A California Nitrogen Mass Balance for 2005

Appendix 4.2 Mass balance methods and data sources

Lead Authors:
D. LIPTZIN AND R. DAHLGREN

Contributing Author:
T. HARTER

This is an appendix to Chapter 4 of The California Nitrogen Assessment: Challenges and Solutions
for People, Agriculture, and the Environment. Additional information about the California

Nitrogen Assessment (CNA) and appendices for other chapters are available at the Agricultural

Sustainability Institute website: asi.ucdavis.edu/nitrogen

Suggested citation:

D Liptzin, RA Dahlgren, and T Harter. “Appendix 4.2: Mass balance methods and data sources for
Chapter 4: A California Nitrogen Mass Balance for 2005.” Online appendices for California Nitrogen
Assessment: Challenges and Solutions for People, Agriculture, and the Environment. TP Tomich, SB
Brodt, RA Dahlgren, and KM Scow, eds. Agricultural Sustainability Institute at UC Davis. (2016).
asi.ucdavis.edu/nitrogen.



CALIFORNIA NITROGEN ASSESSMENT

4.2 Mass Balance Calculations and Data Sources

The imports of new reactive nitrogen (N) for the statewide mass balance were fossil fuel
combustion, biological N fixation, synthetic N fixation, agricultural feed, and fiber. The exports
were gas/particle exports in the atmosphere, food exports, discharge of rivers to the ocean, and
discharge of sewage to the ocean. Storage terms include soils and vegetation, reservoirs, landfills,
and groundwater. We assumed no storage in the atmosphere. In addition to the calculations at
the statewide level, mass balances were calculated for various subsystems within California:
natural land, cropland, urban land, livestock, households, surface waters, groundwater, and the
atmosphere. In most cases, the flows in the subsystems could be estimated with one or more
independent approaches, but some flows could only be estimated by differences (e.g.,
groundwater in cropland).

For the calculations of flows in the three land-based subsystems, California was classified
into four main land cover classes: natural land, cropland, urban land, and water. An updated
version of the California Augmented Multisource Landcover (CAML) map was produced by the
Information Center for the Environment at the University of California — Davis (ICE 2006). The
base map layer of CAML was the 2002 Multi-Source Land Cover dataset produced by the
California Department of Forestry and Fire Protection (FRAP). This layer was the source for the
type of ecosystem vegetation in all of the natural land and also delineated surface waters. For
biome level estimates, the FRAP vegetation types were lumped into biomes based on the
California WHRI13 classes: barren, desert (desert shrub and desert woodland), forest (hardwood
and conifer), herbaceous, shrub, woodland (hardwood and conifer), water, and wetland. The
agricultural land was further subdivided into individual crops based on the class and subclass of
the polygons in the most current digitized county maps produced by the California Department
of Water Resources (DWR). For counties without digitized DWR maps, agricultural land was
identified based on the categories in the FRAP base layer, supplemented with crop information
from pesticide use reports produced by the California Department of Pesticide Regulation.
Urban areas were identified by combining the urban boundaries indicated in the California
Department of Conservation Farmland Mapping Program and urban land-use types in the 2001
USDA National Land Cover Dataset. The water pixels in CAML were divided into lakes,
reservoirs, and rivers in two ways: (1) areas identified as riverine and estuarine wildlife habitats
were categorized as rivers, while lacustrine wildlife habitats were categorized as lakes, and (2) in
pixels identified only as water, the spatial location of the pixel was compared to the USGS

National Hydrography Dataset (USDI 2013); if the pixel matched a lake or reservoir, the pixel
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was designated a lake or reservoir, otherwise the water pixel was considered a river. The final

map was produced at a 50 m resolution.

4.2.1 Fossil Fuel Combustion

Fossil fuel combustion produces NO,, NH3, and N,O as incidental by-products which are
tracked and regulated for different reasons. Nitrogen oxides are considered a criteria pollutant
and all of the anthropogenic sources of NO, included in the statewide inventory conducted by
the California Air Resources Board (ARB) and the US EPA were considered emissions. The
emissions from the 2002 EPA inventory (EPA 2007) were used for the calculations because that
dataset was the basis for the N deposition model described below. Ammonia is an unregulated
pollutant, but it has become part of the criteria pollutant monitoring program because of its role
in forming secondary fine particulate matter (PM,;) in the atmosphere as either ammonium
nitrate or ammonium sulfate. As with NOj, the 2002 EPA dataset was used to estimate NH3
emissions; however, only categories related to fossil fuel combustion (fuel combustion, highway
vehicles, and off-highway vehicles) were included. Finally, N,O emissions are not yet regulated,
but are estimated as part of greenhouse gas inventories by both ARB and the EPA. All “included”
fossil fuel combustion sources from the ARB inventory, regardless of sector, were used to
calculate fossil fuel related N,O emissions and an average for 2002-2007 was calculated.

While not necessarily exclusively from fossil fuel combustion, there is import of reactive
N to the atmosphere above California from outside the boundaries of the study area. Some of this
N will be transmitted completely through the state and this fraction will be ignored. However, we
estimated the import of this reactive N by assuming that the offshore N deposition rate would
occur across the entire state of California in the absence of any emissions from California. Based
on the atmospheric deposition rates generated by the Community Multiscale Air Quality
(CMAQ) model in areas off the coast of California as modeled by Tonnesen et al. (2007), the

current offshore deposition rate is 1 kg N ha! yr, split evenly between oxidized and reduced N.

4.2.2 Atmospheric Deposition

Atmospheric deposition was based on the results of Fenn et al. (2010). Their Geographic
Information System (GIS) map layer uses output from the CMAQ model based on 2002
emissions data. The CMAQ model results for most of the state were available from Tonnesen et
al. (2007) at a resolution of 4 km, but for northern and southeastern California only the 36 km

CMAQ output from the EPA was used to create a statewide map. In certain biomes, based on the
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availability of field measurements, the model output was replaced by measured deposition data.
Total N deposition was partitioned statewide on the various land-use types (natural land,
cropland, urban land) based on the land-cover map. However, as the composite statewide map in
Fenn et al. (2010) only provided total N, the ratios of oxidized to reduced and wet to dry N
deposition were calculated based on the area modeled by Tonnesen et al. (2007).

We assumed that storage was not possible in the atmosphere. Therefore, the export of
NOy and NH; was calculated as the difference between all inputs and N deposition. By the time
the export from California occurs, secondary reactions will have occurred in the atmosphere
such that NO, (NOx plus its oxidization products like HNOs; or organic nitrates) and NH, (NH;
plus the NH,*) better describe the forms of N. We assumed that all of the emitted N, and N,O

were exported from the study area.

4.2.3 Biological N Fixation

Biological N fixation is also discussed in Chapter 3. A variety of field measurements of biological
N fixation have been used including "N isotope methods, acetylene reduction, N accretion, and

N difference, which vary in their assumptions and limitations.

4.2.3.1 Natural Land N Fixation
Based on the USDA Plants database (USDA 2013), a total of 56 native and 34 non-native, non-

crop species are known to be symbiotic N fixers on natural land in California. However, field
measurements of rates and the relative abundances for most of these species are poorly known.
Therefore, we used three approaches, based on Cleveland et al. (1999), to estimate biological N
fixation in natural land. First, the biome areas calculated from the land-use map were multiplied
by the biome-specific N fixation rates compiled in this global synthesis of published rates. A
range in values was estimated using the biome-specific low, medium, and high percent cover
abundance of the N fixing species. Second, Cleveland et al. (1999) developed an empirical linear
relationship between biome-specific modeled values of actual evapotranspiration (ET) and N
fixation rates. The mean modeled statewide ET (provided by Q. Mu, University of Montana)
from 2001 (33.6 cm yr) was used because it was the only year when precipitation, modeled ET,
and cropland irrigation rates were available for the entire state. Third, we used a mass balance
approach. That is, we estimated all of the other N flows in and out of natural land, assumed

steady-state conditions (i.e. no change in N storage) and calculated N fixation by difference.
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4.2.3.2 Cropland N Fixation

Cropland N fixation rates were based on published species specific rates and harvested acreages.
The most comprehensive analysis of legume N fixation rates is a meta-analysis for Australia
described in Unkovich et al. (2010). These authors found highly variable rates, but a strong
positive relationship, between fixed N in aboveground tissues and productivity. This may help
explain, in part, the high variability in the published rates. The only crop included in this analysis
that is grown on a significant acreage in California was alfalfa where the empirical relationship
was aboveground fixed N (kg ha') = 18.2*Production (Mg ha) + 0.13. The rates for the other
leguminous crops grown in California (dry beans, dry and fresh lima beans, snap beans, and
clover), but not included in the analysis, were based on Smil (1999). We also include the fixation
rates for rice paddies reported by Smil (1999) associated with the cyanobacteria symbiotically
associated with aquatic ferns in the genus Azolla. Crop acreages for all legumes except clover
were calculated as the 2002-2007 average of the annual harvested acreages reported in the
statewide database of California Agricultural Commissioners’ reports (USDA NASS 2013).
Clover used to be planted widely in irrigated pastures, but now is estimated to compose only 10%
of the cover in these systems (M. George, personal communication). The acreage of irrigated
pasture was calculated as the average of the 2002 and 2007 Agricultural Census acreage for
irrigated pasture (see Table 10 in USDA 2004 and 2009)

