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Unintended anthropogenic deposition of sulfur (S) to forest ecosys-
tems has a range of negative consequences, identified through
decades of research. There has been far less study of purposeful S
use in agricultural systems around the world, including the appli-
cation of elemental sulfur (S0) as a quick-reacting fungicide to pre-
vent damage to crops. Here we report results from a three-year
study of the transformations and flows of applied S0 in soils, vege-
tation, and hydrologic export pathways of Napa Valley, CA vine-
yards, documenting that all applied S is lost from the vineyard
ecosystem on an annual basis. We found that S0 oxidizes rapidly
to sulfate (SO4

2−) on the soil surface where it then accumulates
over the course of the growing season. Leaf and grape tissues
accounted for only 7–13% of applied S whereas dormant season
cover crops accounted for 4–10% of applications. Soil S inventories
were largely SO4

2− and ester-bonded sulfates; they decreased
from 1,623� 354 kgha−1 during the dry growing season to 981�
526 kgha−1 (0–0.5 m) during the dormant wet season. Nearly all
S applied to the vineyard soils is transported offsite in dissolved oxi-
dized forms during dormant season rainstorms. Thus, the residence
time of reactive S is brief in these systems, and largely driven by
hydrology. Our results provide new insight into how S use in vine-
yards constitutes a substantial perturbation of the S cycle in North-
ern California winegrowing regions and points to the unintended
consequences that agricultural S use may have at larger scales.

sulfur cycling ∣ sulfur isotopes ∣ hydrologic response ∣ preferential flow ∣
irrigation

Three decades of research have characterized biogeochemical
and ecological effects of anthropogenic sulfur (S) deposition

on temperate forests in the northeastern United States and Eur-
ope. These studies demonstrated that high loadings of reactive
S cause soil and surface water acidification (1, 2), base cation de-
pletion in soils (3), changes to forest structure and function (4, 5),
and production and bioavailability of other elements, including
methyl mercury (6, 7). Whereas S deposition to and conse-
quences for forested ecosystems are unintended, S is purposely
applied in many agricultural ecosystems—sometimes as a fungi-
cide, but more commonly as a pH regulator and vital plant nu-
trient (8). Thus far, research examining S cycling in agricultural
systems has focused on crop S demands (9–12), the relative effi-
cacy of sulfate (SO4

2−)-supplying fertilizers (13), and the effect of
elemental S (S0) oxidation on soil pH and SO4

2− availability
(14, 15).

In recent years, regulations and low-S fuels have reduced
“free” S supply via atmospheric deposition to croplands, leading
to increased demand for S fertilizers (16, 17). The environmental
consequences of agricultural S have been largely ignored, except
for a few isolated studies, such as examining controls on hydrogen
sulfide (H2S) emissions from rice paddies (18), and linking
SO4

2−-rich agricultural effluent to production of methyl mercury
and changes to the plant community composition in wetlands
(19, 20). Targeted S additions may have consequences for soil and

water quality that are similar to inadvertent S deposition, but the
impacts have not been explored.

Vineyards present a particularly intriguing setting to study the
fate and transport of S due to the magnitude of the applications
and the dramatic contrasts in seasonal hydrologic conditions.
In the Napa Valley of Northern California, 810.5 Mg of S0 are
applied to the region’s 19,425 ha of vineyards (21) (Fig. 1). Dur-
ing the growing season, which coincides with the dry season
in Northern California (April through October), growers broad-
cast spray S by tractor frequently (e.g., weekly), at low doses
(6–14 kg S ha−1), coating vines and soil between trellises with a
reactive skin. On average, these applications add up to
100–300 kg S ha−1 y−1, well in excess of the 1973 peak in annual
SO4

2−-S deposition to northeastern United States forests of
23 kg SO4

2−-S ha−1 y−1 (22). Many growers irrigate vines weekly
with drip irrigation systems, using water captured in reservoirs
during the dormant (wet) season or pumped from groundwater
reserves, creating variably saturated conditions in the soil (23).
During the dormant season, S is not sprayed. Total dormant sea-
son rainfall ranges from 500 to 1,000 mm in Napa Valley (24),
with storms often resulting in saturated conditions in near-surface
soils. No study to date has systematically examined the fates and
potential consequences of high S applications in these economic-
ally important agricultural regions.

