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Water table fluctuations significantly affect the biological and geochemical functioning of soils. Here, we
introduce an automated soil column system in which the water table regime is imposed using a com-
puter-controlled, multi-channel pump connected to a hydrostatic equilibrium reservoir and a water stor-
age reservoir. The potential of this new system is illustrated by comparing results from two columns
filled with 45 cm of the same homogenized riparian soil. In one soil column the water table remained
constant at —20 cm below the soil surface, while in the other the water table oscillated between the soil
surface and the bottom of the column, at a rate of 4.8 cm d~'. The experiment ran for 75 days at room

Editor temperature (25 + 2 °C). Micro-sensors installed at —10 and —30 cm below the soil surface in the stable
water table column recorded constant redox potentials on the order of 600 and —200 mV, respectively. In
Keywords: the fluctuating water table column, redox potentials at the same depths oscillated between oxidizing

(~700 mV) and reducing (~—100 mV) conditions. Pore waters collected periodically and solid-phase
analyses on core material obtained at the end of the experiment highlighted striking geochemical differ-
ences between the two columns, especially in the time series and depth distributions of Fe, Mn, K, P and S.
Soil CO, emissions derived from headspace gas analysis exhibited periodic variations in the fluctuating
water table column, with peak values during water table drawdown. Transient redox conditions caused
by the water table fluctuations enhanced microbial oxidation of soil organic matter, resulting in a pro-
nounced depletion of particulate organic carbon in the midsection of the fluctuating water table column.
Denaturing Gradient Gel Electrophoresis (DGGE) revealed the onset of differentiation of the bacterial
communities in the upper (oxidizing) and lower (reducing) soil sections, although no systematic differ-
ences in microbial community structure between the stable and fluctuating water table columns were
detected.
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1. Introduction

The transition zone separating the soil from the underlying
groundwater plays a major role in regulating the flows of carbon,
nutrients and contaminants at the watershed scale (Hancock
et al., 2005; Hefting et al., 2004; Sophocleous, 2002; Triska et al.,
1989). The capillary fringe and the adjacent unsaturated and satu-
rated zones are characterized by steep physical-chemical gradi-
ents, which tend to focus biogeochemical activity. Of particular
importance are the concentration gradients of electron donors
and acceptors, as they are intimately linked to the pathways, rates
and products of many biogeochemical processes (Borch et al.,
2010). In addition to spatial gradients, fluctuations in the water
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table may cause large temporal variations in local redox conditions
(Vorenhout et al., 2004; Haberer et al., 2012), soil water content
and matric potential. The limited existing data indicate that oscil-
lating redox conditions modify the biogeochemical and microbial
dynamics of subsurface environments (Blodau and Moore, 2003;
Pett-Ridge et al., 2006; Weber et al., 2009), while changes in soil
matric potential may further affect the mobility of organic sub-
strates and the diffusion of nutrients and gases (Drenovsky et al.,
2004; Griffiths et al., 2005; Schimel et al., 2007).

Variations in the position of the water table and the associated
variations in redox conditions may impart unique geochemical and
mineralogical signatures to the soil interval over which the water
table fluctuates. One example is the presence in this interval of
mixed valence iron minerals of the green rust group (Trolard
et al.,, 2007). Microbial communities in the same depth interval
may adapt to the continuous changes in water saturation and re-
dox potential by developing a greater functional diversity and flex-
ibility, compared to subsurface communities living under more
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stable conditions (Pett-Ridge and Firestone, 2005). Redox oscilla-
tions have been proposed to result in a more complete degradation
of organic matter in bioturbated marine sediments (Aller, 1994),
but a similar effect of redox oscillations on soil organic matter deg-
radation remains to be unequivocally demonstrated (Pulleman and
Tietema, 1999). As soil microbial activity is intimately linked to the
dynamics of biogenic gases (CO,, CHy4, N,0, methylated products),
water table fluctuations are also expected to modulate gas ex-
changes with the atmosphere (Bubier et al., 1995; Moore and
Knowles, 1989; Yavitt et al., 1997; Haberer et al., 2012).

One approach to unravel the biogeochemical implications of
water table fluctuations is to conduct experiments with soil col-
umns in which the position of the water table can be manipulated.
Previous column studies have typically relied on a manual adjust-
ment of the water table (Dobson et al., 2007; Legout et al., 2009;
Farnsworth et al., 2012; Sinke et al., 1998; Williams and Oostrom,
2000). Here, we introduce a novel soil column system where the
time course of the water level is imposed via a programmable mul-
tichannel pump. The system allows one to run two soil columns in
parallel, with independent, pre-determined adjustment of the
water levels. The use of the system is illustrated by presenting
the results of an experiment with two columns that initially con-
tained the same homogenized riparian soil. In one column the
water table was maintained at a constant, mid-column level, while
in the other the water level continuously oscillated. For the latter,
the amplitude and periodicity of the water table fluctuations were
representative of those observed in the watershed where the soil
was collected. The average water depth in the fluctuating water ta-
ble column coincided with the constant water level in the stable
water table column.