4.2.4 Synthetic N Fixation

Synthetic N fixation is largely the result of the Haber-Bosch process, although a small amount of
ammonium sulfate is still produced as a by-product from coke oven gas during steelmaking
(Kramer 2004). This industrial process converts atmospheric N, to NH; at high temperature and
pressure with natural gas being the source of hydrogen and energy. National estimates of fixed N
are annually compiled by the United States Geological Survey including national production,
imports and exports. Fixed NH3 is the feedstock for essentially all synthetic N fertilizers as well as
a variety of industrial N-containing chemicals and explosives (Kramer 2004). Less than 2% of the
national explosives use occurs in California because of the limited amount of mining (USDI
2000). Ammonium nitrate/fuel oil mixtures are the dominant form of explosives, but we
assumed that the N emissions from their use was N, gas. Therefore explosives were not

considered as part of the budget.
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4.2.4.1 Non-Fertilizer Synthetic Chemicals

Non-fertilizer use of some individual compounds can be tracked, but as a whole it is typically
calculated as the difference between total NH; fixation and fertilizer use. Other common non-
tertilizer uses include synthetic chemicals, such as melamine, nylon, plastics (e.g., acrylonitrile
butadiene styrene), and polyurethane (Table A4.2.1). Several estimates of synthetic N
consumption are available, but the Kramer (2004) estimate was used because it breaks down the
non-fertilizer N consumption most completely (Table A4.2.2). The national total for non-
fertilizer consumption of N was 1,722 Gg N yr! (Kramer 2004). Excluding synthetic N for
explosives, 567 Gg N yr! of non-fertilizer N was consumed nationally in 2002 (Kramer 2004).
We scaled the national estimate to California based on the mean 2002-2007 population of
California (35.6 million) and the United States (295 million) from the United States Census
Bureau (2013). We used the United States Census as opposed to the California Department of

Finance population estimate in order to make the most consistent estimate of California’s

proportion of the United States population. Most of these synthetic forms of N are assumed to be

long-lasting chemicals, which become part of infrastructure and household items and eventually
are disposed of in landfills (Table A4.2.1). One chemical class that is poorly tracked is N-
containing compounds found in many common household products, such as surfactants and

detergents that end up as part of the wastewater stream.

TABLE A4.2.1. Major Non-Fertilizer Uses of Synthetic Nitrogen in the United States. Source: Domene and Ayres
2001.

Compound N (Ggyr') Enduse

Acrylonitrile 173 Acrylonitrile Butadiene Styrene
Caprolactam 86 Nylon

Hexamethylenediamine 203 Nylon

Isocyanates 90 Polyurethane

Melamine 54 Laminates and surface coatings
Urea 180 Resins

Adipic Acid' 185 Nylon Manufacturing

Methyl methacrylate® 102 Acrylic glass manufacturing

'NOj, N;O, and N, emissions from the reduction of nitric acid are a byproduct of adipic acid synthesis,
but nitrogen is not a component of the product.

*Ammonium sulfate, typically used as fertilizer, is produced as a by-product of methyl methacrylate
synthesis.
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TABLE A4.2.2. Synthetic Nitrogen Consumption (GgN yr™) in the United States. Where possible, non-fertilizer
consumption was partitioned into explosives, plastics and synthetics, and other uses.

Source Year Fertilizer Non- Explosives  Plasticsand  Other
fertilizer synthetics

Kramer 2004 2002 11,636 1,565 998 491 76

UN FAO 2010 2002 10,945 4,277

Domene and Ayres 2001 1996 11,297 3,020 557 786 1677

4.2.4.2 Synthetic Fertilizer

Fertilizer sales, not necessarily fertilizer use, have been reported annually since the 1950s in the
tonnage reports of the California Department of Food and Agriculture. These data are identical
to the California data compiled by The Fertilizer Institute as part of their national survey. To
prevent duplication, reporting of sales is supposed to occur when a licensed fertilizer dealer sells
fertilizer to an unlicensed purchaser. The data are collected as tonnage of fertilizing materials and
are converted to tons of nutrients based on the reported fertilizer grade. Fertilizer use was
assumed to be on average equivalent to fertilizer sales at the state level. Because of uncertainty in
these data starting in 2002, we used the average synthetic fertilizer sales for 1997-2001.

Synthetic fertilizer use was first partitioned between agricultural and urban (i.e. turfgrass)
use based on data provided by the Scotts Miracle-Gro Company. Annually, an estimated 2.7
million tons of fertilizer is applied nationally to turfgrass. It is divided equally between
homeowner use, commercial application to home lawns, and golf courses/athletic fields. This
fertilizer tonnage was converted to N tonnage based on the typical N grade of lawn fertilizer
(29%) based on the popular Scotts Turf Builder product. The national estimate was scaled down
to California using remote-sensing based estimates of turfgrass acreage. California contains
11,159 km? of turfgrass, or 6.8% of the total national turfgrass acreage (Milesi et al. 2005). The
Scotts Company was willing to share their sales figures for the state and reported sales of 4 Mg N
sold in 2005 for the do-it-yourself homeowners market. Their research suggests that they supply
approximately half of the do-it-yourself homeowners market.

Synthetic fertilizer use for cropland was calculated separately for ornamental horticulture
and other crops. The amount used for environmental horticulture was based on the acreage of
open grown commodities in the USDA Census of Agriculture, an annual irrigation rate of 2 m

water yr', and a N concentration of 100 ppm N assuming no recycling of N in irrigation water
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(R. Evans, personal communication). Sod farms were assumed to use 400 kg N ha (R. Green,
personal communication).

Synthetic fertilizer use on other crops was calculated by subtracting urban and
environmental horticulture use from the total sales. Fertilizer use can also be validated based on
crop-specific recommendations. Current (since 1999) fertilization rates by crop were extracted
from UC Davis cost studies and the USDA Chemical Use Surveys and the two data sources were
averaged (see Chapter 3 for further details on data). The fertilization rates were combined with
the crop-specific acreages reported in the statewide Agricultural Commissioners dataset to
calculate a total fertilizer recommendation that could be met with synthetic fertilizer or manure.
Any difference between the calculated fertilizer use and the synthetic fertilizer sales for these

crops indicates fertilization needs met by manure.

4.2.5 Agricultural Production and Consumption: Food, Feed, and Fiber

The production and consumption of food, feed, and fiber involve the majority of N flows in
California. The N tonnage of all agricultural products, with the exception of wood products and
ornamental horticulture, was calculated from production data compiled by the county
Agricultural Commissioners (USDA NASS 2013). The 253 crop commodities in the database
were consolidated into 121 classes based on similar characteristics. The 2002-2007 average N
tonnage was calculated by matching each crop class to the most similar crop in the USDA Crop
Nutrient Tool (USDA 2013). This database, which is the most comprehensive source of its kind,
is a compilation of the nutritional content of crops from a variety of published sources, but most
of the sources are at least several decades old. The only commodity not present in the database
was olives whose nutritional information was based on the 2009 USDA National Nutrient
Database for Standard Reference (USDA ARS, n.d.). Commodity boards in the state were
contacted to determine if they had more recent and California-specific data, but only the
Almond Board of California provided information. The following crop classes were considered
feed crops: alfalfa hay, almond hulls, grain and silage corn, cottonseed, non-alfalfa haylage, small
grain hay, grain and silage sorghum, tame hay, and wild hay.

Consumption of agricultural products was based on the population of humans,
household pets, and livestock in the state. The average population of California during the period
2002-2007 was 35.6 million. The consumption of food was calculated in two ways. First, on
average from 2002-2007, the national per capita food availability was 6.5 kg N yr' (USDA ERS
2013). Second, per capita N consumption varies globally, but in the United States, 5.0 kg N yr is

typical (Boyer et al. 2002). The waste of food by retailers, food service, and consumers has been
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estimated at 27%. Combining food waste with food consumption leads to a per capita demand of
6.4 kg N yr', almost identical to the USDA Economic Research Service (USDA ERS 2013)
estimate of food availability. Thus, a per capita value of 6.4 kg N yr was used to calculate human
food supply. Household pet populations were determined from the American Veterinary
Medical Association (AVMA) survey of pet ownership (AVMA 2007)). Total household pet food
consumption was based on an average body mass of dogs and cats (Baker et al. 2001) and daily N
intake requirements (NRC 2006).

Nursery and floriculture N harvest was based on annual biomass production of 750 kg N
ha' (R. Evans, personal communication) and the average of the reported acreage from the 2002
and 2007 USDA Census of Agriculture for all open grown horticultural commodities. We
assumed that there was no net export of horticultural commodities. Based on the value of sales
reported in the 2009 Census of Horticultural Specialties (USDA 2010), California produced 20%
of the total national horticultural specialty crops. However, of the nursery and annual
bedding/garden plants (which likely contribute the most to harvested N), California only
produced 14%, similar to the state’s proportion of the national population (12%).

The N tonnage of lint cotton, the only fiber commodity harvested on cropland, was
calculated identically to the food crops. Annual cotton consumption for the population of
California from 2002-2007 was on average 1 Mg cotton (USDA ERS 2013). The wood harvest in
California in 2004 was 56 million m* (Morgan et al. 2004). This was converted to N production
based on the specific gravity (0.5 g cm™) of Douglas fir (Pseudotsuga mencziesii), and a typical
wood N content (excluding bark) of 0.15% (Cowling and Merrill 1966, USDA Forest Service
1999). The consumption of wood for California was based on the national per capita estimate of
67 ft® per year of wood products scaled to the 2002-2007 average population of 35.6 million. This
volume was converted to N tonnage with the same factors as the volume of wood harvested.

