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Abstract: In the Southeast United States (U.S.), the climate is predicted to be warmer and have
more severe drought in the summer. Decreasing rainfall in summer months should create more
severe soil drying, which will eventually affect re-wetting cycles deeper in the soil profile. Changing
drying-wetting cycles in this deeper portion of the profile may impact the soil C pool, the largest
pool of terrestrial C globally. The aim of this research is to study the effect of drying-wetting cycles
on deep soil C. A soil incubation experiment was established using four soils that are part of a
simulated drought experiment in Oklahoma, Virginia, Georgia, and Florida. Soils were incubated
from as many as eight layers up to a depth of 3.0 m. During incubations, soil respiration was generally
greatest in surface soils and declined with depth. When compared to soils that were kept constantly
moist, drying-wetting cycles did not consistently stimulate more soil respiration. Soil respiration as a
proportion of total soil C, however, was higher in soils below 1 m than above. Total C (R2 = 0.82) and
hydrolysable C (R2 = 0.77) were the best predictors for soil respiration. Assuming that there was no
other factor (i.e., new carbon inputs) affecting soil respiration at depth other than soil moisture cycles,
this study indicates that there would be no significant change to soil respiration in deep soils under
more severe drying-wetting cycles.

Keywords: loblolly pine; deep soil; climate change; drying-wetting cycles; soil respiration

1. Introduction

Climate change models predict that summertime precipitation may decline by 10 to 30% in the
Southeast United States (U.S). [1,2], although uncertainty in, and disagreement between, projections
remain [3]. Drought may stress soil microbes and plants; and may have implications for nutrient
availability, plant productivity, biogeochemical processes, and the C pool in soils [4]. Understanding
how drought-induced drying-wetting cycles affect soil respiration is important in predicting the effects
of climate change on forest soils and estimating the potential changes in the soil C pool [4].

Soil drying-wetting cycles can result in a pulse of soil respiration (known as the Birch effect), which
may exceed the respiration rate of constantly moist soils [5,6]. After a soil wetting, soil respiration can
be elevated by as much as 500% when compared with samples that are kept constantly moist, with the
CO2 pulse lasting from two days to two weeks [5,7–13].

Previous research on drying-wetting cycles has mainly focused on surface (0–20 cm) soil C [11,13–15].
Fewer studies, however, have looked at subsurface (20–100 cm) [16] and deep (>100 cm) soil C [17].
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Globally, more than 50% of soil organic C is found in subsoil horizons (>20 cm) [18]. One estimate
found that 27–77% of mineral soil C was below 20 cm depth when soils were sampled to more than
80 cm [19]. Subsurface and deep soils can produce a significant amount of CO2 [20,21]. For example,
in a well-drained temperate forest, 27% of soil respiration took place in soils below 15 cm [22]. Shallow
soil sampling can result in an underestimate of soil C storage and an inability to adequately measure
the impacts of management or climate changes over time in whole-ecosystem studies [19].

Presently, it is unknown if the mechanisms controlling drying-wetting responses in topsoil differ
from those in deeper soil. There is, however, clear evidence that the forms of soil C can differ in these
two portions of the profile. In a study conducted on a sandy clay loam soil in California, the proportion
of soil organic matter with a density <1.6 g/cm3 (primarily undecomposed plant material and charcoal)
decreased with depth, making up 20% or more of the total C in the upper 18 cm, but less than 10%
for the deeper soil [22]. Another study in Amazonian forest soils found similar results; soil organic C
with a density <2 g/cm3 comprised about 30% of the total soil C pool for the upper 10 cm, but the
proportion dropped rapidly, with depth to <5% [23]. For the soil organic matter with density >2 g/cm3

(e.g., altered plant matter, microbial cell wall debris and organic matter adsorbed to clay) the ratio of
hydrolysable C (removable by acid treatment, e.g., amino acids, proteins, carbohydrates, and simple
sugars) to non-hydrolysable C (not removable by acid treatment) also decreased from 2:1 in the upper
soil to 1:1 in the deeper soil [22]. One study directly addressing dynamic soil C properties found that
soil respiration at 50, 100 and 200 cm responded differently to change in temperature, and to water
and nutrient availability relative to the surface soil (0–25 cm) [17]. Due to the different forms of C in
deep soils, it is possible that the mechanisms controlling drying-wetting response differ as well.

