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• Cl− was used to distinguish MeHg root zone loading from ecosystem production.
• Comparing [MeHg] to [Cl] enables identification of net MeHg ecosystem production.
• Summer transpiration moves MeHg into the root zone; winter diffusion releases.
• Winter MeHg exports result from upward benthic flux and net ecosystem production.
• Internal hydrologic pathways decouple processes of MeHg production and export.
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Concentration andmass balance analyseswere used to quantifymethylmercury (MeHg) loads fromconventional
(white) rice, wild rice, and fallowed fields in northern California's Yolo Bypass. These analyseswere standardized
against chloride to distinguish transport pathways and net ecosystem production (NEP). During summer,
chloride loads were both exported with surface water and moved into the root zone at a 2:1 ratio. MeHg and
dissolved organic carbon (DOC) behaved similarly with surface water and root zone exports at ~3:1 ratio.
These trends reversed in winter with DOC, MeHg, and chloride moving from the root zone to surface waters at
rates opposite and exceeding summertime root zone fluxes. These trends suggest that summer transpiration
advectivelymoves constituents from surfacewater into the root zone, andwinter diffusion, driven by concentra-
tion gradients, subsequently releases those constituents into surface waters. The results challenge a number of
paradigms regarding MeHg. Specifically, biogeochemical conditions favoring microbial MeHg production
do not necessarily translate to synchronous surface water exports; MeHg may be preserved in the soils
allowing for release at a later time; and plants play a role in both biogeochemistry and transport. Our
calculations show that NEP of MeHg occurred during both summer irrigation and winter flooding. Wild
rice wet harvesting and winter flooding of white rice fields were specific practices that increased MeHg
export, both presumably related to increased labile organic carbon and disturbance. Outflow management
during these times could reduce MeHg exports. Standardizing MeHg outflow:inflow concentration ratios
against natural tracers (e.g. chloride, EC) provides a simple tool to identify NEP periods. Summer MeHg
exports averaged 0.2 to 1 μg m−2 for the different agricultural wetland fields, depending upon flood
duration. Average winter MeHg exports were estimated at 0.3 μg m−2. These exports are within the
range reported for other shallow aquatic systems.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Mercury (Hg) contamination in aquatic systems is considered as one
of themost difficult environmental issues to understand and tomanage.
Over the last 25 years, an improved understanding of Hg cycling in
ghts reserved.
wetlands has developed, including the mechanisms and processes that
lead to its methylation and ultimate bioaccumulation in the food chain
(see reviews by Merritt and Amirbahman, 2009; Hsu-Kim et al., 2013;
Driscoll et al., 2013). Production of MeHg involves complex relation-
ships between electron donors such as dissolved organic matter, elec-
tron acceptors including sulfate and ferric iron, and Hg availability
for methylation (Marvin-DiPasquale et al., 2013). Sulfate (SO4

2−) can
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play a complex role in MeHg production, stimulating MeHg production
at lower concentrations and inhibiting MeHg production as reduced S
compounds reach higher concentrations (Gilmour et al., 1992;
Marvin-DiPasquale et al., 2013). Althoughmethylation of reactive diva-
lentmercury (Hg(II)) by sulfate-reducing bacteria is considered the pri-
mary source of MeHg in most wetlands (King et al., 2002; Branfireun
et al., 1999), in the agricultural wetlands in the Yolo Bypass, located
along the Sacramento River in California's Central Valley, the energy
flow which appears dominated by iron (Fe) reduction, is an additional
or alternative source of MeHg (Marvin-DiPasquale et al., 2013). Further-
more, organic matter may also play conflicting roles depending on its
source and character, with labile forms stimulating MeHg production
and other forms limiting it (Guimaraes et al., 2000; Hall et al., 2008;
Lambertsson and Nilssons, 2006; Windham-Myers et al., 2013a,
2013b). In addition to the production processes, MeHg
degradation through biotic and abiotic processes occurs at varied
temporal and spatial scales, ultimately affecting ecosystem net produc-
tion rates (Fleck et al., 2013; Marvin-DiPasquale et al., 2013;
Windham-Myers et al., in this issue). Because of the favorable conditions
for microbial methylating activity and Hg bioavailability, wetland
sediments are often identified as principle sites for the production of
methylmercury (MeHg) within watersheds (e.g. Hall et al., 2008).

Less work has been conducted in linking Hg and MeHg contamina-
tion and net ecosystem production to hydrology. Hydrology is often
viewedprimarilywith regard to spatially large-scale transport pathways.
Hydrologic budgets are integrated with water quality concentrations to
calculate mass budgets and ascertain if systems are net constituent
sinks or sources (Carleton and Montas, 2009; Kadlec, 1994; Kadlec and
Knight, 1996; Liu et al., 2008; Martinez and Wise, 2003; Miles and Fink,
1998; Persson and Wittgren, 2003; Werner and Kadlec, 2000). Under
these approaches, evapotranspiration, which combines evaporation
and transpiration into a single term, is typically treated similarly to
evaporation in shallow aquatic systems, providing a means to concen-
trate constituents within surface waters.

This hydrologic approach is fundamentally too simplistic when con-
sidering shallow aquatic systems. In all systems, root hairs provide a
large surface area for plants to move water from the soil into the plants
(Raven et al., 1999). During periods of rapid transpiration, soils adjacent
to the root zonemayhave insufficientwater, causingwater from further
distances away tomove towards the root hairs (Raven et al., 1999). This
bulk flow, an advective process, is essentially driven by a hydraulic pres-
sure gradient with root hairs causing suction by depleting the pressure
near the root surface and increasing the pressure gradients relative to
other neighboring areas with higher pressure values (Taiz and Zeiger,
1991). This process also serves to move nutrients and other dissolved
constituents towards plant roots through the soil matrix (Brady and
Weil, 2002; Taiz and Zeiger, 1991; Kadlec, 1999; Reddy et al, 1999). It
is estimated that transpiration accounts for 50–90% of evapotranspira-
tion (ET) in shallow aquatic systems (Bachand et al., in this issue;
Bouman et al., 2005; Herbst and Kappen, 1999; Sanchez Carrillo et al.,
2004), which drives the transport of surface waters past the soil–
water interface and into the root zone for uptake by the plants
(Howes et al., 1986; Van der Kamp and Hayashi, 2009; Parsons et al.,
2004;Whitmer et al., 2000). Not accounting for this advective transport
can result in misinterpretation of the processes leading to changes in
surface water outflow concentrations (Bachand et al., in this issue),
including seasonal transport from the surface water to the root zone
(summer) and back (winter), and changes in concentrations of some
constituents in the root zone. Further, transpiration may result in
seasonal exchanges between soils and water (Bachand et al., in this
issue). When transpiration ceases, diffusive fluxes would be expected
to release Hg and other water quality constituents from the soils into
the water column. Transport of MeHg from sediments into the water
column potentially enhances biotic exposure to Hg in aquatic food
webs in situ, as well as downstream (e.g. Chasar et al., 2009). Given
the interrelationships between biogeochemistry and hydrology, our
abilities to understand the impacts of controls on MeHg fate and trans-
port are challenged (e.g. Marvin-DiPasquale et al., 2013; Windham-
Myers et al., in this issue).

