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Executive Summary 
The Sacramento River Nutrient Change Study (SRiNCS) was developed with input from multiple 
stakeholders in the Delta Regional Monitoring Program, as well as the State Water Contractors. We 
tracked the effects of changes in nutrient loading resulting from a short-term wastewater effluent 
diversion at the Sacramento Regional Wastewater Treatment Plant (SRWTP). In the summer of 2019, 
scheduled wastewater effluent diversions occurred during the Effluent Valve Replacement (EVR) project, 
part of the EchoWater Project upgrade at the SRWTP. During an EVR diversion in early September 2019, 
no treated effluent entered the Sacramento River for 48 hours, creating a parcel of “without-
wastewater” river water approximately 20 miles (32 km) long. We observed the magnitudes and 
impacts of short-term changes in nutrient loading in water with wastewater (WW+, 9/10/19) and 
without wastewater (WW-, 9/11/19 and 9/12/19) in the Sacramento River and three downstream 
channels: Georgiana Slough, the North Fork Mokelumne River, and the South Fork Mokelumne River. 
 
Flow and transport modeling suggested that the proportions of water from three different sources, 
Sacramento River, SRWTP, and Mokelumne River, varied among the channels. The tidal flux shifted the 
water in each channel back and forth, and in the case of the South Fork Mokelumne River, caused the 
predominant input to alternate between Sacramento River water (which included Regional San effluent 
depending on the phase of our experiment) and Mokelumne River water. As a result, the water in the 
South Fork Mokelumne River included significant contributions from the Mokelumne River as well as 
water mixing out of three dead-end side sloughs with longer hydraulic retention time than the main 
channels, which may have dampened any responses to the changes in wastewater loading. 
 
High resolution boat-based monitoring of water quality complemented and informed the flow modeling 
efforts and also provided an overview of conditions across the study area each day. Mapping showed 
that a well-defined WW- treatment, as indicated by changes in the concentrations of ammonium,1 
nitrate, and dissolved inorganic nitrogen (DIN), was produced in the Sacramento River, Georgiana 
Slough, and North Fork Mokelumne River, while the pattern in the South Fork Mokelumne River was less 
distinct due to variable contributions from the Sacramento and Mokelumne Rivers. Across the study 
area, chlorophyll fluorescence (fCHL) did not show a clear increase or decrease in association with the 
decrease in wastewater nutrient loading. Chlorophyll fluorescence attributed to diatoms decreased in 
association with the decrease in wastewater nutrient loading from 9/10/19 (WW+) – 9/11/19 (WW-), 
but only in the North Fork Mokelumne River. Chlorophyll fluorescence attributed to blue-green algae 
showed a slight decrease from 9/10/19 (WW+) – 9/12/19 (two days of WW- conditions) across the study 
area. 
 
Based on discrete water-sample measurements from boats sampling in each channel, turbidity 
decreased significantly with day, as wastewater loading decreased (tests on data from four sample 
stations in each of the three channels on each of the three days, 9/10/19, 9/11/19, and 9/12/19). Due to 

 
1 Throughout this report we refer to ammonium (NH4

+), although in surface waters there is an equilibrium of 
ammonium and ammonia (NH3). We used U.S. Environmental Protection Agency (EPA) method 350.1 (US EPA 
2005), for ammonia nitrogen, to analyze our discrete water samples. This method measures both ammonium and 
ammonia in a sample, regardless of the state of equilibrium at the time of sampling. The term “total ammonia 
nitrogen” is used in wastewater discharge permits, and this study focused on changes in the loading of different 
forms of nitrogen, including ammonia, from the SRWTP to the Sacramento River. However, in this report we use 
“ammonium,” the term commonly employed by aquatic ecologists, because ammonium is the dominant form in 
surface water based on temperature and pH. 
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the decreased turbidity, light availability increased across the three days of the experiment, but this 
change appeared to be related to changes in the Sacramento River upstream of the SRWTP discharge 
point. Concentrations of dissolved nitrogen,2 total Kjeldahl nitrogen (TKN), nitrate, nitrite, and 
ammonium in discrete samples decreased significantly with day. However, dissolved inorganic carbon 
(DIC), dissolved organic carbon (DOC), and silica concentrations in discrete samples did not differ 
significantly with day. Chl-a concentrations in the discrete samples did not differ significantly with day. 
However, carbon uptake, quantified using carbon-13 (13C)-incubations, increased significantly with day, 
while the enrichment of delta carbon-13 (δ13C) in the particle organic carbon (δ13C-POC) became 
significantly more negative, consistent with higher fractionation by the Rubisco enzyme with higher 
rates of carbon fixation. Particulate organic carbon (POC) concentrations did not differ significantly with 
day. The increase in carbon uptake through time was correlated with a sharp increase in water column 
clarity, measured as a change in Secchi disk depth and photosynthetically active radiation (i.e., PAR) 
between 9/10/19–9/11/19. 
 