The goal of the experiment was to better delineate the role of
water table oscillations in the biogeochemical functioning of soils,
by comparing soil respiration and geochemical properties under
the stable and fluctuating water table regimes. Our hypothesis
was that the most pronounced differences in organic carbon min-
eralization rates, microbial community structure and soil geo-
chemistry would be found in the midsection of the columns, that
is, within the depth interval where redox conditions and water
content would deviate most significantly between the two soil col-
umns. In addition to monitoring CO, emissions from the columns,
pore waters were sampled periodically to follow the time-depen-
dent distributions of diagnostic aqueous constituents. Vertical
solid-phase concentrations of selected cations (Ca, K, Na), redox-
active metals (Fe, Mn), organic carbon and nutrient elements (P,
N, Si, S) were measured at the end of the 75-day experiment, in
order to evaluate the effects of water table oscillations on soil
biogeochemical transformations, elemental redistributions and
the resulting geochemical depth profiles. To assess whether dis-
tinctive phylogenetic signatures emerged under the two different
water table regimes, we extracted and compared DNA from the soil
columns at the beginning and end of the experiment.

2. Materials and methods
2.1. Soil column system

A schematic diagram of the column set-up is shown in Fig. 1 (A
picture of the experimental setup is provided as Supplementary
Fig. 1). The columns, including the soil column and two auxiliary
(equilibrium and storage) columns, are made of hard acrylic (wall
thickness: 0.6 cm, inner diameter: 7.5 cm, length: 60 cm, Soil Mea-
surement Systems, LLC, USA, model CL-021). The auxiliary columns
control the water table level. The soil column has regularly spaced
ports for sensors and pore water sampling. A filter membrane (Soil
Measurement Systems, LLC, USA, bubbling pressure: 600 mbar)

closes off the bottom of the column and a nylon mesh (Soil Mea-
surement Systems, LLC, USA, bubbling pressure: 32 mbar) the
top. For each column, three steel rods connect the acrylic top and
bottom lids and are secured with bolts. Each lid has two ports.
The entire system consists of two identical sets of three columns,
which can be run in parallel.

As the labels imply, the equilibrium column is used to set the
position of the water level in the soil column, while the storage col-
umn supplies water during water table rise and stores it during
drawdown. A computer-controlled, multi-channel pump (9-chan-
nel Tower II pump, CAT. M. Zipperer, GmbH, Germany) regulates
the flow of water between the columns. Each channel of the pump
can be operated independently, with flow rates ranging from
5ulmin~! to 10 ml min~'. The three columns are connected to
one another with chemically resistant blue polyurethane tubing
(Ark-Plas Products Inc, USA, Cole-Parmer #95867-22) as illustrated
in Fig. 1. When pump channel A or B is activated, the water level
in the soil and equilibrium columns is lowered or raised,
respectively.

The column system can be operated in a variety of configura-
tions and water level regimes. In the configuration used here, the
soil surface was kept exposed to air by having one of the ports of
the upper lid open at all times (Fig. 1). To minimize evaporative
water loss, the port has only a small opening (3 mm diameter). Ex-
cept for this port, the system was kept completely airtight. The
headspaces of the soil column and the two auxiliary columns were
connected. That is, no attempt was made to exclude oxygen from
the water in the auxiliary columns. For other applications, it is pos-
sible to use the upper ports of the columns to flush the headspaces
with a given gas or gas mixture, for example when strict anoxic
conditions need to be maintained.

2.2. Soil

The two soil columns contained soil from the riparian zone of
Laurel Creek near the campus of the University of Waterloo
(43°28'13"N, 80°33'20"W). The upper 15 cm of soil was collected
along the unvegetated bank of the creek on October 20, 2011. By
selecting an unvegetated soil, effects related to plant activity,
including root respiration and exudation, were eliminated from
the experiment. Surface water from the creek was obtained at
the same location. The sediment was manually homogenized be-
fore introducing it into the columns. Both soil columns were
packed with 45 cm of soil, leaving a headspace of 650 cm>. In
what follows, all depths are referenced with respect to the soil
surface.

Basic physical and hydraulic properties of the homogenized and
repacked soil, including porosity, bulk density and hydraulic con-
ductivity, were measured using standard procedures (Klute and
Dirksen, 1986). The bulk density (pp) was determined gravimetri-
cally after oven-drying the soil at 105°C for 24 h (Gardner,
1986). The saturated hydraulic conductivity (Ksq) was determined
using the constant head method. Soil moisture content was deter-
mined gravimetrically after drying approximately 20 g of fresh soil
at 105 °C for at least 48 h. Values of K, porosity and p, were
310 cm day~!, 0.43 and 1.04 g cm 3, respectively.

Powder X-ray diffraction (XRD) on freeze-dried samples of the
homogenized soil revealed the presence of quartz, feldspars, Ca
and Mg carbonates (dolomite, aragonite and calcite), as well as
Fe and Mn minerals (Supplementary Fig. 2). Diffraction peaks were
matched to possible mineral phases using the tables in Chen
(1977). Common Fe soil oxide minerals such as goethite and hema-
tite could not be detected, but magnetite (d(A)=2.96, 1.60 and
1.53) and ankerite (d(A) = 1.81), a Fe and Mn containing carbonate
mineral closely related to dolomite, were both identified. Diffrac-
tion peaks diagnostic of pyrolusite (d(A)=3.15A), and periclase
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Fig. 1. Schematic diagram of the controlled water table column system.