In this paper, the transport and cycling of MeHg and other water
quality constituents through agricultural wetlands were assessed in
two ways: 1) by considering MeHg concentrations from inflow to
outflow, and 2) through the development of mass budgets for Hg and
other water quality constituents. The agricultural wetlands studied
included conventional (hereafter, white) rice, wild rice, and fallowed
fields located in the Yolo Bypass adjacent to the Sacramento River in
northern California. Chloride (Cl−) was used a natural tracer (Bachand
et al., in this issue) in order to separate effects associatedwith hydrologic
transport from those associated with biogeochemical cycling and pro-
cesses. Using Cl− as a tracer is consistent with other studies in which
bromide or electrical conductivity (EC) were used as natural tracers
(Hayashi et al., 1998; Parsons et al., 2004; Pellerin et al., 2007;
Whitmer et al., 2000). Concentration changes of all water quality con-
stituents occur because of hydrologic transport and effects. These effects
are captured through assessing tracers. The concentration changes of
MeHg from inflow to outflowwhen standardized against concentration
changes of Cl− provide a means of identifying concentration changes
resulting from biogeochemical cycling and processes, and in effect,
enable us to identify periods in which net ecosystem production or
consumption of MeHg are occurring. Our mass balance analyses, stan-
dardized against Cl−, enable us to quantify MeHg loading to and from
the root zone due to hydrologic transport as compared to from biogeo-
chemical cycling causing net ecosystem production or consumption of
MeHg. We hypothesized that hydrologic analyses and use of Cl− as a
conservative tracer would provide a framework for understanding bio-
geochemical processes that affect MeHg and other constituent flux and
storage.

2. Methods

In this section, we describe the study site and its management; the
experimental design and associated field and laboratory methods; and
data management, data analyses and standardization of those analyses
to Cl−. Supplemental information contains maps, conceptual models,
tables on system cultural and hydrologic practices, field hydrology,
water quality, and concentration and loading changes for Hg and
other water quality constituents.

2.1. Study site

Six agricultural wetlands within the Yolo Bypass Wildlife Area
(YBWA), California (USA), were monitored for water flow and chemis-
try between June 2007 and May 2008 (Supplemental information,
Fig. S1; Windham-Myers et al., in this issue). The wetlands included
two white rice fields (R31, R64), two wild rice fields (W32, W65), and
two fallowed fields (F20, F66), ranging in size from 30 to 80 ha. Area
soils are characterized as silty clay loam (California Department of
Fish and Game et al., 2008) and contain elevated Hg concentrations.
Legacy gold and Hg mining in the upstream watersheds has resulted
in elevated soil Hg concentrations. For instance, surface sediment
(0–2 cm) THg concentration data for the study area had a range of
107–434 ng/g dry wt., with a median of 296 ng/g dry wt. and a mean
(+/−std. dev) of 267 +/− 104 (N = 56), as calculated from data pro-
vided in Marvin-DiPasquale et al. (2013). Agricultural operations and
hydrologic management are described in detail elsewhere (Windham-
Myers et al., in this issue; Bachand et al., in this issue). In summary, irri-
gation water was delivered onto the fields through gate valves or weir
structures from nearby irrigation supply ditches. Each field was
subdivided into a series of check ponds/fields (checks) separated by
berms set along elevation contours (Fig. S2). Surface water exited the
fields through weirs into outflow ditches and drains. During winter,
water management was more problematic due to limited access
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associated with wildlife management and because the area is used to
transport flood flows from the Sacramento River.

2.2. Field procedures

To characterize the hydrology of these systems, a hydrologic unit
(HU) was defined for each wetland so that both the inflows and
outflows could be measured at weirs using the Francis formula for
quantifying flow over weirs (Q = 3.33(L − 0.2H)H1.5;Heald, 2002).
Because the wetlands typically did not have weirs at the inflows, the
first check berms with weirs were defined as the upstream end of the
HUs (Fig. S2). The downstream end of the wetlands, all fitted with
weirs, was defined as the outflow of each HU. Discrete hydrologic mea-
surements of water height at theweirs andwater levels at themeasure-
ment locations using staff gauges were made during June 2007–April
2008. During the irrigation season (June–September), measurements
were made 2- to-3 times per week. No measurements were made
when the systemswere dry and duringwinterwhen accesswas limited.
Bachand et al. (in this issue) describe the hydrologic methods and their
limitations in more detail.

Water quality samples were collected during daylight hours concur-
rently with hydrologic measurements at the inflow and outflow loca-
tions of each field (Alpers et al., in this issue). In the cases where fields
had multiple inlets or outlets, the water samples were composited in
the field in proportion to the flow at each location (Alpers et al., in this
issue). Mercury samples were collected using the “clean-hand, dirty-
hands” sampling procedure (USEPA, 1996).

2.3. Laboratory procedures

2.3.1. Sample processing
Upon arrival at the USGS laboratory in Sacramento, California,

the large-volume samples were poured into a 20-L acid cleaned,
Teflon®-lined, stainless-steel churn splitter to collect uniform aliquots
for a variety of chemical analyses as part of the larger ecosystem study
(Alpers et al., in this issue). All sample processing and preservation pro-
cedures were conducted according to ultra-trace techniques.

2.3.2. Mercury speciation
Filtered and unfiltered analyses were conducted for total Hg

mercury (THg) and MeHg. A capsule filter (Gelman) with a nominal
pore size of 0.45 μm was used to filter the samples. Subsamples for
analysis of THg and MeHg, both unfiltered (U−) and filtered (F−),
were preserved using ultrapure HCl− to an approximate concentration
of 0.5%. MeHg concentrations were determined by EPA method 1630
(Choe and Gill, 2003; U.S. Environmental Protection Agency, 2001). In
brief, 50–80 mL of acidified samplewith ammoniumpyrrolidine dithio-
carbamate added as a matrix modifier was distilled, buffered, reacted
with 1% sodium tetraethylborate, and volatilized for collection on a
Carbotrap™ column (Supelco). Products were then separated by gas
chromatography for subsequent determination using cold vapor atomic
fluorescence spectrometry. Total Hg concentrations were determined
using EPA method 1631e (U.S. Environmental Protection Agency,
2002). Sampleswere oxidized using brominemonochloride (BrCl) solu-
tion until all Hg was converted to Hg(II) as indicated by preservation of
the BrCl− color. The remaining BrCl− was then reduced with hydroxyl-
amine prior to analysis. Subsequently, an aliquot of samplewas reduced
to Hg(0) using SnCl2 in a bubbling purge and trap system fitted with a
gold trap. The gold trap was then pyrolized to release the Hg(0) for
detection using cold vapor atomic absorbance spectrophotometry.

The method detection limit (MDL) for MeHg was 0.02 ηg L−1. The
MDL for THg was 0.2 ηg L−1 based on repeated laboratory replicate
measurements of a low THg content substrate (n = 10). The difference
between the unfilteredwhole water mercury species (U-MeHg, U-THg)
and dissolved mercury species (F-MeHg, F-THg) is defined as “particle-
associated” or “particulate” Hg on a volumetric basis (P-MeHg, P-THg).
Quality control results are provided in supplemental tables by Alpers
et al. (in this issue).

2.3.3. Ancillary measurements
Ancillary water quality measurements were collected to support the

understanding ofMeHg cycling and loading. Chloride (Cl−), analyzed by
the USGS National Water Quality Laboratory in Denver with ion chro-
matography (Fishman and Friedman, 1989, chap. A1),was used to iden-
tify flow paths and evaporative concentration effects. Suspended
particulate matter (SPM) concentration was measured by the USGS
California Water Science Center's Carbon Research Laboratory in
Sacramento, CA using gravimetric analysis via filtration on a glass fiber
filter (0.7 μm). Additional measurements of dissolved organic matter,
major anions, major cations, trace metals, nutrients, and carbon quality
were conducted (Alpers et al., in this issue) but are generally not
discussed here, although some constituent results are reported in the
Supplemental information.

2.4. Data management, data analyses and standardization to Cl−

A database (Microsoft Access) was used to manage hydrologic and
water quality data for the two chosen methods of hydrologic analysis
of constituent cycling. Hydrologic and water quality trends and statisti-
cal significance for the different cropping treatments were conducted
using Statistica (StatSoft Inc., 2008). We interpolated between discrete
sampling dates to calculate daily flows (Bachand et al., in this issue)
and concentrations at each sampling station. This approach enabled
the development of a continuous time series for hydrologic and water
quality data and the integration of those data into calculations when
data were not collected synchronously. When there were gaps longer
than 30 days, interpolation between dates was discontinued. Thus,
interpolation was conducted primarily for the irrigation season (June
to September).

