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1. Introduction

The Sacrament8an Joaquin Delta (the Delta) receives high laddke nutrients nitrogen (N) and
phosphorous (Hyom wastewater treatment effluent and agricultawabff. Flows from the Sacramento
River, San Joaquin River, and other tributaries transpese load througha complexnetwork of rivers,
channels and flooded islandi&fore enteringgan Francisco Bay.

Excessive loads of N and P can adversely impaasystem health by causing excessive algal blooms and
low dissolved Yaliela & al, 1992; Kamer and Stein 2Q0&Xxcessive nutrients may also contribute to the
occurrence of harmful algal bloonBdtes et al, 198§%nd overgrowth of nuisance aquatic matges

(Valiela et al, 1992 Major nutrient management decisions are being considered in both the Delta and San
Francisco Bay, andhbse decisions require the bashilable science to understand the factors that

regulate ambient conditions, and #féects of loads and ambient conditions on ecosystem héalth.
mechanistic and quantitativmderstandin@f nutrient cycling and fate in the Delta is essential both for
informed decisions related to current conditions and also because of major antichgaitgels in both

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

We hypothesizethat the Delta is an important biogeochemical reactor, and that transformatiossesr lo
strongly regulate ambient nutrient concentrations within the Delta and modulate nutrient loads to San
Francisco BayBoth N andP have complex cycles and require careful investigation. In this paper, we
focus onnitrogen, including loads, cycling, atasses 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 apacity of the Delta to transform nitrogen using alome model and finescale
mass balances
3. Use additional supporting water quality and isotope data to hypothesize what are the dominant
processes controlling nutrient fate (transformation vs. uptakelpuri

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 Resourégs/ironmental Monitoring Progra(®@WR-EMP) has

maintained anonitoringnetwork forphysical and chemical parameters, including nutrient concentrations,
at fixed stations within the DeltaZx monthly the since 1975 (kige 1).Data were downloaded from the
DWR-EMP website (http://www.water.ca.gov/bdma/meta/Discrete/dataDBoember 2013 and data
processing, plotting, and statistical analyses performed using the statistical software R (https://www.r
project.org/), andhe package wq (Jassby and Cloern, 20ABparameters were measured by standard
methods as described onDWRMP 6 s websit e; we assumed the -dat a
EMP and therefore did not specifically asses data quality. The data anskanaiysented are for the



period 20062011 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, inclugjfor periods prior to 2000 and for other parameteas, be found in
Appendix 2.

Seasonal and spatial variability were first expldtedughvisualinspection otime-seriesdataand by
constructing boxplots of nitrogen concentrations by station and by moratidition,empirical

orthogonal functions (EOFs) were used to explore the seasonal, interannual, and spatial variability of
NH4 and NO3 concentrations across Delta statilomig the period 2002011 (Jassby and Cloern,

2013). EOFs are similar to other multivariate data analysis techniques (e.g., principal components
analysis) but maintain the tirseries 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 agnadges, statiomanalyte 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 statiiatyte time series; and a time series of each
EOFOG6s r es pon ke EORF amplituge lcain beutobght of as correspgnidi the standardized
response, or relative variabilitsgt each statin whose seasonal and interannual patterndedeemined to
bewell-explained by that EOR-or example, the standardized NH4 time series at station X would be
determined as:

[NH4standardize]jX = [(NH4(t)X T NH4X,mear) / NH4X,s.d]
where NH4(t) is themeasured value for a given date aiNK4y neanand NH4 4. are the mean and
standard deviationsespectivelyfor theNH4 time seriesat X.

By targeting the standardized signals, the EOF analysis allows us to identify common patterns among
stations wose absolute concentrations differ substantially but that deviate from their individual means in
a similar manner over time.

AVol umetric f i ngeEMPstationtwers estfimated usiray output DR hydrologic

model Delta Simulation Model (IMR2); 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-@adyage basis from 20@11 for the DVR-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 ther&@aento River); and several other minor sources.