In addition to differences in states of soil C (i.e., particulate or hydrolysable) with depth, different
mineralization rates have also been observed. Subsurface soil organic C mineralization rates are
generally lower and have longer mean residence times than surface soil organic C [24]. One study
that was conducted in a grassland soil in France showed that surface soil C has a mean residence time
of ~300 years, while subsurface soil C has a mean residence time of ~3000 years [16]. Mineralization
rates have been demonstrated to relate to fractionation of soil organic C, separated by their physical or
chemical properties. Low density C fractions (<2 g/cm3), except charcoal, turns over on a time scale of
decades or less [25]. The mean residence time of hydrolysable C is several centuries, while the age of
non-hydrolysable material could be thousands of years [22]. It is uncertain, however, which C fraction
is a good indicator for potential soil respiration at depth.

We hypothesized that drying-wetting cycles will stimulate deep soil respiration on a relative basis
more than it will simulate surface soil respiration. We tested our hypothesis with soil samples that
were collected from four locations across the Southeast U.S., which were part of a study simulating
increased drought (i.e., through fall exclusion, see Will et al. [26]). Multiple depths from 0 to 3 m were
incubated for three drying-wetting cycles with the first 48 h of each wetting period used for calculation.
Heterotrophic soil respiration was measured during all the wetting periods, and were then compared
to total soil C content, water extractable C content, light, hydrolysable, and residual C fractions.

2. Materials and Methods

2.1. Site Description

The soils used in this incubation study came from four loblolly pine plantations that comprise a
largescale throughfall reduction × fertilization experiment. The four plantations were established at
the edges of the loblolly pine range, which span the full temperature and precipitation range of the
species (Figure 1). The sites are located in McCurtain County, Oklahoma; Buckingham County, Virginia;
Taliaferro County, Georgia; and, Taylor County, Florida. Among these four locations, the 30 year
(1981–2010) average annual precipitation ranged from 1.1 to 1.4 m and the annual temperature ranged
from a low of 6.7 ◦C to a high of 27.3 ◦C (Table 1) [27].
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Taliaferro County, Georgia; and Taylor County, Florida, as indicated by dark green triangles. Light 

green shaded area indicates the native range of loblolly pine (http://esp.cr.usgs.gov/data/little/). 
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McCurtain, Oklahoma 35.15 94.97 23.9 9.4 1.3 Ruston 

Buckingham, Virginia 37.57 78.53 19.4 6.7 1.1 Littlejoe 

Taliaferro, Georgia 33.57 82.88 22.7 10.1 1.1 Lloyd-Cecil 

Taylor, Florida 30.11 83.58 27.3 13.6 1.4 Melvina-Moriah-Lutterloh 

For this incubation experiment soils were sampled in the control plots of each research site. 

More details of the field experiment can be found in Will et al. [26]. Soils in each location were 
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200, 200–250, and 250–300 cm. Two samples were collected at each depth of each research site. These 

samples were later split into subsamples for laboratory analyses.  

1. Oklahoma: the Ruston series is a fine-loamy, siliceous, semiactive, thermic Typic Paleudult. 

Two profiles (four depth, eight samples) were collected to 100 cm, due to shallow soil solum.  

2. Virginia: Littlejoe is a fine, mixed, subactive, mesic Typic Hapludult. Due to shallow soil solum, 

two soil profiles (five depth, 10 samples) were collected to a depth of 150 cm.  

3. Georgia: the Lloyd series is a fine, kaolinitic, thermic Rhodic Kanhapludult, while the Cecil 

series is a fine, kaolinitic, thermic Typic Kanhapludult. The Rhodic designation indicates an 

influence of mafic parental material on soil color. Two soil profiles (eight depth, 16 samples) 

were collected to 300 cm.  

Figure 1. Research site locations at McCurtain County, Oklahoma; Buckingham County, Virginia;
Taliaferro County, Georgia; and Taylor County, Florida, as indicated by dark green triangles. Light green
shaded area indicates the native range of loblolly pine (http://esp.cr.usgs.gov/data/little/).

Table 1. Research site attributes with 30 year (1981–2010) average climate data (http://www.ncdc.noaa.gov).