Using the above data, outflow and inflow concentrations of water
quality constituents were compared and mass balances were devel-
oped. These analyses used average weekly calculations of flow and
water quality concentrations to reduce noise associatedwith the system
data. Operational or hydrologic changes within a rice field take many
days to equilibrate with regard to hydrology and water quality data.
Mass balance analyses were made utilizing hydrologic flow models
calibrated to the field conditions (Fig. S3; Bachand et al., in this issue),
and using chloride as a natural tracer (Hayashi et al., 1998). By standard-
izing water quality constituents against chloride, we were able to sepa-
rate transport pathways, such as constituent movement between the
water column and the soils from internal net production or consump-
tion (henceforth referred to as net ecosystem production).

2.4.1. Standardizing Hg concentration changes against Cl− concentration
changes

Changes in concentrations across the system for MeHg and other
water quality constituents were compared against those for chloride
to differentiate between concentration changes due to hydrologic path-
ways from those due to biochemical cycling and processes. Plug flow
reactor (PFR), continuous flow stirred tank reactor (CFSTR) and non-
ideal reactor (NIR) models can all be used under certain conditions to
appropriately model water quality changes across aquatic systems
(Kadlec and Knight, 1996; Metcalf and Eddy, 1979). These reactor
models typically relate outflow concentrations to inflow concentrations.
For instance, a PFR model relates outflow and inflow concentrations
using an exponential relationship:

Cout;COC

Cin;COC
¼ e−R ð1Þ

where R is a function of various factors such as substrate utilization and
flow rates. Since chloride is neither produced nor consumed, outflow:
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inflow ratios were compared for each constituent of concern (COC)
with that of chloride to separate concentration changes resulting from
hydrologic processes and transport from concentrations changes due
to biogeochemical cycling and processes:

Ratioout:in

Cout;COC
.

Cin;COC

Cout;Cl�
.

Cin;Cl�

: ð2Þ

When Ratioout:in N 1, net ecosystem production of a COC is occur-
ring: greater increases in outflow concentrations have occurred than
can be attributed only to hydrologic processes. When Ratioout:in b 1,
net ecosystem consumption is occurring: greater decreases in outflow
concentrations have occurred than can be attributed only to hydrologic
processes.

2.4.2. Mass balances
Completemass budgets were also calculatedwhen possible (Eq. (3),

Fig. S3):

LSWin;COC þ LD;COC ¼ LSWout;COC þ LSoil;COC þ LWC;COC ð3Þ

where LSWin,COC = surface water load of each COC imported onto the
field calculated as the product of weeklymodeled inflow concentrations
and flows; LD,COC = internal sources of each COC from the field
calculated by difference on a weekly budget using the mass budget;
LSWout,COC = surface water load exported of each COC from the field
calculated as the product of weekly modeled outflow concentrations
and flows; LSoil,COC = load of each COC from the water column past
the soil–water interface into the soils; and LWC,COC = COC load increase
(or decrease) in the water column attributed to increasing (or decreas-
ing) water depths and calculated as the product of those depth changes
and the average of inflow and outflow water quality concentrations.

Because chloride is a conservative tracer and not significantly con-
sumed nor produced biologically, the internal load of chloride, LD,Cl−,
was assumed to equal 0. Using this information, LSoil,Cl− was calculated
using the mass balance shown in Eq. (3). Assuming flow for all COCs
into the root zone is equal (Fig. S3), COC loads to the root zone could
be related to chloride loads to the root zone by

LSoil;COC ¼ LSoil;Cl�
CAve;COC

CAve;Cl�
ð4Þ

where CAve,COC = the average of inflow and outflow COC concentra-
tions and CAve,Cl− = the average of inflow and outflow chloride concen-
trations. Substituting Eq. (4) into Eq. (3) allows LD,COC to be calculated,
separating out COC losses to (or gains from) the soil within thewetland
system.

As mentioned above, inflow and outflow loads were calculated for
most of the irrigation season. However, due to winter access issues,
these calculations were limited.

Mass balance calculations that identified the pathways (i.e., move-
ment to the root zone, ecosystem production or consumption)
(Eqs. (3) and (4)) could not always be calculated if there were missing
data such as inflow rates, outflow rates, chloride and COC concentra-
tions at inflow and outflow. Partial mass balances, using inflow and
outflow flows and concentrations, could be calculated during most of
the summer sampling periods and during the winter when access was
available. These partial mass balances enable the identification of net
retention or release of COCs from the agricultural wetland but do not
identify pathways. Periods of no flow on or off the agricultural wetland
represented periods of no loading on or off the agricultural wetland.
However, to calculate all the loading pathways described in Eq. (3), a
complete data setwas required (e.g. inflow and outflowCOC concentra-
tions, inflow and outflow Cl− concentrations, inflow and outflow flow
rates). Thus, these mass pathway calculations were only made when
all necessary data could be developed through the interpolation and
reconstruction methods discussed above. All loads were standardized
against field area. Mass balances did not make assumptions on steady-
state conditions. They were calculated to assess sources and sinks.

3. Results

For clearer interpretation of how import and export data differed
among fields and seasons, the hydrologic data is reported first followed
by the concentration and load data.

3.1. Cultural practices

Data were assessed seasonally for three field types (white rice, wild
rice, and fallowed) beginning in the springwith the preparation offields
for planting, during the summer irrigation season, during fall when
fields were drained, and during winter when fields were re-flooded
for agronomic, waterfowl, and flood management purposes. Though
all three agricultural wetland field types experienced these “seasons”,
the seasons were operationally defined by crop agronomic require-
ments related to hydrology (e.g. begin and end of irrigation season,
period of inundation during irrigation season, harvesting hydrologic
requirements, winterwatermanagement; Table S1). Specifically, begin-
ning and ending dates for the different seasons depended upon the crop
type. Fallowedfieldswere flooded latest in the summer, remained inun-
dated for the shortest period of time, were managed for minimum
water use, and flooded only to stimulate weed germination; white rice
fields were flooded in early June, remained flooded into September
with increased water depths, and were drained in September for
harvesting; wild rice fields were also flooded in June but remained
flooded through the September harvest and into November
(Table S1). Hydrologic management replicated well within agronomic
constraints for the different crop types. All fields were managed as
part of a larger farming operation (Fig. S1). The logistics affected the
timing of available irrigation water throughout the system and the
order of agronomic operations. Thus, changes in water management
timing could vary by aweek or sowithin a crop type. However, the gen-
eral water management above was replicated within the crop types
(Table S1).

3.2. Hydrologic summary

Bachand et al. (in this issue) provide greater details on the hydrology
of the field area. Here, we summarize key characteristics important to
the calculations and understanding of the magnitude and timing of
MeHg loads.

3.2.1. Summer irrigation/growing season management
The initial flooding quickly inundated thewhite rice fields to accom-

modate aerial seeding (Figs. S4 and S5). Water was added at a high
hydraulic loading rate (HLR) of approximately 2.5 cm d−1 for about
one week (Fig. S4; Bachand et al., in this issue). After seeding, white
rice inflow rates were decreased and maintained in the range of 0.5 to
2 cm d−1, averaging around 1 cm d−1 during the growing season.
This irrigation management maintained outflows in the range of 0 to
1 cm d−1, usually less than 0.5 cm d−1. There were two exceptions:
1) Field R31 where competition for irrigation water by other activities
reduced the inflow rates more than desired, and 2) Field R64 where
inflows were stopped and fields drained in July for dry application of
herbicides before re-flooding. Otherwise, water depths in the white
rice fields were initially maintained at 15 cm and then increased to
45 cm by late August (Bachand et al., in this issue; Fig. S5). White rice
fieldswere drained quickly (within about oneweek) in early September
by removing outlet boards.

