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1. Introduction  
The Sacramento-San Joaquin Delta (the Delta) receives high loads of the nutrients nitrogen (N) and 

phosphorous (P) from wastewater treatment effluent and agricultural runoff. Flows from the Sacramento 

River, San Joaquin River, and other tributaries transport these loads through a complex network of rivers, 

channels and flooded islands, before entering San Francisco Bay.  

 

Excessive loads of N and P can adversely impact ecosystem health by causing excessive algal blooms and 

low dissolved (Valiela et al, 1992; Kamer and Stein 2003). Excessive nutrients may also contribute to the 

occurrence of harmful algal blooms (Bates et al, 1989) and overgrowth of nuisance aquatic macrophytes 

(Valiela et al, 1992). Major nutrient management decisions are being considered in both the Delta and San 

Francisco Bay, and those decisions require the best-available science to understand the factors that 

regulate ambient conditions, and the effects of loads and ambient conditions on ecosystem health. A 

mechanistic and quantitative understanding of nutrient cycling and fate in the Delta is essential both for 

informed decisions related to current conditions and also because of major anticipated changes in both 

loads to the Delta (upgrades at wastewater treatment facilities) and habitat function due to restoration 

efforts and water management.   

 

We hypothesized that the Delta is an important biogeochemical reactor, and that transformations or losses 

strongly regulate ambient nutrient concentrations within the Delta and modulate nutrient loads to San 

Francisco Bay. Both N and P have complex cycles and require careful investigation. In this paper, we 

focus on nitrogen, including loads, cycling, and losses or transformations that influence its ultimate fate.  

 

The specific goals of this study are:  

1. Analyze seasonal and spatial variability in nitrogen forms and concentrations, as an indicator of 

potential transformation within the Delta 

2. Quantify the capacity of the Delta to transform nitrogen using a one-box model and finer-scale 

mass balances 

3. Use additional supporting water quality and isotope data to hypothesize what are the dominant 

processes controlling nutrient fate (transformation vs. uptake/burial) 

 

This manuscript serves as a synthesis and distillation of the detailed data analysis and modeling modules 

of the project that are described in the accompanying appendices. 

2. Methods 

2.1 Seasonal and spatial trends in water quality 
The CA Department of Water Resources Environmental Monitoring Program (DWR-EMP) has 

maintained a monitoring network for physical and chemical parameters, including nutrient concentrations, 

at fixed stations within the Delta 1-2x monthly the since 1975 (Figure 1). Data were downloaded from the 

DWR-EMP website (http://www.water.ca.gov/bdma/meta/Discrete/data.cfm; December 2013), and data 

processing, plotting, and statistical analyses performed using the statistical software R (https://www.r-

project.org/), and the package wq (Jassby and Cloern, 2013). All parameters were measured by standard 

methods as described on DWR-EMPôs website; we assumed the data received adequate QA/QC by DWR-

EMP and therefore did not specifically asses data quality.  The data and analyses presented are for the 
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period 2000-2011 and focus on concentrations of N species (nitrate, NO3; ammonium, NH4; dissolved 

inorganic nitrogen, DIN = NO3 + NH4; total nitrogen, TN = DIN + organic nitrogen). Additional data 

analysis of this dataset, including for periods prior to 2000 and for other parameters, can be found in 

Appendix 2.  

 

Seasonal and spatial variability were first explored through visual inspection of time-series data and by 

constructing boxplots of nitrogen concentrations by station and by month. In addition, empirical 

orthogonal functions (EOFs) were used to explore the seasonal, interannual, and spatial variability of 

NH4 and NO3 concentrations across Delta stations during the period 2000-2011 (Jassby and Cloern, 

2013). EOFs are similar to other multivariate data analysis techniques (e.g., principal components 

analysis) but maintain the time-series nature of data and can be used to identify common modes of 

variability among multiple time series, and, in so doing, reveal similar underlying factor(s) contributing to 

that variability. Separate EOF analyses were conducted for NH4 and NO3 because initial tests indicated 

that, although some common patterns are evident across analytes, station-analyte combinations were more 

clearly explainable when analyzed separately. The EOF analysis yields several sets of information, 

including: the number of significant EOFs and the portion of the variability they explain; the strength of 

the relationship between an EOF and the individual station-analyte time series; and a time series of each 

EOFôs response or amplitude. The EOF amplitude can be thought of as corresponding to the standardized 

response, or relative variability, at each station whose seasonal and interannual patterns are determined to 

be well-explained by that EOF. For example, the standardized NH4 time series at station X would be 

determined as:  

 

[NH4standardized]X = [(NH4(t)X ï NH4X,mean) / NH4X,s.d.]  

where NH4(t)X is the measured value for a given date at X; NH4X,mean and NH4X,s.d. are the mean and 

standard deviations, respectively for the NH4 time series at X.  

