doi:10.2489/jswc.67.1.16

Assessment of best management practices
for nutrient cycling: A case study on an
organic farm in a Mediterranean-type
climate

S.M. Smukler, A.T. 0’Geen, and L.E. Jackson

Abstract: The effectiveness of best management practices (BMPs) designed primarily to pro-
tect surface water quality was assessed on a farm certified for organic tomato production
to consider potential environmental quality and production tradeoffs. The BMPs included
winter cover crops typically used in organic farming to cycle nutrients and reduce storm-
water runoff; tailwater ponds designed to capture runoff; and tailwater return systems, which
recycle runoft back to the field. The study took place at a 44 ha (108 ac) farm inYolo County,
California, over a two-year period. Monitoring throughout the winter rainy season showed
cover crops successfully reduced runoft and loads of several constituents during the storm
events, when compared to fallow. Total discharge was reduced by 44%, total suspended solids
was reduced by 83%, ammonium was reduced by 33%, and dissolved organic carbon (DOC)
was reduced by 58%. Estimates of leaching losses of DOC in the cover cropped fields, how-
ever, were 70% higher than the fallow fields in the winter rainy season and were 30% higher
than the fallow fields in the summer irrigation season. During the summer irrigation season,
the tailwater pond alone was highly effective in reducing losses of total suspended solids and
volatile suspended solids to the neighboring riparian zone by 97% and 89%, respectively.
The tailwater pond had no effect on dissolved reactive phosphorous and actually increased
concentrations of nitrate-nitrogen (NO,-N) in effluent by 40% and DOC by 20%. As was
expected, the NO,-N leaching measured by anion exchange resin bags and nitrous oxide
emissions measured by static closed chambers was higher for the tailwater pond than the fal-
low field. Despite these differences, losses via NO,-N leaching and nitrous oxide emissions
accounted for only 24.7 and 0.48 kg N ha™ y™' (22.0 and 0.40 1b N ac™), respectively, for the
entire farm, even including ponds and ditches. When field and plot values were extrapolated
to the entire tomato production area to understand the relative potential tradeofts, results
indicate that BMPs could be implemented without an impact on tomato marketable yields;
the tailwater pond’s higher nitrous oxide emissions would not significantly increase the overall
emissions for tomato production given its relatively small size; and using tailwater ponds in
combination with cover crops would decrease total suspended solids (TSS) losses compared to
cover crops alone, with only minor increases in NO,-N and DOC losses. Adding a tailwater
return system to this combination of BMPs could help minimize these NO,-N and DOC
losses. Use of cover crops with a tailwater pond and tailwater return system are a combination
of BMPS that can thus be recommended for organic production when considering multiple
environmental outcomes.

Key words: best management practices—cover crops—nutrient cycling—organic farming—
tailwater pond—tradeofts

Farmers who aim to produce food and
fiber with fewer environmental impacts
need a better understanding of the
potential tradeoffs among management
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options (Jordan et al. 2007). California
has begun regulating nonpoint
pollution through mandatory runoft moni-
toring established by the Irrigated Lands

source

Regulatory Program. The monitoring is
designed to identify
and implement best management practices
(BMPs), which synchronize the availability
of nutrients with crop demand, prevent their
movement off farm, or capture and recycle
them. In Californias Mediterranean-type
climate, runoff commonly occurs during the
heavy winter rains of the cool nonproduc-
tion season and during irrigation operations
in the hot dry summer production season. In
furrow-irrigated vegetable production, sur-
face runoff can exceed 50% of applied water
if poorly managed (Bjorneberg et al. 2002).
Best management practices have been mainly
designed and implemented for high-input
conventional farms but are also important
for the rapidly expanding organic vegetable
production sector. It is unclear, however, if
current BMPs designed to protect water qual-
ity will perform in the context of California’s
even more recent environmental mandate,
AB32, to reduce greenhouse gas emissions.

Organic systems are limited to nonsyn-
thetic inputs (e.g., compost, manures, and
cover crops) and require mechanical cul-
tivation for weed control, and thus, can be
especially sensitive to asynchronous nutrient
availability, leading to crop yield reduction
and sediment and nutrient losses (Berry et
al. 2002; Watson et al. 2002; Willson et al.
2001). Nitrogen losses via surface runoff and
leaching can be relatively low in organic sys-
tems (Sileika and Guzys 2003; Aronsson et al.
2007), but phosphorus losses can be a concern
when the use of manures for meeting nitrogen
(N) crop demands results in soil phosphorus
that exceeds crop demand (Nelson and Janke
2007). Sediment losses are also a concern
given that chemical control of weeds is not an
option to reduce erosion risk in organic sys-
tems (Shipitalo and Edwards 1998).

Winter cover crops, annual or perennial
plantings grown during California’s rainy
season, are a key nutrient cycling manage-
ment tool for organic production and are a
recommended BMP for protecting water-

at-risk  watersheds
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ways for any type of agricultural production
system. Winter cover crops have been shown
to decrease N leaching (Jackson et al. 1993;
Tonitto et al.2006;Wyland et al. 1996),increase
soil organic matter (Kong et al. 2005; Lee and
Phillips 1993), provide subsequent crops with
residue-derived nutrients (Tonitto et al. 2006),
and effectively reduce erosion (Dabney 1998;
Mutchler and Mcdowell 1990) and stormwa-
ter runoff (Joyce et al. 2002).

Winter cover crops may, however, result
in some unintended environmental impacts
or even reduce short-term agricultural pro-
ductivity, but these tradeoffs have not been
adequately evaluated. For example, higher
soil C and N availability from cover crops
may increase soil carbon dioxide (CO,) and
nitrous oxide (N,O) emissions (Baggs et al.
2000; Johnson et al. 2005). These emissions,
without significant concomitant C seques-
tration, could make organic farming a net
contributor to global warming (Jackson et al.
2004; Sarkodie-Addo et al. 2003). Increased
C availability may also contribute to dis-
solved organic carbon (DOC) in surface
runoff’ and leachate, causing problems for
drinking water treatment. Should winter
rains extend into the spring, direct seeding
into the winter cover crop or winter cover
crop incorporation can be delayed. Delay
of seeding or incorporation can result in
reduced yields of the subsequent summer
crop (Clark et al. 1999) and large quanti-
ties of undecomposed residue that can affect
summer furrow irrigation. While cover crops
may increase soil infiltration and water hold-
ing capacity (Dabney et al. 2001), additional
BMPs may be required to ensure that runoft
leaving organic farm fields is not negatively
impacting adjacent waterways.

Tailwater ponds, another BMP recom-
mended for agriculture, may be an effective
compliment to winter cover crops to reduce
soil and nutrient losses (Hartz 2006). Small-
scale ponds can be combined with pumping
systems that return tailwater (i.e., effluent) to
the field for irrigation purposes. By recycling
effluent, tailwater return systems can reduce
runoft loses to the environment and improve
irrigation efficiency, thus reducing costs
(Schwankl et al. 2007). The eftectiveness
of tailwater ponds and tailwater return sys-
tems to protect water quality in the context
of California agriculture is largely assumed
(Schwankl et al. 2007) and, for organic farms,
is virtually unknown.
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Beyond the impact on water quality,
potential environmental tradeoffs need to
be better understood before tailwater return
systems are constructed on a wide scale. High
water content and anaerobiosis (Harrison
and Matson 2003; Harrison et al. 2005;
Johnson et al. 2005) in soils in and around
the ponds may result in a substantial increase
in a farm’s N, O production. Tailwater ponds
may also lead to downward seepage of nutri-
ents, which can contaminate groundwater,
depending on a pond’s management (e.g.,
improper sealing). Installation of the ponds
also requires land to be taken out of produc-
tion, reducing the overall yield of a farm.

Many of these potential tradeoffs result
from ecological processes that occur at vari-
ous scales over varying time periods, making
accurate assessment challenging. To evaluate
tradeoffs, it is therefore necessary to select
indicators of these processes that can be
monitored in a way that can capture spatial
and temporal variation eftectively (DeFries
et al. 2004; Dale and Polasky 2007). The
specific objectives of this study were to (1)
quantify and monitor the magnitude, timing,
and pathway of nutrient losses from organic
processing tomato  (Solanum  lycopersicum)
production in California’s Central Valley; (2)
evaluate the effectiveness of cover crops, tail-
water ponds, and tailwater return systems to
minimize these losses; and (3) assess the rela-
tive environmental quality and agricultural
production tradeoffs and potential synergies
that should be considered when implement-
ing these BMPs.