Livestock feed was determined based on animal populations and dietary needs. For non-
cattle livestock that are raised for meat (broilers, turkeys, pigs), the population was the average of
the 2002 and 2007 USDA Agricultural Census quantity of animals sold. The feed requirements
for these types of livestock were estimated on a grow-out basis (Van Horn 1998). For dairy cattle,
steers, and layers the population estimates were the 2002-2007 average of the USDA National
Agricultural Statistics Service annual year-end inventory. All beef cows, beef replacement heifers,
and all calves were assumed to be grazed on rangelands. We assumed that all dairy cattle were on
feed, as more than 95% of the dairy cows were located in the counties of the Central Valley or in
the Chino Basin (USDA NASS 2012) where confinement is the typical practice. The feed

requirements for dairy cows were from Chang et al. (2005) with the assumption that for one-
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sixth of the year the cows were dry. The feed requirement for dairy replacement heifers was based
on a 440 kg Holstein heifer (ASAE 2005). Although horses are included in the USDA
Agricultural Census, this survey underestimates their population because it excludes animals that
are not working animals. Instead, the horse population was based on the AVMA (2007) survey of
pet populations and N intake requirements were from NRC (2007). Unlike dogs and cats, the
horse population was estimated regionally: the California horse population was estimated
assuming that the number of horses per household was the same across the entire Pacific region
(Washington, Oregon, and California). In addition, there is anecdotal evidence that horse owners
in California feed alfalfa to horses in the state because it is perceived to be higher quality feed (C.
Stull, personal communication). A diet of 100% alfalfa feed with the suggested dry matter intake
would provide 50% more N to horses than is needed.

Livestock-based food production (milk, eggs, meat) was based on 2002-2007 average
production estimates from USDA annual surveys with the exception of broilers which were the
average production from the 2002 and 2007 USDA Agricultural Census (USDA 2004, USDA
2009). The N content of various products was from NRC (2003), except that turkey N content

was assumed to be the same as broilers (Table A4.2.3).

Product N content (%)  TABLE A4.2.3. Assumed Nitrogen Content of Animal
Hogs, beef ) Products.

Milk 05 Source: NRC 2003.

Eggs 1.8

Broilers, turkeys 23

4.2.6 Manure Production and Disposal

Manure production was calculated based on the populations used for feed requirements and
animal-specific excretion rates. For dairy cows, excretion was 169 kg N head™ yr™ for lactating
cows and 81 kg N head! yr for dry cows (Chang et al. 2005). It was assumed that all cows were
dry for one-sixth of the year and lactating for five-sixths of the year resulting in an average
manure production of 208 kg N head™! yr. Dairy replacement heifers excreted 43 kg N head™ yr*
(ASAE 2005). Excretion rates for beef steers, pigs and poultry were based on Van Horn (1998).
Horse excretion was assumed to be equivalent to feed intake (i.e. what was consumed was
excreted). As with the calculations for feed intake, we assumed that all beef cows, replacement

heifers, and calves were permanently on range with insignificant N inputs and outputs.

APPENDIX 4.2 MASS BALANCE METHODS AND DATA SOURCES 10



CALIFORNIA NITROGEN ASSESSMENT

Manure N from confined animals was either leached to groundwater from the animal
facilities, emitted to the atmosphere, or applied on cropland. The leaching of manure N was
based on the amount of dairy manure N produced and the fraction leached from facilities
reported by van der Schans et al. (2009). One source of data for livestock NH; emissions was the
2005 EPA NH; emission inventory for California (EPA 2008). A second method to estimate NH3
emissions was multiplying the manure production estimates described above by animal-specific
NH; emission factors from EPA (2004). Nitrous oxide produced prior to land application of
manure was based on the average for the 2002-2007 manure management subsector of the ARB
greenhouse gas inventory (CARB 2013). There are few quantitative estimates of N, emissions
from the housing and production portion of dairies, but they are suggested to be small (Rotz
2004).

The predominant source of manure produced in California is confined dairies. The N
content of solid and liquid excreta from dairy cattle is well established. However, the manure
that is applied to cropland in solid and liquid form represents a mixture of N from urine and
feces diminished in magnitude by volatilization and leaching. There are no data currently that
would allow for partitioning the manure applied on and off dairies into solid and liquid form.
However, if the nutrient management plans required by the Central Valley Regional Water
Quality Control Board become publically available, they will be an invaluable resource for
understanding N flows in the dairy-forage system. The manure from pigs, poultry, feedlot beef

cattle, horses, and sold dairy manure was also assumed to be applied to cropland.

4.2.7 Household Waste Production and Disposal

Per capita N availability nationally for 2002-2006 was reported as 110 g protein day™ or 6.4 kg N
yr* (USDA ERS 2013). Statewide per capita N consumption (4.9 kg N yr') was estimated based
on actual protein consumption reported for various demographic groups and the populations of
these groups in the United States Census for 2003-2007 following Baker et al. (2001). The
consumed N was assumed to end up as sewage N. The difference between available food (228 Gg
N) and food consumption (174 Gg N) was assumed to be waste. This 54 Gg N, or 23%, in waste is
close to the 27% food waste reported at the retail and consumer level (Kantor et al. 1997). Food
waste has several potential fates: down the sink to wastewater, composted and applied to urban
land or cropland, and disposed in landfills. While the number of communities collecting
household green waste is growing, we assumed that food waste went to landfills.

The tonnage of N discharged as wastewater without advanced treatment in areas with

centralized sewage was calculated directly from measurements of wastewater N effluent. A list of
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facilities classified as wastewater dischargers was obtained from the State Water Resources
Control Board’s (SWRCB) publically available database, the California Integrated Water Quality
System (CA SWRCB 2013). This list was supplemented based on manually examining the list of
dischargers without a category or those in the ‘other’ category. In addition, effluent discharge,
and in many cases effluent N concentrations, was obtained. An empirical relationship was
developed between design flow, which is included as part of the SWRCB facility database, and the
discharge of NH; for all of the facilities in the state that serve more than 100,000 people. Like the
SWRCB, we refer to the sum of NHs; and NH,' in effluent as NH;. In addition, NH;
concentration and flow data were available electronically for facilities within the San Francisco
Bay Regional Water Quality Board. Because the flow and N tonnage varied by more than 5 orders
of magnitude, a log-log relationship was used with a polynomial fit (Figure A4.2.1). While NH3 is
the only N constituent commonly measured in effluent, in a few cases, organic N and/or NO;"
were also monitored in facilities with no N treatment and they were <10% of the total N load. A
minor amount of the N loading to wastewater treatment is from sink disposals and household

chemicals (e.g., Baker et al. 2007), but these are typically insignificant sources of N.
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Water Resources Control Board. Population served is also a strong predictor of nitrogen discharge, but is not
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necessarily reported as part of the Waste Discharge Requirements. The data points represent the mean value for each
facility from data available for 2002-2007. The facilities chosen for this analysis included all of the large treatment
plants in the state (population served >100,000) as well as all of the treatment plants in Region 2 because it is the

only region with an electronic database of monitoring data.

The level of treatment in the known facilities was determined based on three data sources.
First, the orders issued by the Regional Water Quality Control Boards were examined for the
facilities with large (>10 mgd) flows. Second, data on treatment level were compiled as part of a
brine survey by the United States Bureau of Reclamation for coastal areas of southern California
(USDI 2009). Third, the SWRCB wastewater user survey contains information on the treatment
level of sewage agencies (CA SWRCB 2008). This database was matched based on the agency
name in the California Integrated Water Quality System database. In some cases these databases
disagreed, often because some facilities have a small water reclamation capability with advanced
treatment, but the majority of the flow receives no advanced N removal treatment. In cases where
the databases disagreed, the orders were assumed to be correct, followed by the United States
Bureau of Reclamation report, followed by the SWRCB wastewater use survey. Facilities with no
information were assumed to have no advanced treatment. The average N load removed from
these facilities with advanced treatment was ~50% based on dividing the median inorganic N
(NH; + NOs") concentration of the facilities with treatment by the median NH3 concentration of
facilities without treatment. Dissolved organic N is rarely measured by itself and was assumed to
be a minor portion of the flow and unaffected by treatment. The decrease in inorganic N
associated with advanced N removal was assumed to be converted to N, gas through
denitrification.

The fate of discharged wastewater N was based on the permit type and facility location.
Facilities with a National Pollutant Discharge Elimination System permit were assumed to
discharge to surface water and are regulated by the United States EPA and subject to the federal
Clean Water Act. Facilities with a NON15 Waste Discharge Requirement Program, regulated by
the SWRCB, were assumed to discharge to land. If a facility had both permit types, the discharge
was assumed to go to surface water. For facilities with National Pollutant Discharge Elimination
System permits, the surface water body receiving the effluent is listed as part of the permit. In
many cases, the receiving water body was the Pacific Ocean. In addition to facilities discharging
directly to the ocean, facilities that discharged to San Francisco Bay, San Pablo Bay, Carquinez
Strait, or Suisun Bay (as well as Sacramento and Stockton which discharge downstream of the
river gauging stations on the Sacramento and San Joaquin Rivers) were also included in

calculations of wastewater discharge to the ocean. In some cases, land applied effluent is applied
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to fields growing crops, while in others it is applied to the surface of recharge basins. However,
we assumed that all wastewater N discharged to land would flow completely to groundwater with
no gaseous outputs or plant uptake after application. To calculate the N load in rivers associated
with sewage discharge, a point vector layer of the georeferenced facility addresses was created
and joined with the polygon layer of major (>1000 km?) watersheds in the state based on the
United State Geological Survey Hydrologic Units in ArcGIS.

In addition to dissolved forms of N in effluent, wastewater treatment also results in the
production of waste biosolids and gaseous forms of N. The two most common uses for the
treated solids, or biosolids, are application as an organic amendment to soils, often in degraded
areas, or use as an alternative daily cover in landfills. We assumed that all of the biosolids were
used on urban land equally split between land application and landfills. The tonnage and fate of
biosolids in the state were estimated by the California Association of Sanitation Agencies. The
biosolids N content was assumed to be 3% (Tchobanoglous et al. 2002).