Wild rice fields were initially flooded in a manner similar to white
rice, except initial inflow rates during flooding were higher (Bachand
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et al., in this issue; Fig. S4; ca. 5 cm d−1). Once the fields were seeded,
inflows were maintained around 1 to 2 cm d−1 throughout the early
season, then decreased to less than 1 cm d−1 late in the season. Wild
rice fields were operated at a more constant water level than white
rice fields, and were not drained for harvest; field outlets remained
blocked, forcing the fields to dry slowly via evapotranspiration, which
enabled the fields to remain wet into October or November. Wild rice
fields were harvested during September under wet conditions with
water depths in the range of 20–25 cm (Fig. S5).

Fallowed fields were inundated to a shallower depth (5 to 15 cm)
and for a shorter period of time than white and wild rice fields (approx.
July to end of August; Bachand et al., in this issue, Fig. S5). Flow rates
were initially high during July flood-up (1 to 2 cm d−1; Fig. S4) but
were quickly decreased to maintain only shallow flooding (15 cm) of
a couple checks at a timewith little to no outflow from the field outlets.
After approximately 60 days, outlet boardswere removed and thefields
drained in less than a week.

3.2.2. Winter management
All fields weremanaged similarly during thewinter flooding period;

however, three distinct hydrologic periods existed within the 2007–08
winter season (Figs. S4 and S5; Bachand et al., in this issue; Windham-
Myers et al., in this issue; Table S1). The first period (November–
January) consisted of controlled flooding of all fields. During this period
all fields were flooded to depths of about 15 to 30 cm regardless of
prior management. Flow rates varied between fields based on water
availability because of demand for other regional operations, but all
fields remained similarly flooded until late January. The second period
(January–February) was characterized by uncontrolled regional
flooding across the fields caused by high flows from Cache Creek, a
tributary to the Yolo Bypass. During this period,flow across thefields in-
creased and water levels overtopped field boundaries creating a large
singlewater body,with simultaneous surface sheet flowacross allfields.
The third period (February–March) was defined as the time when the
fields emerged from the widespread regional flooding and assumed
their original boundaries. By late February, water levels had decreased
and individual fields re-emerged andwere allowed to establish individ-
ual characteristics. All fields had drained by late March and were then
prepared for the next growing season. Due to the inability to measure
field-based hydrology during the second and third periods, the winter
load analysis was performed only on the first period for this study.

3.3. Concentration and tracer ratio trends

3.3.1. Chloride concentration
Chloride (Cl−) demonstrated conservative behavior associated with

hydrologic and evaporation processes, and served as a natural tracer in
these agricultural wetlands (Bachand et al., in this issue; Alpers et al., in
this issue). Chloride concentrations during the irrigation season were
initially around 50 to 100 mg L−1 (Fig. S6), averaging around 75 to
95 mg L−1, depending upon the field Cl− concentrations. Inflow Cl−

concentrations were significantly higher in the northern fields as
compared to the southern fields (Mann–Whitney, p ≤ 0.05) during
the irrigation season (Fig. S6) due to different source water. Because
of evapotranspiration, outflow Cl− concentrations were typically 2
or more times higher than inflows, with higher values representing
longer hydraulic retention times (HRTs) within a field. In December,
outflowCl− concentrations showed relatively no increase in somefields
(e.g. F66), but generally increased 1.5 to 2 times from the inflow to the
outflow suggesting a first flush of chloride. By February water was
flowing rapidly through the system and increases in Cl− concentration
were low (Fig. S6).

3.3.2. MeHg
As with chloride, unfiltered MeHg (U-MeHg) concentrations varied

widely over space and time (Fig. S7). Spatially, U-MeHg concentrations
generally increased with transport through the fields (Alpers et al., in
this issue) as well as differing between northern and southern fields
(Fig. S7). Supply water U-MeHg concentrations in the North Supply
Ditch during the irrigation season were relatively high with a median
near 1.2 ηg L−1 and ranging from 0.4 to 1.9 ηg L−1, whereas the
South Supply Ditch concentrations had a much lower median U-MeHg
at 0.4 ηg L−1 with a much smaller range (see map in Windham-
Myers et al., in this issue). Unfiltered-MeHg concentrations at both
locations exceeded the proposed regulatory total maximum daily load
(TMDL) target concentrations of 0.06 ηg L−1 (Wood et al., 2010). Tem-
porally, differenceswere observedwithin seasons andbetween seasons.
Within the summer period, outlet locations on white rice and fallowed
fields had the highest U-MeHg concentrations shortly after flooding
(approximately 3 ηg L−1), and maintained similar concentrations
throughout the water year, whereas concentrations on wild rice fields
started relatively low (approximately 1 ηg L−1) following flooding
and increased throughout the growing season, peaking between 20
and 40 ηg L−1 during wet harvest activities. Filtered MeHg followed
similar spatial patterns as U-MeHg (Fig. S8) but temporal patterns did
not coincide.

The mass ratio of a COC outflow and inflow to Cl− outflow and
inflow (Eq. (2)) was used to identify net ecosystem production (source,
ratio N 1) or consumption (sink, ratio b 1). After standardizing outflow/
inflow ratios against Cl−, most water quality constituents showed
internal sources or sinks besides those attributed to transport and
evapotranspiration effects (Figs. 1, S9, and S10; Alpers et al., in this
issue). In general, these fields were net ecosystem producers of
MeHg during the irrigation season and net ecosystem consumers
for SPM. However, these fields had no net effect on DOC and U-THg
loading from net ecosystem production (Fig. 2; Alpers et al., in this
issue). Within these general trends, there were temporal and spatial
differences not addressed by Alpers et al. (in this issue) and thus are
discussed here.

Fig. 1 illustrates temporal trends across individual replicate
wetlands (n = 6), whereas Fig. 2 summarizes median seasonal ratios
for agricultural wetlands as a group. Ratios of F-MeHg and U-MeHg to
Cl− indicated that white rice fields tended to be net ecosystem pro-
ducers of F-MeHg throughout the summer (ratio N 1). White rice field
R31 was a net ecosystem producer of U-MeHg into mid-July and again
in mid-August. Field R64 was a net ecosystem producer of U-MeHg
throughout the summer. The wild rice fields were net ecosystem con-
sumers for F-MeHg in both wild rice fields and for U-MeHg in one of
the wild rice fields (W32) during June and into July. By late August,
the wild rice fields were net ecosystem producers of both U-MeHg
and F-MeHg. They had a large production spike in mid-September con-
current with wet harvesting and an apparent episodic release of MeHg
(Figs. 1, S5, and S7; Alpers et al., in this issue). Net ecosystem MeHg
production in the winter was less for the wild rice than the white rice.
Both white rice fields were net ecosystem MeHg producers at
times measurements were taken in the winter (early December, late
February).

These MeHg to Cl− trends were replicated within the crop types
(Fig. 1). However, a north versus south effect also overlaid the trends,
shifting the curves. During August, the northern rice fields (R31, W32)
generally decreased in Cl-standardized U-MeHg whereas the southern
rice fields (R64, W65) generally showed gains in Cl-standardized
U-MeHg. These trends potentially indicate a movement to equilibrium
in both north and south fields between soil and water column MeHg
levels.

Temporal trends for U-MeHg or F-MeHg concentrations and ratios
(Figs. 1, S7, and S8) differed from those of DOC or SPM (Figs. S9, S11,
and S12). None of the fields were abundant sources for DOC during
the study (Fig. 2). A slight increase in DOC outflow concentrations in
late September occurred in the wild rice fields but not the white rice
fields (Fig. S11), corresponding with the September spike in U-MeHg
that occurred during that time (Fig. 1). Net ecosystem production or
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consumption of DOC was not observed (ratio not significantly different
than one) throughout the irrigation season and for the limited observa-
tions during the winter (Fig. S9). Suspended particulate matter concen-
trations decreased from inflow to outflow in all fields during the
irrigation season (Fig. S12), corresponding to net ecosystem consump-
tion during that period likely due to particle settling (Fig. S9); SPM
data are not of sufficient density to evaluate spatial variations during
the winter season.