(d(A)=1.49) support the presence of Mn oxides. Apatite
(d(A)=2.21), a stable calcium phosphate mineral, was also
detected.

2.3. Column instrumentation

The soil columns have 18 lateral ports (1/8” NPT compression
fittings) equally spaced every 3 cm. The ports are airtight and fitted
with Teflon septa. For the experiment described here, four ports
were equipped with ceramic samplers, 5cm in length and
2.5mm in diameter (CSS5 MicroRhizon™ samplers, Ejikelamp,
Netherlands, #19.21.23F). The samplers were introduced horizon-
tally into the soil matrix, at depths of —4, —12, —22 and —31 cm be-
low the soil surface (Fig. 1). A vacuum pump (Soil Measurement
Systems, LLC, USA, #CL-042) set at —100 mbar was used to extract
pore water through the samplers. Aqueous samples for chemical
analysis were collected weekly.

High-resolution redox potential (Eh) and pH microelectrodes
(10 uM glass tip micro-electrodes, Unisense, Denmark) were in-
stalled at —10 and —30cm depths through opposing ports
(Fig. 1). Each pair of Eh and pH microelectrodes was combined with
an external, micro-size reference electrode (open-ended Ag-AgCl
electrode with gel-stabilized electrolyte, Unisense), which was in
contact with the bottom outflow/inflow of the soil column. Elec-
trode readings were recorded by a high-impedance (>10'* Q) mil-
livolt-meter (Unisense), which in turn was connected to the
control computer. Platinum-wire electrodes and a high-resistance
data logger were selected because they produce accurate and reli-
able Eh measurements (Rabenhorst et al., 2009). The Eh electrodes
were calibrated with quinhydrone redox buffers (Sigma-Aldrich,
#282960-25G), the pH electrodes with standard pH 4, 7, and 10
buffers (Thermo Orion). Two temperature sensors (DaqLink Fourier
Systems Ltd., #DBSA720) occupied ports at —7 and —27 cm depth
(see Fig. 1). The redox potential, pH and temperature were moni-
tored every 60 s.

2.4. Water table regimes

The soil columns were packed under saturated conditions using
creek water, and subsequently drained simultaneously until the

water table reached a position 20 cm below the soil surface. In
one of the columns, the water table was maintained at that posi-
tion (—20 cm) from then on (stable water table column). In the
other soil column, an oscillating water table regime was imposed
(fluctuating water table column). To lower (raise) the water level,
pump channel A (B) was activated (Fig. 1). The flow rate in both
the upward and downward direction was 0.154 ml min~!, which
corresponds to a linear rate of 4.8 cmd~'. The latter is typical of
vertical rates of water table movement recorded in riparian areas
of the Grand River watershed in recent decades (on average
4-5 cm d~'; T. Patterson, Grand River Conservation Authority, pers.
comm.). The water level oscillated between the soil surface (0 cm)
and the bottom of the soil column (—45cm), with an entire
imbibition-drainage cycle lasting about 18-20 days. A water level
data logger (Solinst, 3001 LT Levelogger Junior, M5/F15,
#110241) continuously recorded the water level in the equilibrium
column.

The experiment ran for 75days at room temperature
(25 £ 2 °C). Data were thus acquired on a time scale over which soil
biogeochemistry and microbiology were expected to exhibit dura-
ble and distinctive changes in response to the imposed water table
regimes. Special care was given to assessing the internal consis-
tency of the time-series data. In the case of the fluctuating water
table column, data acquisition over repeated cycles of water table
rise and drawdown partly compensated for the absence of replicate
experiments.

2.5. Analytical methods

2.5.1. Soil CO, flux

The headspace of the soil columns was sampled every 1-2 days
by connecting it to an automated multiplexed CO, flux analyzer
(Li-8100, Li-COR Biosciences, Lincoln, NE, USA) via two lateral ports
(Fig. 1). During the measurements, the port allowing air to freely
enter the column was closed. Air from the headspace above the soil
was then circulated through the infrared gas analyzer (IRGA) of the
Li-8100 and back to the column. The soil CO, flux Fco (ptmol m2
s~1) was obtained from the rate at which the headspace CO, con-
centration increased (dCco,/dt, pmol mol~' s~1) after closure from
the outside atmosphere, according to
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_ PV dCo,
" RTS dt

where P is the atmospheric pressure (Pa), V (m?) is the volume of
the headspace plus that of the sampling loop through which the
headspace gas circulates, R is the gas constant (8.314 Pam®K™!
mol~1), T is the absolute temperature (K), and S (m?) is the exposed
soil surface area. The rate dCco,/dt was estimated from six consec-
utive 180 s observation windows spanning a 20 min time interval.
Further details on the method can be found in Davidson et al,
2002; McDermitt et al., 2004; Norman et al., 1992).