In this paper, we present data characterizing (i) the major
biogeochemical transformations of S occurring over the seasonal
cycle, and (ii) the patterns of S input, storage, and export that
determine the annual S budget in vineyards. Using two vineyard
locations in Napa Valley, CA, we evaluate the immediate fates
of applied S0 in soil and examine S retention and loss through
soil, vegetation, and hydrologic pathways. Because this paper is
a synthesis, it includes previously published data from Hinckley
et al. (23, 25) along with analyses that have not yet been reported.

Physical Setting
We conducted this study at two primary research sites in Napa
Valley, CA. Immediate oxidation of applied S0 during the growing
season was examined at a 2-ha vineyard block in St. Helena, CA
(N 38°49′, W -122.53′) chosen for its representative management
(with respect to valley-wide average S applications and typical
irrigation practices) and distance from marine sources of SO4

2−.
This site is characterized by Boomer–Forward–Felta rocky loam
soils on 30–50% slopes underlain by Franciscan mélange (includes
greywacke, chert, serpentinite, and greenstone) (26). Vines are
Cabernet Sauvignon grafted on AxR rootstock (a hybrid of Vitis
vinifera and Vitis rupestris), planted in rows perpendicular to the
dominant slope with predominately western exposure.
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We measured flows of S into vegetation, soils, and solution
waters for 3 y at a 1.5-ha vineyard block in Napa, CA (N 38°27′,
W -122°33′). This site is characterized by Bressa–Dibble clay loam
soils (0–0.4 m) underlain by a sandy clay hardpan that is consis-
tent across lower Napa Valley and predates vineyard cultivation
(26). The textural contrast forms the lower boundary of the root-
ing zone. Vines are Dijon 114 Pinot noir grafted on 101-14 root-
stock, planted in rows perpendicular to the slope with 1.8 m
spacing, and were 14 y old at the time of this study. During the

dormant season, growers seed vineyard avenues with cover crops
(i.e., Rosa, Trifolium, and Triticale spp.) to reduce erosion. During
our study, growers applied 105 kg S ha−1 y−1 over the course of
the growing season and used a standard weekly drip irrigation,
4 L h−1 vine−1 for 4 h. Following each growing season, they irri-
gated at the same rate for 8 h to flush nutrients below the rooting
zone. A suite of tension and zero-tension lysimeters were distrib-
uted throughout the vineyard to measure soil water under
saturated conditions and leachate under variably saturated con-
ditions, respectively. We used these instruments to capture the
hydrologic response and chemical evolution of solution waters
during the period of study.

Results
Transformations of Applied S0.At the St. Helena site, we evaluated
the immediate transformation of applied S0 during the growing
season using a combination of elemental measurements of soil
(SO4

2− and total combustible S), pH, and X-ray absorption near-
edge structure (XANES) spectroscopy. Following each of two
applications of 6.7 kg S0 ha−1 to the vineyard, the majority of S0
oxidized during the first 30 min, as reported by Hinckley et al.
(25). Soil pH decreased by 0.3 units and SO4

2− inventories in-
creased by 5.5 kg SO4

2−-S ha−1. The increase in the soil SO4
2−

pool (Fig. 2A) scales to approximately 82% of the S applied,
which is within the uncertainty of our soil pool estimates. Following
each application event, pH rebounded to preapplication levels.
The small fraction of applied S not recovered in the soil SO4

2−

pool likely volatized or drifted beyond the field boundaries.
XANES spectroscopy was used to determine the species of

S comprising soil reservoirs. Disappearance of the S0 peak in
XANES spectra within 7 d of application suggested complete oxi-
dation of S0 to SO4

2−, consistent with measurements of soil pH
and SO4

2− (25). Measurement of the total combustible S and
SO4

2− content of the bulk soils allowed for separation of SO4
2−

and ester sulfates (organic S) in the spectra, which both peak at
2,482 eV. After the complete oxidation of S0 (marked by the peak
at 2,472.7 eV), the major forms of S in these soils are carbon-
bonded S (7%, indicated by the peak at 2,480 eV), SO4

2−-S
(8%), and ester sulfates (85%) (Fig. 2B). These data suggest that
SO4

2− is transformed to ester-bonded sulfates during the growing
season.