Temporal trends inMeHg (Figs. S7, S8 and Fig. 1) differed from those
for THg (Figs. S13 and S14). Both white and wild rice fields were net
ecosystem producers of F-THg during the first month of flooding in
the summer irrigation period. This trend was different than for
F-MeHg (Figs. 1 and S10). By late August, rice fields were only slight
net ecosystem producers of F-THg; in contrast, rice fields were net
ecosystem producers of F-MeHg during August (Fig. 1). As with F-THg,
the white and wild rice fields were net ecosystem producers of U-THg
during the first weeks following flooding in June, but not so during the
remainder of the summer (Fig. S10). Unfiltered THg trends differed
from U-MeHg trends and were more similar to SPM trends which
showed net ecosystemconsumption across all fields during the summer
irrigation, likely due to particle settling (Fig. S9). During thewinter, THg
and MeHg trends were similar for both white and wild rice fields
(Fig. S10).
3.4. Mass balance

Through the use of Cl−, as a conservative tracer, the loads were
broken down into the different hydrologic components according to
Eq. (3) to create a complete mass balance.

3.4.1. Summer loads
Most fields retained Cl−, DOC, SPM and U-MeHg during the irriga-

tion season; mean retentions (as % of inflow loads) for Cl−, DOC, and
SPMwere 65%, 49%, and 93%, respectively (Table 1). Themean retention
of U-MeHg was 21% of inflow loads; U-MeHg was retained in 3 fields
(F20, R31, and W32) and exported in 3 fields (F66, R64, and W65).
The retention rate of U-MeHg ranged from 99% to −193% of inflows.
Fields F66 and R64, fields located in the southern half, exported
u-MeHg at 2–3 times inflow loads. As previously presented, surface
inflows into the southern fields had lower U-MeHg concentrations as
compared to surface inflows into the northern fields. Unfiltered MeHg
export from F66 and R64 suggests biogeochemical and physical pro-
cesses driving an equilibrium condition between surface waters and
soils Hg concentrations.

During the irrigation season, exported area-standardized loads of
Cl− were larger from white rice fields than from wild rice fields
(Fig. S15). During that time, area-standardized outflows from white
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rice fields were greater than those for wild rice (Fig. S4). Those higher
outflows correlated well with outflow chloride loads (r2 = 0.87,
p b 0.0001; S16). Chloride typically moved to the root zone in the
white rice and wild rice fields (Fig. S15, positive is towards root zone).
White rice field R31 and wild rice field W32 appear to have received a
flush of Cl− at the beginning of the irrigation season upward from the
root zone (Fig. S17). Aside from those conditions, chloride moved
downward into the root zone in the white rice and wild rice fields
through summer, at a relatively high rate during July and August,
then decreased in September with the decrease in outflows (Fig. S4)
and standing water (Fig. S5) (Bachand et al., in this issue). Across
all the fields and for the periods of data collection, a mean of 170 mg
Cl− m−2 d−1 moved to the root zone during the summer compared
to 300 mg Cl− m−2 d−1 moving from root zone in winter (Fig. 3).
These fluxes are not statistically different (Mann–Whitney p N 0.05),
but that statistical result likely can be attributed to the paucity of winter
data. Because Cl− is assumed to be a conservative tracer, no ecosystem
production is indicated (Fig. S15).

Mass balance temporal data were also calculated for F-MeHg,
U-MeHg, and DOC; results are not shown here but are instead included
in Supplemental information (Figs. S18 through S20). Both white rice
and wild rice fields produced F-MeHg in August (Fig. S18). From early
August through mid-September, more F-MeHg was produced in white
rice fields than wild rice fields; in mid-September, F-MeHg production
in wild rice increased to levels similar to production in rice fields
(Figs. 1 and S18). During this period, white rice field outflows increased
as the fields were drained prior to dry harvest, increasing loads of
F-MeHg through surface outlets. However, wild rice field outflows
slowed during this time as the fields were prepared for wet harvest,
thus retaining more of the internally produced MeHg. Surface export
of constituents requires a transport vector and so outflow is important.
For instance, wild rice field W32 had flows and F-MeHg exports that
were approximately 2.5 times higher than those from field W65
although concentrations in the fields were similar. However, flows are
not particularly well correlated with F-MeHg export (r2 = 0.49,
Fig. S16), suggesting that other biogeochemical and physical processes
affect F-MeHg outflow loads.

Unfiltered MeHg data was collected more frequently than other
forms of Hg or MeHg and thus provides more complete data for mass
balance calculations to determine pathways. For all fields, U-MeHg
was calculated as moving from the water column to the root zone of
the rice fields during the summer, averaging 2.8 ηg m−2 d−1 (Fig. 3).
This transport occurs mostly during July through September (Fig. S17)
and corresponds to an average seasonal load of 162 ηg m−2 for the
fields in which data were sufficient (Table 2; F66, R31, W32, R64,
W65). Calculated seasonal U-MeHg fluxes to the root zone for the
southern fields (F66, R64, W65) were in the range 220 to 538 ηg m−2

whereas for the northern field with sufficient data (R31, W32), flux was



Table 1
Loads on and off six agricultural fields during the irrigation season. Table shows surface
water loads onto (in) and off (out) the fields, the load removed onto the fields through
various pathways (In–Out) and the percent of total inflow is removed (% Inflow). Fallow
fields = F20, F66. White rice fields = R31, R64. Wild rice fields = W32, W65.

Analyte Plot ID In Out In–out % inflow

Cl− g m−2 F20 12.0 0.3 11.7 98%
F66 25.1 11.9 13.1 52%
R31 77.1 29.5 47.7 62%
R64 103.9 48.8 55.1 53%
W32 102.0 33.1 69.0 68%
W65 84.8 18.2 66.7 79%
Mean 67.5 23.6 43.9 65%

DOC g m−2 F20 1.4 0.0 1.4 97%
F66 2.8 1.7 1.1 41%
R31 8.2 2.8 5.4 65%
R64 8.8 6.8 2.0 23%
W32 11.0 6.3 4.7 42%
W65 6.6 2.1 4.5 69%
Mean 6.5 3.3 3.2 49%

SPM g m−2 F20 2.1 0.0 2.0 98%
F66 18.7 0.5 18.2 97%
R31 41.1 2.5 38.7 94%
R64 55.0 1.0 54.1 98%
W32 55.3 9.0 46.4 84%
W65 44.5 1.7 42.8 96%
Mean 36.1 2.4 33.7 93%

U-MeHg ng m−2 F20 484 6 0.478 99%
F66 131 384 −0.253 −193%
R31 848 201 0.647 76%
R64 386 781 −0.394 −102%
W32 1222 953 0.268 22%
W65 292 334 −0.042 −15%
Mean 561 443 0.117 21%
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calculated as upward from the root zones (−110 to−303 ηg m−2). The
upward flux for U-MeHg for R31 and W32 corresponded with an
upward Cl− flux as well (Table 2).

Temporal mass balance calculations (Fig. 4) provide similar results
as the outflow/inflow ratio analyses calculated using Eq. (2) and pre-
sented in Fig. 1. Fig. 1 indicates net ecosystem production of U-MeHg
in the southern fields (F66, R64, W65) and an intermittent production
and consumption in the northern fields (F20, R31, W32; Fig. 1). Net
ecosystem production occurred in the southern fields (R64, W65) and
intermittent production and consumption in the northern fields (R31,
W32) (Fig. 4). Net ecosystemproduction of U-MeHg varied both tempo-
rally and spatially between the fields generally ranging from 0 to
15 ηg m−2 d−1 (0–1.5 × 10−5 mg m−2 d−1; Fig. 4), though occasion-
ally becomingnegative representing net ecosystem consumption. Based
on calculations of the seasonal mass loading pathways (Table 2), the
system produced 275 ηg m−2 on average, ranging from net ecosystem
consumption of−95 ηg m−2 in R31 to net production of 780 ηg m−2

in R64. Net ecosystem production was higher in the southern fields
than in the northern fields. Both southern rice fields produced
U-MeHg throughout the irrigation season (R64 = 780 ηg m−2;
W65 = 373 ηg m−2; Table 2, Fig. 4). Both northern rice fields (R31,
W32) were net consumers of U-MeHg in June and July (Fig. 4), but
then the wild rice field (W32) switched to becoming a net producer.
Overall R31 was a net consumer (−95 ηg m−2) and W32 was a net
producer (142 ηg m−2) (Table 2).