F 0y

2.5.2. Pore water geochemistry

To minimize the disturbance of the flow system, only small
volumes (2ml) of pore water were extracted through the
MicroRhizon™ samplers (Cabrera, 1998; Knight et al., 1998). Inte-
grated over the entire duration of the experiment, the weekly sam-
pling from four depths amounted to approximately 5% of the total
pore water in the soil columns. Immediately upon collection, the
water samples were filtered through a 0.2 pm pore size polysulf-
one membrane filter and acidified with 2% HNOs. Because of the
small sample volumes, we opted to analyze total aqueous concen-
trations by Inductively Coupled Plasma Optical Emission Spec-
trometry (Thermo iCAP 6200 Duo ICP-OES) (McLaren et al.,
1995). Concentrations of the following elements are reported: Fe,
Mn, Si, K, Mg, Na, P and S.

2.5.3. Solid-phase geochemistry

At the end of the experiment, both soil columns were fully
drained and disassembled. The soil was extruded via the top of
the column using a lifting jack and sliced every 2 cm. The soil slices
were homogenized and separate aliquots were taken for microbial
and geochemical characterization. For the latter, samples were
freeze-dried and stored at room temperature. Organic carbon con-
centrations (Corg) were measured on a CHNS Carbo Erba analyzer
without any pre-treatment of the freeze-dried soil samples. Ele-
mental compositions were determined after solubilization by
microwave-assisted mineralization (Multiwave 3000, Anton-Parr)
using 1¢g soil in 12 ml aqua regia (9ml 12M HCl+3ml 16 M
HNOs). The extracts were recovered by centrifugation at
4500 rpm, followed by filtration on a 0.2 um pore size polysulfone
membrane (Link et al., 1998). Total concentrations of Fe, Mn, Si, K,
Mg, Na, P and S in the extracts were measured by ICP-OES as de-
scribed in the previous section. The same analyses were also per-
formed on the original mixed soil used to fill the columns.

2.5.4. Geomicrobiology

The depth distributions of potential respiration rates in the soil
columns at the end of the experiment were obtained directly on
the sliced soil samples using the Micro-Resp™ method, which
measures whole-soil CO, production under aerobic conditions
(Artz et al., 2006; Campbell et al., 2003). The Micro-Resp™ system
consists of a detection microplate, containing 150 pl purified agar
(1%), cresol red indicator dye (12.5 pg ml~'), potassium chloride
(150 mM) and sodium bicarbonate (2.5 mM), and a 96-unit deep-
well plate (1.2 ml wells). Triplicate 0.5 g soil samples were placed
in the wells, covered with parafilm and incubated at 25 °C for
4 days. The detection plate was read with a spectrophotometer at
absorbance wavelength 570 nm and then clamped to the deepwell
plate using a rubber gasket and seal. The two-plate system was
incubated for 6 h at 25 °C. The detection plate was then removed
and read again with the spectrophotometer. The CO, production
rates (respiration rates) were calculated from the differences be-
tween the absorbances measured at times 0 and 6 h (Campbell
et al., 2003). A calibration curve for absorbance versus headspace
equilibrium CO, concentration was determined by equilibrating

dye solutions at different CO, concentrations prepared with stan-
dard gas mixtures and incubated for 6 h.

Total community DNA was extracted from soil samples (stored
at —80 °C after slicing) with the PowerSoil DNA kit (MO BIO, Carls-
bad, CA) following the manufacturer’s instructions. The extracted
DNA was visualized on 0.8% (w/v) agarose gel and DNA concentra-
tion and purity were assessed with a NanoDrop 2000c (Thermo Sci-
entific). Polymerase chain reaction (PCR) was used to amplify 16S
rRNA gene sequences. Bacterial 16S rRNA gene sequences were
amplified with the universal primer pair 341F with GC clamp
and 518R (Muyzer et al., 1993). The bacterial PCR thermal profile
was: 95 °C for 5 min, 30 cycles at 95 °C for 1 min, 55 °C for 1 min,
72 °C for 1 min, and a final extension step at 72 °C for 7 min. Archa-
eal 16S rRNA gene sequences were amplified by nested PCR with
the first primer pair 109F and 958R (DeLong, 1992; Jurgens et al.,
1997); subsequently 1 pl of the first PCR product was used for a
second PCR round with primer pair SA1F-GC & SA2F-GC and
PARCH519R (Nicol et al., 2003; Ovreas et al., 1997). The Archaeal
PCR thermal profile was: 95 °C for 5 min, then 35 cycles at 94 °C
for 1 min, 45 °C for 1 min, 72 °C for 1 min, and a final extension
step at 72 °C for 7 min. The second thermal profile was: 94 °C for
5 min, 35 cycles at 95 °C for 1 min, 53.5°C for 1 min, 72 °C for
1 min, and a final extension at 72 °C for 7 min.