Isotopic dataf@lSN ) 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 helprigitegasonal or spatial observations in

N composition and as independent checks on mass balance observations.
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stations. Appendix 2 presents ammaletailed analysis of all active stations (Map courtesy of EIAHR

2.2 Mass balance for the Delta

We first explored nutrient transformations/losses uptake in the Delta viatsormeass balance for NH4,

NO3, DIN and TN, adopting a method used previguslestimate 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 and DWRIEP monthly water quality data to estimate loads into the Delta, out of the Delta to
water expas 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 pe26d 2006

(rather than 200@011, the time for water quality data wasalyzed), 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 fon#ppendix 3. In additional to tributary loadings, we
included estimates of nutrients loads from several of the larger POTWSs that discharge into the Delta (City
of Stockton, City of Tracy); several smaller plants that were not considered here and wit®sedoa
expected to be relatively small by comparison (Disco®Bary, Mountain House, Manteca, Lodi) are

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

(Regional San) were accounted for in the tributary loadahgsg 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

! http://Iwww.water.ca.gov/dayflow/output/



totd 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 scald,\@ere omitted from in the-htox 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
corservative assumptiolVe 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 foeugs, (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).
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Figure 2 Schematic for box mass balance for the Delta, adapted from anoagh 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 #2020060del,

new stations were substituted for the discontinued stations (see Table A.3.1 for details). There was insufficient data
to include agricultural wittirawals 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 focusedralysis on the period Jwt@ctober 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 modadf 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 fraernal production (via phytoplankton, benthic algae
or aquatic plants) and stored/buried in the system.
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We applied an existing al hydrodynamic and water quality model for the Delta (DSM2AL) to
guantifytransformations/losses on fingpatialscales related to NH4 and TN and identify zorods
greatest and leagtansformation/losses. Details of the DSM2 suite of models and the QUAL nutrient
model, in particular, can be found in Appendix 6. Output ftbemodel, which has more than 100
nodes, was aggregattamthe whole Delta for comparison with thdvdx model results, and alguo 6
regions, and inputs, exports, and transformations/losses were quantified within each of those zones.

The DSM2HYDRO hydrodynamic model is wetlalibratel for flow, originating water source, and flow
routing, because one of its applications is as a water resource management-siggsiointool for the

Delte’. The water quality module includes boundary condition inputs (constituent concentrationsh) at eac
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 modehas some limitationst was the best available model and its capabilities
are suitable for our goals of obtaining higher spatial and temporal resolution estimatesafdNH4
budgetswithin the Deltaand export to San Francisco B&itrification is wellparameterized, andeh

model calibration for NH4 concentrations is wedllibrated throughout the systefihe water qualitydata

used to calibrate and validate the model were generally monthly, although at some locations they were
more frequentThe measurement stationsed br calibration and validatioare located throughout the

Delta at hydrologicallymportant locationshat experiencéiverse of nutrient conditionsand thus

provide sufficient data resolutioand diversityto support the regionalgiggregated estimates of
transformation and loss rateBlodel skill was assessed for each modeled constituent at each location and
also as a Deltavide average with three statistical parameters (see Appendix 6 for details). For the
purposes of this study, the most important nhellidl was Model Bias. On a Dehaide 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 hitp://baydeltaoffice.water.ca.gov/modeling/deltamodeling/models/dsm2/dsm2.cfm



For both the Ibox model and DSM2 mass balance approaches, results allowed us to estimate overall
nitrogen loss from the system, talitd not shed light on the dominant processes that could explain this
loss (transformation vs. uptake/burial). We used aiftit 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 N# NO3, DIN and TN waried with stronglyperiodic signals that generally

correspond with the wet/dry and warm/cool Mediterranean climate eDBéig region (Figures-7).

Those seasonal variations are superposed upon substantial spatial differences in concentrations, in
addiion 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 parametever the periods 2002011 and 1972011 are explored in

more detail in Appendix 2.
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The majority of TN was present as DIN, with DIN generally comprising % of the total (Figur8).
By visual inspection, the ratio of TN:DIN varied both spatiaihd seasonally, with greater TN:DIN at
lower DIN concentrations.
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The spatially and temporallyarying patterns in N concentrations throughout the Delta (Figureésire
shaped by numerous factors, including (see conceptual model, Bjgthre relative contributions of
source waters and the chemical composition of those source waters; seasonal and temporal variability in
loads;N transformations and lossesthin the systemwith seasonallvarying ratesflow rates (dilution,
residence time) and flow routing (withdrawals); climate variability (wet vs. dry years); and habitat
specific (local) factorsTo better understand the factors influencing observed N coatiens at stations
throughout the Deltaye explored the spatiand temporavariations in nutrient concentratigrieow

water sources varied among staticersdseasonal variability of key parameters at several diverse and
hydrologicallyimportant sitesAlthough some longerm trends in N concentrations are evident in the
longertime seriesecord (Appendix 2)the analysis presentbérewas aimed at improved understanding
of current conditions, and therefore focuses on a recent era22000