Materials and Methods

Site Description. The 44 ha (108 ac) farm,
located at the western edge of the Sacramento
Valley (figure 1) has been in organic tomato
(Solanum  lycopersicum L.) production since
1993 and relies mainly on cover crops and
compost for nutrient inputs (table 1). The
farm is located on an alluvial fan along the
riparian corridor of Chickahominy Slough,
on a Tehama silt loam, (fine-silty, mixed,
superactive, thermic Typic Haploxeralfs)
(Andrews 1972).

The farm is divided into two fields: North
Field is 26.5 ha (65.5 ac), and South Field
is 14.7 ha (36.3 ac). These fields are in an
alternate year rotation between oat (Avena
sativa) production and processing tomatoes
(figure 2). The fields have a slope of 1% to
1.5%. Irrigation and winter runoft drain into
a network of ditches that occupy 0.02 ha

(0.05 ac) at the eastern end of the farm and
then drain into tailwater ponds that occupy
0.06 ha (0.15 ac), where a pump returns the
water to the top of the field to be mixed with
either pumped groundwater or water deliv-
ered through California’s aqueduct system
and reused for crop irrigation.

The Mediterranean-type climate has hot,
dry, nearly rainless summers and cool, wet
winters, typically with several larger storm
events that can be >20 mm d' (>0.79
in day ). Thus, the results of this two-year
experiment are reported by two seasons,
either Irrigated (April through October)
or Rainfed (November through March).
The average minimum and maximum air
temperatures between the beginning of the
experiment in March of 2005 and its end
in April of 2007, were 8.7°C and 23.6°C
(47.6°F and 74.8°F), respectively. In the first
year of the experiment (April 2005 to March
2006), rainfall was unusually high (863 mm
[34.0 in]), and in the following year (April
2006 to March 2007), rainfall was unusu-
ally low with 213 mm (8.4 in), compared to
average precipitation (508 mm [20.0 in]) for
the previous five years. In fact, no runoft was
recorded during the wet season of the sec-
ond year (Rainfed Y2).

The experiment began in April of 2005,
when a tomato crop was planted on the
South Field (figure 2). At that time, the
North Field was still in oats, planted the
previous fall. After the tomatoes were har-
vested in the fall of 2005, the South Field
was planted in oats, and the grower divided
the North Field into sections to compare a
mustard cover crop (Brassica nigra [L.] Koch)
with winter fallow. In the spring of 2006, the
mustard cover crop was mowed, incorporated
by discing, and a tomato crop was planted
across the entire North Field. In June 2006,
the oats in the South Field were harvested
and a summer cowpea (Vigna unguiculata [L.]
Walp. ssp. unguiculata) cover crop was planted
for only a month and then was incorporated
by discing.

Field Sampling. Tomato vyields were
sampled within three days of the grower’s
harvest. To capture yield variability across the
field, transects were oriented north-south of
each main sampling plot (393 m [1,289 ft]
in the North Field or 250 m [820 ft] in the
South Field). Along each transect,a 1 X 3 m?
(3.28 X 9.84 ft?) subplot was established at
30 m (98.4 ft) intervals (five or nine subplots
depending on the width of the field). At each
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Figure 1

Location of the farm site, map of the farm, tailwater pond configuration and runoff sampling points. During Irrigated Y1, sampling took place at

(1) the main irrigation pipe and (2) tomato field discharge point using automated samplers of the South Field, and grab samples were taken at

(3) the discharge point for the sediment trap of the South Field. During the Rainfed Y1 and Irrigated Y2 seasons, automated samplers collected dis-
charge at (4) the exit point of the fallow section of the North Field, which was divided (dotted line) in two; (5) the exit point of the mustard cover crop
section of the North Field; (6) the exit point for North Field discharge into the sediment pond; and subsequently, (7) the exit point of the tailwater
pond, where the irrigation effluent is pumped back to the west end (top) of the North Field.

\ Legend
P [+12005 plots
\ [+] 2006 plots

Sediment traps
_______ pom-m-m------—------—1

Tailwater pond

Table 1
Compost, weeds, and aboveground cover crop inputs for the 2006 tomato crop.

Mass TotalC TotalN NO,-N P K
Input (Mg ha?) (kg ha?) (kg ha?) C:Nratio (kgha') (kgha?) (kgha?)
Compost 15 2,892.3 2979 9.7 27.7 34.8 264.3
Fallow (weeds) 1.7 7121 128 55.8 — 4.1 22.6
Mustard cover crop 5.2 2,236.0 46.4 48.2 - 11.4 75.5

K = potassium. — = no data.

Notes: C = carbon. N = nitrogen. NO,™-N = nitrate-nitrogen. P = phosphorus.

sampling point, individual tomato plants
were cut at the base, and the fruit was sepa-
rated by hand. Fruit quality was evaluated in
the field by classification into split reds, pinks,
greens, sunburn, mold or rot, blossom end rot,
insect damage, and undamaged red tomatoes
(USDA 1997). Marketable tomatoes were
those considered likely to be harvestable by
mechanized equipment, specifically, split red
tomatoes, pink tomatoes, sunburn tomatoes,
insect damaged tomatoes, and undamaged
tomatoes. All weeds were identified to spe-
cies and were harvested for aboveground
biomass from each plot. Biomass of fruits,
tomato vegetative material, and weed bio-
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mass were weighed in the field (fresh weight)
and then were subsampled and dried at 60°C
(140°F), before being ground and analyzed
for total N, phosphorus, and potassium (K) at
the University of California Agriculture and
Natural Resources Analytical Laboratory.
The nutrient content of the mustard cover
crop treatment was measured just before
incorporation in March of 2006 (table 1).
The quantities of nutrients added to the
fields through the incorporation of compost
were estimated using the farmer’s records of
application rates and analysis of piles within
a week of application. Compost piles were
sampled randomly before incorporation and

were analyzed for N, phosphorus, and K.
Bulk density of the compost was measured
using the core method (Blake and Hartge
1986). Compost for the 2005 crop was
applied before the experiment started and
was not analyzed.

Surface runoft and tailwater were moni-
tored at the field scale (>10 ha [>24.7 ac])
at catchment points (figure 1), while leach-
ate and emissions of CO, and N,O were
monitored using a stratified random sam-
pling approach at the plot level (16 m? [172
ft’]). During the first season (Irrigated Y1),
irrigation influent and field discharge were
continuously monitored on the South Field
using ISCO 6700 (Teledyne Technologies,
Lincoln, Nebraska) autosamplers fitted with
low-profile area velocity flow meters. The
autosamplers collected a 250 mL (8.5 oz) sub-
sample every 4 h, whenever there was at least
5 c¢cm (2 in) of water present in the channel or
pipe, and composited subsamples daily.

The tailwater pond system utilized a
two-stage treatment of water effluent from
the drainage ditch. The first was a smaller
sediment trap, and the second was a larger
detention pond, after which water flowed
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Figure 2

Total monthly precipitation and irrigation and daily mean temperatures by season for the
two-year experiment. The cool wet winters and warm dry summers shown here are typical of
California’s Mediterranean-type climate. The first rainfed season (Rainfed Y1) was an unusu-
ally wet winter, and the second rainfed season (Rainfed Y2) was an unusually dry winter. Cor-
responding timelines of the crop rotations for the North Field and South Field are illustrated
below. The North Field was divided into two sections following oats in the fall of the first year.
Irrigated Y1 and Irrigated Y2 refer to the irrigated crop growing seasons of both years.

Irrigation Y1 Rainfed Y1

Irrigation Y2 Rainfed Y2
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into the main tailwater pond (figure 1).In the
first year, only the sediment trap was sampled
as the effluent water exiting from the tailwa-
ter pond on the South Field was removed
by subsurface pumping at the bottom of
the pond, making it impossible to monitor.
Effluent from the South Field sediment trap
was sampled daily by hand (grab samples).
Each year autosamplers were positioned
to collect runoff from the different fields
and crop mixes (figure 1). Irrigation influ-
ent to the fields was monitored with daily
grab samples, and irrigation flow rates were
calculated using records of hourly pump use
and mean flow rates for the pump system, as
determined with autosamplers. Influent into
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the tailwater pond (water discharged from the
field) was calculated from a weighted average
of the flow from the autosampler in the two
sections (tomatoes/mustard and tomatoes/
fallow). The remaining field area was not part
of the cover crop trial. Discharge from this
area was diverted from the experiment via
an additional ditch and was excluded from
runoff calculations.