The PCR products were visualized by electrophoresis on 0.8%
(w/v) agarose gels stained with ethidium bromide. The PCR prod-
ucts were used for Denaturing Gradient Gel Electrophoresis
(DGGE) analysis. The DGGE gel contained 10% (w/v) polyacryl-
amide with a denaturing gradient of 30-70% (CBS Scientific Com-
pany). The gels ran for 14 h at 85V (Green et al., 2010). The gels
were stained with SYBR Green for an hour and visualized on a
PharosFX Plus Molecular Imager (Bio-Rad, Hercules, CA). DGGE fin-
gerprints were normalized and background subtraction was per-
formed using GelCompar II (Applied Maths, Sint-Martens-Latem,
Belgium). Cluster analysis was performed to construct similarity
matrices based on the Pearson correlation coefficient and the Un-
weighted Pair Group Method using Arithmetic Averages (UPGMA)
algorithm. Monte Carlo permutation testing was conducted to
determine significance based on Sorensen (Bray-Curtis) distance
matrices using PC-ORD (MJM Software Design, Gleneden Beach,
OR). The Monte Carlo tests were based on 999 iterations, with a
no relationship null hypothesis. Pearson correlation coefficients
(r) were calculated to estimate correlation between community
fingerprints.

3. Results and discussion
3.1. Water table and redox regimes

The experimental setup provides a precise control on the posi-
tion of the water table in the soil columns for extended periods of
time. The imposed water table regime, in turn, controls the spatial
and temporal distributions of the soil oxidation-reduction poten-
tial (Eh) as illustrated in Figs. 2 and 3. In the stable water column,
Eh values do not vary with time. The Eh values measured —10 and
—30cm below the soil surface are on the order of +600 and
—200 mV, respectively. In the fluctuating water table soil column,
the Eh measured at a given depth varies cyclically, in sink with
the variations in water level. During drainage, conditions become
more oxidizing, with Eh values increasing up to +700 mV, while
during water table rise the Eh drops to negative values as low as
—200 mV. (Sub)oxic conditions prevail about 75% of the time at a
depth of —10 cm, but only 25% of the time at a depth of —30 cm.
The time series Eh data recorded in the fluctuating water table soil
column exhibit short-lived spikes. Similar Eh excursions have been
observed in soils of tidal marshes and could reflect locally hetero-
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Fig. 2. Time series of the redox potential in the fluctuating and stable water table soil columns. Sampling points were located —10 and —30 cm below the soil surface in both

columns.

geneous water and gas transport during water table fluctuations
(Vorenhout et al., 2004).

A schematic representation of the time-dependent changes in
the soil moisture (as a percentage of water-filled pores) and redox
conditions at different depths in the fluctuating water table col-
umn is given in Fig. 4. In the upper portion of the soil column, that
is, the topmost 15 cm, (sub)oxic and unsaturated conditions pre-
vail most of the time. In the lower portion, that is, below
—30 cm, anoxic and water saturated conditions are predominant.
The upper and lower portions of the soil column are separated
by a transition zone characterized by more evenly distributed peri-
ods of (sub)oxic/unsaturated and anoxic/saturated conditions. Our
hypothesis is that with time the soil biogeochemistry and microbi-
ology in the upper (lower) portion of the fluctuating column would
become similar to those found above (below) the water table in the
stable column, while they develop unique characteristics in
the transition zone. This hypothesis is used as a framework for
the analysis of the results discussed below.

3.2. Pore water geochemistry

Pore water pH values measured in the stable water table col-
umn are in the range 6-7, with slightly more alkaline conditions
at a depth of —30 cm compared to —10 cm (Fig. 3). At both depths,
pH varies within one unit over the course of the experiment. Pore
water pH values in the fluctuating water table column cover a
somewhat broader range than observed under stable water table
conditions. In addition, they vary in concert with the water table
fluctuations, with pH increasing slightly during water table rise
and decreasing during drainage. Thermodynamic calculations
show that, in both the stable and fluctuating water table columns,
insoluble ferric iron oxyhydroxide mineral phases are stable under
the redox and pH conditions encountered above the water table,
while ferrous iron, in dissolved or mineral form, is stable under
the Eh-pH conditions encountered below the water table (Fig. 3).

Aqueous iron (Fe) distributions are consistent with the thermo-
dynamic predictions. In the pore water samples collected —4 and
—12 cm below the soil surface, the concentrations of pore water
Fe (presumably under the form of dissolved ferrous iron) are near

or below detection in both soil columns (Fig. 5). In contrast, rela-
tively high concentrations of aqueous Fe (on the order of
250 uM) are found below the water table in the stable column,
as aresult of the reductive dissolution of ferric iron mineral phases.
In the fluctuating water table soil column, comparable high aque-
ous Fe concentrations are measured in the lower portion of the col-
umn (—31 cm). In the transition zone (—22 cm), however, aqueous
Fe concentrations vary substantially depending on the position of
the water table (Supplementary Figs. 3 and 4). The average pore
water Fe concentration in the transition zone falls between those
observed in the predominantly unsaturated (and (sub)oxic) upper
and predominantly saturated (and anoxic) lower zones.

