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The current state of science and engineering related to analyzing wetlands overlooks the importance of transpi-
ration and risks data misinterpretation. In response, we developed hydrologic and mass budgets for agricultural
wetlands using electrical conductivity (EC) as a natural conservative tracer. We developed simple differential
equations that quantify evaporation and transpiration rates using flow rates and tracer concentrations at wetland
inflows and outflows. We used two ideal reactor model solutions, a continuous flow stirred tank reactor (CFSTR)
and a plug flow reactor (PFR), to bracket real non-ideal systems. From those models, estimated transpiration
ranged from 55% (CFSTR) to 74% (PFR) of total evapotranspiration (ET) rates, consistent with published values
using standard methods and direct measurements. The PFR model more appropriately represents these non-
ideal agricultural wetlands in which check ponds are in series. Using a flux model, we also developed an equation
delineating the root zone depth at which diffusive dominated fluxes transition to advective dominated fluxes.
This relationship is similar to the Peclet number that identifies the dominance of advective or diffusive fluxes
in surface and groundwater transport. Using diffusion coefficients for inorganic mercury (Hg) and methylmer-
cury (MeHg) we calculated that during high ET periods typical of summer, advective fluxes dominate root
zone transport except in the top millimeters below the sediment-water interface. The transition depth has diel
and seasonal trends, tracking those of ET. Neglecting this pathway has profound implications: misallocating
loads along different hydrologic pathways; misinterpreting seasonal and diel water quality trends; confounding
Fick's First Law calculations when determining diffusion fluxes using pore water concentration data; and
misinterpreting biogeochemical mechanisms affecting dissolved constituent cycling in the root zone. In addition,
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our understanding of internal root zone cycling of Hg and other dissolved constituents, benthic fluxes, and bio-
logical irrigation may be greatly affected.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

In wetlands, transpiration accounts for between 50 and 90% of
the total ET during a growing season (Herbst and Kappen, 1999;
Sanchez-Carrillo et al., 2004; Bouman et al., 2005). It is an important
vector for moving constituents from the water column into the root
zone in shallow aquatic systems (Howes et al., 1986; Hayashi et al.,
1998; Reddy et al,, 1999; Kadlec, 1999; Whitmer et al., 2000; Parsons
et al, 2004; van der Kamp and Hayashi, 2009). Dacey and Howes
(1984) determined transpiration as the primary cause for downward
movement of the water table during both day and night in the short
grass zone in intertidal salt marshes. Rosenberry et al. (2013) report
that seepage in a Minnesota lake changed 10% during the day in re-
sponse to ET withdrawals. Using a Br tracer study in a seasonal wetland,
Parsons et al. (2004 ) found that less than 10% of the Br initially released
was taken up by plants and most of the Br was transported into the
upper 40-80 cm of the wetland soil surface. They describe how ET
drives infiltration rates in seasonal wetlands, with infiltration rates
increasing during summer periods of high evaporation. In a review
paper on prairie wetlands of northern USA and Canada, van der Kamp
and Hayashi (2009) describe how infiltration in the upper few meters
of those wetlands is driven by evaporation and root uptake. A number
of constituent cycling studies using bromide (Br) tracers have shown
applied Br concentrating in the soil root zone and plant tissues (Howes
et al., 1986; Whitmer et al., 2000; Parsons et al., 2004).

Transpiration has also been linked to transport and release of mer-
cury (Hg) and volatile organic compounds from wetlands. Lindberg
et al. (2002) determined that the flux of elemental Hg vapor (Hg®)
from rooted emergent cattail and sawgrass wetlands in the Florida Ev-
erglades significantly exceeded emissions from non-vegetated areas
and from uprooted (floating) stands. A strong correlation with water
vapor suggested transpiration as the driving mechanism. Mercury
vapor fluxes exhibited a diel cycle with two peaks, and Lindberg et al.
(2002) proposed two different gas exchange dynamics: early morning
lacunal gas releases and midday transpiration releases. Lindberg et al.
(2005) concluded that Hg® emitted from emergent macrophytes origi-
nates as inorganic Hg?* in the sediments where it is reduced to Hg;
they confirmed the two processes earlier proposed by Lindberg et al.
(2002). Their mass balance calculations estimated that a release of
Hglis 1 kg yr~! from a 1500 ha wetland, 20 times the amount evaded
from the water surface. Reid and Jaffé (2012) found a similar result with
emissions of volatile organic compounds from wetlands to be linked
with transpiration.

Despite its physical role in vegetated systems, transpiration is not
often included in the wetland biogeochemistry literature in consideration
of benthic fluxes. Root hairs provide a large surface area that moves water
from soil to plants (Raven et al., 1999). During periods of rapid transpira-
tion, soils adjacent to the root zone may lack sufficient water, resulting in
a hydraulic pressure gradient moving water towards root hairs (Taiz and
Zeiger, 1991; Raven et al., 1999). This bulk movement of water is an ad-
vective process. Yet, benthic flux, defined as the transport of dissolved
constituents between the water column and the underlying sediments,
has included as transport mechanisms bioturbation, advection from bio-
logical irrigation, and diffusion (Kuwabara et al., 1999). Bioturbation is
important in wetland systems (Fanjul et al, 2011; Kuwabara et al,
2012), affecting both the direction and magnitude of benthic flux be-
tween the water column and sediments by its effect on benthic metabo-
lism and nutrient cycling (Fanjul et al., 2011). While some arid wetland
research has implied the phenomenon of “biologic tides” from daily tran-
spiration (e.g. Childers et al., Arizona State University, unpublished data),

advective flux has largely been linked to natural biological irrigation in
which benthic organism activities enhance the exchange of interstitial
pore water over pure diffusion (Choe et al., 2004; Hammond et al.,
1985). Reddy et al. (1999) and Kadlec (1999) do discuss transpiration's
role in moving nutrients into the root zone through bulk water move-
ment. In wetland systems, diffusive flux of Hg from the sediment column
to the water has been primarily assessed by chamber flux measurements
and modeled by concentration gradients (Gill et al., 1999; Holmes and
Lean, 2006; Rothenberg et al., 2008), similar to many other dissolved con-
stituents (Krottje, 1980; Reddy et al., 1980, 1984; Dunne et al., 2010). Both
diffusive fluxes and biological irrigation have been measured to deter-
mine benthic fluxes of methylmercury (MeHg) and total mercury (THg)
from San Francisco Bay Delta sediments into the water column in tribu-
tary streams, waterways and open water (Choe et al., 2004).

The wetland biogeochemistry literature also does not adequately con-
sider transpiration and its role with regard to advective transport from
the water column to the sediments in the development of water and
mass balances. Though methods exist to directly or indirectly determine
evaporation and transpiration separately in agricultural wetlands
(Bethune et al., 2001; Bouman et al., 2005, 2007), most wetland studies,
and water or mass balance analyses aggregate these two terms into ET
(Mitsch and Gosselink, 1993; Kadlec and Knight, 1996; Kadlec, 2000;
Bethune et al., 2001; Carleton et al., 2001; Martinez and Wise, 2003;
Playan et al., 2008) despite these being very different hydrologic and
transport processes. Whether implicit or explicit, this assumption is dom-
inant in foundational literature (Mitsch and Gosselink, 1993; Kadlec and
Knight, 1996) as well as in the development of reactor models (Metcalf
and Eddy, 2009; Kadlec, 1994, 2000; Werner and Kadlec, 2001;
Martinez and Wise, 2003; Persson and Wittgren, 2003; Carleton and
Montas, 2009), and quantification of benthic flux (Romkens and Bruce,
1964; Krottje, 1980; Reddy et al., 1980, 1984; Gill et al., 1999; Langer
et al., 2001; Holmes and Lean, 2006).

Not differentiating evaporation and transpiration flow paths may
generate large errors in quantifying Hg budgets and within-agricultural
wetland cycling and storage processes. As part of a multi-disciplinary
process-based study of Hg cycling on wetlands of California's Central
Valley, we assessed hydrologic flows on six agricultural wetlands and
two naturally vegetated managed wetlands over a full annual cycle.
Our initial analyses did not differentiate between evaporation and tran-
spiration. The resulting hydrologic budget was inconsistent with chloride
and isotope mass budgets, thus affected our analyses of Hg cycling in the
systems. Our inability to reconcile the calculations made us reassess the
approach, especially concerning downward advection by root-driven
transpiration and its effect on subsurface transport and cycling.

We hypothesized 1) that transpiration-driven advection provides a
significant transport pathway to the root zone during the summer
months, and 2) that this process leads to seasonal and diel changes in con-
centrations of conservative tracers, thus potentially affecting concentra-
tions and speciation of Hg as well. To address the first hypothesis and
quantify transpiration and evaporation pathways, we integrated a hydro-
logic balance with an electrical conductivity (EC) mass balance. We used
wetland hydrologic and water quality data from the crop year May 2007-
May 2008 in these models. Electrical conductivity (EC) was used as a nat-
ural conservative tracer, similar to what has been done with salts in other
systems (Hayashi et al., 1998; Whitmer et al., 2000; Parsons et al., 2004;
Pellerin et al., 2007). We applied two different mass balance models to as-
sess water dynamics in the eight study wetlands. These two ideal models
represented two extremes for surface water mixing: (1) a plug flow reac-
tor (PFR) model that assumes no mixing along the flow gradient and
(2) a continuous flow stirred tank reactor (CFSTR) model that assumes
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complete mixing. This approach, the integration of the EC mass balance
with a hydrologic balance, would enable us to calculate transpiration
and evaporation rates in a novel way; and would provide a simple meth-
od for separating evaporation from transpiration in the analyses of wet-
land systems. This method also would require little additional water
quality data that is typically collected in assessing these systems and pro-
vide important information on transport pathways. Natural tracers like
chloride and EC are commonly measured and in the case of EC can be
measured easily in situ with datasondes.