Plots were selected in March of each year
to monitor changes in soil properties, soil
solution, soil CO, and N,O emissions, and
yields. Plots were stratified randomly in a
geographic information system within the
boundaries of the North Field, South Field,
drainage ditches, and tailwater pond (figure

1). At the beginning of the experiment, six
plots were established in each of the large
sampling sites (North Field and South Field),
and three were established in the smaller
sites (drainage ditches and tailwater ponds).
These plots were abandoned in irrigated year
2 (Irrigated Y2), and plots were rerandom-
ized within each sampling site—this time
including the new sites in the North Field,
which was divided into the mustard cover
crop and winter fallow treatments, each with
three sampling plots. Thus in Irrigated Y2,
three plots occurred in each site: North Field
tomatoes/mustard, North Field tomatoes/
fallow, South Field, North Field drainage
ditches, and North Field tailwater pond.

At the beginning of each of the four sam-
pling seasons (figure 2), three soil cores (6.3
cm [2.48 in] diameter) were taken at random
in each plot every 15 cm (5.9 in) to a depth
of 75 cm (29.5 in), composited, and put on
ice for analysis of ammonium (NH,"-N)
and nitrate-nitrogen (NO,-N) (see below
for laboratory analysis methods). Soil from
the 0 to 15 and 15 to 30 ¢cm (0 to 5.9 and
5.9 to 11.8 in) depths was analyzed for an
additional suite of soil properties (see below
for laboratory analysis methods). Bulk density
was determined at O to 6,9 to 15, and 18 to
24 c¢cm (0 to 2.36,3.54 to 5.91,and 7.1 to 9.5
in) depths, using rings of 345 cm® (21.1 in’)
volume to remove intact soil cores (Blake and
Hartge 1986).

Soil solute leaching was assessed for all sites
in two ways: ceramic cup suction lysimeters
(Soil Moisture Equipment Corp; Zoarelli
et al. 2007) and anion exchange resin bags
for cumulative NO,-N losses (Wyland and
Jackson 1993). After sampling for soil inor-
ganic N at the beginning of each of the four
sampling seasons, 7.6 cm (3.0 in) diameter
resin bags were buried at 75 cm (29.5 in).
Resin bags were placed within a 1 cm (0.39
in) deep polyvinyl chloride ring of the same
inner opening diameter designed to protect
the bag and facilitate collection and then
were packed into a shelf dug into the side
of augured hole. Resin bags were collected
at the end of each season and were extracted
with 2 molar potassium chloride, which was
analyzed for NO,-N. Resin (AG 1-X8) was
assumed to recover 84.7% of the cumulated
NO,-N losses up to a threshold of 3.7 g
NO,-N kg resin (0.74 oz NO_-N Ib™)
(Wyland and Jackson 1993) or a maximum
0f 95 kg NO,-N ha™ (84.6 Ib NO,-N ac™)
for the size of resin bag used in this study.

JAN/FEB 2012—VOL. 67, NO. 1
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Lysimeters were installed to 30 and 60 cm
(11.8 and 23.6 in) depths to capture the vari-
ability in movement of soil water given the
potential asynchrony of irrigation or rainfall
and sampling. A vacuum of 75 kPa (0.74
atm) was applied to the lysimeters and was
sampled weekly during summer irrigation
and winter rainfed seasons.

Cumulative leaching past the 30 and 60 cm
(11.8 and 23.6 in) lysimeters was estimated
by multiplying observed concentrations of
analyzed constituents by calculated soil solu-
tion deep percolation (DP) for each sampling
period, using the simplified one-dimensional
water balance equation:

DP=1-IR +P—ETc +VR , )

where P = precipitation (mm); I = water
applied by irrigation (mm); IR = water exit-
ing the field as irrigation runoft; ET¢ = crop
evapotranspiration (mm); VR = variation of
soil water reserve, based on gravimetric soil
moisture (0 ) measurements (mm); and DP
= deep percolation (mm) (Wagenet 1986).
Daily irrigation, runoff, and precipitation
data were collected using the autosamplers.
The ETc was modeled using the Basic
Irrigation Scheduling (BIS) model for each
crop (Snyder et al. 2007) using the crop coef-
ficient (Kc) and reference evapotranspiration
(ETo). The ETo was calculated using the
modified Penman-Monteith method (Allen
et al. 1998), and climate data was acquired
from a nearby weather station (California
Irrigation Management Information System
[CIMIS]). Values for Kc¢ were determined
using the BIS model. The VR was calculated
from the change in gravimetric soil mois-
ture between sampling periods. The water
balance for drainage ditches was calculated
using the differences in flow rates from the
autosamplers that monitored the irrigation
water exiting the different field sections.
Calculations assumed similar ETc to the
fields given that narrow ditches (<20 cm
[<7.9 in] wide) were bordered by tomatoes
on one side and weeds on the other.

Annual soil emissions of carbon dioxide-
carbon (CO,-C) and nitrous oxide-nitrogen
(N,O-N) were estimated from gas samples
taken randomly from the surface of beds
between tomato plants and in ditches and
tailwater ponds within each plot when water
was not present, or if present, within 6 cm of’
water’s edge. Gaseous emissions were mea-
sured one day each month. Gas samples of
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CO,-C and N,O-N were collected using
cylindrical vented static chambers 12.3 cm
(4.84 in) in diameter and 11.0 cm (4.3 in)
tall with a total interior volume of 1,307
cm’ (79.8 in’) (Hutchinson and Livingston
1993). At the same time, CO,-C was also
monitored using a LI-COR 8100-102 por-
table survey chamber 10 cm (3.94 in) in
diameter (LI-COR Biosciences, Lincoln,
Nebraska), which was placed within 30 cm
(11.8 in) of the static chambers. LI-COR
8100 samples were taken and analyzed at
three-minute intervals. The instrument has a
measurement range of 0 to 3,000 ppm and
reported accuracy reading of 1.5% (LI-COR
Biosciences, Lincoln, Nebraska). Polyvinyl
chloride collars for the static chambers were
pounded into the soil surface between 6 to
24 h before sampling and then were removed
to avoid disturbance by farming operations.
Nitrous oxide from vacutainers was analyzed
on a gas chromatograph with a radioisotope
nickel-63 (“Ni) electron capture detec-
tor (HP 6890, Hewlett Packard, Palo Alto,
California). Concentrations of CO,-C were
determined from vacutainer samples using a
gas chromatograph with a thermal conduc-
tivity detector (HP 5890, Hewlett Packard,
Palo Alto, California).

Laboratory Analysis. Within 24 h, soil
samples were homogenized in the laboratory
on ice and were analyzed for gravimetric
moisture and potassium chloride—extract-
able NO,-N and NH,"=N colorimetrically
(Foster 1995; Miranda et al. 2001). Soils
sampled at the beginning of each year were
air dried for further analysis. Electrical con-
ductivity (EC) (Rhoades 1982) and pH
were determined with a 1:1 ratio of soil to
deionized water (USSL 1954). Air-dried soil
samples and oven-dried plant samples were
analyzed for total C and N using a dynamic
flash combustion system coupled with a gas
chromatograph  (Department Agriculture
and Natural Resources Analytical Lab 2007).
Soils were also analyzed for Olsen phosphorus
(Olsen and Sommers 1982) and soil texture
by laser diftraction (Eshel et al. 2004).

All water samples were immediately put
on ice and were transported back to the
laboratory for filtering after each irrigation
or rain event. Unfiltered samples were ana-
lyzed for EC and pH. For runoft samples, to
ensure thorough mixing of suspended solids,
50 mL (1.7 oz) was pipetted from the sample
while it was being vortexed and then the 50
mL was suction filtered through preweighed

0.7 pm (2.76 X 107 in) pore-size glass fiber
filters, which were weighed and dried at
60°C (140°F). Filtered samples were fro-
zen for temporary storage. Total suspended
solids (TSS) were calculated from differ-
ences in prefilter and postfilter dry weights
(Clesceri et al. 1998). Dried filters were then
subsampled (cut in half), reweighed, placed
in crucibles and ignited in a muffle furnace
at 550°C (1,022°F) for 30 minutes. Volatile
suspended solids were calculated from the
difference in pre- and postignition of the
dried half-filter weights. Water samples were
analyzed for NO,-N and NH,*-N dissolved
reactive phosphate (DRP) colorimetrically
(Murphy and Riley 1958), and DOC on a
Dohrmann Phoenix 8000 UV-persulfate
oxidation analyzer (Tekmar-Dohrmann,
Cincinnati, Ohio).

Daily loads of constituents in runoff sam-
ples were calculated for influent and discharge
from either composited autosampler samples
or grab samples using a flow-weighted aver-
age. Thus, mean concentrations for each day
were multiplied by the total flow for the day
and were divided by the area of discharge.
Daily loads were summed for the duration of’
each irrigation or storm event.