Elements whose pore water concentrations are closely tied to
iron redox cycling exhibit depth and time series trends that paral-
lel those of pore water Fe. This is particularly obvious for pore
water phosphorus (Fig. 5 and Supplementary Figs. 3 and 4). As
for aqueous Fe, total dissolved phosphorus (P) concentrations in
the lower portion of the fluctuating water table column (—31 c¢cm)
are similar to those observed below the water table in the stable
column (—22 and —31 cm). Pore water P concentrations in the
transition zone of the fluctuating column, however, are signifi-
cantly lower than observed at the same depth (—22 cm) in the sta-
ble water table column, because of the periodic recurrence of
(sub)oxic conditions when the water table is lowered. The behavior
of pore water P in the soil columns is consistent with the high sorp-
tion affinity of phosphate anions for ferric iron oxyhydroxides
(Ruttenberg and Heinrich, 2003).

The observed distributions of pore water sulfur (S) concentra-
tions can be explained along similar lines. The predominant form
of pore water S is likely aqueous sulfate. Under the permanently
reducing conditions encountered below the water table in the sta-
ble column (—22 and —31 cm), microbial sulfate respiration re-
duces sulfate to sulfide, which is subsequently removed from
solution as sulfide mineral phases (Canfield et al., 2005). Near-zero
pore water sulfate levels are also found at the deepest sampling
point (—31 cm) in the fluctuating column, as highly reducing con-
ditions prevail most of the time at this depth. In the transition zone
of the fluctuating water table column (—22 cm), however, measur-
able pore water S concentrations persist, because of the periodic
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Equilibrium calculations were performed with the public domain computer code
PHREEQC Version 2.17.5 (Parkhurst and Apello, 1999) using the chemical compo-
sition of the pore waters. The diagrams were generated with the beta version of the
public domain code PhreePlot (Kinniburgh and Cooper, 2009). The thermodynamic
database WATEQ4F imbedded within PHREEQC was used.

recurrence of (sub)oxic conditions under which dissolved sulfate is
stable.

In both soil columns, the pore water S concentrations are higher
in the topmost samples (—4 cm), compared to those measured at a
depth of —12 cm. While this may reflect more intense production
of sulfate by sulfide oxidation under the more oxidizing conditions
near the soil surface, evaporative concentration also contributes to
the higher pore water S concentrations observed at —4 cm depth.
The effects of purely physical processes on pore water concentra-
tions can be inferred from the distributions of dissolved sodium
(Na), which provides a conservative tracer not affected by changes
in redox conditions. For instance, in the fluctuating water table col-
umn, pore water Na concentrations measured in the upper and
lower portions diverge increasingly with time (Supplementary
Fig. 4). Over the course of the experiment, the Na concentrations
at —4 cm depth increase, due to evaporation, while they decrease
at the three other sampling depths, due to admixing of more dilute
water from the equilibrium column during the water level
fluctuations.

In summary, the spatio-temporal distributions of redox-sensi-
tive pore water constituents generally agree with the hypothesis
that the biogeochemical differences between the stable and fluctu-
ating water table columns are most pronounced in the mid-column
depth interval. However, care must be taken to account for physi-

cal dilution and concentration effects when interpreting pore
water concentrations in terms of biogeochemical processes.

3.3. Solid-phase geochemistry

The depth distributions of the extractable pools of a selected
number of solid-phase elements collected at the end of the exper-
iment are shown in Fig. 6. Particularly striking are the differences
in the distributions of Fe, manganese (Mn), silicon (Si) and potas-
sium (K) between the stable and fluctuating water table columns.
Relative to the fluctuating column, the solid-phase concentrations
of Fe, Mn, Si and K in the stable column are enriched in the upper
30 cm and depleted at greater depths. The depleted concentrations
below —30cm are lower than the initial concentrations of the
homogenized soil (14.5, 0.3, 1.9 and 1.4 umol g~! for Fe, Mn, Si
and K, respectively) and could therefore reflect dissolution of Fe,
Mn, Si and K bearing mineral phases. For Fe and Mn, the main pro-
cess is probably the reductive dissolution of Mn and Fe oxyhydrox-
ide phases initially present in the riparian soil.

The concentrations of Fe and Mn in the upper 30 cm of the fluc-
tuating column are below the initial soil concentrations. Most
likely, Fe and Mn are solubilized by reductive dissolution during
periods of water table rise and subsequently translocated to the
lower portion of the soil column, or even partially removed to
the equilibrium column, when the water is drained. This mecha-
nism is consistent with the observed enrichments in solid-phase
Fe and Mn below —35 cm (Fig. 6). A similar translocation mecha-
nism also explains why the solid-phase concentrations of P and S
in the lowermost 10 cm of the fluctuating water table soil column
exceed the initial concentrations (1.1 and 0.9 umol g~! for Pand S,
respectively). The solid-phase S enrichment observed close to the
soil surface (Fig. 6) may be caused by evaporative concentration
of sulfate (see Section 3.2).

The results imply that the initially homogenous solid-phase dis-
tributions of reactive elements can be significantly modified on the
time scale of the experiment. These modifications, however, differ
markedly between the stable and fluctuating water table columns.
In the latter, the observed redistributions of chemical elements re-
flect both the temporal variations in chemical conditions and the
physical transport induced by the movement of the water table.
Thus, in contrast to our original hypothesis, the solid-phase geo-
chemical compositions of the upper and lower soil portions are
diverging between the two columns, due to chemical transport
associated with water rise and drawdown in the fluctuating water
table column.