The density and biovolume of phycocyanin-rich (PC-rich) picocyanobacteria and of phycoerythrin-rich 

(PE-rich) picocyanobacteria, collected by discrete sampling and measured via microscopy, did not differ 

significantly with day, as wastewater loading decreased. Discrete sample enumerations of blue-green 

algae (i.e., cyanobacteria (Cyanophyta)) densities decreased significantly with day, as did total 

phytoplankton density. However, biovolumes of total phytoplankton and of different phytoplankton 

divisions did not change significantly with day. 

Total zooplankton density and Cladocera density decreased significantly with day, but this appeared to 
be driven by changes in a single channel, the South Fork Mokelumne River. The biomass of total 
zooplankton, Cladocera, and all other forms of zooplankton biomass did not differ significantly with day. 
Zooplankton growth metrics appeared to show little or no effect of wastewater or the lack thereof. 
 
Clam abundance was not anticipated to change between treatments. Clam biomass was assessed on 
one occasion, two weeks after the other sampling, to provide estimates of grazing, which ranged from 
0.2 to 8.4%, as a percentage of the water column grazed per day. 
 
During the short-term (48-hour) removal of wastewater effluent and its associated nutrient load from 
these three river channels in the Sacramento-San Joaquin Delta (hereafter referred to as “the Delta”), 
we observed statistically significant changes in the abundance of some forms of phytoplankton, as well 
as changes in phytoplankton productivity, but turbidity also changed with day. Because water clarity can 
impact phytoplankton communities, this change in turbidity likely confounded effects resulting from 
changes in nutrient concentrations with the EVR diversion. It will be interesting and informative to see 
the potential effects of longer-term nutrient loading reductions resulting from the EchoWater Project 
upgrade to biological nutrient removal at the SRWTP (greater than 95% reduction in ammonium loading 
and approximately 75% reduction in dissolved inorganic nitrogen loading in the effluent), as well as 
other nutrient reductions to the Delta that may occur in the future. Such effects remain to be studied 
now that the SRWTP biological nutrient removal upgrade is completed, along with the potential effects 
of buffering factors, including nutrients that may be stored in river sediment or in aquatic vegetation 
(macrophytes). Additional research focused on the longer-term responses of nutrient cycling, and the 

 
2 Total dissolved nitrogen is equivalent to filtered total Kjeldahl nitrogen plus nitrate plus nitrite (i.e., dissolved N = 
filtered TKN + NO3 + NO2), where TKN is dissolved organic nitrogen plus ammonium. Therefore, total dissolved N = 
DON + NH4

+ + NO3 + NO2. 
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abundance and growth of phytoplankton and zooplankton could inform future Sacramento-San Joaquin 
Delta ecosystem management. 
 

Introduction 
The importance of nutrients for phytoplankton growth and biomass has been intensely studied globally 

during the past century (Ivlev 1966, Sakamoto 1966, Ryther and Dunstan 1971, Dillon and Rigler 1974, 

Clasen 1980, Canfield and Bachmann 1981, Moore et al. 2013). However, the role of nutrients in the 

regulation of phytoplankton in the Sacramento-San Joaquin Delta (hereafter, the “Delta”) is not well 

characterized, and this lack of characterization creates challenges for water-quality regulators and 

organizations that manage nutrient loads to the Delta and its tributaries (Central Valley Regional Water 

Quality Control Board 2018, Dahm et al. 2016). 

In 2009, researchers from the Central Valley Regional Water Quality Control Board completed a series of 

river transects down the Sacramento River and found that a rapid decline in chl-a concentrations is 

frequently observed in the lower Sacramento River from the Interstate 80 crossing, upstream of the City 

of Sacramento, to the confluence with water from Cache Slough (Figure 1), indicating a decline in 

phytoplankton biomass (Foe et al. 2010). Following the discovery that phytoplankton biomass declines 

abruptly in the lower Sacramento River, water resource managers became interested in identifying 

management actions that increase phytoplankton biomass in the north Delta to maintain food supplies 

for invertebrates and in turn feed local small-sized fishes. In recent years, numerous experiments have 

investigated the conditions potentially contributing to this observed phytoplankton decline. Parker et al. 