Management Tradeoff Analysis: To esti-
mate the relative benefits, tradeofts, and
identify potential synergies of implementing
BMPs for organic processing tomatoes, plot
and field data for production and environ-
mental indicators were extrapolated to the
entire area of the farm that was in tomato
production during rainfed year one (Rainfed
Y1) and Irrigated Y2. Tomato production
using a winter fallow (tomatoes/fallow) was
contrasted with BMP options that include
winter cover crops, winter cover crops and
tailwater ponds, or winter cover crops, tail-
water ponds, and a tailwater return system.
Mean results for marketable tomato yield,
TSS, NO,-N, DRP, DOC leaching and/
or runoff loads, and N,O and CO, soil
emissions for the North Field, ditches and
tailwater pond were multiplied by their
respective areas, summed for the two seasons,
and divided by their total summed areas.
This produced a per hectare annual rate for
each indicator. The N O-N was converted
to CO, equivalents using a conversion fac-
tor that takes into account emissions of N O
are 298 times greater than equal emissions
of CO, over 100-year time period (Forster
et al. 2007).
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Table 2

Soil properties taken at the o to 15 cm and 15 to 30 cm depth for each of the sampling areas for the 2005 and 2006 seasons. Means and standard
errors of two years of sampling are shown (sample size = 3 to 6 per site).

Bulk
Depth density Total N Total C Olsen-P Sand Silt Clay
Site (cm) (gcm™®)  pH EC(uScm™) (Mgha™) (Mgha?) (mgkg™) (gkg™) (kg™ (gkg™)
South field Oto15 12+0.0 72100 1384+185 25+01 219+13 33.7+3.6 1486+39.3 707.0+21.7 1445+20.5
15030 1.3+0.0 72101 144.7+85 26+01 205+11 283+45 140.6+484 6709+295 18841210
North field Oto 15 1.3+00 74+01 1202+79 25+01 224+10 314+12 119.0+318 726.3+235 154.7+16.6
15030 1.4+0.0 72101 1234+83 26+01 202106 289+23 923+29.6 T7416+315 166.1+178
Tailwater pond 0to 15 12+01 72+01 1484+111 23+0.2 197122 28651 80.9+39.8 753.6+234 1655+25.4
15030 1.2+041 73101 1635+223 22102 17.8+23 265+6.0 58.8+28.0 753.0+13.3 188.3+30.5
Ditches Oto15 1.3+0.0 73101 133.7+105 25+02 209+20 449+64 131.5+405 7001+281 168.4+12.9
15030 15+01 73101 130.0+163 29102 193+16 380+6.5 2005+704 6652+58.0 134.3+12.9

Notes: EC = electrical conductivity. N = nitrogen. C = carbon.

Statistical Analysis. Concentrations and
loads from water sampling were log trans-
formed and checked for assumptions of
normality with the Shapiro-Wilk test and
equality of variance with the Levene test
using the open source statistical package R
version 2.11.1. (Helsel and Hirsch 1993).
Means of each rainfall or irrigation event
were considered replications and were com-
pared through the entire season for each
constituent. If assumptions of normality were
met, a paired f-test was performed for either
equal or unequal variances to test for treat-
ment differences for concentration and load
of each constituent for each season (Helsel
and Hirsch 1993). For constituents that did
not meet assumptions of normality and
equality of variance, a Wilcoxon signed-rank
test was used to test for treatment differences
(Helsel and Hirsch 1993).

To account for the differences in relative
size of the fields, ditches, and tailwater ponds
and distances between plots, a mixed model
analysis of variance (ANOVA) was employed
that incorporated a spatial covariance struc-
ture (Casanoves et al. 2005). The ANOVA
tests that were significant were followed by
Tukey’s Honestly Significant Post Hoc Test
(Zar 1974). Briefly, the mixed linear models
were run after checking assumptions using
the proc mixed statement in SAS version
9.3.1 (SAS Institute, Cary, North Carolina)
combined with a power correlation function
(POW model), which enables XY global
positioning system coordinates to be used
as a covariate. The PO model uses a one-
dimensional isotropic (same in all directions)
power covariance, based in this case, on geo-
graphic information system coordinates and
assumes no correlation between plots and
homogeneous residual variances (Self and
Liang 1987; Wolfinger 1993). The power
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correlation model is represented as p ¥ py”"if,
where d*¥ and d" are the distances between
plot i and plot j in the x and y directions
and p_and p are the unknown correla-
tion parameters in the x and y directions
(Casanoves et al. 2005). The degrees of free-
dom were adjusted as suggested by Kenward
and Roger (1997). This methodology has
been utilized and tested against other spatial
and nonspatial models in agricultural systems
and has been shown to be an effective means
of dealing with spatial covariance (Bajwa
and Mozaftari 2007; Bajwa and Vories 2007;
Casanoves et al. 2005; Goncalves et al. 2007).
The model, however, is unable to simulta-
neously account for repeated measurements;
therefore, means were compared for each site
without adjustment for variation over time.

Results and Discussion

Soil Properties. Soil properties of the four
locations were similar across the farm sam-
pling sites (table 2). All soils had a silt loam
texture, total carbon (C) ranged from 19.7
to 22.4 Mg ha™' (8.7 to 10.0 tn ac™), and
pH ranged from 7.2 to 7.4 at 0 to 15 cm
(0 to 5.9 in) depth (table 2). The consistency
of soil properties between sites indicates that
a similar soil type occurred across the farm.
Thus soil properties likely did not confound
the analysis of the environmental outcomes
of the BMPs.

Runoff. Winter cover cropping improved
the water quality of stormwater runoff dur-
ing Rainfed Y1, but in rainfed year two
(Rainfed Y2), no runoff was detected due
to low rainfall. Compared to the fallow,
water quality constituents in winter runoft
(Rainfed Y1) were lower in cover cropped
fields: 44% lower for EC and 80% lower for
TSS (mg L' [ppm]) (table 3). Phosphorus
as DRP (mg L™ [ppm]), however, was 86%

higher in discharge water from the cover-
cropped field compared to the fallow. Higher
concentrations of DRP may be a result of
increased mobilization from the mustard
cover crop. Other Brassica species have been
shown to increase phosphorus availability
through increased citric and malic acid in the
rhizosphere (Eichler-Lobermann et al. 2008;
Hoffland et al. 1992; Marschner et al. 2007).

Sediment and nutrient loads were cal-
culated for the stormwater runoft based on
mean discharge for the five winter storm
events (table 4). In Rainfed Y1, total dis-
charge loads (kg ha™ [Ib ac™']) were lower for
cover cropped than fallow fields: 83% lower
tor TSS, 33% lower for NH,"-N, and 58% for
DOC. Despite the large quantity of C in the
cover crop biomass, there was no increase in
DOC in runoff in either winter storm events
or in the subsequent irrigation. Low DOC in
runoff following the cover crop indicates grad-
ual decomposition and possibly leaching losses.

During Irrigated Y1, a total of 944 mm
(37.2 in) of water (figure 2) was applied on
the entire farm in 10 events, 35% of which
discharged into the sediment trap (toma-
toes discharge) (table 4). In Irrigated Y2, a
mean total of 799 mm (31.5 in) of water was
applied (figure 2) to the two North Field sec-
tions in 9 events, 25% of which discharged
from the field section that had a prior mus-
tard cover crop during the winter (tomatoes/
mustard) and 42% discharging from the field
section that had been fallow (tomatoes/fal-
low). Mean irrigation discharge rates for the
tomatoes/mustard and tomatoes/fallow rota-
tions were not statistically different. Nor were
there any differences in the concentrations
or loads of measured constituents, except for
pH, which was significantly higher in the
discharge from the tomatoes/mustard field
during the summer season.
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Table 3

Mean concentration and standard errors of constituents analyzed from influent and discharge effluent from entire fields and paired sections of
the North Field (F = fallow and M = mustard cover crop) during the two-year study by season. Means are given for the total number (n) of either
irrigation or rainfall events. Discharge was not detected (ND) during the rainfed season in the second year due to unusually low precipitation.
Measured constituents are pH, electrical conductivity (EC), total suspended solids (TSS), volatile suspended solids (VSS), nitrate (NOB’—N),
ammonium (NHQ*—N), dissolved reactive phosphorus (DRP), and dissolved organic carbon (DOC).

