known to accumulate within cells that are exposed
to low water potentials should be sufficiently large to
account for the amount of C released in the rewetting
CO, pulse. If we assume the size of the rewetting CO,
pulse (25 and 7 pg C-CO, g soil !, oak and grass soils
respectively, see above) is roughly equivalent to the
amount of cytoplasmic C mineralized and if we assume
a biomass extraction efficiency (Kec) of 0.4 (Dictor et
al., 1998), we can estimate that the quantity of cyto-
plasmic C mineralized in response to soil rewetting rep-
resents approximately 4 and 2% of the total microbial
biomass C pools from oak and grass soils, respectively.
Killham and Firestone (1984), studying the physiological
response of two soil Streptomyces strains to salt stress,
estimated that the total intracellular free amino acids
(the primary osmoregulatory solutes in bacteria, Harris,
1981; Wood et al., 2001) increased by 1 mmol g cell (dry
wt.)"! in response to a —5 MPa decrease in osmotic
water potential. This allocation of C to osmoregulatory
solutes represents approximately 10% of total cellular
C. In a similar study with Staphylococcus aureus, a —8
MPa decrease in osmotic water potentials increased in-
tracellular free amino acid concentrations by 1.75
mmol g cell (dry wt.)™!, or approximately 20% of total
cellular C (Koujima et al., 1978). Based on these general
estimates, we can infer that only a fraction of the C
accumulated as osmoregulatory solutes by cells under
low water potential conditions would have to be miner-
alized to account for the CO, pulses generated by the
rewetting of the dried oak and grass soils.

Since C is often the primary nutrient limiting micro-
bial biomass growth in soil (Wardle, 1992), one might
expect frequent drying and rewetting events to select
for soil microbial communities that can adjust to sudden
increases in water potential without rapidly mineralizing
alarge portion of their accumulated cytoplasmic solutes.
Work by Halverson et al. (2000) has shown considerable
variability in the physiological responses of different
soil isolates to a rapid increase in water potentials. The
additional mechanisms, besides mineralization, used by
bacteria and fungi to remove accumulated osmoregula-
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tory solutes if water potentials increase rapidly can in-
clude: the rapid polymerization or re-assimilation of the
solutes into osmotically less active forms inside the cell
(Halverson et al., 2000; Munro et al., 1972; Reed and
Stewart, 1983), storage of the solutes in periplasmic
space (Dylan et al., 1990), or leaving the solutes largely
intact and having strong enough cell walls to sustain the
large turgor pressures generated by the rapid increase
in water potentials (Brown, 1990; Harris, 1981). Under
natural conditions, grass soils are exposed to more fre-
quent drying-rewetting events than oak soils (Parker
and Muller, 1982). In this experiment, the rewetting CO,
pulse from oak soils was three times larger than the
pulse from grass soils (Fig. 2), even though the water
potential increases were similar in magnitude. Some of
this difference in the size of the rewetting CO, pulse
may be a result of the microbial communities of the two
soil types using different mechanisms to cope with the
rapid increase in soil water potentials. We hypothesize
that the microbes inhabiting oak soils largely reduce
the activity of accumulated osmoregulatory solutes by
mineralization, while the grass soil microbes utilize more
efficient mechanisms to adjust intracellular water poten-
tials, mineralizing a smaller proportion of their cyto-
plasmic C on rewetting.

Influence of Soil Drying and Rewetting on Soil
Organic Matter-Carbon Pools

A drying-rewetting cycle will not only affect microbial
biomass C pools, but can also alter the availability of
SOM to soil microbes. The amount of extractable C
increased following rewetting (Fig. 5a) and the low lev-
els of enrichment (Fig. 5b) indicate that this C must be
derived from SOM, not microbial biomass. Other stud-
ies have shown that a drying and rewetting process, by
altering the structure of macro- and microaggregates,
can render physically protected SOM extractable (Adu
and Oades, 1978; Denef et al., 2001; Utomo and Dexter,
1982). In this experiment, the vigorous shaking associ-
ated with the extraction process disrupted the macroag-
gregate structures in all samples; therefore, the observed
increase in extractable SOM can only be explained as
arewetting-induced disruption of microaggregate struc-
tures (<250 pm, Tisdall and Oades, 1982). A drying-
rewetting cycle can break the bonds between soil parti-
cles or between clay leaves, releasing the SOM protected
within microaggregates (Degens and Sparling, 1995; De-
nef et al., 2001; Pannabokke and Quirk, 1957). Over
time, successive drying and rewetting events may there-
fore reduce the quantity of physically protected SOM
in the soil.