The Sulfur Budget. To develop the field-scale S budget of the vine-
yard, we measured the S content of major pools and fluxes during
the growing and dormant seasons at the Napa, CA study area.
These pools and fluxes include aboveground vegetation tissues
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Fig. 1. Elemental sulfur inputs to Napa County vineyards. Vineyards used in
this study are marked with open circles. Inset shows Napa County within the
state of California. Data are from the 2002–2003 growing season, the most
current countywide dataset available at the time of our study (21). Vineyards
occupy approximately 18% of the Napa River watershed.
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Fig. 2. Short-term fates of applied S0 in the vineyard setting. (A) Soil pH and SO4
2− following two applications of S0 (n ¼ 5), and (B) X-ray absorption near-edge

structure spectroscopy results showing transformation of applied S0 (2,472.2 eV) to C-bonded S (2,480 eV, on the shoulder of the dominant peak at 2,482 eV),
and SO4

2− and ester sulfates (2,482 eV). Vertical lines mark the respective locations of these three peaks and time points are relative to the application of S0

(T ¼ 0). [Data are republished here with kind permission from Springer Science+Business Media (25).]
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(leaves and fruit), soil, and soil solution waters (soil matrix water
during saturated soil conditions and leachate during variably
saturated conditions).

The total S content of vegetation tissues was a relatively small
component of the vineyard S budget. During the growing season,
S concentrations in vine tissues were 2� 0.2 g S kg−1 dry tissue
and grapes were 0.4� 0.1 g kg−1 dry tissue (n ¼ 5); together
these account for 7–14 kg S ha−1. During the dormant season, S
concentrations in cover crop tissues were 2.3� 0.1 g S kg−1 dry
tissue (n ¼ 5), constituting 4–10 kg S ha−1. The combined S con-
tents of vine and cover crop tissues are equivalent to 10–23 % of
the S0 applied annually.

Dissolved SO4
2−, total dissolved S (TDSu), and the 34S∕32S ra-

tio of SO4
2− were measured on an event-basis from 2005 through

2007 in precipitation, irrigation, soil water, and leachate within
the soil profile. During short (four-hour) irrigation events, SO4

2−

concentrations in leachate were low (4.5� 0.66 mg SO4
2−-

S L−1), but increased to 13.7� 2.6 mg SO4
2−-S L−1 as the soil

saturated during longer (>8-h) irrigation events in 2005 and 2006
(Fig. 3; 23). In all years, dormant season storms flushed accumu-
lated SO4

2− and organic S (the residual of TDSu-SO4
2−) from

the soil. Elevated concentrations of these constituents were mea-
sured during storm events in all three years, with dissolved organ-
ic S comprising 72.3� 22.7% of S species in solution (Fig. 3).
During the wettest season of our study, October 2005 through
May 2006, S species in soil and water did not return to growing
season levels until applications commenced the following
growing season. Based on average TDSu concentrations and
water fluxes from the 3 y of study (seeMethods), we estimate that
4� 1 kg S ha−1 in the growing season and 123� 40 kg S ha−1 in
the dormant season are exported below the rooting zone via
hydrologic pathways.

The δ34S of SO4
2− in soil and leachate waters, reported in

Hinckley et al. (23), is consistent with the seasonal pattern of soil
S transport. The average δ34S of leachate during four-hour irriga-
tion events was low (7.2� 3.5‰; Table 1), close to the value of
irrigation water (5.7� 0.9‰). A leachate isotopic composition
close to that of the source water indicates that most water cap-
tured below the rooting zone during short irrigations moved there

via preferential flow paths, with minimal soil S interaction. In
contrast, the S isotopic ratio of soil waters under saturated
conditions increased to 13.2� 1.4‰, reflecting mobilization of
stored soil S.

Soil S samples collected before and after the dormant season
document the net effect of S transport patterns. Sulfate-S did not
differ significantly before and after the dormant season. Within
the soil profile, it increased slightly with depth (Fig. 4), potentially
due to reprecipitation of CaSO4 in the hardpan (e.g., 27). Unlike
SO4

2−-S, total S content was higher in surface soils (0–0.4 m) than
at depth (0.9–1.2 m), and total S content of surface soils de-
creased from 1623� 354 kg ha−1 at the end of the growing season
to 981� 526 kg ha−1 at the end of the dormant season (Table 2),
as determined by scaling soil S content by the measured bulk den-
sity of the soil horizons. Whereas the data were highly spatially
variable (probably due to variation in S cycling processes within
the soil profile), the difference between the mean values, though
not statistically significant, supports that export of stored organic
S in solution waters occurs during the dormant season.