To address the second hypothesis, we quantified the magnitudes of
diffusive and transpiration-driven advective fluxes (J,) for dissolved con-
stituents. These are downward fluxes from the water column into the
root zone driven by plant transpiration. This analysis includes Hg, which
is of particular interest for this multi-disciplinary process-based study
on California Central Valley wetlands. These analyses provide insight
into Hg exchanged between surface and subsurface waters (Bachand
et al,, in this issue) and movement in the root zone (Windham-Myers
et al., in this issue-b), and quantify soil storage and transport pathways
in wetland systems. From these analyses, we discuss the implications
with regard to internal root zone cycling of Hg and other dissolved con-
stituents, benthic flux interpretations, wetland water and mass budget
calculations, and diel and seasonal sediment flux trends.

2. Materials and methods

In this section, we describe the study site; explain the experimental
design justifying the hydrologic data and the methods used for data col-
lection; present methods used for determining evaporation; present the
derivation and integration of the water and mass balances for discrimi-
nating transpiration rates from evaporation rates; present the root zone
flux model derivation for determining transition depths between ad-
vective and diffusive fluxes; provide a discussion of data analyses and
QAQC; and discuss sources of uncertainty.

2.1. Site description

The Yolo Bypass (Yolo Bypass) is a historic floodplain of the
Sacramento River watershed now managed as a 24,000 ha flood control
spillway. Yolo Bypass is underlain by poorly drained silty clay loams of
the Sacramento Series (Soilweb, 2011), structured as a textured alluvi-
um of 60-70% clay in the upper meter, with 78% of sediment particles as
siltand clay (<63 pm) in the upper 2 cm across all agricultural wetlands
(Marvin-DiPasquale et al,, in this issue). Within the Yolo Bypass is the
Yolo Bypass Wildlife Area, which is home to numerous species and
includes agricultural fields. Rotational rice agricultural wetlands (con-
ventional rice, wild rice, and fallowed fields) were established in this
area through the establishment of berms and appropriate water man-
agement. Historically sourced from the Sacramento River and multiple
Sierra and Coast Range tributaries (Springborn et al., 2011), the Yolo
Bypass Wildlife Area sediments are elevated in Hg due to the legacy of
hydraulic gold mining in the Sierra Nevada and Hg mining in the Coast
Ranges (Alpers et al., 2005). The Yolo Bypass Wildlife Area also encom-
passes a wide range of non-agricultural wetlands (Windham-Myers
et al, in this issue-a). Non-agricultural wetlands managed for wildlife in-
clude permanently flooded wetlands and seasonal wetlands flooded
consistently with annual river stage and precipitation events.

Our study focused on eight wetlands, ranging in size from 16 to
78 ha (Fig. SI 1). Agricultural wetlands included: replicated rice fields
(Oryza sativa, n = 2, R31 and R64), replicated wild rice fields (Zizania
palustris,n = 2, W32 and W65) and replicated fallowed fields (dominat-
ed by bare ground and agricultural weeds e.g., Alisma and Cyperus spp.,
n = 2, F20 and F66) (Fig. SI 1). The replicate agricultural wetlands were
distributed evenly across the two blocks of distinct water sources —
northern fields (R31, W32, and F20) and southern fields (R64, W65,
F66; Windham-Myers et al., in this issue-a). This study assessed the
hydrologic interactions related to evaporation and transpiration which

depended upon agricultural management with regard to crop establish-
ment, planting and harvest. While the fields generally served as good
replicates for hydrologic fluxes (e.g. Fig. SI 2), they varied in initial
water quality (Alpers et al., in this issue). Southern agricultural wet-
lands received tidally pumped Sacramento River water as an irrigation
source; northern agricultural wetlands were a mix of tidally pumped
river water and discharge water from agricultural wetlands recycled
for irrigation (Fig. SI 1; Windham-Myers et al,, in this issue-a,b,c). We
also investigated non-agricultural wetlands: a 52 ha seasonally flooded
wetland (seasonal wetland) dominated by swamp timothy (Crypsis
schoenoides) flooded in fall and winter, and a 16 ha permanently
flooded wetland (permanent wetland) dominated by open water with
floating (Ludwigia petiolata) and emergent vegetation (Typha spp. and
Scheonoplectus acutus) along the littoral zone.

Each agricultural wetland was managed in accordance with the ag-
ronomic needs of each crop (Table SI 1). The agricultural wetlands -
rice (R31 and R64), wild rice (W32 and W 65), fallowed (F20 and
F66) - were drained to enable preparation and early planting beginning
March 1, 2007 (Fig. 1; Table SI 1). By May 1 and into June, rice and wild
rice agricultural wetlands were sufficiently dry to remove weedy vegeta-
tion by tilling using a disk and leveling. In fall, water levels were dropped
depending upon each crop need with levels in fallowed fields dropped
earliest (Table SI 1). Rice fields were drained in September for dry rice
harvest. As wild rice is wet harvested, inflows to these fields were
stopped in fall but water levels were not dropped immediately. All fields
were flooded again by late fall to decompose rice residues. Between
January and February Yolo Bypass and Yolo Bypass Wildlife Area were
managed for flood control of the Sacramento River, resulting in rapid
water level rise in the agricultural wetlands, overtopping berms through-
out. Table SI 1 summarizes management practices and Table SI 2 quan-
tifies general hydrology (length and depth of inundation, irrigation
volumes). Overall, replicated crop fields were managed similarly with re-
gard to planting dates, inundation schedule, fertilization, harvest dates
and winter flooding.

2.2. Hydrologic data

Each agricultural wetland was subdivided into a series of checks
or ponds along elevation contours separated by berms (Fig. SI 3,
Table SI 2). These checks are established to enable a rice field to be
uniformly flooded despite a large elevation, or fall, across the field.
Each check was established to enable a 5-8 cm of fall across each
check in order to maintain relatively uniform water depths. Weirs
were placed at checks and field outflows to manage water levels and
flows (Fig. SI 3). Surface water from the agricultural wetlands was
discharged into outflow ditches and drains.

We defined hydrologic units (HUs) within each agricultural wetland
to measure hydrology based on the most upstream and downstream
weir structure(s) (Table SI 3, Fig. SI 3). Staff gauges and pressure trans-
ducers were installed at HU inflow and outflow weirs to monitor flow
rates. Water flow rates over a weir were estimated under critical flow
conditions by measuring the head over the weirs and using the standard
engineering equation (Heald, 2002):

Q = C(L—0.2H)H"? (1)

where Q = flow in cubic feet per second, L = length of weir opening in
feet, H = head on weir in feet and C = weir coefficient A C-value of
3.207 (r2 = 0.94) was used based on calibrated results on similar weir
systems (Bachand and Associates et al., 2006). During the irrigation sea-
son, we collected hydrologic measurements every 3-4 days during mid-
day (10 AM-2 PM). During the winter period, collection frequency
decreased due to site access restrictions from flooding and hunting sea-
son scheduling requirements. Additional field measurements included:
staff gauge water elevation; pH, EC, and temperature using a YSIs
6920 V2 sonde (YSI, Yellow Springs, Ohio); and surface water samples
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Fig. 1. Conceptual model of surface-subsurface hydrology in rice fields. Each crop has similar management though the timing and duration of each management event are different. Fields
are dried out around March to allow for agricultural wetland preparation. Crops are planted around May and initial flooding begins. Crops accumulate above and below ground biomass
and then are harvested around October for white rice, and September for wild rice. Above and below ground biomass disappears over the remaining fall and winter. Regional winter
management leads to very high water levels. Flooding and drying out of unsaturated zones are modeled as top down. Both ground and surface waters are available to vegetation to

meet evapotranspiration needs.

for analyses of chloride, MeHg, and other dissolved constituents relevant
to the study. Methods regarding analysis of the dissolved constituents
can be found in Alpers et al. (in this issue). Pressure transducer data
was downloaded monthly to provide continuous water level data.

As agricultural wetland soils were unsaturated during initial flooding
(Fig. 1), flow measurements could not be made for 2-4 weeks using the
weir equation. We estimated inflow volume during initial flooding for
wild rice agricultural wetlands as the combination of water needed to sat-
urate the unsaturated soil above the plow sole and water level in the ag-
ricultural wetland at the end of the initial flooding phase (Fig. 1). Several
studies have shown, through empirical data or modeling, that water does
not quickly infiltrate past the plow sole in rice agricultural wetlands
(Bouman et al., 1994; Wopereis et al., 1994; Liu et al., 2001). As the soils
for our study have poor drainage and about an 18 cm deep plow layer
(Soilweb, 2011), we estimated initial soil water content of 25% based
upon agricultural wetland capacity of 30-35% and its hygroscopic coeffi-
cient (wilting point) of 10-18% (Soilweb, 2011; Brady and Weil, 2002).
We estimated that 6 cm of water was needed to saturate the soil in the
plot layer based on a porosity of about 50% for cultivated soils (Brady
and Weil, 2002), which was in keeping with Marvin-DiPasquale et al.
(60 + 2%, this issue). By doubling this value to address any loss below
the plow sole, we added 12 cm of water to the amount necessary to
raise surface water levels, and flow rates were calculated based on the
elapsed time during this period.