A small fraction of the wastewater N is emitted as N,O during treatment, which is tracked
as part of the statewide greenhouse gas inventory by both the California ARB and the United
States EPA. In addition, N, can be produced most commonly in facilities that promote
nitrification followed by denitrification during advanced wastewater treatment. Emission as N,
would be expected during advanced secondary or tertiary treatment (see above for calculations),
but we assumed that no N, was emitted in the absence of advanced N removal treatment.

According to the 1990 United States Census (United States Census Bureau 1992),
approximately 10.4% of households in California were not on centralized sewage systems and the
percentage with on-site waste treatment (i.e. septic systems) was essentially unchanged in 1999
(TCW Economics 2008). Based on Lauver and Baker (2000) we assumed that the N removal
efficiency was 9%, which is already accounted for in the flow of biosolids from wastewater
treatment plants. We assumed that the other 91% of the N from septic systems leached to
groundwater.

Households produce other forms of N-containing waste besides sewage. Food waste was
described earlier in this section, but a fraction of household and yard waste is disposed of in
landfills. Surveys of the materials transported to landfills are conducted periodically by the
California Department of Resources Recycling and Recovery. Landfill N disposal was calculated
based on the tonnage of organic materials and their N content (Table 4.10 in CNA).

Household pet waste and feed intake requirements were calculated based on the average
body mass of dogs (20 kg) and cats (3.6 kg) (Baker et al. 2001, NRC 2006)). Feed intake

calculations assumed that all feed intake was excreted. Populations of dogs and cats for 2006 were
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taken from AVMA (2007). We follow the approach of Baker et al. (2001) by assuming that 100%
of dog waste and 50% of cat waste is added to urban soils. Ammonia emissions from dog (24%)

and cat (12%) waste were from Sutton et al. (2000).

4.2.8 Gaseous Emissions

Gas emissions were tracked by individual gas (NOx, N,O, N,, NH3) for all sources. Fossil fuel
combustion (section 4.2.1), upwind sources (section 4.2.2), manure (section 4.2.6), wastewater
(section 4.2.7), and surface waters (section 4.2.9) all emit one or all of these gases, but are
described elsewhere. This section provides the methods for gaseous emissions from soils and
forest wildfires.

Total N volatilization during natural land fires was estimated as the product of average
annual acreage burned (H. Safford, personal communication) and an average areal N emission
rate of 100 kg N ha! during fires (Johnson et al. 1998). The emission of NO, and NH3 from fires
was based on the 2005 EPA National Emission Inventory (EPA 2008) while N,O emissions were
determined to be an insignificant flow based on the ARB greenhouse gas inventory (CARB 2010).
The balance of the volatilized N was assumed to be N,.

Ammonia emissions for natural land soils were estimated from the biome-specific rates
modeled by Potter et al. (2003) for California and extrapolated to the entire state based on the
land cover map. Statewide emissions of NO and N,O from soils on natural land were scaled up
with the land cover map using the average of published sources reporting typical biome-specific
rates (Table 4.5 in CNA).

For cropland, unlike the natural land biomes, we also compiled published estimates of
gaseous emissions in California. The only source of field NO emissions in California was the
average daily flux of all crops reported in Matson et al. (1997). For N,O, the median rate was
calculated across all crops and management practices for N,O emissions for California published
in the last decade (Appendix 4.1). A second unique approach for estimating N,O emissions from
cropland combined the estimate based on an emission factor for fertilizer with background
emissions unrelated to fertilizer use. We assumed a direct emissions factor of 1% for both
synthetic fertilizer and manure applied to cultivated cropland based on the ARB methodology in
the greenhouse gas inventory (CARB 2010). However, we also include a background soil
emission rate of 1 kg N ha! yr' (Stehfest and Bouwman 2006) in order to estimate total N,O
emissions and not just anthropogenic emissions. This background rate is higher than most
natural ecosystems, but there are no current estimates of N.O emissions in California cropland

soils that don’t receive fertilizer. For both cropland and natural land, N, emissions were based on
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the mean N;:N,O ratios reported for natural land (1.03) and cropland (1.66) (Schlesinger 2009).
Cropland NH; emissions for synthetic fertilizer were based on the direct emissions factor
reported in Krauter et al. (2006). On average, across the range of fertilizer types and crops with
varying agronomic practices that were studied, 3.2% of applied synthetic fertilizer was volatilized
as NH;, but emissions ranged from 0.1 to 6.5% of applied fertilizer. Based on the crop mix in
California, Krauter et al. (2006) suggested that the actual emission factor was only 2.4%. While
the emission factor for urea can be significantly higher, most other fertilizers are reported to have
an emission factor of less than 5% (Battye et al. 2003). Using the values in Battye et al. (2003) and
the reported sales of fertilizer in California during the study period, the emissions factor ranges
from 4% to 5%. Ammonia emissions associated with manure application on cropland were based
on the reported values for each class of livestock in EPA (2004), ranging from 3% for beef cattle
to 15% for poultry.

For urban land, gaseous emissions were assumed to occur only from turfgrass soils
related to fertilization. Gaseous emissions were based on data compiled in Petrovic (1990) on the
direct emissions of fertilizer N. The median fraction of fertilizer that volatilized as NH; or was
denitrified in turfgrass areas was calculated for all the reported data. Total emissions were

calculated based on the total synthetic N fertilizer use in urban areas.

4.2.9 Surface Water Loadings and Withdrawals

Only 55% of California’s land area drains to the ocean. This area does not include the Tulare
Basin, which is now essentially a closed basin because of water management. The only point
source of N to surface waters was the discharge of wastewater effluent as described in Section
4.2.7. We did not include any discharge of food processors to surface water. These facilities are
regulated by Regional Water Quality Control Boards in either the stormwater program or in the
wastewater program. To get a sense of the potential for discharge to surface water from food
processors, we calculated total N discharge for the 162 facilities in the Central Valley included by
HydroGeoPhysics Inc. as part of the Hilmar Supplemental Environmental Project
(HydroGeoPhysics 2007). While many facilities do not have monitoring data, the sum of the
loading from those that do was ~ 2 Gg N yr'. Because of the lack of complete data for these
discharges, we do not include them in the calculations. We estimate atmospheric N deposition
on surface water bodies by summing the modeled CMAQ deposition (described in Section 4.2.2)
for all of the surface water pixels in the land-use map.

Total loading to surface water from non-point sources was calculated based on the export
coefficients for cropland (ECc = 11.9 kg N ha! yr'), natural land (ECx = 2.4 kg N ha! yr'), and
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urban land (ECy = 9.3 kg N ha! yr') (Wickham et al. 2008). To check if these values were
reasonable for California, we calculated export coefficients for 25 of the subwatersheds of the San
Joaquin and Sacramento Rivers in the Central Valley measured by Kratzer et al. (2011) and the
area of cropland, urban land, and natural land from our land-use map; we excluded two
drainages as outliers (Colusa Basin Drain and Sacramento Slough). Using the Solver function in
Excel, we calculated the best fit EC¢, ECy, and ECx for the Central Valley. We then solved for the
export coefficients by minimizing the sum of the squared difference between the measured and
predicted yields with the predicted yield calculated as ECc* % Cropland + ECy * % Urban Land
+ ECx * % Natural Land. Similar to Wickham et al. (2008), we estimated ECc = 14.2 kg N ha! yr’
LECn=1.6kgNha'yr! and ECy =7.0 kg N ha' yr.

The N loading to the ocean was estimated in two distinct ways. First, for the major
watersheds (>1000 km?) where measured N discharge has been reported, we used the measured
values from Sobota et al. (2009), Schaefer et al. (2009), and Kratzer et al. (2011). In watersheds
where measurements had not been made, we used adjusted estimates from the export
coefficients. The export coefficients provide a means to predict N loading to surface water, but
not necessarily the N discharge to the ocean because of gaseous emissions and sedimentation in
reservoirs. We calculated the log-log relationship between the measured values and predicted
values for the eight watersheds with measured data. We used the regression of this relationship
log [ (Measured N) = 0.5685 * log (Predicted N) + 1.2991 (R?=0.71) ] for these ungauged
watersheds to adjust the predicted N discharge from the export coefficients to predict the actual
discharge of N. We report the values predicted by the export coefficients, the adjusted values
predicted by the export coefficients and the measured values for the watersheds in the state
(Table 4.15 in CNA). Nitrogen loads for the urbanized areas in the San Francisco Bay watershed
and along the southern coast from Santa Barbara to the Mexican border were estimated in Davis
et al. (2004) and Ackerman and Schiff (2003), respectively. However, in both cases the estimates
are for stormwater inputs of inorganic N only, so they likely underestimate the total N load.

Water withdrawals for irrigation were considered an output from the surface water
subsystem. The volume of water for irrigation was based on Hutson et al. (2004), which reported
26*10" L yr! withdrawn for California in 2000. An average of 7.8%¥10'* L yr of this water was
pumped from the Delta from 2000-2004. The water pumped from the Delta was not included in
the surface water mass balance as it was actually considered a N import to the state because of the
location of USGS river gauges. That is, for the purposes of our N budget, the Delta pumps are
located outside of the study area, so that the dissolved N in this water is considered a N import to

the state. The water quality at the Harvey O. Banks Pumping Plant (Station number KA000331),
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where water is pumped from the Delta, was historically monitored each month (CA DWR 2013).
The total N concentration for 2002-2007 was on average ~1 mg N L, and was split almost evenly
between nitrate and dissolved organic N. The N concentration was assumed to be the same for
the 18.2*10" L yr! withdrawn from other surface water bodies in California. A smaller volume of
surface water was withdrawn for domestic use (4.6*10" L yr'): we ignored this flow as the
majority of this water is used for indoor residential and industrial use which would likely be
accounted for in wastewater effluent to surface water or the ocean (Gleick et al. 2003).