Location Lat (◦N) Long
(◦W)

Avg Max
Temp (◦C)

Avg Min
Temp (◦C)

Avg Ppt
(m) Soil Series

McCurtain, Oklahoma 35.15 94.97 23.9 9.4 1.3 Ruston
Buckingham, Virginia 37.57 78.53 19.4 6.7 1.1 Littlejoe

Taliaferro, Georgia 33.57 82.88 22.7 10.1 1.1 Lloyd-Cecil
Taylor, Florida 30.11 83.58 27.3 13.6 1.4 Melvina-Moriah-Lutterloh

For this incubation experiment soils were sampled in the control plots of each research site. More
details of the field experiment can be found in Will et al. [26]. Soils in each location were comprised
of Ruston (McCurtain, Oklahoma), Littlejoe (Buckingham, Virginia), Cecil-Lloyd complex (Taliaferro,
Georgia), and Melvina-Moriah-Lutterloh complex (Taylor, Florida). The first three complexes are
largely Ultisols, while Florida soils consist of Spodosol and Alfisol. Soil samples from Oklahoma,
Virginia, and Georgia contain clay to loam texture argillic or kandic horizons, while soils from Florida
contain sand texture with a spodic horizon. All of the samples were acidic, with pH ranging from 3.6
to 6.2 (Table 2).

Soils were sampled at eight depths (when possible): 0–10, 10–20, 20–50, 50–100, 100–150, 150–200,
200–250, and 250–300 cm. Two samples were collected at each depth of each research site. These samples
were later split into subsamples for laboratory analyses.

1. Oklahoma: the Ruston series is a fine-loamy, siliceous, semiactive, thermic Typic Paleudult.
Two profiles (four depth, eight samples) were collected to 100 cm, due to shallow soil solum.

2. Virginia: Littlejoe is a fine, mixed, subactive, mesic Typic Hapludult. Due to shallow soil solum,
two soil profiles (five depth, 10 samples) were collected to a depth of 150 cm.

3. Georgia: the Lloyd series is a fine, kaolinitic, thermic Rhodic Kanhapludult, while the Cecil series
is a fine, kaolinitic, thermic Typic Kanhapludult. The Rhodic designation indicates an influence
of mafic parental material on soil color. Two soil profiles (eight depth, 16 samples) were collected
to 300 cm.

http://esp.cr.usgs.gov/data/little/
http://www.ncdc.noaa.gov
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4. Florida: Melvina is a sandy, siliceous, thermic Oxyaquic Alorthod; Moriah is loamy, siliceous,
superactive, thermic Aquic Arenic Hapludalf; while Lutterloh is loamy, siliceous, subactive,
thermic Grossarenic Paleudalf. Due to high water table at the Florida site, two soil profiles (six
depth, 12 samples) were collected to 170 cm.

These soils are typical in their respective regions. All of the soil series descriptions are based on
USDA-NRCS Soil Survey Division [28].

Table 2. Physical and chemical properties of soils from research locations at McCurtain County,
Oklahoma; Buckingham County, Virginia; Taliaferro County, Georgia; and Taylor County, Florida.
Values given as mean ± 1SE (n = 2).

Location Depth (cm) Texture pH C (%) N (%)

Oklahoma 0–10 loam 4.8 ± 0.5 1.29 ± 0.25 0.07 ± 0.03
10–20 loam 4.2 ± 0.2 0.43 ± 0.12 0.04 ± 0.01
20–50 loam 3.9 ± 0.0 0.32 ± 0.14 0.03 ± 0.00

50–100 clay loam 3.6 ± 0.2 0.29 ± 0.03 0.03 ± 0.01

Virginia 0–10 silt loam 4.2 ± 0.1 3.89 ± 0.54 0.14 ± 0.03
10–20 loam 4.5 ± 0.3 1.00 ± 0.24 0.04 ± 0.01
20–50 silty clay 4.5 ± 0.4 0.52 ± 0.16 0.03 ± 0.00

50–100 silty clay loam 4.9 ± 0.1 0.23 ± 0.05 0.02 ± 0.00
100–150 silty clay loam 4.9 ± 0.0 0.09 ± 0.01 0.00 ± 0.00

Georgia 0–10 loam 5.5 ± 0.5 1.92 ± 0.67 0.10 ± 0.03
10–20 clay loam 5.4 ± 0.2 0.87 ± 0.26 0.06 ± 0.01
20–50 clay 5.4 ± 0.1 0.44 ± 0.13 0.04 ± 0.00