Fallowed agricultural wetland hydrologic management differed
slightly from the rice agricultural wetlands. These fields were managed
to minimize outflows, providing only enough water to meet ET demand.
Thus, these fields typically had no outflows. Although initial irrigation
was unregulated and could not be measured, management of these
fields was similar across the entire irrigation season. We thus used
this consistency to extrapolate initial flooding flow rates (when
measurements were not taken) from average measured flows later in
July.

2.3. Evapotranspiration

Reference ET (ET,) and precipitation data were based on weather
data from the California Department of Water Resources, California
Irrigation Management Information System (CIMIS) (http://wwwcimis.
water.ca.gov/cimis/welcome.jsp). Data was collected from CIMIS Station
#6, in Davis, CA, approximately 15 km to the northwest of the agricultur-
al wetlands. From water years 2000/2001-2009/2010 (July-June), ET,
was 143 + 2cmy~ ! and precipitation was 42 + 3 cm y~!. Water
year 2007/2008 had higher than average ET, (154 cm y~ ') and average
precipitation (42 cm y~ ). Crop coefficients were obtained from the Cal-
ifornia Department of Water Resources, Land Water Use Division (http://
www.water.ca.gov/landwateruse/). Daily rates of ET, were calculated
using a program based on the standardized Penman Monteith equation
(Penman, 1948). Actual ET was estimated for each crop by multiplying
ET, by the crop coefficient (K.):

ET = K_ET,. )

Values of K. change temporally and differ between crop types
(Fig. SI 4). During the growing season, K. was based on crop develop-
ment stage, as defined by the Food and Agriculture Organization Irriga-
tion and Drainage Paper 56 (FAO 56) (Allen et al., 1998). Values for
white rice were based on a local study of domestic rice (R. Snyder, per-
sonal communication), and actual ET values were in keeping with those
measured by eddy-covariance in a nearby rice agricultural wetland
(Hatala et al,, 2012). Values for wild rice were taken as equal to those
for wetlands with short vegetation (Allen et al., 1998). The permanent
wetland is composed of 90% open water and a 10% perimeter of
Scheonoplectus/Typha spp.; thus the K. value for the open water was
set according to pan evaporation and the K. for the remaining 10%
was set equal to values measured between 2002 and 2004 in a nearby
study (Drexler et al., 2008). The K. for the seasonal wetland was set
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based on moist soil, as the site had no standing water during the grow-
ing season but sparse cover of ruderal species (e.g. Crypsis shoenoides).
Values applied for the non-growing season were determined based on
inundation, vegetation greenness, soil water content data, and from
agricultural wetland notes and photographs provided by field staff.

2.4. Hydrologic and mass budgets

Hydrologic budgets and tracer mass budgets to calculate hydrologic
fluxes into and out of the system along the various pathways (i.e. surface,
subsurface, evaporation, transpiration) were derived. These derivations
were the foundations of load calculations (Bachand et al., in this issue)
and water quality analyses (Alpers et al,, in this issue). These derivations
also provided a means to parse out surface and subsurface flow paths
from the total hydrologic and mass budgets, and to separate ET into its
two components: evaporation and transpiration. The determination of
transpiration then formed the foundation for a soil flux model that com-
pared the magnitude of diffusive and transpiration-driven advective
fluxes.

2.4.1. Identifying separate pathways for evaporation and transpiration

A mass budget was developed where surface and subsurface budgets
were defined. Typical wetland mass balances integrate evaporation and
transpiration into a single evapotranspiration term (ET; Fig. 2a) but
these pathways differ because evaporation concentrates constituents
in surface waters and transpiration transports dissolved constituents

into the shallow root zone (Fig. 2b). The total water budget was
described with the following expression:

Qi+ Qusr + Qnr =y + Qur 40 3)

where Q; = surface flow into the system; Qssg = subsurface flow into
the system; Qp; = flow into the system from precipitation; Q, =
surface flow out from the system; Qgr = flow out from the system as
evapotranspiration; and 4 = change in water volume due to changes
in surface water level, increasing as surface water levels increase.
Surface flows onto and off of the system were normalized against agri-
cultural wetland area (Af) resulting in a hydraulic loading rate (HLR;
cm d 1) for inflows and outflows where:

HIR = Q/A}. 4)

Using the soil-water interface as a boundary between the surface
and subsurface hydrologic balances, a surface water budget can be
described by:

Qo+ Q= Q+Qr Qe oY 5

where Qp = flow out of system from percolation; and Qg = flow off
(out from) the water surface as evaporation. For flooded agricultural
wetlands, soil in the root zone can be assumed to remain saturated

Co QP \»  ‘.-

b QPr
Total Budget—\

1
i
o N
Subsurface : .'/.

Budget \
wget TN Cy Qe
N

stf

CoQr

\ ‘ { “‘ | water surface L_\'T QE S\P/r =
IO | i &

e percolation

Ci= tracer inflow
concentration
= tracer outflow
concentration
QET = QE + QT Ci= concentration in field
Q = surface flow into the
system
Qo = surface flow out from

the system

flow into the system
from precipitation

= Change in water
storage due to changes
Qo in surface water level

E _>Co QeT =

flow from the system as
evapotranspiration
Qe=  flow from system as
N QT evaporation
i Qr = flow from system as
) transpiration
W QP = flow out of surface
I system from

QssF = subsurface flow into
system

Fig. 2. Model representations showing flow paths. Loads can be lost to the surface and subsurface. Mass can be stored in the water column with increased water depths. A) Single term is
used for ET (evapotranspiration), while B) ET is separated into evaporation and transpiration components and incorporates subsurface flows and mass budget divides the system into sur-

face and subsurface components.
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with minimal change in water storage. Thus, the subsurface water bud- where Q; = flow out as transpiration (subsurface). Note that these water
get can be described by: budgets separate transpiration and evaporation when describing ET:
Qsse +Qp =Qr (6) Qer = Qg +Qr. (7)
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a) Plug Flow Reactor (PFR) representation
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b) Continuous Flow Stirred Tank Reactor (CFSTR) representation.

Fig. 3. Model approach diagram for sequenced check berms in agricultural wetlands. Both systems represent modeling end members. A) PFR model represents a packet of water moving
through the system. B) CFSTR model represents a completely mixed condition from the inflow to outflow.
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2.4.2. PFR and CFSTR framework

Next, we integrated the above model (Egs. (3)-(7)) into a Plug Flow
Reactor (PFR) and Continuous Flow Stirred Tank Reactor (CFSTR) frame-
work. The wetland systems are partially mixed systems somewhere
between two ideal solutions, the completely mixed CFSTR system to
the completely unmixed PFR system (Fig. 3). We derived steady-state
mass balance models for each of these to bracket the results from these
wetlands. The steady-state PFR model (Fig. 3a) derived for the system as-
sumes only linear advective transport (no mixing) and does not account
for surface water dispersion or diffusion. In the PFR model, packets of
water pass through the system and the concentration of the studied con-
stituent changes as it moves through the system (Metcalf and Eddy,
2009; Tchobanoglous and Schroeder, 1985). Alternatively, the steady-
state CFSTR model (Fig. 3b) has two basic assumptions: each agricultural
wetland (across all the checks) is thoroughly mixed with constituent
concentrations; and constituent concentration in the agricultural
wetland (Cy) is equal to the outflow concentration (Metcalf and Eddy,
2009; Tchobanoglous and Schroeder, 1985). These two mass balances
approaches the bookend conditions for rice from a non-mixed to a
completely mixed condition. For both analyses, we used EC concentra-
tions as the natural conservative tracer, given the regular nature of EC
data collection. Further water quality data (Alpers et al., in this issue)
illustrates the strong correlation of EC with Cl data (R = 0.944,
n = 254 samples).