 

By targeting the standardized signals, the EOF analysis allows us to identify common patterns among 

stations whose absolute concentrations differ substantially but that deviate from their individual means in 

a similar manner over time. 

 

ñVolumetric fingerprintsò for each DWR-EMP station were estimated using output of the hydrologic 

model Delta Simulation Model (DSM2); see Appendix 6 for more detail). The volumetric fingerprints 

estimate the relative contribution of various water sources to the ambient water at specified sites within 

the Delta, and are presented here on a daily-average basis from 2000-2011 for the DWR-EMP stations. 

Water sources include: Sacramento River; San Joaquin River; Estuarine water; Consumnes/Mokulumne 

Rivers; Agricultural return flows (pumped from the agriculturally managed islands); Yolo Bypass (a flood 

management bypass northeast of the Sacramento River); and several other minor sources.   

 

Isotopic data (ŭ
15

N ) for NO3 and NH4 in samples from around the Delta and San Francisco Bay are also 

presented. The available isotope data, relevant background, and interpretations are described in detail in 

Appendix 4 and 5. A subset of that data is used below to help interpret seasonal or spatial observations in 

N composition and as independent checks on mass balance observations. 
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Figure 1 DWR-IEP water quality monitoring stations. In this report, we analyzed data from a subset of active 

stations. Appendix 2 presents a more detailed analysis of all active stations (Map courtesy of DWR-IEP) 

2.2 Mass balance for the Delta 
We first explored nutrient transformations/losses uptake in the Delta via a one-box mass balance for NH4, 

NO3, DIN and TN, adopting a method used previously to estimate organic matter loads into and out of 

the Delta (Jassby and Cloern, 2000). This method makes use of flow data from the DWR DAYFLOW 

program
1
 and DWR-IEP monthly water quality data to estimate loads into the Delta, out of the Delta to 

water exports and out of the Delta to Suisun Bay (Figure 2).  For the mass balance, we were primarily 

interested in the current state of the Delta, and therefore focused the analysis on the period 2006-2011 

(rather than 2000-2011, the time for water quality data was analyzed), which also allowed us to maximize 

available data from wastewater treatment plant loadings (also known as publicly owned treatment works, 

POTWs). However, a number of the water quality stations used by Jassby and Cloern (2000) to estimate 

tributary loadings were discontinued in 1995. To bridge these data gaps, we used data from nearby on-

going stations, adjusted based on the results of linear regressions performed for the time period when all 

stations existed, a discussion of which can be found in Appendix 3. In additional to tributary loadings, we 

included estimates of nutrients loads from several of the larger POTWs that discharge into the Delta (City 

of Stockton, City of Tracy); several smaller plants that were not considered here and whose loads are 

expected to be relatively small by comparison (Discovery Bay, Mountain House, Manteca, Lodi) are 

included in DSM2 (see Appendix 6). Loads from Sacramento Regional County Sanitation District 

(Regional San) were accounted for in the tributary loadings along Sacramento River, since water quality 

monitoring station C3 is downstream of the treatment outfall. Limited data existed to estimate internal 

agricultural loads, but estimates based on the Delta Simulation Model (DSM2) suggest that the loads of 

                                                      
1
 http://www.water.ca.gov/dayflow/output/ 
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total N draining into the Delta from farmland were roughly equivalent to those being pumped out of the 

Delta to farmland (See Table 3.3 in Appendix 3). Therefore, internal agricultural loads were not expected 

to influence N budgets at the whole Delta scale, and were omitted from in the 1-box model. In addition, 

since internal agricultural activities would generally be expected to add nutrients to the system (as 

opposed to remove), their omission would lead to Delta losses being underestimated, and is thus a 

conservative assumption. We compared input loads and output loads of N in its various forms to estimate 

transformations or losses within the Delta. Because N undergoes complex cycling, including multiple 

potential forward and backward pathways between forms (e.g., see Figure 3), When NH4 inputs exceeded 

outputs, the difference was attributed to net transformations of NH4 through nitrification (to NO3) or 

assimilation (to organic N). 

 

 
Figure 2 Schematic for 1-box mass balance for the Delta, adapted from an approach used by Jassby and Cloern 

(2000). We included large Delta POTWs (City of Stockton and City of Tracy). Loads from Sacramento Regional 

Sanitation District were accounted for by water quality monitoring at station C3, downstream of the treatment 

outfall. Some of the water quality stations used in this model were discontinued in 1995. For the 2006-2011 model, 

new stations were substituted for the discontinued stations (see Table A.3.1 for details). There was insufficient data 

to include agricultural withdrawals and returns in the mass balances, but output from the Delta Simulation Model 

(DSM2) suggests that withdrawals and returns are comparable across all N species considered and therefore do not 

affect the net balance (see Table A.3.2). We focused our analysis on the period June-October because we suspected 

transformations would be greatest during this time. A mass balance for Suisun Bay was also performed, the results 

of which are included in Appendix 3. 
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Figure 3 Conceptual model of TN loss pathways. TN can be lost via denitrification of NO3 at the sediment/water 

interface or through burial/storage of TN in organic matter. Organic matter can be import into the system as 

particular organic matter and buried within, or can come from internal production (via phytoplankton, benthic algae 

or aquatic plants) and stored/buried in the system. 