50–100 clay 5.2 ± 0.4 0.25 ± 0.02 0.03 ± 0.00
100–150 clay 5.8 ± 0.0 0.07 ± 0.03 0.00 ± 0.00
150–200 clay loam 5.6 ± 0.1 0.06 ± 0.03 0.00 ± 0.00
200–250 clay loam 5.4 ± 0.3 0.05 ± 0.02 0.00 ± 0.00
250–300 loam 5.3 ± 0.2 0.05 ± 0.01 0.01 ± 0.00

Florida 0–10 sand 5.5 ± 0.2 2.06 ± 0.36 0.07 ± 0.02
10–20 sand 5.6 ± 0.1 1.30 ± 0.10 0.04 ± 0.01
20–50 sand 5.8 ± 0.3 0.62 ± 0.09 0.02 ± 0.00

50–100 sand 6.2 ± 0.4 0.22 ± 0.03 0.01 ± 0.00
100–150 sandy clay loam 5.2 ± 0.1 0.07 ± 0.01 0.00 ± 0.00
150–170 sandy clay loam 4.8 ± 0.3 0.33 ± 0.03 0.00 ± 0.00

2.2. Soil Physical and Chemical Analysis

All samples were air-dried and homogenized by sieving through a 2 mm screen. A subsample
was analyzed in replicate for soil texture, pH, total C and N, and water extractable C. Textural analysis
followed Gee and Or [29] and soil water pH tests followed the method of Thomas [30] with a 1:1
soil:water ratio. For C and N analysis samples were further oven-dried at 65 ◦C and ball mill ground.
Total C (TC) and N were analyzed on a CE Elantech NC 2100 Soil Analyzer with a detection limit of
100 µg C/g soil (CE Elantech Inc., Lakewood, NJ, USA) using the Dumas method, as described by
Bremmer [31].

2.3. Soil C Fractionation

All of the soil samples were analyzed for water extractable C (WE). Ten grams of air-dried soil
was shaken with 100 mL of deionized water for one hour on a reciprocating shaker at a speed of
200 rev/min. After shaking, the extracts were filtered with Whatman No. 42 filter paper to recover
solution for analysis [32]. Concentrations of water extractable C were determined with a Shimadzu
TOC-TN analyzer (Shimadzu Corp., Kyoto, Japan). Results were then converted to mg C/g soil.

Soil carbon fractionation was performed on all of the soil samples by combining density
and hydrolytic fractionation techniques. This method was modified after Trumbore et al. [22] and
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Golchin et al. [33]. Light fraction, <2.0 g/cm3 (LF), material was physically isolated using sodium
polytungstate. The remaining heavy fraction, >2.0 g/cm3, was further fractionated by acid hydrolysis
into a hydrolysable fraction (HF) and a residual fraction (RF). The bulk samples, LF, and RF were
analyzed for C and N concentration by dry combustion method. The hydrolysable fraction was
analyzed on the Shimadzu TOC-TN identified above.

2.4. Soil Incubations

Air-dried and sieved samples were used for incubation. To determine field moisture capacity for
incubations, soil water retention curves were determined using Tempe cells (SoilMoisture Equipment
Corp., Santa Barbara, CA, USA) and a WP4C Dewpoint PotentialMeter (Decagon Devices. Inc., Pullman,
WA, USA). Separate core samples were collected for these analyses. Tempe cells were used for <1 MPa
and WP4C Dewpoint PotentialMeter was used for >1 MPa. Results from both instruments were
integrated to form soil water retention curves. Gravimetric water contents at field capacity (−0.01 MPa)
and air-dry states (−100 MPa) were determined based on these soil water retention curves.