EC TSS VSS NO,-N NH'-N DRP DoC

Season Treatment n pH (uS cm™?) (gL (gL (mgL?t) (mgL?) (mglL? (mgL?)
Irrigated Y1 Irrigation influent 10 79+01 795.9+46.2 0.04+0.01 0.015+0.00 1.7+03 01+00 01+00 23%05
(South Field)  Tomatoes discharge 10 77+01 834.6+33.8 727+1.03 0.254+0.05 16+02 01+0.0 05+01 3.0+04
Rainfed Y1 Fallow storm discharge 5 6.7+00 1151+33.6** 0.07+0.01* 0.002+0.00 01+0.0 0.1+0.0 02+0.0f 74+0.0
(North Field) Mustard storm discharge 5 6.7 +0.1 64.5+16.7** 0.01+0.00* 0.006+0.00 0.1+0.0 01+0.0 04%0.1tf 5801
Irrigated Y2 Irrigation influent 9 79+01 600.0+18.2 0.02+0.01 0.017+0.00 18+0.3 01+00 00+00 1904
(North Field) ~ Tomatoes (F) discharge 9 81+01* 644.0+22.7 1090+3.85 0.259+0.09 22+02 02+01 03+00 39+09

Tomatoes (M) discharge 9 83+0.0* 611.4+29.8 3.99+093 0.271+0.15 16+03 01+00 03+00 3304
Rainfed Y2 Oats discharge 0 ND ND ND ND ND ND ND ND
(South/North)  Fallow discharge 0 ND ND ND ND ND ND ND ND

Note: Significant difference were calculated using a paired t-test.
T Wilcoxon signed ranked test p < 0.05.
* p<0.05 ** p<0.01

Table 4

Loads of constituents analyzed from the paired tomato fields (F = fallow and M = mustard cover crop), oat field, and tailwater pond during the two-
year study by season. Loads are calculated from mean concentrations weighted by flow rates divided by the area from which the water discharged.
Mean loads and standard errors are given as an event mean, where n is the total number of either irrigation or rainfall events. Discharge was not
detected (ND) during the rainfed season in the second year (Rainfed Y2) due to unusually low precipitation. Measured constituents are total sus-
pended solids (TSS), volatile suspended solids (VSS), nitrate (NOB’—N), ammonium (NHA*—N), dissolved reactive phosphorus (DRP), and dissolved
organic carbon (DOC).

Volume TSS VSS NO,"-N NH,*-N DRP DOC

(mm (kg ha* (kg ha* (kg ha* (ghat (ghat (kg ha*
Treatment n event?) event?) event?) event?) event?) event?) event?)
Irrigated Y1 (South Field)
Irrigation influent 10 944 +15.7 408.4 + 161.3 13.9+3.0 1.7+0.4 92.8+37.0 224 +6.2 1.9+0.7
Tomatoes discharge 10 33.2+6.3 2,384.6 £ 81.0 815+ 174 0.6+0.2 28.0+14.4 70.0+20.0 09+0.2
Rainfed Y1 (North Field)
Fallow discharge 5 9.6+3.3 5.0 + 1.3% 0.2+0.1 0.01+0.01 8.3 +3.2* 22.3+76 0.7 £ 0.2*%*
Mustard discharge 5 54+18 0.9 £0.4* 0.5+0.2 0.01 +0.04 5.6 £2.7* 19.7+5.3 0.3 £ .1*%*
Tailwater pond discharge 5 ND ND ND ND ND ND ND
Irrigated Y2 (North Field)
Irrigation influent 9 88.8+220 144 +79 19.0+9.0 1.8+0.5 35.2+14.6 354+149 15104
Tomatoes (F) discharge 9 379194 2,440.5 + 849.2 93.6 + 36.8 09+0.3 22.6+8.0 118.4+420 1.0+0.2
Tomatoes (M) discharge 9 231+31 902.3+211.1 68.1+39.1 04+0.1 16.3+5.3 60.8+10.5 0.7+0.1
Tailwater pond influent 9 323%97 1,046.1 + 443.2** 518+ 23.1** 0.6+0.3 21.1+9.0 1344 +49.6 1.0+0.3
Tailwater pond discharge 9 323t6.7 30.7 £ 11.3** 4.4 +2.3%* 0.7+0.2 50.9+30.8 117.3+322 14+04
Rainfed Y2 (South/North Field)
Oats discharge 0O ND ND ND ND ND ND ND
Fallow discharge 0O ND ND ND ND ND ND ND
Tailwater pond discharge 0O ND ND ND ND ND ND ND

Note: Significant difference were calculated using a paired t-test.
*p<0.05 ** p <0.001
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Figure 3

A sediment trap was monitored in 2005 (Irrigated Y1) and a tailwater pond was monitored in
2006 (Irrigated Y2) for influent (discharge from the agricultural fields) and effluent (water
leaving ponds) concentrations: (a and b) pH, (c and d) total suspended solids (TSS), (e and

f) volatile suspended solids (VSS), (g and h) nitrate (N03'-N), and (i and j) dissolved organic
carbon (DOCQ). In 2005, only the sediment trap was sampled, as discharge from the South Field
tailwater pond was inaccessible due to its transfer through a subsurface pump to the top of the
field. Means and standard errors of constituents with significant differences (paired t-test) are
shown (*p < 0.01, ** p < 0.001).
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Sediment concentrations (figure 3) and
loads (table 4) in the irrigation water dis-
charging from the fields were effectively
reduced by the sediment trap in irrigated Y1
and tailwater pond in irrigated Y2. Removal
efficiencies by just the sediment trap for
TSS and volatile suspended solids (VSS) on
the South Field in Irrigated Y1 were 71%
and 54%, respectively. Even greater reduc-
tions resulted from the tailwater pond in the
North Field in Irrigated Y2, 97% and 89%,
respectively. The total outflow (tailwater
pond discharge table 4) load of TSS (kg ha™'
[Ib ac™']) was on average 35-fold lower than
inflow loads (tailwater pond influent table 4)
for the nine irrigation events, a reduction for
the entire season of 9.4 Mg ha™ (4.1 tn ac™).
Loads for VSS were on average 12-fold lower
than the influent (i.e., a total of 431 kg ha™
[384 1b ac™'] difference for the season).

These sediment losses via runoff were
relatively high on this farm even though
the amount of irrigation discharge was not.
Irrigation runoft was only, on average, 34%
of the applied irrigation. This was consider-
ably lower than found in a comprehensive
study of 49 furrow-irrigated farms on silt
loam soils in Idaho, where discharge ranged
from 43% to 53% of the total applied irriga-
tion (Berg and Carter 1980). Although the
Idaho farms were on similar slopes (1% to
2%), sediment losses averaged only 5 Mg ha™
season™! (2.2 tn ac™! season™'), more than four
times lower than observed here (24 Mg ha™'
[10.7 tn ac™'] in the first irrigation seasons).
In the Idaho study, losses increased to 37 Mg
ha™ (16.5 tn ac™') on slopes of 2.5% and up
to 141 Mg ha™ (62.8 t ac™) on 4% slopes.
Differences in tillage practices, soil type, the
amount of surface residue, or higher irriga-
tion inflow rates could explain the disparity
in sediment losses between these studies.
Much greater inflow rates, for example, were
likely required to move water down the long
furrow lengths (390 to 790 m [1,280 to 2,592
ft]) of this farm compared to the shorter fur-
row lengths 132 to 313 m (433 to 1,026 ft) of
the farms observed in the Idaho study.

Given the substantial loads due to the
irrigation practices on this farm, large quan-
tities of sediment would have been lost to
the neighboring waterways despite the use of
winter cover crops. Sediment loads in irriga-
tion runoff were orders of magnitude higher
than those of winter runoff. These results
suggest that a tailwater pond would be a crit-
ical BMP addition to protect water quality.
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The tailwater pond alone, however, did
not completely prevent nutrient runoft into
the nearby waterways. Comparing the water
quality indicators in irrigation discharged
from the field to water exiting the tailwa-
ter pond, we observed no difterences in EC,
NH,*-N, or DRP.In fact, NO,-N and DOC
concentrations actually increased by 40% and
20%, respectively. This increase in NO,-N is
somewhat surprising given that N removal
rates from polluted water are thought, in
principle, to be proportional to concentra-
tion (Kadlec and Knight 1996). It is possible
that this might be a result of mineralization
and nitrification of organic N deposited in
the pond, given the low concentrations of
NO,-N in the irrigation runoff. Summer
NO,-N losses via runoff were only 8.1 and
33 kg ha' y' (7.2 and 2.9 Ib ac™" yr'') for
tomatoes grown following winter fallow and
mustard cover crops, respectively, compared
to, for example, a heavily manured grazed
dairy pasture with annual losses of 92 kg
NO,-N ha™ (81.9 Ib NO,-N ac™') (Tanner
et al. 2005). Overall NO,-N concentrations
in runoff were far lower (<2.2 mg NO,-N
L [ppm NO,-N]) than the World Health
Organization drinking water standard of 10
mg NO,-N L (ppm NO,-N) (Yamamura
et al. 2004). Removal rates for NO-N in
constructed wetlands can be as high as 44%,
but these rates have been associated with
much higher concentrations in effluent
from dairy pastures (Tanner et al. 2005). The
design of the tailwater pond (Kadlec 2005)
and its effects on denitrification, sedimenta-
tion (Saunders and Kalft 2001), and hydraulic
efficiency, may have limited the potential for
microbial and plant N immobilization, due
to short residence times in these ponds and
their small sizes (0.2% of the field’s watershed
area). Hydraulic residence time, the average
time that water remains in the pond, expressed
as mean volume divided by mean outflow rate
in the tailwater pond was less than two days,
whereas recommended hydraulic residence
times are as long as 12 days for treatment wet-
lands (Davis 1994). Submergent and emergent
vegetation can also contribute to increased
removal rates of some constituents in other
types of ponds (Kadlec 2005), but the ruderal
plant species along the bottom and the edge
of these tailwater ponds were not adapted to
long-term inundation.