3.4.2. Winter loads
Winter data were limited compared to summer data, constraining

the power of the hydrologic analysis; however, interesting comparisons
were evident. Cl− loads moved from the root zone into the water
column for the winter period (300 mg m−2 d−1; Fig. 3) in contrast to
Cl− movement from the water column into the root zone during the
summer irrigation season (170 mg m−2 d−1; Fig. 3). All constituents
were released from the root zones during the winter including
U-MeHg which was calculated at 7 ηg m−2 d−1 (Fig. 3). None of
these calculations showed statistical significance (p b 0.05) with regard
to seasonal differences (winter versus summer) due to the small winter
data set.

4. Discussion

4.1. Mass balance and ratio methods

Mass balances are used to broadlymodelwetland systems (Carleton
and Montas, 2009; Kadlec, 1994; Kadlec and Knight, 1996; Liu et al.,
2008; Martinez and Wise, 2003; Miles and Fink, 1998; Persson and
Wittgren, 2003; Werner and Kadlec, 2000). These tools, which require
the integration of water quality and hydrologic data, are often used to
ascertain whether systems are sources or sinks for a specific constitu-
ent. Flow data in natural or semi-natural wetland type systems are
frequently difficult and expensive to collect and the quality of the data
limits the power and temporal resolution of mass balances. Linking
the constituent mass balance analyses to the mass balance analyses of
a conservative tracer enables one to separate hydrologic processes
from biogeochemical processes. In this paper we used that approach
to understand MeHg cycling in agricultural wetlands: determining
whether and when these systems were net ecosystem producers, and
quantifying themagnitude of summer andwinter loading rates. The va-
lidity of these analyses depends upon the quality of both hydrologic and
water quality data, and their integration.

Plug flow reactor (PFR) and continuous flow stirred tank reactor
(CFSTR) models commonly form the foundation of mass balance analy-
ses (Metcalf and Eddy, 1979; Kadlec and Knight, 1996); these models
utilize ratios of outflow to inflow constituent concentrations. These
ratios, related to tracer concentration outflow to inflow ratios, can be
used to evaluate ecosystem production without performing a full mass
balance. This ratio method involves standardizing the outflow:inflow
concentration ratio for a specific constituent against the outflow:inflow
ratio for a natural tracer (e.g. Cl−) and provides a simple tool for differ-
entiating biogeochemical and hydrologic processes as they relate to net
ecosystem production or consumption. We found that periods of net
ecosystem production or consumption predicted using ratio methods
corresponded well with periods calculated by mass balance methods.
The ratio method does not provide a means to calculate loading from
net ecosystem production because it does not integrate flow data. In
this system, Cl− corresponded well with EC (Bachand et al., in this
issue; Alpers et al., in this issue). Thus, assessingwhether net ecosystem
production (or consumption) is occurring in a wetland system with
regard toMeHg or other COCs requires only basic in situ data in addition
to the water quality data collected for the specific constituent.

4.2. The importance of taking a comprehensive view of hydrology

4.2.1. Macrohydrology
Calculating loads from surface water flows and concentrations and

plotting trends for wetland systems requires caution and can mislead
interpretations with regard to fate and transport of water quality
constituents. For example, our data show that MeHg outflow loads
exceeded inflow loads during the winter whereas the reverse was
seen during the summer irrigation period (Fig. 5). Those data suggest
that during the irrigation season the total system is a net ecosystem con-
sumer of MeHg and during the winter is a net ecosystem producer.
However, that interpretation is wrong. After standardizing MeHg mass
balance results against a tracer, we found that these systems are net
ecosystem producers of MeHg during both the summer and the winter
(Figs. 3 and 5).

4.2.2. Microhydrology
The surface water hydrology calculations lead to false conclusions

because they neglect other hydrologic pathways such as flux between
soil and the water column. More accurate conclusions will be formed
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if hydrologic pathways are accounted for in amore comprehensiveway.
Bachand et al. (in this issue) propose that transpiration drives constitu-
ent flux between soils and the water column in these agricultural
wetlands by causing advective fluxes downward into the soils during
the summer when plants are actively transpiring. Reddy et al. (1999)
and Kadlec (1999) calculated phosphorus soil fluxes based upon this
assumption. Others have found conservative tracers move into the
root zone in wetlands (Van der Kamp and Hayashi, 2009; Parsons
et al., 2004; Whitmer et al., 2000). Bachand et al. (in this issue) used a
simple flux model comparing diffusive and advective fluxes and pre-
dicted advection to be the dominant transport process in all but the
top 2–10 mm of the soils during the periods in which transpiration
occurs. In these types of agricultural wetlands, transpiration during
the growing season typically accounts for 50–90% of evapotranspiration
(Bachand et al., in this issue; Bouman et al., 2005; Herbst and Kappen,
1999; Sanchez Carrillo et al., 2004), and can be up to 0.5 cm d−1

(Bachand et al., in this issue). The flux model predicts that 1) transpira-
tion advectively pulls water quality constituents through micro-
hydrologic transport from the water column into the root zone during
the summer irrigation period, and 2) the process stops during the
winter when transpiration essentially ceases, resulting in release of
constituents from the root zone.
Both of these hypotheses are supported by temporal and seasonal
trends for chloride, U-MeHg, and other water quality constituents
(Figs. 3 to 5, S15 and S17). Chloride mass balance calculations show
significant water loss to the root zone; losses similar in magnitude to
surface water export for this system (Table 2, Fig. 5). As would be
expected, exports to the root zone of both U-MeHg and DOC were
significant and were about 60% of surface water exports, similar to
those for chloride (Table 2). With summertime evapotranspiration
rates ranging from 0.6–1 cm d−1 during the irrigation months
(Bachand et al., in this issue), transpiration appears to be an important
mechanism for moving aqueous constituents into the root zone during
the irrigation season. Constituent loading reverses in the winter, with
net imports into the water column from the root zone (Fig. 5, Table 2).
For the period of data collection, these gain rates are approximately
twice as great as the loss rates into the root zone during the irrigation
season (Fig. 5). Seasonal trends are similar for DOC, MeHg and THg
(Fig. 3). Thus, our data suggest that winter losses from the root zone
may be relatively equivalent in magnitude to exports into (storage in)
the root zone during the summer (Fig. 5 and S21; Marvin-DiPasquale
et al., 2013; Windham-Myers et al., 2013a). These results also are con-
sistent with the hypothesis that transpiration impacts the seasonal
fate and transport of constituents of concern (COCs).



Table 2
Complete mass balance for five fields during the summer irrigation season. Mass balances are developed for periods of sufficient data to quantify internal and external pathways. Mass
balances do not extend for the entire season because of data limitation. In = loads with inflow surface water, Out = loads with outflow surface water, To Roots = loads to the root
zone, Eco Prod = loads attributed to net ecosystem production, Water Col = load increases in the water column due to increased water levels or increased concentrations. Fallow
field = F66. White rice fields = R31, R64. Wild rice field = W32, W65.