The PFR mass budget is:

dh
QJCJ :AXW<UP +a>cj+] +Q_]+1C_]+l (8)

where Q; = flow at location j along the x-gradient (L s~ '; direction of
flow); G = conservative tracer (ie. EC) concentration at location j
(mgLl™"); Q4= flow at location j+ 1 (Ls™!);
conservative tracer (i.e. EC) concentration at location j + 1 (mg L™1);
Ax = an incremental distance in the direction of flow (cm); w = the
width of the agricultural wetland (cm; m); up = percolation rate out
(cm d=1); and dh/dt = rate of change in water level (cm d—!). For
the defined incremental area (Figs. 2b, 3a), the water budget is defined
as:

Gi1=

dh
Qj.1=Q;— <uE +up + a)Axw 9)

where ug = evaporation rate from surface waters (cm d=!); and up =
percolation rate (cm d—1).
Combining Egs. (8) and (9) yields:

Q;Cj = Q;Cjq —AxwugCy (10)
defining AC as Gj + 1-C;, and AQ as Q; + 1-Q; leads to:
AC — Axwug  AQ Ug

[ Q. /  dny’
QJ <UE +Up+a>

€ j+1 Q j
For steady state inflow and outflow conditions, the integral of this
equation as Ax, AC, and AQ approach dx, dC, dQ yields:

(11)

UE-‘rUp"ra

This derivation assumes that evaporation, precipitation and changes
in water level do not change along the x-axis, the direction of the

integration. With zero precipitation and noting that Q¢ = (ug)(Areayy),
evaporative losses can be calculated by:

G
LN @

Q
LN=2
NQi

Qe = (Q,—Qy). (13)

The CFSTR mass balance model assumes that the conservative tracer
concentration in the agricultural wetland is initially the same through-
out the wetland and equal to the outflow concentrations. The resulting
mass budget is represented in Eq. (14):

€=+ G+ @) (14

where C; = conservative tracer (i.e. EC) inflow concentration; and C, =
conservative tracer (ie. EC) outflow concentration. Combined with the
surface water budget shown in Eq. (5), outflow concentration can be rep-
resented as follows:

- (arara) "

Evaporative losses can then be calculated:

Q-0 +Qpr—(§—;)qi, (16)

24.3. Calculating transpiration and evaporation pathways for subset of
data

Transpiration and evaporation flows were quantified using a subset of
data that represented quasi-steady state conditions. Data used were from
the irrigation season; an automated filter that identified quasi-steady
state conditions was based on the following criteria: inflow rates were
greater than zero; outflow rates were greater than zero; inflow rates
were greater than outflow rates; and coincident measurements of flow,
EC and water level were available. Of the 72 paired sets meeting these
conditions (Table SI 1), 69 were for rice and wild rice agricultural wet-
lands. Fallowed agricultural wetlands F20 and F66 had only 1 and 2 paired
data sets, respectively, due primarily to limited outflow events (Criteria
2). Whereas F20 and F66 had biogeochemical differences primarily asso-
ciated with differences in productivity and field size (Windham-Myers
et al, in this issue-a), they were hydrologically similar (e.g. Fig. SI 2)
with both managed for minimum water use and thus only flooded to
stimulate weed germination, resulting in very limited outflows. No irriga-
tion data was available for the permanently or seasonally flooded wet-
lands. From this subset, evaporation and transpiration were calculated
within the ACCESS (Microsoft Corporation 2003) database as a percent
of ET for each data point. The data were averaged by agricultural wetland
to calculate seasonal averages.

As the agricultural wetlands are a series of checks or ponds (Fig. 3),
the PFR model was considered best representative of these. This non-
ideal model configuration approaches a PFR model when complete
mixing is assumed within each check or pond (Metcalf and Eddy,
2009). From the PFR relationship, we calculated the seasonal relation-
ship between transpiration and ET rates:

T = KQgr (17)

where k = seasonal % of evapotranspiration rates lost by transpiration
rates. This factor was integrated back into the water budget derivation
discussed earlier for the hydraulic budget (Fig. 2b).

Finally, evaporation rates were compared with an independent iso-
tope based assay of evaporation as described in Alpers et al. (in this
issue). Based on a Rayleigh fractionation equation applied to surface
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water (H,0) oxygen isotope data, a shift in 6'%0 of about 5 per mil
corresponded to evaporation rates of ~50%, showing good agreement
across the wide range of seasonal conditions (R = 0.805).

2.4.4. Advective and diffusive fluxes in the root zone

The estimation of transpiration enabled us to derive a relationship to
compare advective and diffusive fluxes in the root zone (Fig. 4), where
transpiration-driven advective flow is assumed directed downward
and diffusive flow is assumed directed upward (greater concentrations
of methylmercury in porewater than in the surface water column). Our
goal was to determine through the flux model the transitional depth in
the root zone in which fluxes change from being diffusive dominated to
advective dominated. We defined this transitional depth as Z;a,s. This
derivation was developed to provide an understanding of transport in
the shallow root zone similar to the understanding that is provided by
the Peclet number (Pe) in groundwater (Freeze and Cherry, 1979) and
surface water systems (Metcalf and Eddy, 2009):

ulL
Pe_ﬁ

(18)
where L = effective length over which transport is occurring; u =
velocity; and D = mass diffusion coefficient (cm? s~!; Freeze and
Cherry, 1979). The Pe depends upon L; a Pe value of 1 means advection
and diffusion fluxes are generally equivalent (Cushman-Roisin and
Beckers, 2011), Pe > 10 signifies an advection dominated system and
Pe < 0.1 signifies a diffusion dominated system. In groundwater analy-
ses, L is typically related to grain size (Freeze and Cherry, 1979). In sur-
face water systems, L has been identified as the length of a treatment
cell. As Pe has not been defined for the wetland root zones, we derived
advective and diffusive flux relationships for depths within the root
zone. Flux is defined as the rate of mass movement per unit area
(cm s~ ! mg L™1). Advective flux (J4) from the water column to the
root zone at the soil-water interface is calculated as:
Ja=Cxup. (19)

Once the flow enters the pore space, downward velocity increases
because the sediment water can only pass through the available pore
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space which reduces the area cross-section through which water can
pass (Fig. 4). Thus, velocity in the pore space (u$) becomes:
a3

i (20)

where ¢ = porosity (cm® void space cm™> bulk volume). Thus, at
depth z within the pore space, the flux at that location when described
as per unit area of pore or void space becomes:

Up

e =Gy (21)
Diffusive flux can be calculated by Fick's First Law:
dc
Jo=-DS. (22)

We used mass diffusion coefficients based upon the literature for Hg
(Gill et al., 1999; Langer et al., 2001; Holmes and Lean, 2006). Integrat-
ing along the z-axis from a depth Z to the soil-water interface, we
assumed a linear concentration along the gradient and assumed tortu-
osity (0; length of the curve compared to the distance between the

curve ends) follows the relationship 6 = ,/1— In (cbz) (Bourdreau,

1996). Upward diffusive flux at depth z within the pore space becomes:

CZ_CF

o _
JD‘Z - D 70

(23)
where z0 = the length over which diffusion occurs. To identify the
transitional depth (Zgans) at which flux transport moves from diffusive
to advective dominated transport, we first summed these to fluxes to
calculate the total flux through the root zone (J¢,):
Je =R, + b2 (24)
Atj% , = 0advective flux and diffusive flux cancel each other out and

this condition is used to calculate Z,.,s. The greatest upward diffusive
flux would occur when concentrations of the constituent in the water

Legend
Je Advective Flux at depth z
Az
J° Diffusive Flux at depth z

Qp Flow, Percolation
Qp Flow, Transpiration

z Distance below
| soil - water interface

AN, ) 26 Diffusion path length

Y, =\ for distance X corrected for
) ) tortuosity
N7 “ Zwans  Distance at which
I
] ‘ jj ) JI),z“‘J:,z =0

b Downward percolation velocity
Concentration in flooded field

Concentation at depth z
Roots

Fig. 4. Root zone model. Formulas for advective and diffusive fluxes are developed based upon the root zone model and these formulas are integrated into a root zone mass balance. The
mass balance is used to characterize the critical depth into the shallow root zone in which transport transitions from diffusive to advective transport.
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column are negligible (C¢ = 0).Under these conditions, zero flux can be
described by the following equation:

C
0=18,+18,=c%—p_~z_ 25
Jn JDVZ “d Ziransd )
This can be furthered simplified to:
up D
Zp_ . 26
& Zyu 20

The transition depth below which advection dominates becomes:

Z ¢b____ ¢ D (27)

trans :67* o
Up

(1— In(¢?)) VP’

similar to the Pe equation. If transpiration is the only driver of percola-
tion, the transition depth due to transpiration Zanst becomes:

¢ D

z bur

(28)

trans,T —

2.5. Data analyses and QAQC

All data were compiled in Microsoft® ACCESS (Microsoft Corpora-
tion 2003). Database tools (e.g. pivot tables and graphs, queries) were
developed to identify and correct quality assurance and quality control
(QAQC) problems associated with the varied and different data sets
(ie. lab analyses, inconsistencies or errors in data entry, outliers).
ACCESS was also used to consolidate, integrate and synchronize data
for each agricultural wetland: summing flows at weirs to determine
total inflow or outflow for agricultural wetlands with multiple inflows
or outflows; calculating water level changes based upon outflow staff
gauge readings; incorporating California Irrigation Management Infor-
mation System (CIMIS) data with crop coefficients to provide temporal
ET data for each agricultural wetland; developing water and mass bud-
gets for each discrete sampling date. Hydrologic and water quality
trends and statistical significance for the different cropping treatments
were conducted using Statistica (StatSoft Inc. 2008). All data are report-
ed as means and standard errors, unless otherwise noted.