(2012) theorized that high ammonium concentrations in the Sacramento River from wastewater effluent 

inputs reduce the growth rates of phytoplankton in this region. Following up on the Parker study, 

scientists from University of California Santa Cruz and Applied Marine Sciences, Inc., tested the growth 

responses of phytoplankton species isolated from the Sacramento River and Suisun Bay to increasing 

concentrations of ammonium in unialgal cultures. The culture studies demonstrated that ammonium 

concentrations commonly occurring in the Sacramento River were not high enough to inhibit growth of 

phytoplankton (Berg et al. 2017, Berg et al. 2019). In 2014, the U.S. Geological Survey (USGS) and others 

completed an adaptive management experiment in the Sacramento River investigating phytoplankton 

growth through time by tracking parcels of water down the river where diluted wastewater effluent was 

present or absent (Kraus et al. 2017a). This study found that chl-a concentrations in the tracked water 

parcels declined at a similar rate when wastewater was present or absent, indicating that factors other 

than ammonium, such as light limitation, river hydrodynamics, or clam grazing, might be driving the 

observed phytoplankton decline. Similarly, findings from multiple recent papers reviewed in Cloern 

(2021) have called the ammonium-suppression hypothesis into question. Recently, Dahm et al. (2016) 

drew attention to the role of multiple forms of nutrients in the wider Delta, as Delta waters have 

become clearer and harmful algal blooms have become more common, highlighting the opportunity to 

study how the EchoWater Project upgrade of the Sacramento Regional Wastewater Treatment Plant 

(SRWTP) to biological nutrient removal may affect primary producers and food webs in the Delta. 

The literature reviewed above suggests that nutrient concentrations do not have a strong effect on 

phytoplankton growth in the lower Sacramento River compared to other potential factors. What these 

potential factors may be, and their relative importance to phytoplankton growth in relation to nutrients, 

is not clear. Factors that have been shown to be important for phytoplankton growth in the lower 



Sacramento River Nutrient Change Study – Final Report 

21 
 

Sacramento River include irradiance, water residence time, and temperature (Cole and Cloern 1984, 

Jassby et al. 2002, Jassby 2008). The lower Sacramento River is characterized by fast water transport 

times (i.e., short residence times), high turbidity, and a relatively deep water column (7– 10 m). 

However, downstream of the lower Sacramento River is a series of river channels and sloughs that are 

shallower, less turbid, and have longer water residence times. In these waterways, the impacts of 

nutrient-related effects on phytoplankton growth may be more important than in the lower Sacramento 

River (Figure 1). Water and nutrients from the Sacramento River enter Georgiana Slough, and, via the 

Delta Cross Channel, the North Fork Mokelumne River, and South Fork Mokelumne River, providing an 

opportunity to test the effects of differences in water transit time, depth, light, temperature, and 

nutrient loading on phytoplankton and zooplankton productivity and biomass between the Sacramento 

River main stem and the downstream channels. High resolution boat mapping, performed by the USGS 

in support of the Delta Regional Monitoring Program, has detected differing patterns in numerous 

aquatic variables in these channels, including nutrient concentrations, turbidity, and chl-a (Bergamaschi 

et al. 2017, Downing et al. 2017, Kraus et al. 2017b). 

In recent years, several publicly owned treatment works in California have undertaken costly major 

process upgrades to reduce their loading of dissolved inorganic nitrogen (DIN) to the Delta. The 

environmental outcomes of the nitrogen load reductions currently completed or underway are still 

uncertain, although they have been investigated by projects such as the Delta Science Program’s 

Operation Baseline program (Richey et al. 2018; Senn et al. 2020). A major uncertainty regarding the 

management of Delta nitrogen loading is whether, following the current round of publicly owned 

treatment works nitrogen load reductions, further nitrogen reductions from publicly owned treatment 

works or other sources may be considered to achieve specific measurable benefits. As discussed in the 

Central Valley Regional Water Quality Control Board’s Delta Nutrient Research Plan (Central Valley 

Regional Water Quality Control Board 2018), additional scientific investigations are needed to guide the 

development of Delta nutrient objectives. For example, will a substantial reduction in DIN 

concentrations have a positive, neutral, or negative effect on desirable phytoplankton growth in the 

Delta? And more broadly, what is the relative importance of nutrient concentrations, water transport 

rates, light levels (irradiance), and grazing by zooplankton and clams, in achieving desirable 

phytoplankton growth?  