12



Source
Waters

SAC

SIR —

A

Estuarine
water

Local

: Observed
Seasonal Long-Term Climate Influencing Variability
Nutrient Cycles  Trends Variability Factors

Wet Year Light/turbidity

o

V5

Dry Year

Water temperature
Local sources
Residence Time
Adjacent land use
Invasive species

A

Figure 9 Basic conceptual model of factors regulating ambient water qualityl h e
inputs (Figure 1) transport externalbpurced N into the system, with temporalgrying magnitudes and different
N compositions. Internal sources tainute additional N (wastewater, agriculture).

3.

different concentrations and forms of e Sacramento River and San Joaquin River are the two largest

2

Sour ce
The Delta receives multiple hydrologic inptitat havediverse water quality characteristics, including

water

o f

ngeropr

Del t abds

nt 6

mul ti

pl e

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

waters from San Francisco Bdsansported by tides and estuarine circulation, are anatipariant

water source, especially for stations in Suisun Bay tana lesser degrestations in the western Delta.
Water exports from the Delta for agriculture and domestic consurmgatmunt for~25% of annual flow
and diring summer (low inflow) mongcommonlyexceed 75% of instantaneous floisiring low flow
periods, the water exports, centered in the southwest Delta, can substantially alter flow routing within the

Delta.

Substantiakpatial seasonal, and interannwaliability in water sourcesievidentn the volumetric
fingerprinttime series, derived froimydrologicmodel outputover the period 2002011 (FigurelQ).

Stations C3 and ClWereclear hydrologic enanembers, comprised entiralf Sacramento and San
JoaquinRivers, respectivelyWatess at all other stationareremixtures of multiple source@ proportions
that variedseasonally and interannuall
1 D26, D19, and D28WVater compositiotis similar at these stationdoth on average and in their
seasonal and interannual shifibie Sacramento Rivas the dominant souradroughout most of

the year There ardrief spring pulses during which San Joaquin @odumneviokelumne

Rivers account fononttrivial amountsof source waterThe San Joaquin Rivertise dominanh
water sourcéor extended periods in 2006 and 20tk two wettest years during this periaad

to a lesser extent during 2005, which was also a wet year. There am@reds@ontributions

from agricultural return flowsln addition,D19 and D26 received minor contributions from
estuary waters aritie Yolo Bypass.
Suisun Bay stations (D4, D6, D7, D8Yater compositiofis characterize@rimarily by

seasonallyvarying proportionsof Sacramento and estuarine sources, with the estuarine influence

greatest during low flow periods, and a pronouncedwast gradienfrom mostly Sacramento
(D4) to Sacramentestuarine (D8, D7), and mostly estuargmeircegD6). Flows from the Yolo

13



Bypass contributed to Suisun stations at low levels (<10%, except for short spikes) during
winter/spring.

MD10: MD10MD10 exhibited the greatesivérsty in its volumetric fingerprint. San Joaquin

flows water contributed substantially during katmter/earlyspring, with the broadest peaks
occurring during the ettest years (2005, 2006, 2051 fall peaks during some years.

Sacramento waters became dominant, on average, during summer and fall.
CosumnedMokelumneRivers werealso an important source during short periods, typically at its
greatest in winter (January/February). Compared totladir 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 movei®atranento

River water during summer.

P8:San Joaquin was the dominant water source aE@®&ributions from th&acramento and
Calaverasiverspeaked in summer, and were most pronounced during three of the driest years of
the decade (2007, 2008)@). Agricultural return flows contributed seasonally (up to ~15%),
following a similar pattern asontributions from th&acramento and Calaveragers

Figure 10 Percent contribution of each end member to water volRinmVRIEP water quality stations. Data:
DSM2 Model output

3.3 Seasonal, spatial, and interannual variabilityn N species

Monthly NH4, NO3, DIN and TNconcentrations were examineder the period 2002011 for a subset

of stationgo identify typical sesonal patterns and to develop hypotheses to explain seasonal variability
(Figure 11). The station subset waslected based @acombination of geographic location and
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