Concentrations of DRP in the effluent
were also not reduced by detention in the
tailwater pond. In tailwater ponds, phospho-
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rus that is sorbed to crystalline and poorly
crystalline iron hydroxides may be released
at low redox potentials (Bjorneberg et al.
2002). In fact, Tanner et al. (2005) found
that DRP increased by 70% after flow-
ing through a constructed treatment pond.
Although we did not measure total phos-
phorus, if we assume that eroded sediments
contain approximately 0.1% total phospho-
rus (Bjorneberg et al. 2002), the tailwater
pond could have trapped as much as 24 kg
phosphorus ha™ (21.4 1b phosphorus ac™)
during a single irrigation season given the
mass of TSS that was retained.

Without a tailwater return system, improv-
ing the effectiveness of a tailwater pond
through increased detention time or greater
plant cover may require tough decisions as
to which pollutants should be managed. The
short detention time may not have been long
enough to adequately decrease NO,-N and
DRP, but it appears to have been sufficient
for microbes to break down and dissolve
particulate C into solution, thereby increas-
ing the DOC concentration in the effluent.
Increasing the retention times by expand-
ing the size of the tailwater pond or slowing
the flow through baftles may reduce eutro-
phication. But it may not decrease DOC,
which can cause toxic byproducts during
the municipal drinking water treatment pro-
cess used in this region (Fujii et al. 1998).
Additionally increasing the size of the pond
requires added investment and reduces the
area of tomato production.

Leaching of Nitrate. Leaching of NO,-N,
as measured by the anion exchange resin
bags was similar (approximately 24.7 kg
NO,-N ha™ [22 b NO,-N ac™']) for the
fields, ditches, and tailwater ponds in Rainfed
Y1 (figure 4). There were no differences
observed between the winter cover crop and
fallow fields. Interestingly, in the Rainfed Y2
season, despite the low rainfall, NO,-N in
the resin bags was two-fold higher in the tail-
water pond and three-fold higher in ditches
than in the fields. The higher NO_-N leach-
ing during the drier Rainfed Y2 season
in these areas that accumulate water was
likely due to slightly higher moisture con-
tent and enhanced nitrification compared to
the fields, particularly during the warm fall
and spring (Burger and Jackson 2003; Stark
and Firestone 1995). In addition, there was
little to no nutrient removal via runoff, and
absence of anaerobic conditions would have

limited denitrification, causing inorganic N
to accumulate in the surface soil.

Significant differences in NO,-N con-
centrations in lysimeters varied among fields,
ditches, and the tailwater pond by season and
by depth (table 5), but differences in cumu-
lative losses were found only in Rainfed
Y1 (tigure 4). Estimated DP, used to cal-
culate cumulative leaching losses, was 157
mm (6.2 in) during the Irrigated Y1 season
with tomatoes. During the Rainfed Y1 sea-
son, DP ranged from 92 to 112 mm (3.62
to 4.41 in). In the Irrigated Y2 season, DP
ranged from 169 mm (6.7 in) for the toma-
toes/fallow compared to 326 mm (12.8 in)
for the tomatoes/mustard treatment. No
DP could be estimated for the Rainfed
Y2 season due to low rainfall. Estimates of
NO,-N leaching using lysimeter concen-
trations and the water balance method were
lower than those obtained using the anion
exchange resin bags, especially during the
Irrigated Y1 season (figure 4). Others how-
ever, have shown the opposite, with higher
values in lysimeters than resin bags (Wyland
et al. 1996). Accurately assessing soil solute
chemistry is often dependent on matching
the methodology with the soil type (Siemens
and Kaupenjohann 2004). Here, the collec-
tion schedule did not always match with
the irrigation schedule, and some wet-dry
cycles were inadvertently missed, probably
underestimating cumulative losses using the
lysimeter method. Furthermore, cumulative
losses calculated based on estimates of water
percolation are subject to error if the return
to field capacity is not correctly identified
(Webster et al. 1993).

Leaching of Other Constituents. In soil
solution collected in the lysimeters, pH and
EC were very similar and consistent among
treatments throughout the two years. The
only difference was higher EC values in soil
solution for lysimeters at 30 cm (12 in) in
the tomato field and ditches, compared to
the tailwater pond in the Irrigated Y1 season
(table 5).

Leachate NH,"-N  and calculated
NH,"-N load were low overall (data not
shown). Seasonal cumulative DRP leached
below the 60 cm (23.6 in) depth also showed
the same pattern. Concentrations of DOC
tended to be lowest in the lysimeters in the
tailwater pond (table 5). Results indicate that
cover cropping may be a source of DOC
during the winter rains. Dissolved organic
C concentrations in Rainfed Y1 were clearly
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Table
Mean lyiimeter concentrations and standard errors by season and depth during the two-year study for the paired tomato fields (F= fallow and
M = mustard cover crop). Lysimeters were sampled weekly during irrigation and precipitation periods.
Depth EC NO,-N DRP DoC
Season Site (cm) pH (S cm™?) (mgL?) (mgL?) (mgL?)
Irrigated Y1 Oats* ND ND ND ND ND
Tomatoes 30 7.4+0.1 904.6 + 33.1A 5.0+ 1.2A 0.1+0.0 5.2+ 0.7AB
60 7.5+0.0 894.3 +44.7 34+10 0.0+0.0 4.9+ 0.9b
Ditches 30 7.4+0.0 1,069.0 + 14.0A 1.1+0.4B 0.7+0.5 13.7 £ 8.6A
60 7.3+0.2 1,039.7 + 216.9 26+1.7 0.1+01 225+ 71a
Tailwater pond 30 7.4+0.2 519.0 + 196.0B 1.6+0.7B 0.0+0.0 3.8+2.1B
60 7.1+0.0 615.5 + 40.6 0.9+0.2 0.0+0.0 2.6+ 1.1b
Rainfed Y1 Oats 30 7.0+£0.1 905.8 +172.8 6.1+ 1.9AB 0.1+01 13.3+2.5B
60 7.1+0.0 890.0 + 103.8 39+16 0.0+0.0 88+1.6
Fallow 30 7.2+0.0 788.4 +145.1 1.1+0.5B 0.1+01 30.2 + 10.8AB
60 7.3+0.1 1,026.9 +116.4 89+34 0.0+0.0 13.0+£3.2
Mustard 30 7.0+£0.1 1,226.3 + 258.7 3.2+ 1.8AB 0.2+01 70.1 £ 17.5A
60 7.1+0.2 839.1 + 140.3 6.4+0.9 0.0+0.0 14.7+6.1
Ditches 30 7.0+£0.0 871.5 + 243.5 8.4 +3.1A 0.0+0.0 72+ 1.1c
60 7.4+0.1 916.5 + 81.5 10.7 £ 1.8 0.0+0.0 5.1+0.2
Tailwater pondt ND ND ND ND ND
Irrigated Y2 Oats* ND ND ND ND ND
Tomatoes (F) 30 7.6+0.3 783.7+79.5 72+4.1 0.2+0.0 13.9 + 1.4A
60 7.7+£0.1 721.1+94.8 4.0+ 1.0a 0.1+0.0 10.1+1.3a
Tomatoes (M) 30 7.3+0.1 726.7 + 158.4 42+0.3 0.3+0.1 119+ 2.2A
60 7.5+0.1 918.1 +98.4 41+0.6a 0.1+0.0 16.3 £+ 0.5a
Ditches 30 7.6+0.2 789.8+71.6 46+0.8 0.2+01 7.8 £ 0.4AB
60 7.7+£0.2 800.1 + 36.0 3.2+0.6a 0.1+0.0 13.1+1.2a
Tailwater pond 30 7.5+0.1 652.9 +47.8 1.2+03 0.1+0.0 5.4 +0.7B
60 7.6+0.1 594.6 +62.1 0.6 +0.2b 0.0+0.0 5.6+ 1.4b
Rainfed Y2 Oats 30 7.4+0.1 320.4 £ 200.2 1.0+04 0.1+0.0 53+1.8
60 7.8+0.0 675.5+95.4 1.3+0.5 0.0+0.0 48+1.4
Fallow 30 7.4+0.1 1,230.7 + 146.3 3.1+27 0.1+0.0 40+1.1
60 7.6+0.1 647.8 £ 105.0 2.7+2.0 0.2+01 2.7+1.0
Ditches 30 7.6+0.0 672.3+64.4 43+15 0.1+01 3.7+0.9
60 7.6+0.0 738.5+28.0 48+0.5 0.1+0.0 25+0.2
Tailwater pond 30 7.5+0.1 578.6 £ 41.5 1.0+£0.6 0.0+ 0.0 1.8+0.1
60 7.5+0.1 585.4 + 31.7 1.6+13 0.0+0.0 2.0+0.2
Note: Letters (A and B) indicate significant differences at the O to 30 cm depth and (a and b) at the 30 to 60 cm depth among sites within each
season using a covariance analysis of variance followed by Tukey’s Honestly Significant Post Hoc Test.
* No data was collected for oats during the summer because no irrigation was applied.
1 No data was collected for the tailwater pond due to lysimeter contamination caused by flooding.