Gaseous outputs from surface water were only significant in the form of N, and N:O,
predominantly from denitrification. For rivers, gas emissions were estimated based on the areal
rates of 2.8 kg N,O-N ha' (Beaulieu et al. 2011) and 51 kg N,-N ha" yr! (Mulholland et al. 2009).
The gaseous emissions from lakes and reservoirs were also based on these sources given the
similarity in denitrification rates in rivers and lakes reported in Seitzinger et al. (2006). The
acreage of rivers, lakes and reservoirs was based on a comparison between the USGS National
Hydrography Dataset and the CAML land-use map. Waterbody pixels in the land-use map not
identified as lakes or reservoirs in the USGS dataset were categorized as rivers.

The burial of N in lake and reservoir sediments was considered surface water storage and
was estimated by difference for the purposes of the mass balance. However, there are two
potential independent approaches to calculating the amount of N retained. The first provides an
estimate for just reservoirs, and the second, for both lakes and reservoirs. First, the total volume
of sediment in all California reservoirs was estimated by Minear and Kondolf (2009). Based on
the reservoir age, an annual sedimentation rate was calculated. The annual rate of N
sedimentation was calculated by assuming a bulk density of 1 g cm™ (Verstraeten and Poesen
2001), a carbon content of these sediments of 1.9% (Stallard 1998) and a C:N ratio of 10 (Vanni
et al. 2011). Second, Harrison et al. (2008) estimated that a global average of 306 kg N ha™ yr
was retained in reservoirs. These authors also estimated that lakes retain ~30 kg N ha! yr'. The
total annual N retention was calculated from the area of reservoirs (180,000 ha) and lakes
(350,000 ha) in the state by partitioning the National Hydrography dataset. The difference
between retention and denitrification as calculated above provides an estimate of burial in

sediments.

4.2.10 Groundwater Loading and Withdrawals

Groundwater inputs included leaching from septic tanks and wastewater treatment discharge
(Section 4.2.7), cropland soils, and natural land soils. For cropland, leaching to groundwater was

calculated in two ways. First, the average NO;™ concentration in water leached below the rooting
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zone in crop soils was calculated from a compilation of California literature (See Chapter 7 for
details on data). The N concentration (38 mg N/L) was multiplied by the total volume of
recharge in agricultural regions, where the majority of groundwater recharge occurs. All of the
recharge was assumed to occur in the Central Valley (9.6%10" L; Faunt 2009), Salinas Valley
(2.3*10" L; Montgomery Watson 1997) and Imperial Valley (3.0*10" L; Montgomery Watson
1995) groundwater basins. Second, the median fraction of applied fertilizer that leached was
calculated from a compilation of California literature (see Chapter 7 for further details on data).
This fraction (38%) was multiplied by the sum of statewide fertilizer use in cropland (synthetic
fertilizer + manure). In natural land, groundwater inputs were assumed to occur only in areas
lacking drainage to the ocean. Leaching inputs in the driest portions of the state which occur in
closed basins have been estimated based on the N stock in the subsurface that has accumulated
over millennia. The annual N flow was calculated as the product of a leaching rate of 0.6 kg N ha-
'yr! (Walvoord et al. 2003) and an area of 18 million ha. Leaching from turfgrass was estimated
as the median of the fraction of applied fertilizer that leached as summarized by Petrovic et al.
(1990).

Groundwater outputs were only from water pumped from the ground. Nitrogen removal
from groundwater was calculated as the product of groundwater volume withdrawn and average
groundwater N concentration. The volume of groundwater withdrawal was reported in both
Hutson et al. (2004) and CA DWR (2003). However, we used the former for the calculations
because it partitioned use into municipal vs. irrigation and also provided estimates of surface
water withdrawals. N concentrations were calculated as the average of all wells available in the
USGS Groundwater Ambient Monitoring and Assessment and EPA STORET databases for the
years 2002-2007 available on the Geotracker website (CA SWRCB, n.d.).

We calculated groundwater denitrification in three ways. (1) We estimated N inputs to
groundwater since 1940 and used literature values for the half-life of N to estimate denitrification
losses. Green et al. (2008) report a half-life of 31 years at one site near Merced. These authors
found limited evidence for denitrification in aquifers below cropland soils in California, with
50% N removal in groundwater after 31 years. This represents a loss rate of 2.3% yr'. A second
estimate of the half-life can be made from the *H/He and N, excess reported in Landon et al.
(2011). The data from this study, which covered a much larger area of the Central Valley, would
result in a half-life of 80 years or a loss rate of only 0.9% yr' (C. Green, personal
communication). Because of the more regional nature of this study, we chose the value calculated
from Landon et al. (2011). We assumed that groundwater recharge of N has increased linearly

since 1940 with only 10 Gg N of natural inputs occurring prior to 1940. We chose this starting
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date based on the trend in fertilizer use (sales of synthetic fertilizer plus dairy manure since
1980). Manure production was assumed to start in 1980 because dairies had largely transitioned
to confined feeding by then. Manure production was calculated based on milk production
reported by USDA NASS (2012) with an assumed efficiency of 25%. Manure applied as fertilizer
was calculated assuming 38% of manure production was volatilized. The x-intercept of the
fertilizer-time relationship was 1940. Finally, groundwater N extraction was assumed to be zero
in 1940 and increased linearly to 2005. Starting in 1940 10 Gg N was leached, 0 Gg N was
extracted, 0.23 Gg N was denitrified, and 9.67 Gg N was stored. This process was assumed to
continue with 0.9% of the annual input plus the groundwater storage denitrified annually. (2) We
used the product of a concentration-based denitrification rate and the total volume of
groundwater. Liao et al. (2012) reported denitrification in Merced County to be 0.2 mg N L yr.
Based on the data in Landon et al. (2011), a more regional value of groundwater denitrification
was estimated to be 0.04 mg N L yr. The volume of recharge water contaminated with N was
assumed to be constant between 1940 and 2005 and was estimated the same way as for
determining the load of N leaching from soils. (3) We used the average proportion of
groundwater N inputs that were denitrified as reported for Europe (46%; Leip et al. 2011) and
globally (40%; Seitzinger et al. 2006). The groundwater denitrification was the average of the
three independent estimates.

We assumed that the net N exchange between groundwater and surface water was
essentially zero. For the Central Valley aquifer, if anything, the flow of water (0.2¥10' L yr)
moves from surface water to groundwater (Faunt 2009). At a N concentration of 1 mg N L as
measured in the Delta representing the water in the Sacramento and San Joaquin rivers, this
represents an insignificant flow of N. Nitrogen storage was calculated as the difference between

inputs and withdrawals.

4.2.11 Storage

Storage in cropland and natural land subsystems was calculated by difference. That is, storage
was equal to the difference of N flows in and out. This storage could occur in either soils or
perennial vegetation. Storage in urban systems has three components. First, landfills are
considered storage and the methods of calculating N flows to landfill are described in Section
4.2.7. Second, land (soils + vegetation) storage was calculated as the difference between inputs of
fertilizer, atmospheric deposition, and dog waste and the outputs in the form of soil gaseous
emissions and surface runoff. Finally, other storage was calculated as the difference between

synthetic chemical and wood N inputs and landfill N storage.
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The storage terms calculated for the surface water and groundwater subsystems are

described in Sections 4.2.9 and 4.2.10, respectively.

Box A4.2.1 The Haber-Bosch process and cropland nitrogen

Synthetic fertilizer, which is almost exclusively produced by the Haber-Bosch process, is the
largest source of N to cropland. However, Haber-Bosch derived N is not limited to the annual
application of synthetic fertilizer. The N in applied manure also originates in part from feed that
was grown with synthetic fertilizer and in part from biological N fixation by alfalfa. Of the 537
Gg N yr! needed to feed livestock, 170 Gg N yr of the feed was in the form of alfalfa, Thus,
alfalfa contributed 30% of the N supply in livestock feed, and presumably an equivalent fraction
of manure N. The remaining manure (184 Gg N yr') presumably originates as Haber-Bosch N. A
large fraction of the biosolids applied to cropland also comes from Haber-Bosch N. The N
applied in irrigation water could originate from any land use, but synthetic fertilizer application
to cropland is likely the dominant source. Atmospheric deposition is a mixture of fossil fuel
combustion with some contribution of reduced N from livestock manure NH; volatilization. If
we assume that irrigation water was derived from synthetic N while atmospheric deposition was
fossil fuel combustion, a total of 69% of N entering the cropland subsystem (Figure 4.4 in CNA)
was from synthetic N fixation. At the statewide level, there is also the import of grain crops,

largely corn, to California from the Midwest that is largely Haber-Bosch N as well.

APPENDIX 4.2 MASS BALANCE METHODS AND DATA SOURCES 21



CALIFORNIA NITROGEN ASSESSMENT

References

Ackerman, D., and K. Schiff. 2003. “Modeling Storm Water Mass Emissions to the Southern
California Bight.” Journal of Environmental Engineering 129 (4): 308-17.
doi:10.1061/(ASCE)0733-9372(2003)129:4(308).

ASAE. 2005. “Manure Production and Characteristics Standard D384.2.” American Society of
Agricultural Engineers. http://extension.psu.edu/animals/dairy/nutrient-
management/certified-dairy/tools/manure-prod-char-d384-2.pdf.