Two subsamples for control treatment and two subsamples for drying-wetting treatment were
taken out of each sample. Subsamples were not treated as statically independent and only the mean
value between subsamples were used in statistical analysis. Each subsample weighing 100 g air-dried
were placed in 1-L canning jars (Mason jars; Jarden Co., Muncie, IN, USA), and then wet to field capacity
(−0.01 MPa). After wetting, jars were capped. Caps included a rubber septum for gas sampling. All of
the samples were incubated under 35 ± 0.5 ◦C in a Precision dual program illuminated incubator (GCA
Corp., Chicago, IL, USA). Gas samples were taken at 0, 2, 4, 8, 12, 24, 48, 72, and 96 h. This is defined
as the first cycle: C1, under the control treatment and DW1, under the drying-wetting treatment.
The jars were then opened and samples under the control treatment were quickly aerated and capped.
Water was added as necessary to maintain the soil water potential at field capacity. Samples under
drying-wetting treatment were allowed to dry under 35 ± 0.5 ◦C in the same incubator. Total weight
of the jar was used to assess the extent of drying. When the air-dry state was achieved soils were
re-wetted to field capacity, capped, and re-measured for the second cycle (C2, under the control
treatment and DW2, under the drying-wetting treatment). This cycle was repeated a third time (C3,
under control treatment and DW3, under the drying-wetting treatment), similar to the approach taken
by Fierer et al. [17].

Gas samples were collected from the headspace gas using a 3-mL airtight syringe and was
analyzed with the LI-7000 CO2 gas analyzer (LI-COR Inc., Lincoln, NE, USA). Collected gas was
injected into the LI-7000 CO2 gas analyzer using compressed N2 gas at 150 mL/min as the carrier [34].
Sample CO2 concentrations were determined by using a calibration equation made by injecting the
same volume of standard CO2 gases with concentrations of 0.1, 1, 3, and 10%. To solve for CO2

concentration in the headspace of the jar, the ideal gas equation:

PV = nRT, (1)

was used, where P is pressure in bars (constant), V is volume of gas in the jar in liters (constant),
n is moles of gas in the jar, R is the gas constant in L bar/mol/K, and T is temperature in Kelvin
(constant). The mass of C (mg) loss through soil respired is reported. Based on preliminary observations,
soil respiration rates remained relatively stable for the first 48 h and declined thereafter. Therefore,
soil respiration (mg C) were calculated using 48-h measurements for each cycle. The 0 h reading was
used as the baseline CO2 concentration.

2.5. Statistical Analysis

The experimental design consisted of 4 factors: location (Oklahoma, Virginia Georgia, and Florida,
fixed), depth (0–10, 10–20, 20–50, 50–100, 100–150, 150–200, 200–250, and 250–300 cm, fixed), treatment
(control and drying-wetting treatments, fixed), and cycles (cycle 1, 2, and 3, fixed and repeated) with
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field replicates (field replicate 1 and 2, random). A mixed effect, repeated measures model was used to
test for differences and account for the correlation over cycles. Tukey’s significant difference test at the
level of α = 0.05 were used to separate soil respiration/TC and soil respiration/WE.

Linear regressions were used to identify soil C fractionations that significantly influenced soil
respiration. All of the variables were transformed to obtain normal distributions before the regressions.
The LF, RF, WE, and TC were transformed using log transformation. The HF was transformed using
square root transformation. The soil respiration was transformed using skewed log transformation.
All the C fractionations and TC were analyzed for correlations. The SAS statistical package (SAS
Institute Inc., Cary, NC, USA) was used for all data analyses.

3. Results

3.1. Distribution of C

The highest TC concentrations of all four regions were in 0–10 cm soils, ranging from 1.29–3.89%
C (Table 2). The C content dropped off rapidly in the upper 1 m from 0.22 to 0.32%. Below 1 m,
the C% remained between 0.05–0.09%, with the exception of 150–170 cm Florida soil that had a 0.33% C,
indicating a spodic horizon. The surface soils (0–20 cm) contained 41% of the total C stock, subsurface
soils (20–100 cm) 35%, and deep soils (100–300 cm) 24%.

Of the TC in the profile, the WE proportion generally increased with depth (Figure 2). In Georgia,
the proportion of WE to TC varied from about 3% for soils above 1 m to 13% for soils below 1 m.
In Florida and Virginia, the proportion of WE to TC was ~1% throughout the profile, while in Oklahoma
it was ~3% throughout.
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The LF concentration of all the profiles decreased rapidly with depth (Figure 2). Georgia soils
had the most dramatic change decreasing from 10,550 mg/kg (0–10 cm) to 22 mg/kg (250–300 cm).
The LF of Oklahoma soils ranged from 4421–392 mg/kg, while in Florida and Virginia, soils had
similar LF concentrations at ~9000 mg/kg in the surface and ~200 mg/kg in the deepest layer. The LF
as a proportion of TC showed a generally decreasing trend over depth, with ~40% of C as LF at the
surface decreasing to ~10% at depth.