Discussion
The goal of our study was to understand the transformations,
fates, and residence times of the large, highly reactive S loads
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Fig. 3. Inputs and solution sulfur dynamics during the period of study. Inputs
are precipitation and irrigation water (bars), and elemental sulfur (arrows).
Solution includes leachate measured during irrigation events in the growing
season (shaded panels) and soil water measured below the rooting zone dur-
ing the dormant season (white panels). Note the two long (≥8-h) irrigation
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are the average of ≥16 measurements from unique instruments per sample
date, �1 SD. SO4

2−-S data are from Hinckley et al. (23) and are republished/
modified by permission of the American Geophysical Union.

Table 1. Stable isotope values of sulfate (d34S-SO4
2−) in solution

measured in Napa, CA [republished/modified by permission of
the American Geophysical Union (23)]

Component δ34S* SO4
2−† n‡

S0 application −1.5 NA 4
Precipitation 5.5 6.7 1§

Irrigation water 5.7(0.9) 7.1(2.4) 8
Leachate (4-h)¶ 7.2(3.5) 4.5(0.7) 10
Leachate (8-h)¶ 9.5(3.6) 13.7(2.6) 19
Soil water∥ 13.2(1.4) 56.0(18.0) 74

*Units are meanð�1 SDÞ.
†Units are meanð�1 SDÞ, mg L−1.
‡Number of samples.
§In order to have enough material for analysis, samples of precipitation
and irrigation water.

¶Sampled below the vine rooting zone during irrigation events of 4- and
8-h.

∥Sampled below the vine rooting zone during dormant season storm
events.
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applied to vineyards each year. In general, the growing season is
characterized by rapid biogeochemical transformations following
the application of S0 and use of deficit drip irrigation to sustain
vines (Fig. 5A), whereas the dormant season is characterized by
export of oxidized S species during rainstorms of variable size and
duration (Fig. 5B). We found that on an annual basis, S inputs to
the vineyard system are roughly balanced by total S export
(Table 2).

The immediate oxidation of S0 to SO4
2− that we observed in

vineyard soils is consistent with studies of S0 transformations in
other agricultural systems (e.g., 13–15). However, winegrowers
apply S more frequently and in a form with a smaller grain size
to quickly kill any powdery mildew present, in contrast to most
fertilizer S products designed to provide a slow release of SO4

2−

to plants. Consistent with changes in soil SO4
2−, we observed

highly dynamic pH effects, with rapid decreases after S applica-
tion, followed by rebound over the next 7 d (Fig. 2A). The soils
in this study had high base saturation with robust buffering

capacity—a feature characteristic of Northern California soils,
and likely an important factor driving pH increases between S
applications. Moreover, conversion of SO4

2− to ester sulfates pro-
vides an additional mechanism for neutralizing acidity generated
by oxidation of S0.

With rapid oxidation to mobile forms, high losses of S in
leachate waters during irrigation events might be expected. How-
ever, Hinckley et al. (23) found that the use of drip or deficit
irrigation during the growing season prevents mobilization of soil
S forms; losses during the growing season are primarily low-
SO4

2− irrigation water that is rapidly transported via preferential
flow paths in the near surface (23) (Fig. 3). Thus, irrigation man-
agement results in minimal S leaching and transport during the
growing season, a result that is also likely under the dry farming
management common in many Napa Valley vineyards. As a re-
sult, applied S0 accumulates in the surface soil and is not mobi-
lized at the vineyard scale until large (>8 h) irrigation events or
the first dormant season rainstorms (Fig. 3).

Soil S may be incorporated into living biomass, adsorbed onto
iron and aluminum oxides, transformed by microbes into gaseous
and organic forms, or transported in solution via hydrologic path-
ways. In vineyards, the S content of leafy tissues represents a
small fraction of the total annual budget (10–23% of the annual
application). In contrast, in their studies of forested systems of
the northeastern United States, Likens et al. (3) reported that
the majority of S deposition is taken up and cycles through living
and dead organic material before returning to the soil, slowing
S release over years to decades. On the other hand, vineyards
are similar to forested systems in that S uptake is largely an
internal process; with the exception of grapes (2–3 kg S ha−1,
1.9–2.8% of the annual application), leaf and woody tissues are
returned to the soil each season.