The goal of our study was to improve the understanding of the factors and processes regulating 

phytoplankton production in the Delta. We sought to answer the question “Will phytoplankton biomass, 

phytoplankton productivity, and zooplankton growth rates increase or decline when nitrogen inputs 

from Regional San are absent in north Delta rivers?” To do this, we monitored river conditions before 

and during a wastewater effluent diversion at the SRWTP. In the summer of 2019, scheduled 

wastewater effluent diversions occurred during the Effluent Valve Replacement (EVR) project, part of 

the EchoWater Project treatment process upgrade to biological nutrient removal at the SRWTP. During 

an EVR diversion in early September 2019, no treated effluent entered the Sacramento River for a 

period of 48 hours. Based on prior research (Kraus et al. 2017a) we anticipated that this should create a 

parcel of effluent-free river water more than 6 miles long in the Sacramento River. We focused our 

monitoring on river channels in the east Delta (Georgiana Slough, North Fork Mokelumne River, South 

Fork Mokelumne River), where flows are slower and water depths are shallower than in the main-stem 

Sacramento River, during two days of wastewater-free exposure.   We measured or modeled all factors 

potentially regulating phytoplankton growth, including nutrient concentrations, water clarity, water 
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quality, water transport, zooplankton abundance, and clam grazing rates. We also measured 

zooplankton growth in case zooplankton growth responded to potential changes in phytoplankton 

abundance during the study.   
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Figure 1. Map of the Sacramento‐San Joaquin River Delta showing project sample stations in the lower Sacramento River, 
Georgiana Slough, North Fork Mokelumne River, and South Fork Mokelumne River, showing high resolution boat mapping 
transects (purple lines) and the Delta Cross Channel (red line). Yellow circles denote USGS continuous monitoring stations. Green 
circles denote sample stations. 
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Conceptual Model 
Within our conceptual model, the factors of transit time, light, and nutrient loading result in different 

outcomes for phytoplankton productivity and biomass occurring in the Sacramento River compared to 

the three channels (Figure 2). In the main-stem Sacramento River, where water depth is sufficient to 

make light limiting to phytoplankton growth (Applied Marine Sciences 2017), we predicted that 

decreased nutrient loading would have little effect on phytoplankton biomass or the higher levels of the 

aquatic food web. However, in the channels, where a combination of decreased depth, increased transit 

time, and decreased turbidity may increase light availability (i.e., euphotic zone depth), we predicted 

that phytoplankton productivity and biomass would be regulated by nutrient availability. 

Biogeochemical model predictions (Zhang et al. 2018) suggest that reduced nutrient loading from the 

SRWTP will result in substantial changes in nutrient concentrations in these channels. During a lower 

nutrient loading scenario, we would expect to see less phytoplankton growth and biomass than under 

the current loading scenario. We assume that nutrient loading from other sources upstream of Freeport 

(Figure 1) is constant, and that during the summer SRWTP effluent is a high proportion of the total 

nutrient load to the Sacramento River. Also, we assumed that travel through this region occurs through 

a period of days, during which increases in phytoplankton and zooplankton growth rates and potentially 

also changes in phytoplankton biomass would be detectable. However, changes in zooplankton 

abundance and clam biomass would be minimal during this short period and difficult to detect. We did 

not make an assumption about whether increased phytoplankton biomass would be in the form of 

beneficial or harmful algal species, but we would be able to observe any changes through the high-

resolution boat mapping surveys, and through phytoplankton enumerations (species counts and 

biomass). We note that there are numerous theories regarding the controls on phytoplankton 

productivity and biomass in the Sacramento River, and these simplified conceptual diagrams are not 

able to illustrate all possible mechanisms and outcomes. However, our experimental design allowed us 

to observe actual outcomes and relate them to a broad set of environmental factors, including nutrient 

concentrations and forms, residence time, depth, light, temperature, and zooplankton and clam grazing. 
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Figure 2. Conceptual model figures showing potential ecosystem conditions in the Sacramento River and the three downstream 
channels - Georgiana Slough, the North Fork Mokelumne River, and the South Fork Mokelumne River - during current nutrient 
loading (TOP) and during the zero effluent treatment (BOTTOM). The Delta Cross Channel gates, indicated by a gray bar 
between the Sacramento River and Mokelumne River, were open for the duration of the study.  
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The changes in nutrient load and anticipated changes in productivity and biomass can be illustrated 

more specifically through food-web diagrams (Figure 3). As noted above, increased exposure to light 

relative to conditions in the main-stem Sacramento River near Walnut Grove is predicted to be available 

in the three channels, due to a combination of shallower depth and longer hydraulic residence time, 

resulting in increased phytoplankton growth and biomass during current (baseline) conditions. We 

anticipated that phytoplankton would spend a longer time in the euphotic zone in the shallower 