With these soils, the additional SOM rendered ex-
tractable by the drying and rewetting process was not
readily mineralized, as evidenced by the high “C enrich-
ment of the CO, released after rewetting and the low
enrichment of the extractable SOM-C. Related studies
have also shown that the SOM-C released by drying
and rewetting is likely to be stable and highly resistant
to decomposition (Degens and Sparling, 1995; Lund-
quist et al., 1999a; Magid et al., 1999). Since recurrent
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Fig. 6. A schematic diagram illustrating the changes in C pools before
drying and after the rewetting of the dried soil. The carbon pools
and the arrows showing the contribution of each of these C pools
to total CO, production are conceptual representations of the
hypotheses presented in this paper. Carbon pool size, in micro-
grams of C per gram of soil (g C g soil ')(values not in parenthe-
ses), and “C enrichment, in becquerels of 14C per gram of C (Bq
HC g C ) (values in parentheses), are indicated for each box. The
size and enrichment of each C pool are estimated based on our
measurements for the oak soil. The size of each box is equivalent
to the estimated size of the carbon pool. We hypothesize that
cytoplasmic solutes (indicated by the dashed box) are the major
source of C mineralized after rewetting, however, the size and
enrichment of this pool could not be directly measured.

drying and rewetting events should successively deplete
the quantity of labile SOM held within aggregates (De-
gens and Sparling, 1995), soils that are rarely exposed
to intense drying and rewetting events may release more
labile SOM on experimental rewetting than the soils
used in this study. Studies that have partially or wholly
attributed a large CO, pulse after rewetting to an in-
crease in SOM availability (Birch, 1961; Jager and Bru-
ins, 1975; Pulleman and Tietema, 1999; Sorensen, 1974;
Van Gestel et al., 1991), may have imposed a drying
and rewetting treatment of greater intensity then that
generally experienced by the soils under natural condi-
tions, releasing physically protected SOM with a high
degree of lability.

SUMMARY

In Fig. 6, we present a schematic diagram summariz-
ing the short-term influence of drying and rewetting on
C pools in the oak soil. We propose that the rewetting
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CO, pulse is generated from microbial biomass C, but
without significant microbial cell lysis. Instead, the re-
wetting of a dry soil results in the rapid mineralization
of cytoplasmic solutes for reasons, which, at this point,
are still unclear. We can only hypothesize that the min-
eralized cytoplasmic solutes serve an osmoregulatory
role inside cells, lowering intracellular water potentials
during soil drying. At the onset of rewetting, these sol-
utes are rapidly removed from cells so an equilibrium
between intracellular and soil water potentials can be
maintained. The rewetting of dried soil also increases
the amount of SOM extractable from soil, but this addi-
tional SOM is not highly labile and does not contribute
significantly to the rewetting CO, pulse. The conceptual
model we present is based on experiments with two soils
from a semi-arid, Mediterranean climate; qualitatively,
the same mechanisms should apply to soils with different
compositions and moisture stress histories, however, the
magnitude of the rewetting CO, pulse may be highly
variable.

In general, we would predict that soils which are
rarely exposed to natural drying and rewetting cycles
will exhibit a larger CO, pulse on rewetting than soils
which are frequently dried and rewet: a greater propor-
tion of the C in osmoregulatory solutes will be mineral-
ized by cells on rewetting and any additional SOM made
accessible to microbes by the drying and rewetting pro-
cess will be more labile. If proven correct, this proposed
scenario may explain why the rewetting CO, pulse is
often reduced in size after a soil has been exposed to
numerous drying and rewetting cycles (Birch, 1958; Bot-
tner, 1985; Denef et al., 2001; Fierer and Schimel, 2002;
Sorensen, 1974) and why soils collected from areas with
a high degree of moisture variability tend to have
smaller CO, pulses on rewetting compared with soils
which rarely experience large fluctuations in moisture
(Franzluebbers et al., 2000; Kieft et al., 1987; Lundquist
et al., 1999b; Van Gestel et al., 1993a).
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