AVMA. 2007. U.S. Pet Ownership & Demographics Sourcebook. 2007th ed. Schaumburg, I11.:
Membership & Field Services, American Veterinary Medical Association.

Baker, ].M., T.E. Ochsner, R.T. Venterea, and T.]. Griffis. 2007. “Tillage and Soil Carbon
sequestration—What Do We Really Know?” Agriculture, Ecosystems ¢ Environment 118
(1-4): 1-5. doi:10.1016/j.agee.2006.05.014.

Baker, L.A., D. Hope, Y. Xu, J. Edmonds, and L. Lauver. 2001. “Nitrogen Balance for the Central
Arizona-Phoenix (CAP) Ecosystem.” Ecosystems 4 (6): 582-602. doi:10.1007/s10021-001-
0031-2.

Battye, W., V.P. Aneja, and P.A. Roelle. 2003. “Evaluation and Improvement of Ammonia
Emissions Inventories.” Atmospheric Environment 37 (27): 3873-83. d0i:10.1016/S1352-
2310(03)00343-1.

Beaulieu, ].J., J.L. Tank, S.K. Hamilton, W.M. Wollheim, R.O. Hall, P.J. Mulholland, B.].
Peterson, et al. 2011. “Nitrous Oxide Emission from Denitrification in Stream and River
Networks.” Proceedings of the National Academy of Sciences 108 (1): 214-19.
doi:10.1073/pnas.1011464108.

Boyer, E.W., C.L. Goodale, N.A. Jaworski, and R.-W. Howarth. 2002. “Anthropogenic Nitrogen
Sources and Relationships to Riverine Nitrogen Export in the Northeastern U.S.A.” In
The Nitrogen Cycle at Regional to Global Scales, edited by E.W. Boyer and R.-W. Howarth,
137-69. Springer Netherlands. http://link.springer.com/chapter/10.1007/978-94-017-
3405-9_4.

CA DWR. 2003. “California’s Groundwater: California Department of Water Resources Bulletin
118 Update 2003.” Bulletin.
http://www.water.ca.gov/pubs/groundwater/bulletin_118/california%27s_groundwater__
bulletin_118_-_update_2003_/bulletin118_entire.pdf.

———.2013. “Water Data Library - Water Quality Reports.”
http://www.water.ca.gov/waterdatalibrary/waterquality/index.cfm.

CARB. 2010. California Greenhouse Gas Inventory for 2000-2008. Sacramento, CA.
http://www.arb.ca.gov/cc/inventory/pubs/reports/2000_2008/ghg_inventory_scopingpla
n_00-08_2010-05-12.pdf.

APPENDIX 4.2 MASS BALANCE METHODS AND DATA SOURCES 22



CALIFORNIA NITROGEN ASSESSMENT

———. 2013. “California Greenhouse Gas Emission Inventory.” CA EPA (California
Environmental Protection Agency). 3/21/2013.
http://www.arb.ca.gov/cc/inventory/inventory.htm.

CA SWRCB. 2008. “Wastewater User Charge Survey Report F.Y. 2007-2008.”
http://www.waterboards.ca.gov/publications_forms/publications/general/.

———.2013. “California Integrated Water Quality System (CIWQS).”
http://www.waterboards.ca.gov/ciwqs/.

———. n.d. “GeoTracker.” http://geotracker.waterboards.ca.gov/.

Chang, A., T. Harter, J. Letey, D. Meyer, R.D. Meyer, M. Campbell-Matthews, F. Mitloehner, S.
Pettygrove, P. Robinson, and R. Zhang. 2005. “Managing Dairy Manure in the Central
Valley of California; University of California Committee of Experts on Dairy Manure
Management Final Report to the Regional Water Quality Control Board.” Region 5,
Sacramento: University of California Division of Agriculture and Natural Resources.

Cleveland, C., A. Townsend, D. Schimel, H. Fisher, R. Howarth, L. Hedin, S. Perakis, et al. 1999.
“Global Patterns of Terrestrial Biological Nitrogen (N2) Fixation in Natural Ecosystems.”
Global Biogeochemical Cycles, June, 623-45. d0i:10.1029/1999GB900014.

Cowling, E.B., and W. Merrill. 1966. “Nitrogen in Wood and Its Role in Wood Deterioration.”
Canadian Journal of Botany 44 (11): 1539-54. d0i:10.1139/b66-167.

Davis, D.R., M.D. Epp, and H.D. Riordan. 2004. “Changes in USDA Food Composition Data for
43 Garden Crops, 1950 to 1999.” Journal of the American College of Nutrition 23 (6): 669—
82. d0i:10.1080/07315724.2004.107194009.

Domene, L.A.F., and R.U. Ayres. 2001. “Nitrogen’s Role in Industrial Systems.” Journal of
Industrial Ecology 5 (1): 77-103. d0i:10.1162/108819801753358517.

EPA. 2004. “National Emission Inventory—Ammonia Emissions from Animal Husbandry
Operations (Draft Report).”
http://www.epa.gov/ttnchiel/ap42/ch09/related/nh3inventorydraft_jan2004.pdf.

———.2007. “2002 National Emissions Inventory Data & Documentation.”
http://www.epa.gov/ttnchiel/net/2002inventory.html.

———.2008. “2005 National Emissions Inventory Data & Documentation.”
http://www.epa.gov/ttn/chief/net/2005inventory.html#inventorydata.

Faunt, C.C. 2009. “Groundwater Availability of the Central Valley Aquifer, California.” U.S.
Geological Survey Professional Paper 1766.

Fenn, M.E,, E.B. Allen, S.B. Weiss, S. Jovan, L.H. Geiser, G.S. Tonnesen, R.F. Johnson, et al. 2010.
“Nitrogen Critical Loads and Management Alternatives for N-Impacted Ecosystems in
California.” Journal of Environmental Management 91 (12): 2404-23.
doi:10.1016/j.jenvman.2010.07.034.

Gleick, P.H., G.H. Wolff, K.K. Cushing, D. Haasz, C. Henges-Jeck, V. Srinivasan, and A. Mann.
2003. “Waste Not, Want Not: The Potential for Urban Water Conservation in
California.” Oakland, CA: Pacific Institute for Studies in Development, Environment, and

APPENDIX 4.2 MASS BALANCE METHODS AND DATA SOURCES 23



CALIFORNIA NITROGEN ASSESSMENT

Security. http://www.pacinst.org/wp-
content/uploads/2013/02/waste_not_want_not_full_report3.pdf.

Green, C.T., L.J. Puckett, ].K. Bohlke, B.A. Bekins, S.P. Phillips, L.J. Kauffman, J.M. Denver, and
H.M. Johnson. 2008. “Limited Occurrence of Denitrification in Four Shallow Aquifers in
Agricultural Areas of the United States.” Journal of Environment Quality 37 (3): 994.
doi:10.2134/jeq2006.0419.

Harrison, J.A., R.J. Maranger, R.B. Alexander, A.E. Giblin, P.A. Jacinthe, E. Mayorga, S.P.
Seitzinger, D.J. Sobota, and W.M. Wollheim. 2008. “The Regional and Global Significance
of Nitrogen Removal in Lakes and Reservoirs.” Biogeochemistry 93 (1-2): 143-57.
doi:10.1007/s10533-008-9272-x.

Hutson, S., N. Barber, J.F. Kenny, K.S. Linsey, D. Lumia, and M. Maupin. 2004. “Estimated Use
of Water in the United States in 2000.” USGS Circular 1268. USGS (US Geological
Survey). http://pubs.usgs.gov/circ/2004/circ1268/.

HydroGeoPhysics. 2007. “Hilmar Supplementary Environmental Project (SEP).” http://hgp-
inc.net/projects.html.

ICE. 2006. “California Augmented Multisource Landcover Map (CAML).”
http://cain.ice.ucdavis.edu/caml.

Johnson, D.W., R.B. Susfalk, R.A. Dahlgren, and ]J.M. Klopatek. 1998. “Fire Is More Important
than Water for Nitrogen Fluxes in Semi-Arid Forests.” Environmental Science ¢ Policy 1
(2): 79-86. doi:10.1016/S1462-9011(98)00008-2.

Kantor, L.S., K. Lipton, A. Manchester, and V. Oliveira. 1997. “Estimating and Addressing
America’s Food Losses.” Food Review 20 (1): 2-12.

Kramer, D.A. 2004. “Mineral Commodity Profiles: Nitrogen.” Open-File Report 2004-1290.
USGS (US Geological Survey). http://pubs.usgs.gov/0f/2004/1290/.

Kratzer, C.R., R H. Kent, D.K. Saleh, D.L. Knifong, P.D. Dileanis, and J.L. Orlando. 2011.
“Trends in Nutrient Concentrations, Loads, and Yields in Streams in the Sacramento, San
Joaquin, and Santa Ana Basins, California, 1975-2004.” U.S. Geological Survey Scientific
Investigations Report 2010-5228. http://pubs.usgs.gov/sir/2010/5228/.

Krauter, C.F,, C. Potter, and S. Klooster. 2006. “Ammonia in the Atmosphere as a Result of
Nitrogen Fertilizer Practices in California: Final Report - June 2006.” Fertilizer Research
and Education Program (FREP).
https://www.cdfa.ca.gov/is/ffldrs/frep/pdfs/completedprojects/00-0515Krauter2006.pdf.

Landon, M.K., C.T. Green, K. Belitz, M.]. Singleton, and B.K. Esser. 2011. “Relations of
Hydrogeologic Factors, Groundwater Reduction-Oxidation Conditions, and Temporal
and Spatial Distributions of Nitrate, Central-Eastside San Joaquin Valley, California,
USA.” Hydrogeology Journal 19 (6): 12031224. doi:10.1007/s10040-011-0750-1.