3.4. Soil microbiota

The PCR-DGGE fingerprinting shows no statistically significant
differences (p < 0.01, r = 0.94) of the archaeal communities within
or between the two soil columns (Fig. 7). This is consistent with
the very slow rates at which Archaea tend to adapt to new environ-
mental conditions (Konhauser, 2006). While somewhat larger dif-
ferences are observed for the bacterial communities, the
statistically most significant differences (p > 0.10, r = —0.40) are be-
tween the upper and lower portions in both soil columns. Thus, the
bacterial communities inhabiting the (mostly) oxidizing and
unsaturated upper portions of the soil columns and those in the
lower, (mostly) reducing and saturated portions have begun to di-
verge on the time scale of the experiment (75 days). For the inter-
mediate, transition zone, however, no systematic differences of the
bacterial DGGE signatures are found between the two soil columns.
This suggests that the noticeable differences in soil respiration
(Section 3.5) and geochemistry under the fluctuating table regime,
compared to the stable water table regime, primarily reflect
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differences in activity of various components of the microbial com-
munity rather than major changes in community composition.
The bacterial community that at the end of the experiment is
most closely related to the initial soil community is located near
the base of the upper portion of the soil (—10 to —12 cm depth
interval) in the fluctuating water table soil column. This depth

interval also yields the strongest band intensities on the DGGE
gel (Fig. 7). Thus, the original soil bacterial community appears
to be well adapted to deal with the variable water saturation and
redox conditions characterizing the fluctuating water table soil col-
umn. This is not unexpected given that the soil was collected from
a riparian area that experiences water table fluctuations of similar
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magnitude and frequency as those imposed in the experiment
(Section 2.4).

3.5. Soil respiration

The efflux of CO, from soils is a major component of the terres-
trial carbon cycle (Raich and Schlesinger, 1992). Temperature and
soil moisture are generally recognized as key environmental vari-
ables regulating the production of soil CO, (Davidson et al.,
1998). In contrast, the effects on soil respiration of redox oscilla-
tions and water table fluctuations remain poorly known. One con-
founding factor when interpreting field-based CO, fluxes from
intact soils is that autotrophic root respiration and heterotrophic
microbial respiration may respond differently to variations in envi-
ronmental conditions (Hanson et al., 2000). Because in the experi-
ment described here live roots are absent, the following discussion
focuses on the role of water table fluctuations in the turnover of or-
ganic carbon by soil microbiota and the associated efflux of CO,.

The CO, efflux (Fcoz) from the stable water column falls within a
fairly narrow range, 3.3-1.8 umolm2s~!, and exhibits a gentle
decreasing trend with time (Fig. 8). These CO, fluxes fall within
the range reported for temperate soils during summer months
(e.g., Buchmann, 2000). In the fluctuating water table column,
the much larger variations of Fry, are clearly correlated with the
water table fluctuations, with higher CO, fluxes coinciding with
periods of water table drawdown. The highest Fco, value
(14.2 pmol m~2 s~ ') occurs during the first lowering of the water
table, while subsequent F-p, maxima rapidly decline in magnitude.
Hence, despite the very high Fco, values recorded in the fluctuating
column during the initial stage of the experiment, the CO, effluxes
from both columns tend to converge during the second half of the
experiment.

Water table fluctuations affect Fo, because of the accompany-
ing changes in O, availability and water saturation. As the water
table drops, O, penetrates deeper into the soil column, hence stim-
ulating the mineralization of organic carbon to CO, by soil micro-
organisms (Chimner and Cooper, 2003; Lipson et al., 2012).
Additionally, the upward movement of CO, is facilitated by smaller
diffusion lengths and enhanced free gas transport as the unsatu-
rated portion of the soil expands during water drawdown. In both
columns, the decreasing trends of Fco, with time can be explained
by a decreasing availability of labile organic substrates. Because
respiration is initially higher in the fluctuating column, the pool
of labile soil organic matter is depleted faster than in the stable col-
umn, hence causing a more rapid attenuation of respiratory activ-
ity. As discussed below, this explanation is consistent with the
potential CO, production rates and the particulate organic carbon
depth distributions measured at the end of the experiment (Fig. 9).

As shown in Fig. 9, below —15 cm depth the potential CO, pro-
duction rates measured in the Micro-Resp™ assays on the soil
samples collected at the end of the experiment are systematically
lower in the fluctuating water table column. The rates further show
a distinct minimum in the transition zone (—15 to —30 cm). The
transition zone also exhibits a minimum in particulate organic car-
bon concentration. Neither the potential CO, production rates nor
the particulate organic carbon concentrations show a similar fea-
ture in the stable water table column. These observations are
attributed to a more efficient mineralization of organic matter un-
der the conditions encountered in the transition zone of the fluctu-
ating water table column. As a result, at the end of the experiment
this zone is depleted in labile organic matter, hence limiting the
potential respiratory rates.