Georgiana Slough and Mokelumne River channels compared with the deeper Sacramento River channel. 

Whether the light levels were also elevated in these channels relative to the Sacramento River would 

depend on turbidity levels. Being exposed to non-limiting light for longer durations, due to spending less 

time below the euphotic zone, increases the potential for rapid phytoplankton growth when other 

regulating factors, such as sufficient nutrient concentrations and low grazing pressure, are favorable. 

 
Figure 3. Simplified food web diagrams showing wastewater nutrient load (focusing on ammonium and nitrate) and predicted 
standing stock biomass in the Sacramento River and the three channels during two scenarios: (1) Current effluent nutrient 
loading, (2) No effluent loading, as occurs during wastewater effluent diversions (lasting up to 48 hours). The channels are 
expected to have greater light availability (due to being shallower) and longer residence times in comparison with the 
Sacramento River. The box size shows biomass at each trophic level relative to the other situations. Note that by the time the 
effluent reaches the channels, some ammonium will have nitrified to nitrate. Also, when there is no effluent loading from the 
SRWTP, the river and channels still receive nutrients from other sources. 

 

We also anticipated that the biomass of zooplankton in the channels would be higher than in the 

Sacramento River, due to the greater availability of phytoplankton biomass to be grazed. During the 

condition of no wastewater nutrient loading, we anticipated that the already low phytoplankton 

biomass in the Sacramento River would remain unchanged. However, we anticipated that with no 

wastewater nutrient loading to the channels, phytoplankton productivity and potentially also 

phytoplankton biomass would decline. However, in the short time frame of the study, declines in 

zooplankton and clam biomass would not be observed in the channels. 

An overarching assumption of this experiment was that the main factor to be tested would be the 

presence or absence of treated wastewater. Accordingly, we made the further assumption that, during 

the three-day study period, inputs to the study region from the Sacramento River upstream of the 

wastewater treatment plant and from the Mokelumne River would be consistent, allowing us to 

compare the conditions with wastewater ( WW+ (~day 1)) and without wastewater (WW- (~day 2 and 
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day 3)). In addition, we assumed that, aside from anticipated differences in depth and water residence 

time, the three channels would display similar hydrodynamics to one another. However, as the reader 

will see, the comparison of WW+ and WW- conditions was confounded by two factors, a change in 

Sacramento River water quality (namely turbidity) originating from upstream of the wastewater 

treatment plant discharge point, and complex hydrodynamics in the South Fork Mokelumne River. 

Study Area 
The study area included the lower Sacramento River and its three connected downstream channels: 

Georgiana Slough, the North Fork Mokelumne River, and South Fork Mokelumne River (Figure 1). 

Nutrient concentrations are typically relatively high in the Sacramento River, mainly because it receives 

water from multiple sources throughout northern California, including surface runoff, agricultural 

return, urban runoff, and treated discharge from publicly owned treatment works. Sacramento River 

discharge rates largely depend on precipitation events and water releases from large upstream 

reservoirs. During typical summer discharge conditions, the Sacramento River will experience tidal flow 

reversals at Cache Slough, which can extend upstream past Walnut Grove (Figure 1). The Delta Cross 

Channel connects the Sacramento River to the Mokelumne River (Figure 1, Figure 2). The Delta Cross 

Channel gates typically remain open during summer months and remained open for the duration of our 

experiment. This study area was chosen because of the multiple river channels downstream of the 

SRWTP that were within the zone of influence of the SRWTP. The channels are close enough to the 

SRWTP that water parcels with or without treated effluent can be detected and tracked in the river 

water (i.e., prior to tidal mixing with water from other sources, such as the San Joaquin River). Based on 

bathymetric charts, we suspected that the channels would be shallower than the main-stem Sacramento 

River, and this was confirmed by subsequent depth analysis by Resource Management Associates (RMA) 

(see Appendix 3 of this report). The Sacramento River in our study area had a mean depth of 6.74 m (at 

Mean Sea Level). In comparison, the mean depth of Georgiana Slough was 5.63 m, the mean depth of 

the North Fork Mokelumne River was 5.93 m, and the mean depth of the South Fork Mokelumne River 

was 3.34 m. 