The HF of all the profiles varied from ~3000 mg/kg at the surface to ~400 mg/kg at 1 m (Figure 2).
In Georgia soil below 1 m, HF decreased to ~150 mg/kg. In the Florida spodic horizon, HF was
1105 mg/kg, much higher than the soils above. There is a generally increasing trend in the proportion
of HF to TC with depth. The proportions varied from ~15% at the surface to ~40% at depth.

The RF concentration decreased with depth in all profiles (Figure 2). Georgia 0–10 cm had the
highest RF of 9655 mg/kg and declined to 318 mg/kg at 2–3 m. The RF of Florida and Oklahoma
surface soils were ~3000 mg/kg, while the RF of Virginia surface soil was 7529 mg/kg. At ~1 m, the RF
of Oklahoma and Virginia soils were ~1000 mg/kg, while the RF of Florida dropped to ~500 mg/kg at
~1 m, then increased to 1616 mg/kg at 150–170 cm. The proportion of RF when compared with TC
increased with depth. In Georgia, the proportions increased from ~50% to ~60% with depth and in
Oklahoma the increase was from ~20% to ~30%. In Florida and Virginia, these proportions varied
from <20% at the surface to ~60% at depth.

3.2. Soil Respiration

Rates of soil respiration differed among locations (p = 0.0391) with fluxes in Oklahoma generally
being greatest and Georgia being lowest. In all the sites, soil respiration was greatest in 0–10 cm soils,
ranging from 155 µg of C (Oklahoma) to 64 µg of C (Florida) per gram of soil, and generally decreased
over depth to rates of <10 µg C/g soil. The exception was in Florida 150–170 cm soil, which was the
spodic horizon and had greater soil respiration than the horizons above. Difference in respiration
among depths was significant (p < 0.0001). At all of the depths, there were >3 µg C/g soil of soil
respiration measured after drying and re-wetting. This was even true at the deepest depth: 250–300 cm
(Figure 3).Soils 2018, 2, 1  8 of 13 
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Figure 3. Comparison of soil respiration during soil incubations over control and three drying-wetting
cycles. Top panels show soil respiration from four locations (Oklahoma, Virginia, Georgia, and Florida)
under control condition. Three control cycles are indicated by C1, C2, and C3. Bottom panels show soil
respiration from the same four locations under drying-wetting treatment. Three drying-wetting cycles
are indicated by DW1, DW2, and DW3. Error bars represent ±1SE (n = 2).
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Soil respiration was generally greatest during the first cycle (accounting for 27–67% of C loss)
and declined thereafter (Figure 3). One exception was 0–10 cm soil samples from Virginia where soil
respired more C during the second cycle (149 µg C/g soil) than the first cycle (108 mg C/g soil).
Such increases over drying-wetting cycles were not observed in the subsurface soils.

Increased soil respiration with drying-wetting cycles when compared to those that were constantly
moist was not consistently observed (Figure 3), and the treatment effect was not significant (p = 0.6798).
However, for Georgia soils from 0–10 and 20–300 cm, Florida soils from 10–20 cm, Oklahoma soils from
0–20 cm, and all Virginia soils, drying-wetting cycles stimulated greater (although not significantly
greater) soil respiration than ones that were constantly moist.

3.3. Soil Respiration in Relation to TC

For 0–100 cm soils, soil respiration as a proportion of TC generally decreased with depth (Figure 4).
Below 100 cm, however, these proportions had increasing trends with depth (with the exception of
Florida 150–170 cm soil). In general, soil respiration as a proportion of TC content was greater below
100 cm than soil above 100 cm (Figure 4). In Georgia, total soil respiration over the three cycles
accounted for 0.7–1.7% of TC in the upper 100 cm. Below this depth, total soil respiration over the
three cycles accounted for 1.8–2.9% of total soil C. Soils from Florida and Virginia showed similar
trends. Total soil respiration over the three cycles accounted for 0.3–0.8% of TC in the upper 100 cm in
Florida soil, and 0.4–1.3% in the soils below 100 cm. In Virginia, 0.5–1.7% of TC was released above
100 cm and soil below 100 cm respired 0.8–1.3% of TC. The depth effect was significant for all of the
locations (p < 0.0001).
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Figure 4. Soil respiration as a proportion of total soil carbon content over drying-wetting cycles (soil
respiration/TC). Three drying-wetting cycles are indicated as DW1, DW2, and DW3. Soil respiration/
total C content of three cycles were separated using Tukey’s significant difference test at the level of
α = 0.05. The dissimilar letters next to bars are used to indicate significant differences between depths
within a site. Error bars represent ±1SE (n = 2).