Analyte Plot ID From To Total days of data In Out To roots Eco prod Water Col

Cl− g m−2 F66 7/19/2007 9/5/2007 49 14.8 10.6 11.8 0.0 −7.3
R31 6/14/2007 9/19/2007 97 61.0 23.8 −2.7 0.0 42.8
R64 6/2/2007 9/19/2007 109 85.9 40.4 23.2 0.0 16.4
W32 6/7/2007 9/19/2007 68 49.1 29.8 −17.6 0.0 7.3
W65 6/8/2007 9/19/2007 103 82.4 17.8 51.5 0.0 13.4
Mean 6/2/2007 427 58.6 24.5 13.2 0.0 14.5

DOC g m−2 F66 8/16/2007 9/5/2007 21 0.6 1.5 1.9 0.3 −2.2
R31 6/14/2007 9/19/2007 96 6.5 2.3 −0.4 −0.3 4.4
R64 6/13/2007 9/19/2007 98 7.3 5.6 1.9 2.4 2.4
W32 6/7/2007 9/19/2007 103 9.0 5.7 −2.2 1.0 0.2
W65 6/14/2007 9/19/2007 97 6.0 2.0 3.6 0.3 0.7
Mean 6/7/2007 416 5.9 3.4 0.9 0.7 1.1

SPM g m−2 F66 8/16/2007 9/5/2007 21 3.1 0.4 2.6 −4.0 −3.3
R31 7/12/2007 9/19/2007 68 23.5 2.0 2.4 −21.2 3.0
R64 6/13/2007 9/19/2007 99 45.5 0.8 5.8 −44.6 3.3
W32 6/7/2007 9/19/2007 103 46.9 8.3 −5.9 −18.2 2.3
W65 6/14/2007 9/19/2007 97 40.4 1.6 9.7 −26.6 2.7
Mean 6/7/2007 389 31.9 2.6 2.9 −22.9 1.6

U-MeHg ng m−2 F66 8/16/2007 9/5/2007 21 27 334 538 173 −720
R31 6/14/2007 9/19/2007 97 671 162 −303 −95 670
R64 6/13/2007 9/19/2007 99 320 649 220 780 163
W32 6/7/2007 9/19/2007 103 989 845 −110 142 −310
W65 6/14/2007 9/19/2007 97 268 337 464 373 −226
Mean 6/7/2007 418 455 465 162 275 −85
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Fig. 4.Mass transport of unfilteredMeHg inwhite rice (R31, R64) andwild rice (W32,W65) fields during irrigation season along different hydrologic pathways. Loads are inmg m−2d−1.
SW In = surface water inflow, SW Out = surface water outflow, To roots = to the root zone, Eco Prod = net ecosystem production.
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4.2.3. MeHg production trends discerned using mass balance methodology
Mass balance analyses standardized against a conservative tracer

enabling a more correct assessment of the fate, transport and cycling
of water quality constituents, and by providing a tool to temporally
quantify the loading from each pathway. A number of findings from
these analyses enable us to identify and understand seasonal and
episodic trends.

The mass balance analyses provided important information on sea-
sonal trends: 1) the wetland systems were net ecosystem producers
of MeHg during both the summer andwinter periods; 2) net ecosystem
production rates for U-MeHg were similar for both time periods when
data were available (June through September for the irrigation season;
December for the winter period; Figs. 3 and 5); and 3) MeHg, chloride
and other water quality constituents moving into the root zone during
the summer and out from the soils during the winter (Figs. 3 and 5).

In the winter period, the limited data suggest that white rice fields
produced MeHg during early December at a time when the other agri-
cultural fields (wild rice and fallowed) did not (Fig. 1). The white rice
fields were dry harvested with plant residue remaining on the fields
prior to winter flooding while limited surficial litter remained in the
wild rice and fallowed fields (Windham-Myers et al., 2013a). The lack
of a MeHg production pulse during winter in the other wetlands sug-
gests that organic carbon may be limiting MeHg production in these
mineral soils (Guimaraes et al., 2000; Hall et al., 2008; Lambertsson
and Nilssons, 2006) and that he availability of labile C residues from
white rice harvestmayhave fueledMeHgproduction during this period.
In general, approximately an equivalent amount of biomass is left
behind as is harvested for rice (Prasad et al., 2006). Typical rice produc-
tion in the Sacramento Valley is approximately 9100 kg ha−1 (Mutters
et al., 2007). Thus, after harvest, approximately 9100 kg ha−1 of
biomass would have remained in the fields. The relatively abundant
residue in the white rice fields appears to have driven the subsequent
Hg methylation that occurred after the onset of winter flooding
(Windham-Myers et al., 2013b). This material was potentially a ready
source of organic material that helped to drive Hg methylation at
lower redox conditions (Windham-Myers et al., 2013b).

Another event that appeared to drive MeHg release was the wet
harvesting of wild rice during September. During and immediately
after wet harvesting, net ecosystem production of U-MeHg increased
with the concentration ratio from Eq. (2), ranging from 2 to 10



Table 3
Ecosystem comparison of MeHg export (U-MeHg) in surface water from wetland and
agricultural systems.

Location Load (^g m−2 y−1) Source

Rice, summer
Wild rice, summer CA 0.2–1 This studya

Fallowed rice, summer
Rice, winter
Wild rice, winter CA 0.1–1 This studyb

Fallowed rice, summer
Impounded wetlands CA 3 to 5 Sassone et al. (2008)
Corn CA 0.2 to 2.5
Impounded wetlands CA 0.5 to 5
Tomatoes CA 0.3 to 1 Heim et al. (2009)
Rice CA −0.04 to + 0.02
Subsided delta island
irrigation returns

CA −0.2 to + 0.2

Tidal wetland CA 2.5 Bergamaschi et al. (2011)
Managed tidal wetland CA 0.2 Heim et al. (2009)
Northern wetlands and
forested systems

WI Krabbenhoft et al. (1995)
MN 0.06 to 0.6 Hines et al. (2004)
NY Driscoll et al. (1998)
Sweden Lee et al. (1995)
Ontario St Louis et al. (1996)

Notes.
a Assumes 28 day discharge by fallow fields, 100 day by rice fields, and 120 bywild rice

fields.
b Assumes 90 day discharge period in the winter.
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(Fig. 1). Fig. 4 shows that net ecosystem production rates increased
from about 0 to about 10 ηg m−2 d−1 in Field W65 and to about
50 ηg m−2 d−1 in Field W32 during this period.

These above results challenge a number of generally accepted para-
digms of MeHg production and export from wetland systems. For
instance, MeHg is often assumed to degrade in dry soils as aerobic pro-
cesses destroy the MeHg molecule (Marvin-DiPasquale et al., 2000;
Barkay et al., 2003; Hines et al., 2006). However, the highest observed
MeHg concentrations in surface sediment (0–2 cm depth) was found
between flooding events in dried, fallowed soils (up to 4.2 ng g−1).
These data suggest that MeHg moved advectively into the root
zone (or formed in place) during the irrigation season, were preserved
in the root zone, and then subsequently released upon re-flooding
(Marvin-DiPasquale et al., 2013). Fig. 3 supports this hypothesis,
showing that U-MeHg flux from the soils during early winter
(−7 ηg m−2 d−1) were more than twice those of the MeHg flux into
the soils during the summer (2.8 ηg m−2 d−1). This winter:summer
ratio was similar for F-MeHg and exceeded the winter:summer ratio
found for Cl−, the conservative tracer. Since the time between drainage
for harvest and re-flooding was relatively short for white rice, demeth-
ylation kinetics may have been slow enough to not cause significant
degradation (Marvin-DiPasquale et al., 2000; Barkay et al., 2003). Alter-
natively, MeHg in these root zone soils may have been protected from
degradation through physical aggregation processes or strong chemical
binding that inhibits its degradation viamicrobial or chemical pathways
(e.g. Carter, 2002).

4.3. Role of plants with regard to mercury cycling

During the summer period, within-field U-MeHg production
occurred most for white rice and to a much lesser extent for wild rice
(Fig. 1, Table 2). In white rice fields, F-MeHg production began during
mid-July to early August and extended through the summer inundation
period (Fig. 1). Wild rice F-MeHg production began about a week later
and ended by mid-September. These data support the hypothesis that
vegetation activity leads to elevated MeHg concentrations in surface
water and sediments (Windham-Myers et al., in this issue).