 

We applied an existing a 1-D hydrodynamic and water quality model for the Delta (DSM2-QUAL) to 

quantify transformations/losses on finer spatial-scales related to NH4 and TN and identify zones of 

greatest and least transformation/losses. Details of the DSM2 suite of models and the QUAL nutrient 

model, in particular, can be found in Appendix 6. Output from the model, which has more than 100 

nodes, was aggregated to the whole Delta for comparison with the 1-box model results, and also into 6 

regions, and inputs, exports, and transformations/losses were quantified within each of those zones.  

 

The DSM2-HYDRO hydrodynamic model is well-calibrated for flow, originating water source, and flow 

routing, because one of its applications is as a water resource management decision-support tool for the 

Delta
2
. The water quality module includes boundary condition inputs (constituent concentrations.) at each 

flow boundary, and within the model domain is calibrated to nitrogen and phosphorous concentrations (as 

well as other modeled constituents) at a number of locations within the Delta (see Appendix 6).  

 

Although QUAL nutrient model has some limitations, it was the best available model and its capabilities 

are suitable for our goals of obtaining higher spatial and temporal resolution estimates of NH4 and TN 

budgets within the Delta and export to San Francisco Bay. Nitrification is well-parameterized, and the 

model calibration for NH4 concentrations is well-calibrated throughout the system. The water quality data 

used to calibrate and validate the model were generally monthly, although at some locations they were 

more frequent. The measurement stations used for calibration and validation are located throughout the 

Delta at hydrologically-important locations that experience diverse of nutrient conditions, and thus 

provide sufficient data resolution and diversity to support the regionally-aggregated estimates of 

transformation and loss rates.  Model skill was assessed for each modeled constituent at each location and 

also as a Delta-wide average with three statistical parameters (see Appendix 6 for details). For the 

purposes of this study, the most important model skill was Model Bias. On a Delta-wide basis, model bias 

was rated as very good for TN, and good for NH3. Most stations had generally good Model Skill, 

although a couple of stations (P8 and MD10) had generally poor results for all statistical measures.  

 

                                                      
2
 http://baydeltaoffice.water.ca.gov/modeling/deltamodeling/models/dsm2/dsm2.cfm 
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For both the 1-box model and DSM2 mass balance approaches, results allowed us to estimate overall 

nitrogen loss from the system, but did not shed light on the dominant processes that could explain this 

loss (transformation vs. uptake/burial). We used additional lines of evidence, such as isotope data or 

productivity estimates, to explore the relative importance of these various loss processes. 

3. Results and Discussion 

3.1 Multi -year records of NH4, NO3, DIN, and TN  
Concentrations of NH4, NO3, DIN and TN varied with strongly-periodic signals that generally 

correspond with the wet/dry and warm/cool Mediterranean climate of Bay-Delta region (Figures 4-7). 

Those seasonal variations are superposed upon substantial spatial differences in concentrations, in 

addition to both interannual variability (e.g., occasional concentration jumps) and apparently increasing or 

decreasing trends for some parameters and stations. Seasonal and spatial variability and long term trends 

in these and other water quality parameters, over the periods 2000-2011 and 1975-2011 are explored in 

more detail in Appendix 2.  

 
Figure 4 Time-series of NH4 (mg N/L) at select DWR-IEP water quality monitoring stations, 2000-2011. Note 

varying y-axis scales 
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Figure 5 Time-series of NO3 (mg N/L) at select DWR-IEP water quality monitoring stations, 2000-2011. Note 

varying y-axis scales 

 
Figure 6 Time-series of DIN (mg N/L) at select DWR-IEP water quality monitoring stations, 2000-2011. Note 

varying y-axis scales 
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Figure 7 Time-series of TN (mg N/L) at select DWR-IEP water quality monitoring stations, 2000-2011. Note 

varying y-axis scales 

 

The majority of TN was present as DIN, with DIN generally comprising 50-75% of the total (Figure 8). 