3.4. Soil Respiration in Relation to Soil C Fractions

In general, soil respiration as a proportion of water extractable carbon decreased over repeated
drying-wetting cycles and with depth (Figure 5). Soil respiration, as a proportion of WE carbon,
exceeded 100% in 25% of all the samples, including Oklahoma 0–10 cm, Virginia 0–50 cm, and Florida
0–20 cm (Figure 5). The soil respiration/WE carbon proportion reached 145% in Florida 0–10 cm soils.
All C fractionations were significantly correlated with each other and with TC (p < 0.0001). All of the
fractions were also significant predictors of total soil respiration (p < 0.0001). Across all the samples,
WE explained 65% of the variance in soil respiration (i.e., R2 = 0.65) (Figure 6). Among the components
of the C fractionation, the LF accounted for 72%, HF for 77%, and the RF for 53% of the variance in C
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respired (Figure 6). TC, however, had a greater predictive value individually (R2 = 0.82) than all of the
other C fractions (Figure 6).
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Figure 5. Soil respiration as a proportion of soil water-extractable carbon over drying-wetting cycles.
Three drying-wetting cycles are indicated as DW1, DW2, and DW3. Soil respiration/WE of three
cycles were separated using Tukey’s significant difference test at the level of α = 0.05. The dissimilar
letters next to bars are used to indicate significant differences between depths within a site. Error bars
represent ±1SE (n = 2).
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Figure 6. Total C (TC), water-extractable fraction (WE), and fractionations of C: light fraction
(LF), hydrolysable fraction (HF), and residual fraction (RF) compared with soil respiration under
drying-wetting treatment using linear regression. All data were transformed to normal distributions.
Coefficient of determination (R2), root mean square error (RMSE), and p values are reported. Black
dots indicate data points. Solid black lines indicate regression lines. Blue lines indicate 95% confidence
intervals. Red lines indicate 95% prediction interval.

4. Discussion

The results of this study do not support the hypothesis that drying-wetting cycles in deep soil
stimulated soil respiration. In many previous studies focusing on surface soils, drying-wetting cycles
have increased soil respiration [5,7–10,12,13]. Increased soil respiration in these previous studies,
however, is not universally observed. For example, Fierer and Schimel [10] reported soil respiration
during incubations significantly increased with the number of drying-wetting events for oak forest soils,
but not for grassland soils, where a large number of drying-wetting events decreased soil respiration.
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Similar declines in soil respiration with drying-wetting have been observed in a loamy sand soil with
shoot material of Lolium perenne mixed in and a silt loam soil on a farm in Kansas [11,35]. There have
been a few reports [36–38] that are consistent with results from this study. For example, three soil series
in the southeastern U.S. studied by Kruse et al. [38], showed mixed results similar to the current study:
the drying-wetting treatment decreased soil respiration on an Orangeburg sandy loam (fine-loamy,
kaolinitic, thermic, Typic Kandiudults); while, it increased soil respiration on a Norfolk depressional
sandy loam (fine-loamy, kaolinitic, thermic, Arenic Kandiudults); and, had no effect on a Norfolk
loamy sand (coarse-loamy, kaolinitic, thermic, Typic Kandiudults).

Previous research has mainly focused on surface soil (<20 cm) responses to drying-
wetting [11,14,15]; a few studied subsurface soils (20–100 cm) [39,40]; and, even fewer studied deep
soil carbon (>100 cm) [17,23]. Data similar to that of the current study are rare in demonstrating an
active microbial community and active C pool, as evidenced by soil respiration, down to as much as
three meters. Responses observed in surface and deep soils may differ, however, as showed by results
of one previous study where moderate drought (−1.5 and −5 MPa) had a larger relative impact on the
rates of soil respiration from surface when compared to deep soil horizons [20]. Results of the current
study also show differences, but here, soils below 1 m respired more C as a proportion of the total
soil C pool than soils above 1 m, indicating that deep soils may respond differently to drying-wetting
cycles than surface soils.