In any soil system, redox state is a strong determinant of the
fate of S within the soil matrix. When oxygen concentrations are
low, microbial reduction of sulfate is favorable and comprises a
significant component of the S cycle in many S-rich environments,
both managed (e.g., 18) and unmanaged (28, 29). We observed an
increase in the δ34S isotopic ratio of soil water SO4

2− as it moved
below the rooting zone (23), an effect that has been attributed
to sulfate reduction in other environments (e.g., 30). However,
vineyard soils are generally unsaturated during the growing sea-
son and contain very limited quantities of organic material. Based
on these characteristics, we would expect the soils to remain
oxygenated, limiting the potential for microbial S reduction. In-
deed, in a companion study, we found little S reduction under
laboratory-maintained reducing conditions (31), suggesting that
in situ S reduction is minimal. Based on these results, we expect
that gaseous losses of reduced S from vineyard soils are not a sig-
nificant component of the overall S budget. The exception occurs
if the powdery mildew organism (Unicula necator) is present at

A

B

Fig. 5. Sulfur transformations and flows in the vineyard setting. (A) The
growing season, showing drip irrigation, S0 application, and prevalence of
preferential flow paths (e.g., cracks and macropores), and (B) the dormant
season, showing cover crop, and lateral transport of S and water caused by
large storm events. Size of arrows and text indicates the relative magnitude
of each pool and pathway. Dashed arrows depict inferred pathways.

Table 2. Annual vineyard budget measured in Napa, CA

Component kg Sha−1* Soil gain/loss†

Growing season Sulfur applications 105 +
Irrigation water 21(1) +

Vine leaves 5–11 0
Soil (0–0.5 m) 1623(354) 0
Wine grapes 2–3 -
Leachate 4(1) -

Dormant season Precipitation 1(0.5) +
Cover crop 4-10 0

Soil (0–0.5 m) 981(526) 0
Soil water 123(40) -

Annual inputs: 127(1)
Annual outputs: 129–130(40)

*Total S is expressed as mean values (�1 SD), except for biomass estimates,
which are expressed as a range.

†+, −, and 0 denote gain, loss, and no change.
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the time of S0 applications (32), which releases H2S upon contact
with S0. The flux of gaseous S from the vines has not been quan-
tified.

Alternatively, the increase in δ34S of soil water SO4
2− may be

due to input of soil S minerals, unmeasured sulfate reduction,
or the transformation of soil SO4

2− to ester sulfates, which are
>80% of soil S. Although we find that ester sulfate formation is
an important process in vineyards and dissolved organic S is the
dominant fraction of solution S mobilized during dormant season
storms, it has not been cited previously as a major fractionating
process. Therefore, the change in soil water isotopic composition
that we observed begs further study.

Both solution data (Fig. 3) and soil S inventories (Fig. 4) in-
dicate that S accumulates during the growing season and is
removed during the wet season. Spatial and temporal variabil-
ity—in both S cycling and the location of preferential flow paths
(e.g., macropore and bypass flow)—likely contribute to the uncer-
tainty associated with field-scale S export. However, the overall
patterns in our data indicate clearly that S transport beyond the
vineyard extent is the major fate of S inputs on an annual time-
scale, and is largely controlled by water availability (Fig. 5B).

Whereas some of our findings are applicable to other agricul-
tural systems where S is used extensively, vineyards are unique in
that the cumulative applications of S across hundreds of fields,
coupled with changes to the flows of water, constitute a seasonally
coordinated hydro-biogeochemical manipulation at the regional
scale. Whereas variability in management practices (e.g., S appli-
cations and irrigation strategies), soil properties, and rainfall may
affect local vineyard S budgets, there are few mechanisms that
could operate in any place to promote S retention at the field
scale. Furthermore, S use and the general pattern of dry growing
seasons followed by wet dormant seasons are consistent across
the region. Thus, it is likely that in Napa Valley, the regional per-
turbation of the S cycle, modulated by the interplay between S
management and rainfall, results in the export of the majority
of applied S from vineyards, with potentially unintended conse-
quences at the basin scale.

Our study points to the need for greater attention to the
consequences of agricultural S use at local to regional scales
globally. Sulfur use is not unique to vineyards or Northern Cali-
fornia; it is commonly used both as a major nutrient input, and as
a “carrier” for other necessary amendments, such as nitrogen and
potassium, in a variety of agricultural systems. Although the im-
pacts of its use may be minimal within local fields, transport to
downgradient aquatic ecosystems with fluctuating redox condi-
tions could be environmentally disruptive. Future research should
explore the consequences of high SO4

2− and organic S loads to
aquatic ecosystems; redox conditions may be low enough that
increased inputs cause large alterations in biogeochemistry, espe-
cially mobilization of mercury and other heavy metals.

Methods
Short-Term Fates of Applied S at the St. Helena, CA Site. Immediately prior to
and following two applications of S0, surface soil samples (0–0.02 m) were
analyzed for pH, extractable sulfate (SO4

2−), total combustible S, and S
speciation using XANES spectroscopy at 30 min, 2 d, 7 d, 12 d, and 19 d after
each application. A detailed description of these measurements and proces-
sing of XANES spectra is in Hinckley et al. (25).