Although pore water DOC concentrations were not measured, a
simple back-of-the-envelope calculation shows that preferential
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and SW indicate the fluctuating and stable water table columns, respectively.

leaching and export of DOC cannot explain the observed loss of
particulate carbon from the transition zone in the fluctuating water
table column (Fig. 9). Using the cumulative volume of water re-
moved from the soil column during the successive drainage peri-
ods (3.51) and assuming an upper limit of 50 mg1~! for the DOC
concentration, the removal of DOC amounts to about 175 mg C.
In comparison, the loss of particulate carbon from the transition

zone is on the order of 2000 mg, assuming a bulk density of
1.04 g cm 3. Thus, DOC export could at most account for 9% of
the particulate carbon loss from the mid-section of the fluctuating
water table column. Note that this is an absolute maximum esti-
mate, as DOC concentrations on the order of 50 mg1~! are only ob-
served in organic peat soils under low-runoff conditions (Thurman,
1985). In addition, such high DOC concentrations would impart a
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distinctive dark color to the water, which was not observed during
the experiment.

Several studies have shown that fluctuating redox conditions
arising from alternate wetting and drying enhance soil organic car-
bon turnover (Fierer and Schimel, 2002; Smith and Patrick, 1983;
Odum, 1983; Pett-Ridge and Firestone, 2005). Redox oscillations
have also been proposed to result in a more complete degradation
of organic matter in bioturbated marine sediments (Aller, 1994).
Thus, we propose that fluctuating redox conditions are in part
responsible for the minima in organic carbon concentration and
potential CO, production rates in the transition zone of the fluctu-
ating column observed at the end of the experiment. Variations in
soil moisture content likely impose additional constraints, how-
ever (Franzluebbers, 1999; Konopka and Turco, 1991; Linn and
Doran, 1984).

Results from a variety of studies, involving a wide range of soils,
show that soil moisture contents on the order of 60% tend to max-
imize soil respiratory activity (Table 1 in Linn and Doran, 1984).
The Micro-Resp™ assays performed at different soil moisture con-
tents under aerobic conditions confirm that CO, production rates
are highest for moisture contents near 60% (Supplementary
Fig. 5). Thus, the enhanced organic matter decomposition in the

transition zone of the fluctuating water table column can be attrib-
uted to the combination of fluctuating redox conditions and opti-
mal water content, while the drier and wetter conditions
prevailing in the upper and lower sections of the soil column,
respectively, limit CO, production.

4. Summary and conclusions

In this paper, we introduce a soil column system in which the
position of the water table is controlled by a programmable pump.
The system allows the user to impose any predefined water table
regime of his/her choice. It is therefore particularly well suited
for studies designed to advance the mechanistic understanding of
the interactions between water table dynamics and biogeochemi-
cal processes and fluxes in the transition zone separating the soil
from the underlying groundwater reservoir. To illustrate the po-
tential applications of the soil column system, we present the re-
sults of a comparative study with two parallel columns filled
with the same homogenized riparian soil. The water table is kept
at a constant level in one column, while in the other the water ta-
ble oscillates between the top and bottom of the soil column.
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Differences in the pore water distributions of redox-sensitive
elements (Fe, Mn, P, S) are most pronounced in the mid-section
portions of the columns where the contrast in redox conditions be-
tween the two columns is largest. Differences in solid-phase geo-
chemistry observed at the end of the experiments (11 weeks)
show that, in addition to variable redox conditions, advective
transport also contributes to the redistribution of chemical ele-
ments in the fluctuating column. In particular, mobilization during
water table rise and subsequent downward transport during drain-
age explains the enrichments of solid-phase Fe, Mn, P, S and Mg
observed in the lowermost section of the fluctuating water table
column.

The comparative analysis of the microbial communities in the
columns at the end of the experiment reveals little differences
for the Archaea, while some differences in bacterial DNA emerge
between the upper (oxidizing) and lower (reducing) soil portions
in both columns. Although no systematic differences in microbial
community structure could be found between the two columns,
the CO, emissions were clearly affected by the imposed water table
regimes. The water table variations led to a faster depletion of soil
organic matter in the mid-section region of the fluctuating water
table column. The results indicate that the oscillating redox condi-
tions in this depth interval, together with a water saturation level
on the order of 60%, stimulates microbial respiratory activity and,
hence, soil organic carbon turnover.

Currently, there is great interest in understanding the response
of soil respiration to environmental drivers as it represents a major
source of carbon to the atmosphere. Existing models of soil respi-
ration emphasize the importance of soil moisture, temperature
and primary productivity as regulating environmental factors (Xu
et al., 2004). The results of this study identify redox oscillations
as an additional control on soil carbon turnover and, consequently,
CO, emissions to the atmosphere. As a corollary, any changes in the
redox dynamics of a soil, caused for example by changes in weath-
er patterns, flooding frequency, or irrigation and drainage prac-
tices, have the potential to modify the production and efflux of
CO,. More research is required, however, to fully unravel the mech-
anisms linking oscillating redox conditions to soil microbial activ-
ity, and disentangle the relative effects of variations in redox
conditions, water content and water table movement.
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