2.6. Uncertainty related to farm management

Because the study was performed alongside unmodified farm oper-
ations, agricultural wetland conditions generated multiple sources of
uncertainty related to farm management. Agronomic needs controlled
irrigation practices, and researchers only monitored hydrologic and
water quality data (Windham-Myers et al., in this issue-a). Because of
this management, flow conditions over the weirs were not always
met and could not be managed to reduce hydrologic sources of error.
Surface water depths were estimated by linking water elevation data
at HU outflow weirs with average water depth data from HU centers.
Agricultural wetlands were sequentially flooded over a two to three
week period, resulting in some differences within cropping types
regarding inundation. Also, different cropping types were flooded for
different periods of time (rice > wild rice > fallowed agricultural wet-
lands). Finally, some model uncertainty resulted from evapotranspira-
tion K. values. Values used to calculate evapotranspiration needed to
be estimated for some crops as they are not available. These estimates,
based on leaf area (Frank Anderson, USGS unpublished data), predom-
inantly occurred outside the growing season. These sources of error cre-
ate some uncertainty and data gaps with water budgets, particularly
over entire seasons, and define periods of time during which EC mass
balances could be applied. These sources of error were outside the con-
trol of researchers and common in studies of real-world systems.

3. Results
3.1. Hydrology

The irrigation season hydrologic data which provide the basis for the
water and mass balance analyses and for model calculations are inflow
and outflow magnitudes (Fig. SI 5), ET and changes in water depth
during the seasons (Figs. SI 5, SI 2). Flows along the different pathways
(e.g. surface inflow, surface outflow, transpiration, evaporation) were
quantified throughout the year. During the irrigation season, inflow
Hydraulic Loading Rates (HLRs) varied temporally from 0 to 3 cm d ™!
(Fig. SI5) averaging 1.14 + 0.07 cm d™ " across all the agricultural wet-
lands between early June and mid-September. Inflow HLR changes oc-
curred both gradually over a few weeks, but were also subject to daily
pulses based on agricultural management. Initial loading rates were
more rapid in rice and wild rice (2.5 to 5.5 cm d ') than fallow agricul-
tural wetlands but all rates lowered after flood conditions were obtain-
ed (0.5to2 cmd™1).

Regardless of the different inflow conditions during the summer,
outflow HLRs were generally low (0.0 to 1.0 cm d~ !, Fig. SI 5) and sig-
nificantly lower from inflow HLRs (p = 0.0000; T-test for Dependent
Samples, Statsoft (2008)). Only during rapid pre-harvest drainage
event in rice agricultural wetlands were outflow HLRs higher than in-
flow HLRs. Fallowed agricultural wetlands generally had no outflow
during periods in which they were flooded. Rice agricultural wetlands
had more variable outflow HLRs, ranging from 0.0 to over 1.0 cm d™ .
Wild rice agricultural wetlands generally had outflows between 0.0
and 0.5 cmd™".

Each crop type resulted in different ET trends through the year
due to a number of factors. Flooding resulted in sharp K. increase
(Fig. SI 4) for all agricultural wetlands, subsequently declining in re-
sponse to plant shading and flattening out to 1.10 for rice and 1.05 for
wild rice as the crops matured. As shown in Fig. SI 2, ET for each agricul-
tural wetland began declining late in the irrigation season as a result of
plant senescence, draining, and shorter days. ET decreased in September
and October as the fall equinox approached and passed. Rice and wild
rice had similar ET trends due to similar management. In comparison,
the fallowed agricultural wetlands had higher ET in the late spring due
to weed establishment and had delayed and shortened summer ET
rates because of delayed and shortened inundation periods. In general,
modeled ET rates replicated well within the crop types (Fig. SI 2).

The reference evapotranspiration (ET,) also affected ET rates; the
non-agricultural wetlands had ET rates that more closely tracked ET,
because of the continual establishment of vegetation: ET total rates in
permanent wetland were 25% higher than in seasonal wetland due to
year-round inundation.

Winter flooding was more spatially uniform than summer flooding
for all the agricultural wetlands (Fig. SI 6): agricultural wetlands were
flooded in late November, water depths were approximately 20-30 cm
(Fig. SI 6) and then in January water levels increased dramatically as
the wetlands transitioned from water management primarily for wildlife
and to water management primarily for flood control (Table SI 1).

3.2. Hydrologic and tracer budgets to quantify evaporation and transpira-
tion rates

Hydrologic and tracer mass budgets were developed for a subset of
quasi-steady state data to separate transpiration and evaporation.
Table 1 provides the data and results of the hydrologic balance for both
the PFR and CFSTR models. During the summer flooding period, electrical
conductivity (EC) was significantly greater in the outflows than in the in-
flows throughout the summer flooding period (Fig. SI 7). Electrical con-
ductivity typically increased 2-to-3 fold through the summer, indicating
evaporative losses. Inflow HLRs averaged 1.14 + 0.07 cm d~ ! across
all the agricultural wetlands, with averages ranging from 0.65 to
143 cm d~! for the different wetlands (Table 1). Outflow HLRs were
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Table 1

Hydrologic inputs and outputs by agricultural wetlands for early June through mid-September 2007 when data met PFR and CFSTR model requirements. PFR = plug flow reactor,
CFSTR = continuous flow stirred tank reactor, HLR; = inflow hydraulic loading rate, HLR, = outflow HLR, u, = percolation rate, ussy = flow rate from subsurface, ur = transpiration
loss (subsurface), dh/dt = increase in surface water elevation.

Total budget 234
HLR; (in) Ugyr (in)° HLR, (out) ugr (out) dh/dt”’
Mean SE Mean SE Mean SE Mean SE Mean SE N68
F20 1.38 0.57 -0.20 1.33 0.01 0.28 0.65 0.10 0.52 1.22 1
F66 0.65 0.40 -0.22 0.94 0.10 0.20 0.59 0.07 -0.26 0.86 2
R31 0.98 0.15 -0.04 0.35 0.27 0.08 0.64 0.03 0.02 0.33 14
R64 1.43 0.13 -0.05 0.30 0.49 0.06 0.65 0.02 0.23 0.27 20
W32 1.16 0.13 -0.46 0.31 0.38 0.07 0.70 0.02 -0.38 0.29 18
W65 0.97 0.14 -0.39 0.32 0.16 0.07 0.70 0.02 -0.28 0.30 17
All 1.14 0.07 -0.24 0.15 0.33 0.04 0.67 0.01 -0.09 0.14 72
Surface water budget
CFSTR
HLR; (in) Uy (in)® HLR, (out) ugr (out) dh/dt”
Mean SE Mean SE Mean SE Mean SE Mean SE N68
F20 1.38 0.57 0.07 1.26 0.01 0.28 0.78 0.18 0.52 1.22 1
F66 0.65 0.40 0.51 0.89 0.10 0.20 0.30 0.13 -0.26 0.86 2
R31 0.98 0.15 0.43 0.34 0.27 0.08 0.25 0.05 0.02 0.33 14
R64 1.43 0.13 0.22 0.28 0.49 0.06 0.49 0.04 0.23 0.27 20
W32 1.16 0.13 0.87 0.30 0.38 0.07 0.29 0.04 -0.38 0.29 18
W65 0.97 0.14 0.75 0.30 0.16 0.07 0.34 0.04 -0.28 0.30 17
All 1.14 0.07 0.55 0.15 0.33 0.04 0.36 0.02 -0.09 0.14 72
PFR
HLR; (in) U (in)® HLR, (out) ugr (out) dh/dt”
Mean SE Mean SE Mean SE Mean SE Mean SE N68
F20 1.38 0.57 0.64 1.27 0.01 0.28 0.21 0.13 0.52 1.22 1
F66 0.65 0.40 0.65 0.90 0.10 0.20 0.16 0.09 -0.26 0.86 2
R31 0.98 0.15 0.54 0.34 0.27 0.08 0.14 0.04 0.02 0.33 14
R64 1.43 0.13 0.34 0.28 0.49 0.06 0.37 0.03 0.23 0.27 20
W32 1.16 0.13 0.97 0.30 0.38 0.07 0.19 0.03 -0.38 0.29 18
W65 0.97 0.14 0.90 0.31 0.16 0.07 0.19 0.03 -0.28 0.30 17
All 1.14 0.07 0.68 0.15 0.33 0.04 0.23 0.02 -0.09 0.14 72
Subsurface water budget
CFSTR Notes
uy, (in) gt (in) ur (out) 1. Shaded cells of different colors show
Mean SE Mean SE Mean SE NOS values differed significantly from each other,
F20 0.07 1.26 -0.20 1.33 -0.13 0.21 1 (Tukey Unequal N HSD).
F66 0.51 0.89 -0.22 0.94 0.29 0.15 2 2. Values in cm/d.
R31 0.43 0.34 -0.04 0.35 0.39 0.06 14 3. Mean conductivity of inflow water = 986
R64 0.22 0.28 -0.05 0.30 0.16 0.05 20 uS/cm (SD=190; SE=22).
W32 0.87 0.30 -0.46 0.31 0.41 0.05 18 4. Mean conductivity of outflow water = 1463
W65 0.75 0.30 -0.39 0.32 0.36 0.05 17 (SD=327, SE=38)
All 0.55 0.15 -0.24 0.15 0.31 0.03 72 5. Value calculated using budget. Positive
PFR when subsurface flow up into root zone.
u,, (in) Ugs (in) uy (out)
Mean SE Mean SE Mean SE N68 6. N is number of data pairs for which all data
F20 0.64 1.27 -0.20 1.33 0.44 0.17 1 is complete.
F66 0.65 0.90 -0.22 0.94 043 0.12 2 7. Change in water level (storage) is positive
R31 0.54 034 -0.04 035 0.50 0.05 14 when water level is increasing.
R64 0.34 0.28 -0.05 0.30 0.28 0.04 20
W32 0.97 0.30 -0.46 0.31 0.51 0.04 18 8. Data in itallics are for fields with limited
W65 0.90 0.31 -0.39 0.32 0.51 0.04 17 data
All 0.68 0.15 -0.24 0.15 0.44 0.02 72
significantly lower (p = 0.0000; T-test for Dependent Samples; evaporation calculations resulted in an average of 0.23 &+ 0.02 cm d™/,