Flows of S into Soils, Vegetation, and Hydrological Pathways at the Napa, CA
Site. Soil sampling was conducted on 19–21 October 2005 (postgrowing sea-
son) and 9–11 April 2007 (postdormant season) to characterize soil physical
and chemical properties. Six cores (0.2 mdiam: × 1.2 mdepth) were collected
in four 0.3 m sections. Sulfate was extracted according to (33, 34) and extracts
were subsequently measured on an ion chromatograph (IC) at Stanford
University. In preparation for analysis of total S, plant material was removed
and soils were sieved (<2 mm), oven-dried at 60 °C for 24 h, and ground to a

fine powder using a rolling mill. Total S was measured by combustion on an
elemental analyzer connected to a Micromass Optima isotope ratio mass
spectrometer at the US Geological Survey (USGS) Menlo Park Stable Isotope
Laboratory in California. Sulfur content of the top 0.5 m was calculated using
the measured bulk density value of 1;100 kgm−3 to scale to the hectare.

Vine leaf and grape tissues were collected immediately prior to harvest on
August 11, 2007, freeze-dried, ground with a mortar and pestle, and total S
was determined by combustion, as described above. We used net primary
productivity data (35, 36) to scale total S contents of vine and grape tissues
to the hectare. These measurements take into account pruning of leaves
and clusters, and have been used in calculation of other regional nutrient
budgets (37).

Immediately prior to mowing on March 15, 2005, cover crop tissues were
harvested from 0.5 × 0.5 m quadrats (n ¼ 5) randomly located within the
study area. Samples were dried at 60 °C for 24 h, weighed to determine
dry mass per area, and subsamples were ground for analysis using a mortar
and pestle. Total S was determined by combustion, as for soil and vine tissues,
and dry biomass weights were used to scale total S to the hectare.

Across the study area, we installed both tension and zero-tension lysi-
meters below the majority of the rooting zone (at the soil textural contrast)
to capture solution losses during irrigation and storm events from 2005
through 2007. Tension lysimeters captured soil water from the soil matrix
during saturated conditions (i.e., long irrigation events and dormant season
storms) and zero-tension lysimeters sampled leachate—primarily preferential
flow—during irrigation events. Complete description of the hydrologic study
has been reported previously (23). Precipitation, irrigation water, soil water,
and leachate samples were frozen until analysis for SO4

2− on an IC and total S
on an inductively coupled plasma spectrophotometer at Stanford University.
All solution samples were prepared for δ34S of SO4

2− at the USGS (Menlo
Park, CA) using BaCl crystals to precipitate BaSO4, as described in Hinckley
et al. (23). The data were corrected to Cañ˜on Diablo Troilite (CDT) using stan-
dard material NBS-127 (at 21.3‰), along with two in-house standards, and
are reported here in delta notation (δ34S) in parts per thousand (‰).

To calculate total dissolved S (TDSu, SO4
2−-Sþ organic S) in leachate

collected during irrigation events, we assumed that zero-tension lysimeters
capture a representative TDSu concentration and solution volume and scaled
these values, as described in ref. 23. Losses during the 8-h irrigation were
calculated separately and added to this value. Soil water S mobilized during
the dormant season was calculated using the average TDSu value across all
saturated events multiplied by water export (Q). We determined water
export using the water balance equation:

Q ¼ P − ETA − ΔSM; [1]

and assumed that soil moisture storage, ΔSM, was the same at the beginning
and end of the dormant season period. Precipitation (P) and evapotranspira-
tion (ETA) data for this site are available online (22).

Inputs of S in irrigation and precipitation water were calculated as the
average TDSu concentration in each constituent multiplied by the total water
inputs (irrigation data supplied by the growers at the Napa, CA study site,
precipitation data by ref. 24). Growers at the Napa, CA study site supplied
S application data for the study period; total (i.e., cumulative over the grow-
ing season) S applications were consistent during the period of study.

Data are reported as mean� 1 SD, except where noted. Uncertainty was
propagated through the S budget calculations using the formula:

Sz ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðSxÞ2 þ ðSyÞ2 þ ðSqÞ2 þ ðSwÞ2 þ…

q
; [2]

where Sz is the total uncertainty, and Sx;y;q;w are the uncertainties associated
with each mean value in the expression.
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