By visual inspection, the ratio of TN:DIN varied both spatially and seasonally, with greater TN:DIN at 

lower DIN concentrations. 
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Figure 8 DIN (mg N/L) vs. TN (mg N/L), grouped by season and colored by stations 

 

The spatially- and temporally-varying patterns in N concentrations throughout the Delta (Figures 4-7) are 

shaped by numerous factors, including (see conceptual model, Figure 9): the relative contributions of 

source waters and the chemical composition of those source waters; seasonal and temporal variability in 

loads; N transformations and losses within the system, with seasonally-varying rates; flow rates (dilution, 

residence time) and flow routing (withdrawals); climate variability (wet vs. dry years); and habitat-

specific (local) factors.  To better understand the factors influencing observed N concentrations at stations 

throughout the Delta, we explored the spatial and temporal variations in nutrient concentrations; how 

water sources varied among stations; and seasonal variability of key parameters at several diverse and 

hydrologically-important sites; Although some long-term trends in N concentrations are evident in the 

longer time series record (Appendix 2), the analysis presented here was aimed at improved understanding 

of current conditions, and therefore focuses on a recent era (2000-2011).  
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Figure 9 Basic conceptual model of factors regulating ambient water quality. The Deltaôs multiple hydrologic 

inputs (Figure 1) transport externally-sourced N into the system, with temporally-varying magnitudes and different 

N compositions. Internal sources contribute additional N (wastewater, agriculture).   

 

3.2 Source water ófingerprintô 
The Delta receives multiple hydrologic inputs that have diverse water quality characteristics, including 

different concentrations and forms of N. The Sacramento River and San Joaquin River are the two largest 

freshwater sources, followed by the Consumnes and Mokulumne Rivers entering from the east. Estuarine 

waters from San Francisco Bay, transported by tides and estuarine circulation, are another important 

water source, especially for stations in Suisun Bay and, to a lesser degree, stations in the western Delta. 

Water exports from the Delta for agriculture and domestic consumption account for ~25% of annual flow, 

and during summer (low inflow) months commonly exceed 75% of instantaneous flows. During low flow 

periods, the water exports, centered in the southwest Delta, can substantially alter flow routing within the 

Delta. 

 

Substantial spatial, seasonal, and interannual variability in water sources is evident in the volumetric 

fingerprint time series, derived from hydrologic model output, over the period 2000-2011(Figure 10). 

Stations C3 and C10 were clear hydrologic end-members, comprised entirely of Sacramento and San 

Joaquin Rivers, respectively. Waters at all other stations were mixtures of multiple sources in proportions 

that varied seasonally and interannually: 

¶ D26, D19, and D28: Water composition is similar at these stations, both on average and in their 

seasonal and interannual shifts. The Sacramento River is the dominant source throughout most of 

the year. There are brief spring pulses during which San Joaquin and Cosumnes/Mokelumne 

Rivers account for non-trivial amounts of source water. The San Joaquin River is the dominant 

water source for extended periods in 2006 and 2011, the two wettest years during this period, and 

to a lesser extent during 2005, which was also a wet year. There are also minor contributions 

from agricultural return flows. In addition, D19 and D26 received minor contributions from 

estuary waters and the Yolo Bypass. 

¶ Suisun Bay stations (D4, D6, D7, D8): Water composition is characterized primarily by 

seasonally-varying proportions of Sacramento and estuarine sources, with the estuarine influence 

greatest during low flow periods, and a pronounced east-west gradient from mostly Sacramento 

(D4) to Sacramento-estuarine (D8, D7), and mostly estuarine sources (D6). Flows from the Yolo 
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Bypass contributed to Suisun stations at low levels (<10%, except for short spikes) during 

winter/spring.  

¶ MD10: MD10 MD10 exhibited the greatest diversity in its volumetric fingerprint. San Joaquin 

flows water contributed substantially during late-winter/early-spring, with the broadest peaks 

occurring during the wettest years (2005, 2006, 2011) and fall peaks during some years. 

Sacramento waters became dominant, on average, during summer and fall. 

Cosumnes/Mokelumne Rivers were also an important source during short periods, typically at its 

greatest in winter (January/February). Compared to all other sites, agricultural return flows 

contributed to the greatest extent at MD10. The peak seasonal contribution from the Sacramento 

River may be driven in part by water exports inducing the southward movement of Sacramento 

River water during summer. 

¶ P8: San Joaquin was the dominant water source at P8. Contributions from the Sacramento and 

Calaveras rivers peaked in summer, and were most pronounced during three of the driest years of 

the decade (2007, 2008, 2009). Agricultural return flows contributed seasonally (up to ~15%), 

following a similar pattern as contributions from the Sacramento and Calaveras rivers. 

 

 
Figure 10 Percent contribution of each end member to water volume at DWR-IEP water quality stations. Data: 

DSM2 Model output 

 

3.3 Seasonal, spatial, and interannual variability in N species 
Monthly NH4, NO3, DIN and TN concentrations were examined over the period 2001-2011 for a subset 

of stations to identify typical seasonal patterns and to develop hypotheses to explain seasonal variability 

(Figure 11). The station subset was selected based on a combination of geographic location and 




