Mechanistically, surface and deep soils may differ in a number of ways. For example, the breakdown
of soil aggregates in surface soils and the release of previously physically protected soil organic matter
may result in increased soil C respiration. The stabilization of organic C by physical protection within
soil aggregates has been reported to be an important factor in subsurface soils [41]. In deep soil,
however, aggregation does not occur to as great a degree as in surface soils [42]. Mineral interaction
has been shown to be the main stabilization mechanism in acid soils (note pH in Table 2) [41,43].
To achieve sample homogeneity, soil aggregates were partially broke down to pass through 2 mm
sieve. Although a common practice for soil incubation studies [13,16,17,38], results reported that using
this method should not be considered quantitatively equal to how undisturbed soil would be affected
by soil moisture change, instead, should be received as a qualitative representation. Furthermore, even
in the event of physical alteration of soils by wetting and drying, deep soils may lack a supply of
fresh or microbially available C, thus limit soil respiration in deep soils [16]. Finally, even if labile or
microbially available C is made available at depth, it is possible that microbes may be nutrient limited
due to extremely low soil nutrient concentrations (note N concentrations in Table 2) [17]. Thus after
wetting, an increase in microbial turnover may be truncated by a stoichiometric imbalance [44].

Considering the amount of C stored in deep soils and the potential contribution of deep soil
respiration to atmospheric CO2, there is a desire to estimate the potential soil respiration. To estimate
the soil respiration at any depth, TC was the best indicator for soil respiration (R2 = 0.82). The WE alone
only explained 65% of soil respiration (Figure 6). In 25% of these incubations, soil respiration exceeded
WE carbon, the readily available C, indicating that there are other microbially available C pools than
WE. The LF is another rapidly cycling C pool and can contribute significantly to soil respiration [24].
However, there is very little LF, especially in Georgia soil tested below 50 cm, there is <100 mg/kg LF
(Figure 2). Therefore, the LF could not completely explain the total amount of soil respiration at depth
(R2 = 0.72). The RF is not thought to be particularly microbially available [23]; in this study, RF is not
very well correlated with soil respiration (R2 = 0.53). Among all C fractionations, HF had the best fit
for soil respiration (R2 = 0.77) (Figure 6). Previous research using similar acid extraction methods for
HF have found this C pool to be correlated with rates of C decomposition [45,46]. As such, we suggest
that in the high clay content, Ultisols and Alfisols of the Southeast (Table 2) the C adsorbed to clay
surfaces, which is well represented by HF, might be the best indicator for C respiration at depth.

Despite their low C content, subsoil horizons contribute more than half of the global soil C
stock [19,47,48]. The global soil C stock is estimated to have 699 Pg C in the top 0.2 m layer, 716 Pg C
in 0.2–1 m layer, 491 Pg C in 1–2 m layer, and 351 Pg C to the depth of 3 m [49]. Together, this soil C
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pool is larger than the biomass C pool and the atmospheric C pool combined [49]. Specifically, for the
soils tested in this study, there was an average of 41% of C stored in the top 0.2 m layer, 35% in the
0.2–1 m layer, and 24% in the 1–3 m layer. The amount of soil respiration with the drying and wetting
treatment from the top 0.2 m layer contributed 54%, the 0.2–1 m layer 27%, and the 1–3 m layer 19%.
Thus, although soil moisture changes in deep soil did not consistently impact soil respiration, these
soils appear to contribute substantially to carbon cycling and atmospheric CO2.

5. Conclusions

Drying-wetting cycles did not have a consistent effect of enhancing soil carbon loss in these four
soil profiles that were investigated in the Southeast U.S. Many sub (0.2–1 m) and deep (<1 m) soils of
this region have high (>30%) clay contents and low soil C concentrations that may render this deep
soil carbon insensitive to more severe drying-wetting cycles. The carbon-enriched, subsurface spodic
horizon that was encountered in this study was an exception, having increased soil C respiration
with drying-wetting. Spodosols are common in the coastal plains of the Southeast U.S. (and in
many northern temperate forests), store significant amounts of C, and thus may deserve further
attention. Across all of the soils studied, drying-wetting cycles in deep soils induced greater C loss
as a proportion of total soil C than surface soils. Across all of the depths, the total C was the best
predicator for soil respiration. In the clay-rich subsoils, the acid extractable, hydrolysable C fraction
may be most informative.
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