Statsoft, 2008), averaging 0.33 + 0.04 cm d~ ' with a range of 0.0 to ranging from 0.14 to 0.21 cm d™! for all agricultural wetland except for
10cmd~! for the different wetlands. Under the PFR model, R64. Wetland R64 had statistically greater evaporation than the other
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Fig. 5. Monthly changes in transition depth for Hg diffusion rates in the shallow root zone. Diffusion rates are based upon published literature on concentrations for a) MeHg, b) low range
for inorganic Hg, and c) high range for inorganic Hg. The transition depth Z.,s is an estimate of the depth in the root zone at which transport and fluxes change from diffusion dominated
(above Zans) to advection dominated (below Z;ans). During the months in which transpiration is occurring for these crops (June through September), advective fluxes are the main trans-
port mechanism in all but the upper centimeters or fraction of centimeters. During this period, diffusion only dominates in the upper layer of the root zone. When transpiration ceases,

advection ceases to and diffusion drives fluxes in the shallow root zone.

agricultural wetlands (0.37 + 0.03 cm d™'; Table 1). Calculated percola-
tion rates averaged 0.68 + 0.15 cm d~' (range = 0.34-097 cm d™ 1),
with the highest rates observed in R64. Calculated transpiration rates
averaged 044 + 0.02 cm d~ ' among agricultural wetlands. Agricul-
tural wetland R64 had statistically lower rates of transpiration
(0.28 + 0.04 cmd™ ', p < 0.0001) than the other three cropped agricul-
tural wetlands (0.51 & 0.01 cm d™!). For the CFSTR model, evapora-
tion rate calculations averaged 0.36 + 0.02 cm d ! for all agricultural
wetlands (range = 0.25-0.49 cm d ! for rice and wild rice agricultural
wetlands). Significant differences (p < 0.0001) in calculated evapora-
tion rates between agricultural wetlands were attributed to R64 as com-
pared to R31 and W32 (Tukey Unequal N HSD, StatSoft Inc. 2008).
Calculated percolation rates averaged 0.55 & 0.15 cm d™' (range =
0.07-0.87 cm d~ ). The transpiration rates calculated with the CFSTR
model averaged 0.31 + 0.03 cm d™ ! (range = 0.16-041 cm d™ ') for
the cropped agricultural wetlands. As with the PFR model, transpiration
rates were lower in R64 (0.16 + 0.05 cm d~ ') than the other cropped
agricultural wetlands (0.38 4 0.03, p < 0.00006).

Wetland R64 accounted for most of these differences with regard to
calculated transpiration. This wetland was the only agricultural wetland
to be drained and flooded again during the development period of these
calculations (Table SI 1) and perhaps those actions compromised analy-
ses with regard to quasi-steady state conditions and management and
operational uncertainty.

Table SI 4 summarizes the modeling results across all agricultural
wetlands during this time period except for R64. The PFR model predict-
ed percolation rates of 0.81 & 0.17 cm d™ !, transpiration losses of
050 + 0.02 cm d~ ! and evaporation losses of 0.18 cm d™ . In compar-
ison, the CFSTR analysis predicted lower mean percolation rates of about
0.68 4+ 0.07 cm d™ !, lower transpiration rates of 0.37 + 0.03 cm d ™},
and higher evaporation rates of 0.30 & 0.03 cm d . Thus when R64 is
not included, the PFR model predicts transpiration as 74% of evapotrans-
piration and the CFSTR model predicts 55%.

3.3. Water budget: spring through fall

Table SI 5 provides a water budget for the different agricultural wet-
lands for spring through fall, using all available data for those seasons.
The results of this water budget are graphically displayed in Fig. 1,
showing the development of soil water deficits, periods of irrigation
and winter flooding. In water budget calculations, winter was not in-
cluded as flows are unconstrained during most of the winter season.
Based upon the PFR model results, transpiration was estimated as 75%
of ET during the irrigation season. During spring and fall, transpiration
was assumed to be negligible due to the absence of plants (spring)
and senescence (fall). During the irrigation season, irrigation water
accounted for nearly all water onto the agricultural wetlands during
the irrigation period: 37-50 cm applied to the fallow agricultural
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Fig. 6. Diel transition depth changes in the shallow root zone for the different agricultural wetland crops during June, September and December for high Hg? * diffusion rates. Diel variations
in transpiration result in diel changes in the transition depth. The transition depth is an estimate of the depth in the root zone at which transport and fluxes change from diffusion dom-
inated (above Zans) to advection dominated (below Zians). Thus, during the period of the day when transpiration is occurring, advective fluxes are the main transport mechanism in the
root zone. This can be seen during those months when transpiration is occurring, such as June and September. When transpiration is not occurring, diffusive fluxes dominate throughout

the root zone.

wetlands, 102-137 cm applied to the rice and wild rice agricultural
wetlands. Evapotranspiration accounted for most of the water losses
from irrigation: 78-89 cm for rice and wild rice and about 43 cm for
fallowed agricultural wetlands. Only 15% of irrigation waters were
discharged as surface outflows for fallowed agricultural wetlands
(6 cm), and only 15-31% for rice and wild rice agricultural wetlands
(16-43 cm). The irrigation season was marked by high ET rates on the
order of 0.5 to almost 1.2 cm d™ .

3.4. Transpiration driving subsurface fluxes

Transpiration and evaporation rates (Figs. SI 8; SI 9) were based
upon the assumption that these systems are best modeled as PFRs. Tran-
spiration and evaporation rates are calculated using Eq. (17), which
multiplies ET rates by “k”, seasonal % of evapotranspiration rates lost
by transpiration rates. Monthly percolation rates have large error bars
(Fig. SI 8) likely resulting in part from methodology used to calculate
percolation in the context of wetland operation. The hydrology of
these systems varies temporally in response to management. Data

from these systems lag in response to changes in operation and this
lag propagates through the hydrologic balance, causing variance in per-
colation rate calculations.

Evaporation was fairly constant throughout the year. Thus, seasonal
transpiration trends (Fig. SI 8) track seasonal ET trends (Fig. SI 2) and
diel transpiration trends can be calculated from diel evapotranspiration
trends as well (Fig. SI 10). These transpiration trends drive percolation
patterns during much of the year which is demonstrated in the hydro-
logic balance calculations (Figs. SI 8, SI9). Fig. SI9 shows the ratio of per-
colation rates to transpiration rates for data under relatively steady state
hydrologic conditions: inflow hydrologic rates and outflow rates greater
than 0 cm d~' and water level changes less than 0.1 cm d ™.

Percolation rates were predicted from transpiration rates during
much of the irrigation season (Fig. SI 8). An exception is during initial
flood periods when the root zone soils become saturated and percolation
rates are higher as surface water moves into the unsaturated pore spaces.
Under those conditions, this ratio approaches 1 for much of the irrigation
season. During July in which the system is under quasi-steady state con-
ditions with regard to water management and evaporation rates,
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Table 2

Evapotranspiration assumption effects on hydrologic and mass budgets. Four scenarios are presented below using average input data from this study. Scenarios 1 & 2 assume different
reactor models and that assumption affects calculated values of percolation, transpiration and evaporation rates. Scenarios 3 & 4 use the CFSTR model for convenience, treat evapotrans-
piration as an evaporation pathway, and assume an incomplete data set (outflow EC for Scenario 3, outflow HLR for Scenario 4). The calculations in scenarios 3 & 4 determine that the
missing data differ greatly from actual data from the study and demonstrate how misrepresenting evapotranspiration hydrologic pathways will greatly skew resulting calculations.

Scenario 1 2

CFSTR

Assumed reactor model PFR

3 4
CFSTR? CFSTR?

Evapotranspiration pathways

ET separated into evaporation and transpiration pathways

ET treated as evaporation pathway

Missing data Data complete Data complete Conductivity at outflow ET and Qo unknown
Mass budget®
HLR; (cm/d) 1.03 i 1.03 i 1.03 i 1.03 i
Ugsr (cmy/d) —0.31 c —0.31 C —0.31 C —0.31 c
HLR, (cm/d) 026 i 0.26 i 0.26 i 0.62 c
dhy/dt (cm/d)© —022 i —022 i —022 i —022 i
ECip, US/cm 998 i 998 i 998 i 998 i
ECous US/cm 1455 i 1455 i 5259 c 1455 i
Surface water budget” T
HLR; (cm/d) 1.03 i 1.03 i 1.03 i 1.03 i
HLR, (cm/d) 026 i 026 i 0.26 i 0.62 i
up (cmy/d) 0.81 c 0.68 c 0.31 c 031 c
ug (cm/d) 0.18 c 0.30 c 0.68 c 068 c
dhy/dt (ecm/d)© -022 i —022 i —022 i —022 i
Subsurface water budget”
up (cm/d) 0.81 c 0.68 C 031 C 031 c
Usss (cm/d) —0.31 C —0.31 C —0.31 C —0.31 C
uy (cm/d) 0.50 c 037 c 0.00 c 0.00 c
ET Breakdown” o o
ug (cm/d) 0.18 c 030 c 0.68 C 0.68 c
ur (cm/d) 0.50 c 0.37 c 0.00 c 0.00 c
ugr (cm/d) 0.68 i 0.68 i 0.68 i 0.68 i
Percent of ET®
uE (cm/d) 26% c 45% c 100% a 100% a
ur (cm/d) 74% [« 55% [« 0% a 0% a
Notes

¢ Values underlined and in italics are resulting calculations based upon inaccurate assumptions regarding E & T.

b Considered positive in budget when water level/storage is increasing.
¢ Data source: I = input, measured; ¢ = calculated; a = assumed.

percolation rates averaged 0.65 cm d ! and transpiration rates aver-
aged 0.56 cm d~ . Calculation errors also affect this calculated relation-
ship, such as when complete water or mass balance calculations cannot
be made because of missing data, or during periods when large changes
in water levels from farm manipulations skew hydrologic balance
calculations.