higher in the mustard winter cover crop than
for the oats and ditches (p < 0.01) but did
not differ from the fallow. Calculated DOC
leaching losses below the 60 cm depth for
the cover crop (40.7 kg C ha! [36.3 1b C
ac™']) were also higher (p < 0.001) than oats
and ditches (17.0 and 7.627 kg C ha™' [15.1
and 6.79 1b C ac '], respectively) with the fal-
low field in between (24.0 kg C ha™' [21.4
Ib C ac™)).

During the Irrigated Y1 season, lysimeter
DOC concentrations in the ditches were
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higher than the other sites (p < 0.01), and
loads that leached below 60 cm (23.6 in)
were 33.8 kg C ha (30.1 Ib C ac™!) com-
pared to 6.9 kg C ha! (6.2 1b C ac™) for
the field. In the subsequent irrigation season
(Irrigated Y2), DOC concentrations were
again higher in the fields than the tailwater
pond but did not otherwise difter. Dissolved
organic C loads, however, were substantially
higher in the tomatoes/mustard (54.1 kg C
ha™ [48.2 Ib C ac™]) than in the tomatoes/
fallow (14.2 kg C ha™ [12.7 Ib C ac™]) treat-

ment. When the seasons are summed, the
DOC loads for the tomatoes/fallow rota-
tion were almost as high as annual averages
of DOC leachate collected in a four-year
study of conventional maize in Wisconsin
using equilibrium lysimeters for no-till
(108.7 kg C ha' y'[96.8 Ib ac' yr'']) and
chisel-plowed treatments (125.5 kg C ha™
y ' [111.8 1b ac'yr']) (Brye et al. 2001).
Although it is unclear how much leached
DOC actually would impact the adjacent
waterways, the relative differences in esti-
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Figure 4

(a, b, ¢, and d) Cumulative mean NO_-N leaching by season measured by anion exchange resin bags (columns) buried at 75 cm and loads calculated
from data from lysimeters (dots) at 60 cm of depth. Tailwater pond lysimeters in Rainfed Y1 were excluded from the analysis because of flooding, in-
dicated by ND. (e, f, g, and h) Soil NOB‘-N concentrations taken incrementally every 15 cm to a depth of 75 cm (29.5 in) at the start (white column) and
at the end of the season (dark columns). Error bars represent standard errors. Letters (a, b, and c) indicate significant difference (p < 0.05) among
anion exchange resin bag data and calculated loads (x and y) using a spatial covariance analysis of variance followed by Tukey’s Honestrly Signifi-
cant Post Hoc Test (see table 5 for statistical analysis of lysimeter concentrations). F = fallow and M = mustard cover crop.
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mated load indicate an important potential
negative tradeoff of using cover crops and
the need to manage both their decomposi-
tion and irrigation runoff carefully. Transport
of DOC away from the field may be largely
determined by how much irrigation water is
lost as DP (Brye et al. 2001). During Irrigated
Y1, it was estimated that only 16% of the
water was lost as DP. In Irrigated Y2, 15% of
the water was lost as DP in the tomato field
following the winter fallow, and 27% was lost
in the tomato field following the mustard
cover crop. Deep percolation and associated
DOC could be reduced if cover crops are
managed carefully to prevent residue from
blocking furrows, which causes ponding and
increased infiltration, either by mowing/
incorporating earlier to increase decompo-
sition (weather permitting) or by improved
irrigation efficiency.

Nitrous Oxide-Nitrogen and Carbon
Dioxide-Carbon Soil Emissions. During the
irrigation seasons, mean N,O-N emissions
(ug m? h™') were similar across the fields,
ditches, and pond, but in the rainfed seasons,
differences were significant (figure 5). The
N,O-N emission rates in the ditches during
the Rainfed Y1 season were 4-, 7- and 9-
fold higher than oat, mustard, or fallow fields,
respectively. In the Rainfed Y2 season, the
tailwater pond had the highest N,O-N emis-
sion rates, followed closely by the ditches,
and both were higher than the fallow field
but were not different from the oat field.

Soil CO,-C emission rates were higher
in the tomato fields following a fallow, com-
pared to ponds and ditches. Rates (mg m™
h™') from the tomato field were 2.5 times
higher than in the nonirrigated oat field dur-
ing Irrigated Y1 (figure 5). In Irrigated Y2,
the tomato field following the winter fal-
low had 3.5—fold higher CO,-C emissions
than the tailwater pond but was not different
from the other sites. Mean CO -C emissions
were not different in Rainfed Y1. In Rainfed
Y2, emissions were almost 2-fold higher in the
fallow and oat fields, compared to the tailwater
pond, but were no different than the ditches.

Mean seasonal N,O-N emissions were
always <5 g ha™' d' (0.004 1b ac™' day™),
much lower than many conventionally
managed systems, such as a cornfield fer-
tilized with 290 kg N ha™' (259 Ib N ac™),
where emissions were 52 g N,O-N ha™' d™!
(0.05 Ib N,O-N ac™" day™') (McSwiney and
Robertson 2005). Our results were more
similar to means for unfertilized corn in

JOURNAL OF SOIL AND WATER CONSERVATION

Table 6
Tomato yields and weed biomass for 2005 and 2006. Mean fresh weights (fw) and standard er-
rors for tomatoes in each field have been classified by quality (n = 6 in 2005 and n = 3 in 2006).
Total aboveground biomass is reported as dry weight (dw).

2005 2006
Harvested material (Mg ha™) Fallow Mustard
Weed biomass (dw) 0.2+0.0 2.2+0.9 2.1+0.6
Total aboveground tomato biomass (dw) 3.5+0.5 159+29 114+ 3.5
Split red tomatoes (fw) 1.8+ 0.5 6.5 +3.9b 6.8 +2.1a
Pink tomatoes (fw) 3.0+£0.5 10.8 + 4.5b 13.2 +3.1a
Green tomatoes (fw) 3.1+0.7 145+ 5.0 22.4 + 3.6
Sunburn tomatoes (fw) 6.3+0.7 204 +4.1 19.3+3.4
Moldy or rotten tomatoes (fw) 10.6+ 1.1 27.3+5.0 36.0+6.4
Blossom end rot tomatoes (fw) 1.7+04 1.9+05 4.4+1.2
Insect damaged tomatoes (fw) 1.7 £ 0.6 5.0+2.4 11.4 £ 2.7
Undamaged tomatoes (fw) 15.7 £ 3.9 67.1+5.5 55.0 £ 10.9
Total fruit biomass (fw) 46.9+6.9 153.6 £ 19.3 168.5 + 15.3
Note: Letters indicate significant differences between the fallow and mustard rotations within
each season using a covariance analysis of variance followed by Tukey’s Honestly Significant
Post Hoc Test.

the same study (5 g N,O-N ha™ d™' [0.004
Ib N,O-N ac™ day™]), and for a long term
organic production trial in the Midwest
United States (3.5 gN,O-N ha™' d™' [0.003 Ib
N,O-N ac™" day™]) (Robertson et al. 2000).
Other organic farming systems, however,
have shown much higher mean emissions
(10 to 70 g N,O-N ha™' d") [0.009 to 0.06
Ib N,O-N ac™' day™']) (Baggs et al. 2000).