Lauver, L., and L.A. Baker. 2000. “Mass Balance for Wastewater Nitrogen in the Central Arizona-
Phoenix Ecosystem.” Water Research (Oxford) 34 (10): 2754-60. doi:10.1016/S0043-
1354(99)00355-3.

APPENDIX 4.2 MASS BALANCE METHODS AND DATA SOURCES 24



CALIFORNIA NITROGEN ASSESSMENT

Leip, A., B. Achermann, G. Billen, A. Bleeker, A. Bouwman, W. de Vries, U. Dragosits, et al.
2011. “Integrating Nitrogen Fluxes at the European Scale.” In The European Nitrogen
Assessment, edited by M. Sutton, C. Howard, ].W. Erisman, G. Billen, A. Bleeker, P.
Greenfelt, H. van Grinsven, and B. Grizzette, 345-76. Cambridge: Cambridge University
Press. http://centaur.reading.ac.uk/28386/.

Liao, L., C.T. Green, B.A. Bekins, and J.K. Béhlke. 2012. “Factors Controlling Nitrate Fluxes in
Groundwater in Agricultural Areas.” Water Resources Research 48 (6): WOOL09.
doi:10.1029/2011WR011008.

Matson, P.A., M. Firestone, D. Herman, T. Billow, N. Kiang, T. Benning, and J. Burns. 1997.
“Technical Report: Agricultural Systems in the San Joaquin Valley: Development of
Emissions Estimates for Nitrogen Oxides.” 94-732. CARB (California Air Resources
Board). http://www.arb.ca.gov/research/apr/past/94-732.pdf.

Milesi, C., S.W. Running, C.D. Elvidge, ].B. Dietz, B.T. Tuttle, and R.R. Nemani. 2005. “Mapping
and Modeling the Biogeochemical Cycling of Turf Grasses in the United States.”
Environmental Management 36 (3): 426-38. d0i:10.1007/s00267-004-0316-2.

Minear, J.T., and G.M. Kondolf. 2009. “Estimating Reservoir Sedimentation Rates at Large
Spatial and Temporal Scales: A Case Study of California.” Water Resources Research 45
(12): W12502. doi:10.1029/2007WR006703.

Montgomery Watson. 1995. “Imperial County Groundwater Study: Consultant’s Report
Prepared for County of Imperial.” Imperial County, CA.

———.1997. “Salinas Valley Integrated Ground Water and Surface Model Update.”
http://www.co.monterey.ca.us/planning/gpu/gpu_2007/102610_Board_Package/Exhibit
%20I/MWH_1997_SVISGSM_Model_update.pdf.

Morgan, T., C.E. Keegan, T. Dillon, A.L. Chase, ].S. Fried, and M.N. Weber. 2004. “California’s
Forest Products Industry: A Descriptive Analysis.” General Technical Report PNW-GTR-
615. USDA Forest Service. http://bber.umt.edu/pubs/forest/fidacs/CA2000.pdf.

Mulholland, P.J., R.O. Hall, D.]. Sobota, W.K. Dodds, S.E.G. Findlay, N.B. Grimm, S.K.
Hamilton, et al. 2009. “Nitrate Removal in Stream Ecosystems Measured by 15N Addition
Experiments: Denitrification.” Limnology and Oceanography 54 (3): 666-80.
doi:10.4319/10.2009.54.3.0666.

NRC. 2003. Air Emissions from Animal Feeding Operations: Current Knowledge, Future Needs.
Washington, D.C.: National Academies Press.

———.2006. Nutrient Requirements of Dogs and Cats. Washington, D.C.: National Academies
Press. http://www.nap.edu/openbook.php?record_id=10668.

———.2007. Nutrient Requirements of Horses: Sixth Revised Edition. Washington, D.C.:
National Academies Press. http://www.nap.edu/catalog/11653/nutrient-requirements-of-
horses-sixth-revised-edition.

Petrovic, A.M. 1990. “The Fate of Nitrogenous Fertilizers Applied to Turfgrass.” Journal of
Environment Quality 19 (1): 1. doi:10.2134/jeq1990.00472425001900010001x.

APPENDIX 4.2 MASS BALANCE METHODS AND DATA SOURCES 25



CALIFORNIA NITROGEN ASSESSMENT

Potter, C., S. Klooster, and C. Krauter. 2003. “Regional Modeling of Ammonia Emissions from
Native Soil Sources in California.” Earth Interactions 7 (11): 1-28. doi:10.1175/1087-
3562(2003)007<0001:RMOAEF>2.0.CO:;2.

Rotz, C.A. 2004. “Management to Reduce Nitrogen Losses in Animal Production.” Journal of
Animal Science 82 (13 suppl): E119-37.

Schaefer, S.C., ].T. Hollibaugh, and M. Alber. 2009. “Watershed Nitrogen Input and Riverine
Export on the West Coast of the US.” Biogeochemistry 93 (3): 219-33.
doi:10.1007/s10533-009-9299-7.

Schlesinger, W.H. 2009. “On the Fate of Anthropogenic Nitrogen.” Proceedings of the National
Academy of Sciences 106 (1): 203-8. d0i:10.1073/pnas.0810193105.

Seitzinger, S., J. A. Harrison, J. K. Bohlke, A. F. Bouwman, R. Lowrance, B. Peterson, C. Tobias,
and G. Van Drecht. 2006. “Denitrification across Landscapes and Waterscapes: A
Synthesis.” Ecological Applications 16 (6): 2064-90. doi:10.1890/1051-
0761(2006)016[2064:DALAWA]2.0.CO;2.

Smil, V. 1999. “Nitrogen in Crop Production: An Account of Global Flows.” Global
Biogeochemical Cycles 13 (2): 647-62. doi:10.1029/1999GB900015.

Sobota, D.J., J.A. Harrison, and R.A. Dahlgren. 2009. “Influences of Climate, Hydrology, and
Land Use on Input and Export of Nitrogen in California Watersheds.” Biogeochemistry 94
(1): 43-62. doi:10.1007/510533-009-9307-y.

Stallard, R.F. 1998. “Terrestrial Sedimentation and the Carbon Cycle: Coupling Weathering and
Erosion to Carbon Burial.” Global Biogeochemical Cycles 12 (2): 231-57.
doi:10.1029/98GB00741.

Stehfest, E., and L. Bouwman. 2006. “N20 and NO Emission from Agricultural Fields and Soils
under Natural Vegetation: Summarizing Available Measurement Data and Modeling of
Global Annual Emissions.” Nutrient Cycling in Agroecosystems 74 (3): 207-28.
doi:10.1007/s10705-006-9000-7.

Sutton, M.A., U. Dragosits, Y. Tang, and D. Fowler. 2000. “Ammonia Emissions from Non-
Agricultural Sources in the UK.” Atmospheric Environment 34: 855-69.

Tchobanoglous, G., F.L. Burton, and H.D. Stensel. 2002. Wastewater Engineering: Treatment and
Reuse. 4th edition. Boston: McGraw-Hill Science/Engineering/Math.

TCW Economics. 2008. Economic and Fiscal Effects of the Proposed Statewide Regulations for
Onsite Wastewater Treatment Systems.

Tonnesen, G.S., Z. Wang, M. Omary, and C.J. Chien. 2007. “Assessment of Nitrogen Deposition:
Modeling and Habitat Assessment - PIER Final Project Report.” CEC-500-2006-032.
California Energy Commission. http://www.energy.ca.gov/2006publications/ CEC-500-
2006-032/CEC-500-2006-032.PDF.

UN FAO. 2010. “FAOSTAT.” Accessed June 5. http://faostat.fao.org/site/291/default.aspx.

United States Census Bureau. 1992. “Historical Census of Housing Tables: Sewage Disposal.”
http://www.census.gov/hhes/www/housing/census/historic/sewage.html.

APPENDIX 4.2 MASS BALANCE METHODS AND DATA SOURCES 26



CALIFORNIA NITROGEN ASSESSMENT

———.2013. “2010 Census Data.” United States Census 2010.
http://www.census.gov/2010census/data/.

Unkovich, M.J., ]. Baldock, and M.B. Peoples. 2010. “Prospects and Problems of Simple Linear
Models for Estimating Symbiotic N2 Fixation by Crop and Pasture Legumes.” Plant and
Soil 329 (1-2): 75-89. d0i:10.1007/s11104-009-0136-5.

USDA. 2004. “2002 Census of Agriculture. United States Summary and State Data. Volume 1,
Geographic Area Series Part 51. AC-02-A-5.” AC-02-A-51.
http://www.agcensus.usda.gov/Publications/2002/Volume_1, Chapter_2_County_Level/
California/calintro.pdf.

———.2009. “2007 Census of Agriculture United States.” AC-07-A-51.
http://www.agcensus.usda.gov/Publications/2007/Full_Report/usvl.pdf.

———.2010. “2007 Census of Agriculture, Census of Horticultural Specialties (2009).” Volume
3, Special Studies, Part 3.
http://www.agcensus.usda.gov/Publications/2007/Online_Highlights/Census_of Horticu
Iture_Specialties/ HORTIC.pdf.

———.2013. “Crop Nutrient Tool.” http://plants.usda.gov/npk/main.

USDA ARS. n.d. “USDA National Nutrient Database for Standard Reference.” Database.
http://www.ars.usda.gov/main/site_main.htm?modecode=80-40-05-25.

USDA ERS. 2013. “Food Availability (Per Capita) Data System.” http://www.ers.usda.gov/data-
products/food-availability-(per-capita)-data-system/.aspx.