Once transpiration ceases in late fall, percolation stops and even re-
verses (Fig. SI 8). Potential reasons for this calculated reverses in perco-
lation rates could be 1) errors associated in changes in water level or
2) actual infiltration from elevated water levels throughout the system
promoting upward subsurface flow (e.g. upwelling) in the Yolo Bypass
as would occur in a gaining reach within a riverine system.

Our model in Fig. 4 predicts that transpiration leads to an advective
flux into the shallow root zone from the water column. This effect would
be expected to lead to a transitional depth which delineates areas in the
root zone in which diffusion dominates pore water flux from areas in
which advection dominates pore water flux. Similar to how the Peclet
number is used to differentiate areas of diffusive transport from advec-
tive transport for surface and groundwater systems (Cushman-Roisin
and Beckers, 2011, Freeze and Cherry, 1979) our flux model results
(Eq. (28)) determine Zi.,s, the depth into the root zone that flux is
transitioning from diffusive flux (above Zi.,s) to advective flux
(below Zirans).

The seasonally changing transpiration rates result in a seasonal
migration of Z.,s (Fig. 5). With the beginning of flooding and plant
establishment, Zi;,ns for inorganic Hg? ™ migrates upward from between
1and 4 cmto between 0.2 and 1 cm. These calculations utilize diffusion
rates for inorganic Hg ranging from 5 to 13 x 1075 cm? s~! (04-
1.1 cm? d~'; Holmes and Lean, 2006; Gill et al,, 1999). Heirn (1996)
used benthic chambers to determine the diffusion rate of MeHg at two
orders of magnitude lower at 4 x 1078 cm? s~ . This results in Zans

to be calculated as two orders of magnitude lower as well. In the winter
when transpiration ceases but the agricultural wetlands are still
flooded, advection essentially stops throughout the root zone. Ziyans
goes to infinity, meaning the root zone becomes diffusion dominated
throughout.

Similarly, diel patterns emerge for Z.ns (Fig. 6) in response to diel
changes in transpiration (Fig. SI 10). Diffusion dominates flux through-
out the shallow root zone during the evening hours during the summer,
but transpiration begins near sunrise and occurs throughout the day
resulting in the upward migration of Z;;.,s such that during midday ad-
vection dominates flux throughout the soil column (Fig. 6). As summer
progresses during the irrigation season, longer nights lead to longer
periods of diffusion dominating flux throughout the soil column. Diel
migration of Z..,s ceases with plant harvest and the cessation of tran-
spiration and ET. Z,,s is constituent dependent, depending upon the
diffusivity coefficient for the particular dissolved constituent.

4. Discussion
4.1. Calculating transpiration with natural tracers and the PFR model

In this study, we developed CFSTR and PFR relationships that enable
transpiration to be calculated in wetland systems. Our calculations use
EC as a natural tracer (Hayashi et al., 1998; Pellerin et al., 2007) and
compare well with reported values from other methods (Kiendl, 1953;
Burian, 1973; Shuttleworth and Wallace, 1985; Herbst and Kappen,
1999; Sanchez-Carrillo et al., 2004; Bouman et al., 2005). Utilizing EC,
a constituent easily measured, as a natural tracer in a mass balance
and integrating that calculation with a hydrologic balance represents a
novel approach to quantify transpiration rates. This new approach re-
quires that flow and natural conservative tracer data are available and
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that the system is operated under quasi-steady state conditions for the
period when calculations are made. Although Br is commonly used as
a tracer in these types of systems (Howes et al., 1986; Whitmer et al.,
2000; Parsons et al., 2004), chloride and EC are natural tracers as well.
Independent cross validation between modeled evaporation, as well
as seasonal and within field variability in EC concentrations, chloride
concentrations and isotopic evidence of evaporation fractionation
(6'%0) provides support for model implementation (Alpers et al., in
this issue).

The CFSTR and PFR models provide end members for agricultural
wetland systems, modeling from a completely mixed (CFSTR) to a non-
mixed (PFR) condition. For rice and wild rice systems, the configuration
of several completely mixed ponds or basins in series approaches a PFR
model (Metcalf and Eddy, 2009), especially as dense vegetation in July
and August (stem density average for rice = 571 +/— 33 SD) limits
mixing within checks (Windham-Myers et al, in this issue-c). Using
the PFR model and excluding field R64, we estimated average evapora-
tion from 0.14 to 0.21 cm d™! (21-32% of ET, average 26%) and transpi-
ration from 0.41 to 0.51 cm d ™! (68-79% of ET, average 74%), which are
similar to ranges calculated by others.

4.2. Why transpiration matters — getting water and mass budgets right

As discussed in the introduction, transpiration plays an important
role in moving constituents from the water column into the root zone
in shallow aquatic systems (Howes et al., 1986; Hayashi et al., 1998;
Whitmer et al., 2000; Parsons et al., 2004; van der Kamp and Hayashi,
2009). Transpiration has been reported to have diel effects on infiltra-
tion in wetlands (Dacey and Howes, 1984) and diel and seasonal effects
on seepage in lakes (Rosenberry et al.,, 2013). Though methods exist to
directly or indirectly determine evaporation and transpiration rates
separately in agricultural wetlands (Bethune et al., 2001; Bouman
et al., 2005, 2007), most wetland studies aggregate these two terms
into an ET rate (Mitsch and Gosselink, 1993; Kadlec and Knight, 1996;
Kadlec, 2000; Bethune et al., 2001; Carleton et al.,, 2001; Martinez and
Wise, 2003; Playan et al.,, 2008). Failing to recognize and quantify the
importance of root uptake in ET determinations may introduce errors
in load and export calculations.

Table 2 is used to illustrate this point. Scenarios 1 and 2 show calcu-
lated mass and water budgets under the PRF and CFSTR models respec-
tively using average data values from this study for inflow and outflow
HLR, changes in water elevation, ET and inflow and outflow EC. In Sce-
narios 1 and 2, the reactor models are assumed and all other budget
data not collected from the study are calculated. The assumption of PFR
and CRSTR model affects calculated percolation rates (up), the evapora-
tion and transpiration rates, and their percent of total evapotranspira-
tion. The PFR model allocates greater hydrologic transport transpiration
as compared to the CFSTR model, and thus results in higher percolation
rates into the root zone.

Scenarios 3 and 4 represent scenarios in which some data are con-
sidered not available and the CFSTR model is used to fill in the data
with evapotranspiration being treated as an evaporation pathway. For
the purpose of calculations, evaporation rates are essentially more
than double their actual value, and transpiration rates are assumed as
zero. The CFSTR model is used in this illustration because it provides
simpler calculations than the PFR model. In Scenario 3, outflow EC levels
are considered missing. Using the CFSTR model, outflow concentrations
are calculated at over three times their real value. Because transpiration
is not considered as its own pathway, percolation rates into the root
zone are calculated as less than half of the calculated values in Scenario
2. In Scenario 4, outflow rates are considered missing. With the same
CRSTR model and the same treatment of evapotranspiration, outflow
rates are calculated as more than twice those under Scenario 2 and as
in Scenario 3, and percolation rates are greatly underestimated. Essen-
tially, the assumption of evapotranspiration as a single hydrologic path-
way similar to evaporation or as two distinct hydrologic pathways

(evaporation and transpiration)
calculations.