Monthly sampling may have underesti-
mated actual emissions as large spikes can
occur on short time frames. For example,
a large spike was observed (16 g N,O-N
ha™ h™ [0.01 Ib N,O-N ac™ hr']) in the
cover cropped field two days after irrigation.
Irrigated vegetable production systems have
high temporal and spatial variation in mois-
ture and inorganic N between fields, ditches,
and tailwater ponds (Sanchez-Martin et
al. 2008). Thus these calculations of annual
fluxes are considered estimates. These esti-
mates indicate that while there are likely
no increases in CO,-C emissions due to
BMP implementation, there are significant
increases in N,O-N emissions from tailwater
ponds. How much this increases the over-
all global warming potential of the farm is
contingent upon the relative size of the pond
and its associated drying and wetting soils as
well as the frequency of inundation.

Tomato Yields. In the first year of the
experiment, late spring rains followed by
high summer temperatures (figure 2) resulted
in a fungal disease outbreak (Sclerotium rolfsii
[Southern Blight]). The disease reduced plant
density dramatically over the season (data not
shown). By harvest, nearly one-quarter of the

tomato crop showed disease damage (table 6),
and yields were very low. No control mea-
sures are available for this disease, even under
conventional production (AVRDC—The
World Vegetable Center 2010).

In the second year, there was little disease,
and yields were much higher (no statistical
comparison was made between years). At
harvest, neither total crop yields, crop aboveg-
round biomass, nor weed biomass differed
between the prior winter fallow and mustard
cover crop treatments (table 6). There were,
however, more split red tomatoes and pink
tomatoes following the mustard cover crop
treatment. Only one-third of the tomatoes
were undamaged, yet the grower harvested
several of the other categories as is typical for
machine-harvested processing tomatoes.

Tomato Nutrient Uptake and Yields.
Tomato N uptake is another factor that con-
tributes to the temporal and spatial variability
of N dynamics. Larger N,O emissions and
NO,™-N leaching observed during Irrigated
Y1 compared to Irrigated Y2 indicate that
there was greater soil N availability in the
first year with the diseased tomatos. One
explanation may be that the residue from
the tomatoes that grew nearly to maturity
and died in the outbreak of Southern Blight
underwent decomposition and N miner-
alization during the crop-growing season,
increasing soil inorganic N concentrations. If
this was the case, potentially 7.9 Mg (8.6 tn)
of plant material from the biomass of these
dead plants (estimated by the difference
between the harvested live biomass of the
diseased field of the first year and the healthy
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Table 7

Tradeoff analysis for BMP alternatives based on the extrapolation of plot and field observations of environmental and production indicators to the
entire farm area in tomato production for one year. Values for various management options are illustrated as a per hectare average annual rate with
standard errors for marketable tomato yields (Yields), total suspended solids (TSS), nitrate (N03'—N), dissolved reactive phosphorus (DRP), dis-
solved organic carbon (DOQ), soil nitrous oxide (N,O) emissions given in carbon dioxide equivalents (CO, eq), and carbon dioxide emissions (CO ).
Estimates were calculated for tomato production for a winter fallow only, winter cover crops only (Cover crops), winter cover crops and tailwater
ponds (cover crop + tailwater pond), or winter cover crops, tailwater ponds and a tailwater return system (cover crops + tailwater pond + Return).

return

Yield TSS NO,--N DRP Doc N0 co,
Management options (Mgha*y") (Mgha'y") (kgha'y?) (kgha'y?") (kgha'y?) (CO,eqkgha?y?) (Mghaty™)
Fallow rotation 109.9+204 22.0+76 19.2+89 1.4+0.6 46.9+18.0 138.6+45.7 76.0 £ 27.7
Cover crop 105.6 + 22.2 81+1.9 19.4+4.4 1.3+0.2 76.0+13.4 166.4+57.8 382+125
Cover crop + tailwater pond 105.4 +22.1 0.3+0.1 22.2+5.0 1.3+0.2 80.1+14.2 166.5+57.9 38.1+125
Cover crop + tailwater pond + 105.4 + 22.1 0.0+ 0.0 16.1+3.8 0.6+0.1 67.8+11.6 166.5+57.9 381+125

field the second year) at 1.43% N, could have
contributed >112 kg N ha™ (100 Ib N ac™)
for N mineralization. This would also mean
that >3.4 Mg C ha™ (>1.5 tn C ac™") of plant
material would have been decomposing, yet
CO,-C emissions were substantially lower
than the year with the healthy crop. An alter-
native explanation for the higher N,O-N
emissions could be lower N uptake given the
missing plants. Lower N uptake implies less
C fixation, root growth, and in turn less root
C turnover, respiration in the soil, and thus
lower CO,-C emissions. It should be noted
that the soil NO,-N pool at the end of both
production seasons was similar, suggesting
that tomatoes in the second year assimilated
the available N, while much of it may have
been lost to denitrification and leaching in
the first year due at least in part to higher
prevalence of disease.

Management Tradeoffs. When nutrient
losses from the plot and field were extrap-
olated to the entire production area of the
farm, a broader set of tradeoffs associated
with these BMPs emerged (table 7). These
calculations showed that using winter cover
crops across the farm, without the other
BMPs, decreased the farm’s TSS and DRP
losses and its soil CO, emissions but substan-
tially increased DOC losses and soil N,O
emissions. Note that the increased N,O emis-
sions (CO, equivalents) are minor compared
to the reduction in CO, emissions. With an
addition of a tailwater pond, the farm’s esti-
mated TSS losses would be further reduced,
but NO,-N and DOC losses would likely
increase. Although the tailwater pond at
times had higher localized rates of soil N,O
emissions, when these values are extrapolated
to the full production area of the farm, the
increase is minor (<1%) given the small area
of the ponds (0.6 ha [1.5 ac]) compared to
the rest of the acreage. The tailwater return
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system increased the reduction of TSS by
only 1% but greatly reduced NO,-N, DRP,
and DOC losses, with essentially no effect on
soil N,O and CO, emissions.

Thus winter cover crops alone may be an
effective BMP for reducing some environ-
mental impacts, but the farm benefits more
from the addition of a tailwater pond with
a tailwater return system. This exercise in
scaling up from plot- to farm-level data sug-
gests that further data collection (especially
to capture extreme events), replication of
these management options on multiple farms
to allow for statistical analysis, and model-
ing over longer periods of time would help
farmers make decisions about which BMPs
to implement. Heavy rainfall and flooding is
an example of an extreme event that influ-
ences the design of BMPs. During Rainfall
Y1, runoff from rainfall exceeded the capac-
ity of both tailwater ponds, causing overflow
and discharging an unknown amount of
sediment and other nutrients into the adja-
cent slough. Larger tailwater ponds would
have greater capacity to detain discharge but
would reduce the area available for crop pro-
duction. To detain all the stormwater during
the peak period of rainfall during this event
could have required as much as a 15-fold
increase in pond size. Using both cover crops
and a tailwater pond as BMPs may be a use-
ful combination for such a situation, as cover
crops will likely stabilize the soil, minimizing
sediment loss when the capacity of the tail-
water pond is exceeded.

The long-term management effort and
financial costs must also be considered in the
context of the relative environmental quality
benefits of these BMPs. The tailwater pond
requires annual dredging and redistribution
of sediment, and without the addition of a
continually operating pump to return irri-
gation water to the field, the relatively short

detention times of small-scale tailwater sys-
tems appear to concentrate certain pollutants.
Cover crop operations add additional costs in
terms of seed, labor, machinery, fuel, and/or
electricity. This additional mechanization
also contributes to increased greenhouse
gas emissions. Furthermore, organic farm-
ers using cover crops risk problems with
nutrient availability should management
operations be delayed (e.g., late spring rains).
Alternative nutrient inputs for organic vege-
table production systems may be eftective but
expensive (Smukler et al. 2008). Adoption of
alternative irrigation systems, such as drip
lines, could substantially increase water-use
efficiency and reduce nutrient losses from
surface runoff, leaching, and gaseous emis-
sions (Sanchez-Martin et al. 2008; Vazquez
et al. 2005), but purchasing, maintaining, and
installing drip lines is expensive (Rominger
personal communication 2008).

Summary and Conclusions

This study showed that tailwater ponds with
a return system are a key BMP for reducing
environmental impacts in California organic
vegetable production and that cover crops
can provide additional or even complimen-
tary benefits, if managed carefully. Scaling
plot-level data to an entire farm can help
illustrate the benefits or tradeoffs of vari-
ous BMPs and enable farmers to make more
informed management decisions. A more
complete life cycle analysis of BMPs would
further enable farmers to choose more envi-
ronmentally  appropriate  methodologies.
These BMPs require additional investment,
labor, and inputs for which farmers are rarely
compensated in California, and an accurate
cost-benefit analysis is needed. It is clear,
however, that these BMPs generate multiple
environmental benefits across the organic
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farmscape and deserve more attention by
both farmers and policymakers.
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