USDA Forest Service. 1999. “Wood Handbook: Wood as an Engineering Material.” FPL-GTR-
113. General Technical Report (GTR). Madison, WI: USDA Forest Service.
http://www.treesearch.fs.fed.us/pubs/viewpub.jsp?index=7149.

USDA NASS. 2013. “County Agricultural Commissioner’s Data.”
http://www.nass.usda.gov/Statistics_by_State/California/Publications/AgComm/Detail/in
dex.asp.

———.2012. “Historical Data.” Accessed July 1.
http://www.nass.usda.gov/Statistics_by_State/California/Historical_Data/.

USDI. 2000. “The Mineral Industry of California - U.S. Geological Survey Minerals Yearbook.”
http://minerals.usgs.gov/minerals/pubs/state/980601.pdf.

———.2009. “Reclamation: Managing Water in the West. Southern California Regional Brine-
Concentrate Management Study - Phase I.”
http://www.usbr.gov/lc/socal/reports/brineconcentrate/2Survey_part1.pdf.

———.2013. “U.S. Geological Survey - National Hydrography Dataset.” http://nhd.usgs.gov/.

Van der Schans, M.L., T. Harter, A. Leijnse, M.C. Mathews, and R.D. Meyer. 2009.
“Characterizing Sources of Nitrate Leaching from an Irrigated Dairy Farm in Merced
County, California.” Journal of Contaminant Hydrology 110 (1-2): 9-21.
d0i:10.1016/j.jconhyd.2009.06.002.

Van Horn, H.H. 1998. “Factors Affecting Manure Quantity, Quality, and Use.” In , 9-20.

APPENDIX 4.2 MASS BALANCE METHODS AND DATA SOURCES 27



CALIFORNIA NITROGEN ASSESSMENT

Vanni, M.J., W.H. Renwick, A.M. Bowling, M.]. Horgan, and A.D. Christian. 2011. “Nutrient
Stoichiometry of Linked Catchment-Lake Systems along a Gradient of Land Use.”
Freshwater Biology 56 (5): 791-811. d0i:10.1111/j.1365-2427.2010.02436.x.

Verstraeten, G., and J. Poesen. 2001. “Variability of Dry Sediment Bulk Density between and
within Retention Ponds and Its Impact on the Calculation of Sediment Yields.” Earth
Surface Processes and Landforms 26 (4): 375-94. doi:10.1002/esp.186.

Walvoord, M.A., F.M. Phillips, D.A. Stonestrom, R.D. Evans, P.C. Hartsough, B.D. Newman, and
R.G. Striegl. 2003. “A Reservoir of Nitrate Beneath Desert Soils.” Science 302 (5647):
1021-24. doi:10.1126/science.1086435.

Wickham, ].D., T.G. Wade, and K.H. Riitters. 2008. “Detecting Temporal Change in Watershed
Nutrient Yields.” Environmental Management 42 (2): 223-31. doi:10.1007/s00267-008-
9120-8.

APPENDIX 4.2 MASS BALANCE METHODS AND DATA SOURCES 28



	CHAPTER FOUR
	A California Nitrogen Mass Balance for 2005
	Appendix 4.2 Mass balance methods and data sources
	Lead Authors:
	D. LIPTZIN AND R. DAHLGREN
	Contributing Author:
	T. HARTER
	This is an appendix to Chapter 4 of The California Nitrogen Assessment: Challenges and Solutions for People, Agriculture, and the Environment. Additional information about the California Nitrogen Assessment (CNA) and appendices for other chapters are ...
	4.2 Mass Balance Calculations and Data Sources
	The imports of new reactive nitrogen (N) for the statewide mass balance were fossil fuel combustion, biological N fixation, synthetic N fixation, agricultural feed, and fiber.R RThe exports were gas/particle exports in the atmosphere, food exports, di...
	For the calculations of flows in the three land-based subsystems, California was classified into four main land cover classes: natural land, cropland, urban land, and water.R RAn updated version of the California Augmented Multisource Landcover (CAML)...
	4.2.1 Fossil Fuel Combustion
	Fossil fuel combustion produces NORxR, NHR3R, and NR2RO as incidental by-products which are tracked and regulated for different reasons.R RNitrogen oxides are considered a criteria pollutant and all of the anthropogenic sources of NORxR included in th...
	While not necessarily exclusively from fossil fuel combustion, there is import of reactive N to the atmosphere above California from outside the boundaries of the study area. Some of this N will be transmitted completely through the state and this fra...
	4.2.2 Atmospheric Deposition
	Atmospheric deposition was based on the results of Fenn et al. (2010).R RTheir Geographic Information System (GIS) map layer uses output from the CMAQ model based on 2002 emissions data.R RThe CMAQ model results for most of the state were available fr...
	We assumed that storage was not possible in the atmosphere. Therefore, the export of NORxR and NHR3R was calculated as the difference between all inputs and N deposition. By the time the export from California occurs, secondary reactions will have occ...
	4.2.3 Biological N Fixation
	Biological N fixation is also discussed in Chapter 3. A variety of field measurements of biological N fixation have been used including P15PN isotope methods, acetylene reduction, N accretion, and N difference, which vary in their assumptions and limi...
	4.2.3.1 Natural Land N Fixation
	Based on the USDA Plants database (USDA 2013), a total of 56 native and 34 non-native, non-crop species are known to be symbiotic N fixers on natural land in California.R RHowever, field measurements of rates and the relative abundances for most of th...
	4.2.3.2 Cropland N Fixation
	Cropland N fixation rates were based on published species specific rates and harvested acreages.R RThe most comprehensive analysis of legume N fixation rates is a meta-analysis for Australia described in Unkovich et al. (2010).R RThese authors found h...
	4.2.4 Synthetic N Fixation
	Synthetic N fixation is largely the result of the Haber-Bosch process, although a small amount of ammonium sulfate is still produced as a by-product from coke oven gas during steelmaking (Kramer 2004).R RThis industrial process converts atmospheric NR...
	4.2.4.1 Non-Fertilizer Synthetic Chemicals
	Non-fertilizer use of some individual compounds can be tracked, but as a whole it is typically calculated as the difference between total NHR3R fixation and fertilizer use.R ROther common non-fertilizer uses include synthetic chemicals, such as melami...
	P1PNORxR, NR2RO, and NR2R emissions from the reduction of nitric acid are a byproduct of adipic acid synthesis, but nitrogen is not a component of the product.
	4.2.4.2 Synthetic Fertilizer
	Fertilizer sales, not necessarily fertilizer use, have been reported annually since the 1950s in the tonnage reports of the California Department of Food and Agriculture.R RThese data are identical to the California data compiled by The Fertilizer Ins...
	Synthetic fertilizer use on other crops was calculated by subtracting urban and environmental horticulture use from the total sales. Fertilizer use can also be validated based on crop-specific recommendations.R RCurrent (since 1999) fertilization rate...
	4.2.5 Agricultural Production and Consumption: Food, Feed, and Fiber
	The production and consumption of food, feed, and fiber involve the majority of N flows in California.R RThe N tonnage of all agricultural products, with the exception of wood products and ornamental horticulture, was calculated from production data c...
	4.2.6 Manure Production and Disposal
	Manure production was calculated based on the populations used for feed requirements and animal-specific excretion rates.R RFor dairy cows, excretion was 169 kg N headP-1P yrP-1P for lactating cows and 81 kg N headP-1P yrP-1P for dry cows (Chang et al...
	The predominant source of manure produced in California is confined dairies. The N content of solid and liquid excreta from dairy cattle is well established.  However, the manure that is applied to cropland in solid and liquid form represents a mixtur...
	4.2.7 Household Waste Production and Disposal
	Per capita N availability nationally for 2002-2006 was reported as 110 g protein dayP-1P or 6.4 kg N yrP-1P (USDA ERS 2013).R RStatewide per capita N consumption (4.9 kg N yrP-1P) was estimated based on actual protein consumption reported for various ...
	For urban land, gaseous emissions were assumed to occur only from turfgrass soils related to fertilization.R RGaseous emissions were based on data compiled in Petrovic (1990) on the direct emissions of fertilizer N. The median fraction of fertilizer t...
	4.2.9 Surface Water Loadings and Withdrawals
	Only 55% of California’s land area drains to the ocean.R RThis area does not include the Tulare Basin, which is now essentially a closed basin because of water management.R RThe only point source of N to surface waters was the discharge of wastewater ...
	The burial of N in lake and reservoir sediments was considered surface water storage and was estimated by difference for the purposes of the mass balance.R RHowever, there are two potential independent approaches to calculating the amount of N retaine...
	4.2.10 Groundwater Loading and Withdrawals
	Groundwater inputs included leaching from septic tanks and wastewater treatment discharge (Section 4.2.7), cropland soils, and natural land soils.R RFor cropland, leaching to groundwater was calculated in two ways.R RFirst, the averageP PR RNOR3RP-P c...
	We assumed that the net N exchange between groundwater and surface water was essentially zero. For the Central Valley aquifer, if anything, the flow of water (0.2*10P12P L yrP-1P) moves from surface water to groundwater (Faunt 2009).  At a N concentra...
	R R4.2.11 Storage
	Storage in cropland and natural land subsystems was calculated by difference.R RThat is, storage was equal to the difference of N flows in and out.R RThis storage could occur in either soils or perennial vegetation.R RStorage in urban systems has thre...
	The storage terms calculated for the surface water and groundwater subsystems are described in Sections 4.2.9 and 4.2.10, respectively.
	Box A4.2.1 The Haber-Bosch process and cropland nitrogen
	Synthetic fertilizer, which is almost exclusively produced by the Haber-Bosch process, is the largest source of N to cropland.  However, Haber-Bosch derived N is not limited to the annual application of synthetic fertilizer.  The N in applied manure a...
	References