This issue is most important when interpreting flow data from long
residence time wetlands. The agricultural and non-agricultural wet-
lands were operated under inflow HLRs of less than 2 cm d~ ! during
the summer and averaged around 1 cm d ™. During that time, evapora-
tion losses are around 0.8 cm d ™ 1. Under these types of low residence
time systems, typical of rice agricultural wetlands (Bachand and
Associates et al., 2006) and other non-tidal wetlands (Siegel et al.,
2011), transpiration losses to the root zone are a significant sink.
Aggregating evaporation and transpiration into a single term risks
incorrect interpretation of wetland data and risks incorrect predic-
tion of future outcomes.

greatly affects the resulting

4.3. Why transpiration matters — diel and seasonal changes in subsurface
fluxes

Despite the importance of transpiration in agricultural literature,
(Mmolawa and Or, 2000), much of the work on aquatic crops comes
from wetland studies where agronomic principles on constituent
transport are not clearly applied (Kadlec, 2000; Bethune et al., 2001;
Acreman et al., 2003; Favero et al., 2007). Some of the wetland literature
discusses transpiration fluxes with regard to constituent transport
(Reddy et al., 1999; Kadlec, 1999) and how those fluxes are greater
than diffusive fluxes. We agree with that assessment and have hypoth-
esized that in wetland systems with rooted macrophytes, transpiration
results in seasonal and diel patterns in subsurface flow paths. Through
our soil flux model, we show diel and seasonal patterns in transpiration
(Figs. SI9, SI 10) result in diel and seasonal changes in transition depth,
Zirans, Which delineates zones of diffusion dominated fluxes from zones
of advection dominated fluxes (Figs. 5, 6). These patterns have impor-
tant physical and biogeochemical implications. Our model shows
that during months for which ET is occurring, only the upper sediment
layers are diffusion dominated. For inorganic Hg, the diffusion coeffi-
cient has been measured in the range of 5-13 x 1076 cm? s~ (0.4-
1.1 cm? d~'; Holmes and Lean, 2006; Gill et al., 1999) similar to rates
measured by others for nitrate (3-30 x 10~ cm? s~ !; Romkens and
Bruce, 1964; Krottje, 1980; Reddy et al., 1980, 1984). In Figs. 5 and 6
we define the low to high diffusion coefficients for inorganic Hg as 5-
13 x 107% cm? s~ . For dissolved constituents with similar diffusion
coefficient, Z;a,s is about 0.5-1 cm during the summer in wetland sys-
tems. However, some dissolved constituents are stickier. For instance,
ammonia diffusion coefficient has been measured by Reddy et al
(1984) in the range of 0.2-9.8 x 10~% cm? s~ !; an order of magnitude
less than inorganic Hg. For these stickier constituents, only the top few
millimeters or less are diffusion dominated during periods when ET is
occurring. Methylmercury diffusion rates have even been measured as
lower (Heirn, 1996). As the diffusion rates become less, Z;;ans becomes
proportionally smaller.

Experimental and comparative field data from Windham-Myers
et al. (in this issue-b) support this calculation. Windham-Myers et al.
(in this issue-b) found evidence for plants actively moving water and
dissolved constituents into the root zone for uptake and for release
into the atmosphere during periods of high plant ET (Lindberg et al.,
2002, 2005; Reid and Jaffé, 2012). While Hg® transport and atmospheric
fluxes were not assessed in this study, Windham-Myers et al. (in this
issue-b) found 13-37% (median = 22%) greater concentrations of
porewater Cl in vegetated soils than in experimentally devegetated
plots. Sediment Hg concentrations were similar between experimental
treatments, but MeHg concentrations in sediment were elevated
(median = 38%) in the presence of vegetation, illustrating the difficulty
in teasing apart MeHg production from MeHg concentration in the
rhizosphere, both of which are likely occurring. Methylmercury concen-
trations were higher in rice and wild rice plant roots (median
range = 3-12 ng g~ !, Windham-Myers et al., in this issue-c) than in
surrounding sediments, but is likely a function of both production and
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rhizoconcentration. Maximum root depths of 20-24 cm were observed
in rice agriculture, and 30 cm in wild rice agriculture, with roots con-
centrated in the upper 0-5 cm in all fields (Windham-Myers et al,, in
this issue-c).

Transpiration may also have biogeochemistry implications through
the creation of a biogeochemical barrier in the rhizosphere and these
biogeochemical barriers may migrate up and down the root zone on a
seasonal and diel basis. Reddy et al. (1989) report that microzones
around plants affect biogeochemical cycling in the root zones and sub-
sequently constituent transport. In a similar fashion, transpiration may
be affecting redox conditions near the soil-water interface as advection
transport oxidants past the interface. A migrating oxygen and nitrate
front may therefore be enhancing nitrification/denitrification cycling
that occurs in wetland systems (Bachand and Horne, 2000a, 2000b;
Beauchamp et al., 1989; Weier et al, 1993). In addition, sulfate and
iron reduction rates in the root zones may be following diel or seasonal
patterns. These resulting changes could affect Hg methylation rates and
efficiencies in wetlands (Compeau and Bartha, 1985; Gilmour et al.,
1992; Krabbenhoft et al., 1995; Driscoll et al., 1998; Benoit et al., 1999;
Mehrotra and Sedlak, 2005) by changing the redox profile and distribu-
tion in the root zone, especially near the sediment-water interface
through which MeHg must be released before entering the water
column. Iron (Fe) speciation, especially the presence of amorphic
Fe(III), suggests the presence of plant activity in these wetlands influ-
enced redox sensitive species, at least partially, through transpirative
water movement as well as radial oxygen loss (Windham-Myers et al.,
in this issue-b).

In the case of MeHg, these processes may be contributing to diel and
seasonal trends in wetland MeHg cycling. Naftz et al. (2011) reported
that the diurnal MeHg concentration in the water column consistently
decreased during daylight periods and increased during non-daylight
periods in a wetland along the Great Salt Lake. Such patterns are consis-
tent if we consider a system where dissolved constituents are released
from the root zone during nocturnal periods when transpiration, and
subsequently downward advective flux, decreases. Fleck et al.
(USGS, unpublished) found similar diel MeHg trends occurring at
these agricultural wetlands. Similarly, Bachand et al. (in this issue)
report seasonal changes in MeHg cycling suggesting that plants are
moving MeHg into the root zone during summer months when tran-
spiration is occurring and that elevated sediment concentrations
lead to a release of MeHg back into the water column in winter
when transpiration ceases.

Transpiration thus drives advective transport and based upon our
calculations creates a physical barrier against upward migration of
dissolved constituents in the soil into the water column. It is another
mechanism affecting benthic fluxes. Biological irrigation is defined as a
process in which benthic organism activities enhance the exchange of
interstitial pore water over pure diffusion (Choe et al, 2004;
Hammond et al, 1985). Transpiration is another biological process
that could potentially be included in this definition.

4.4. Why transpiration matters — assumptions made during direct diffusion
measurements

In situ diffusion coefficient calculations have been estimated
employing Fick's First Law and using field determined concentration
gradients in the soils (Gill et al., 1999; Holmes and Lean, 2006). Howev-
er, these estimates assume no disturbance or competing processes
occurring during measurement periods. During transpiration, advective
flux would be expected to affect concentrations of dissolved constitu-
ents in the root zone; thus measuring diffusion coefficients while ET is
occurring may lead to confounded data. In support of transpiration's
effect on pore water chemistry, Windham-Myers et al. (in this
issue-b) noted 13-37% of pore water Cl (used as a conservative
tracer) found in the root zone of agricultural wetlands from en-
hanced transpiration.

5. Conclusion

Through integrating hydrologic and mass budgets using EC as a nat-
ural conservative tracer, we quantified evaporation and transpiration
rates for agricultural wetlands during the irrigation season. We utilized
two reactor models, a PFR and a CFSTR, and through those models
bracketed transpiration rates during the irrigation season between
55% (CFSTR)-74% (PFR) of ET rates. This result is consistent with ratios
determined in other wetland and shallow aquatic systems through
methods of direct measurement (Herbst and Kappen, 1999; Sanchez-
Carrillo et al., 2004; Bouman et al., 2005). Of the two reactor models
used, the PFR model is more appropriate based upon our statistical
analyses of the data for the different agricultural wetlands used
and the agricultural wetland configuration. PFR models are expected
to approximate non-ideal systems in which ponds are in series, con-
sistent with checks in rice and wild rice systems. We quantified the
importance of transpiration with regard to fluxes in the shallow
root zone through development of a flux model of diffusive and ad-
vective fluxes. Diffusion fluxes used a diffusion coefficient range for
inorganic Hg and MeHg from the literature. Our goal was to assess
with this model the root zone depths dominated by diffusive fluxes
and advective fluxes, as has been done using the Peclet number in
groundwater and surface water systems. From our model we defined
a transitional depth within the root zone in delineating zones domi-
nated by diffusive fluxes as compared to advective fluxes. Our calcu-
lations showed that during active ET, fluxes throughout the root zone
are dominated by advective fluxes except in the top millimeters to
top centimeter, depending upon the dissolved constituent and its
stickiness (mass diffusion coefficient). This transition depth has
diel and seasonal trends, tracking ET trends.

These findings challenge the current science foundations. Though
fundamental for terrestrial crops in which agronomic principles have
been applied, transpiration as a hydrologic transport pathway has gen-
erally been ignored for these types of systems. Neglecting this pathway
leads to misallocations of load along different hydrologic pathways.
Seasonal and diel trends in surface water quality data are potentially
confounded by pore water hydrologic trends affected by transpiration.
These risks are especially high in wetlands of slow horizontal surface
flow, dense vegetation, and thus high water residence times, in which
ET is a significant hydrologic sink. Moreover, this process may be affect-
ing the basic assumptions behind methods used for in situ measure-
ments of soil hydrologic and biogeochemical processes. Pore water
chemistry through the shallow root zone is likely affected by transpira-
tion through its effect on pore water hydrology and constituent
transport, confounding measurements used for calculating diffusion
gradients.

We recommend that studies of wetland systems separate E and T
from ET in their analyses. We provide an equation for that purpose
using flow data and concentration data for natural conservative tracers,
such as EC and chloride.
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