Potentially, this result may be due to organic carbon limitations
(Guimaraes et al., 2000; Hall et al., 2008; Lambertsson and Nilssons,
2006). As the irrigation season progresses and vegetation becomes
denser and more mature, some organic matter decomposition occurs,
possibly creating reducing conditions at the soil/water interface. Addi-
tionally, the vegetation may be providing organic carbon exudates in
the root zone (Guimaraes et al., 2000; Windham-Myers et al., 2009).
Although these processes may be occurring at the soil–water interface,
the available DOC data are insufficient to identify organic carbon as
the main limiting constituent for Hg methylation.

The literature is extensive regarding the plants and mercury cycling
(e.g., Caçador et al., 2000; Castro et al., 2009; Khondaker and Caldwell,
2003; Marques et al., 2011; Neumann et al., 2009; Weis and Weis,
2004). Khondaker and Caldwell (2003) found that mercury tends to ac-
cumulatemore in the root tissues of wetlands plants than in other areas
of the plants. Doyle and Otte (1997) found that the presence of vegeta-
tion led to higher concentrations of heavy metals in salt marsh soils.
Both Caçador et al. (2000) andWeis and Weis (2004) found higher ac-
cumulation of heavy metals in marsh soils with vegetation and roots
than in areas without, and both studies found that the soil concentra-
tions varied for the different plant communities. Marques et al. (2011)
and Weis and Weis (2004) found heavy-metal concentrations deeper
in the sediments of areas with plants than in areas without plants.

Most studies discuss the role of plant physiology regarding these
differences. Castro et al. (2009) attributed the varying Hg concentra-
tions in contaminated salt marsh sediments to processes that stress
plants, such as higher metal retention by rhizospheres. Increased Hg
methylation has been linked to organic carbon from plant exudates in
the root zone (Guimaraes et al., 2000; Windham-Myers et al., 2009).
Marques et al. (2011) found that marsh vegetation affected sediment
pH and Eh and had different phytoaccumulation characteristics.

In all these studies, the potential role for plants in transport of partic-
ulate and dissolved constituents was not considered. Yet there is a body
of evidence that 1) surface water constituents find their way into the
root zone (Van der Kamp and Hayashi, 2009; Parsons et al., 2004;
Whitmer et al., 2000) and 2) evapotranspiration is a driver for that
transport (Bachand et al., in this issue; Reddy et al., 1999; Kadlec,
1999; Brady and Weil, 2002; Taiz and Zeiger, 1991). Bachand et al. (in
this issue) calculate that advective flux is the dominant flux in all but
the upper fewmmofwetland sediments during summer, when transpi-
ration is active. This advective transport would be expected to affect the
depth to which Hg is found in marsh soils (Weis and Weis, 2004;
Marques et al., 2011), with higher Hg concentrations found in marsh
soils with vegetation than without (Caçador et al., 1996; Weis and
Weis, 2004). This hypothesis is consistent with the findings of others.
SedimentMeHg concentrations are higher in the presence of vegetation
(Doyle and Otte, 1997; Weis and Weis, 2004). Vegetation type affects
those concentrations (Castro et al., 2009; Marques et al., 2011); this
may be due to differing transpiration rates.

4.4. Implications for hydrologic management

Short-term or episodic export events could be mitigated to some
extent through implementing some targeted changes in agricultural
practices. By minimizing or recycling outflows during periods with
high within-field production of MeHg or MeHg inflow from the root
zone, exports ofMeHg and other COCs could be controlled. Additionally,
understanding how rice straw and other residuals may be priming con-
ditions for subsequent methylation of Hg upon re-flooding may help
managers develop agricultural or hydrologic strategies to limit MeHg
production and export during the early winter period.

4.5. Comparing fluxes to other systems

The range of U-MeHg loads exported during the summer irrigation
period of this study (200–1000 ηg m−2; 0.2 to 1.0 μg m−2; Table 1) is
within the range found in other shallow aquatic systems (0.1 to
5.0 μg m−2 yr−1; Table 3). The winter exported U-MeHg loads from



969P.A.M. Bachand et al. / Science of the Total Environment 472 (2014) 957–970
this study (0.1 to 1.0 μg m−2 yr−1) are also within that range. Impor-
tantly, the winter load appears to represent in part a legacy export of
U-MeHg transported to and stored in the root zone during the previous
summer that is released when the system transforms from a
transpiration-driven advective system in summer to a diffusive system
in winter. Our calculations suggest that constituents other than MeHg
also experienced seasonal fluxes in and out of the root zone (Fig. 3).
During the summer irrigation season, the fields were sinks for about
60% of the THg entering the fields, transferring about 25 ηg m−2 d−1

from the water column into the root zone (Table 1). These rates are
similar to the retention rates of 18–95% reported by others with regard
to inputs from atmospheric Hg deposition (Driscoll et al., 1998;
Galloway and Branfireun, 2004). Very high soil export rates of U-THg
were shown within the limited winter data set in this study. Sorption
to soils, especially organic material (Hurley et al., 1995), is a potential
mechanism for THg removal in the root zone. Yet our analyses suggest
that the subsurface transport mechanisms of advection and diffusion
are also important when considering the fate of THg in these types of
wetland systems.

5. Conclusions

Three types of agricultural wetlands (white rice, wild rice, and
fallowed)weremonitored for hydrology andwater quality to character-
ize mercury (Hg) cycling, particularly the production of dissolved and
total MeHg, and to assess the effects of water management and
cropping practices on MeHg export. Two seasons were operationally
defined according to crop agronomic requirements and hydrologic
conditions, the summer irrigation and winter flooded periods. This
distinction is important when considering load exports from these sys-
tems expressed as daily rates, as the duration of the season will affect
seasonal and annual rates.

We analyzed our data by comparing changes in constituent concen-
trations across the fields and with a mass balance approach; both
methods standardized against chloride, a natural, conservative tracer.
Water quality trends diverging from those for chloride identify non-
conservative behavior. These approaches allowed us to quantify trans-
port into the root zone and subsequent release from soil for various con-
stituents of interest, to identify periods of net ecosystemproduction and
consumption, and to compare their transport with hydrologic pathways
associated with conservative transport and release.

For the agricultural fields during the summer irrigation period, we
estimate that surface water export accounted for 65% of exported chlo-
ride loads with the remaining 35% exported into and stored in the root
zone (Table 2, Fig. 5). Results are similar for other water quality constit-
uents studied: MeHg and DOC losses to the root zone during the sum-
mer are also estimated to have been about 20–25% of total exports
(Table 2, Fig. 5). With the onset of winter, chloride was released from
soils back into the water column at a rate that exceeded average
summertime fluxes (Fig. 5). This seasonal change in flux direction also
appeared in the calculations conducted for U-MeHg. These calculations
suggest a role for transpiration in constituent transport between surface
waters and the root zone. These microhydrologic processes affect con-
stituent concentrations in the soil and water and are dependent upon
the presence and absence of plants, and potentially result in diel and
seasonal variations in water quality concentrations in response to tran-
spiration. These processes are generally not considered in the literature;
this hypothesis challenges a number of paradigms regarding MeHg
production and export. Importantly, favorable biogeochemical condi-
tions for MeHg production do not necessarily coincide with surface
water export at the time of production.

Spatial and temporal analyses of the agricultural fields in this study
identified key events resulting in net ecosystem production of MeHg.
Wet harvesting in the wild rice fields caused a MeHg concentration
spike in thewater column. Re-flooding of thewhite rice fields after har-
vest without removal or disking of plant residues resulted in elevated
MeHg concentrations, a result not present in the wild rice or fallowed
fields. White rice fields experienced higher net ecosystem MeHg pro-
duction rates about halfway through the irrigation season, suggesting
that plant maturation affectedMeHg production rates in these systems.
These results suggest that targeted outflow management or recycling
during periods of anticipated short-term, episodic MeHg mobilization
may be a potential tool to manage MeHg exports in these systems.
Management optionsmay be limited during thewinter when hydrolog-
ic conditions favor MeHg release from soils, due to conditions existing
that defy hydrologic control, andwhen less pressing agronomic require-
ments exist.
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