Study Design 
For this study, we had 17 sample stations in total: three along the main-stem Sacramento River between 

Freeport and Walnut Grove, a Sacramento River End Member (SREM) station at Walnut Grove, a 

Mokelumne River End Member (MOKEM) station upstream of the confluence with the South Fork 

Mokelumne River, and four stations in each of the three channels (Georgiana Slough, North Fork 

Mokelumne River, and South Fork Mokelumne River) (Figure 1). The three Sacramento River stations 

and the SREM station were sampled on 9/9/19, for background information. The two endmember 

stations and the 12 stations in the channels were sampled daily for three days, from 9/10/19–

9/12/1919. The focus of our analyses was the 12 sample stations distributed across three channels. 

Operators at the SRWTP halted treated effluent releases to the Sacramento River at the discharge point, 

located just south of Freeport (Figure 1), for approximately 48 hours, from late on 9/9/19 to early on 

9/12/19. This 48-hour period was the longest time possible for a wastewater effluent diversion, given 

the capacity of the emergency storage basins at the treatment plant. From the beginning of the EVR 

diversion on 9/9/19, a wastewater-free parcel of water (WW-) developed starting at the Freeport 

Bridge. The length of the WW- parcel increased during the next 24 hours as it traveled down the 

Sacramento River and into the Delta Cross Channel. The WW- parcel reached Georgiana Slough at the 
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end of the day on 9/ 10/19 and traveled through Georgiana Slough and into the North Fork Mokelumne 

River and South Fork Mokelumne River by 9/11/19. Sampling in the channels started on 9/10/19 when 

the WW- parcel was still making its way down the Sacramento River; therefore, the first day of sampling 

occurred in WW+ water. The second and third days of sampling occurred on 9/11/19 and 9/12/19 in the 

WW- parcel. In hindsight, we could have improved this study design by continuing to sample for several 

more days to document any responses to the resumption of effluent loading. 

Our study design made use of the already-planned EVR operations at SRWTP to conduct an adaptive 

management experiment to inform future nutrient management in the Delta. Repeated sampling of 

discrete stations proceeded throughout the three days, and high resolution boat-based mapping of 

water quality also proceeded throughout the study area (Figure 1). Throughout our results we have 

referred to the nutrient “treatment” conditions according to the date of sampling: 9/10/19, 9/11/19, 

9/12/19. During the EVR diversion, the loads of ammonium and nitrate from SRWTP were zero (Figure 

4), providing an opportunity to investigate the potential impacts of short-term nutrient load reductions 

that are lower than those mandated in SRWTP’s current National Pollutant Discharge Elimination System 

permit. 

 

Figure 4. Change in Sacramento River nutrient loads related to the EVR diversion, including dissolved organic nitrogen (DON) and 
DIN. The average September loads are estimated by multiplying the average nitrogen concentrations in Sacramento River at 

Freeport during the month of September from 2013–2020 (collected upstream of the SRWTP discharge point as part of Regional 
San’s monthly compliance monitoring) by the corresponding average daily river discharge at Freeport. The average September 
loads estimate also includes nitrogen loads in wastewater effluent calculated from the average daily ammonium and biweekly 
nitrate concentrations multiplied by the corresponding daily effluent flows in 2017 (measured by SRWTP personnel). The EVR 
load estimate is based on ammonium, nitrate, and dissolved TKN discrete water samples collected from the Sacramento River at 
Freeport on 9/9/2019, multiplied by the corresponding river discharge at Freeport. On 9/9/2019, the ammonium concentration 
at Freeport was below our method detection limit, so the full TKN concentration is shown as organic nitrogen. 
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We identified several areas of potential uncertainty in our experimental design as addressed below. One 

major uncertainty was that the two different treatments were sampled on different days; thus, changes 

in environmental variables such as water flow, mixing, irradiance, and temperature could confound the 

impact of the treatments.  

Another uncertainty was that the mixing of water in the vicinity of the Delta Cross Channel is complex 

and uncertain. In addition, Sacramento River water, including nutrients from SRWTP-treated effluent 

and other nutrient sources, is likely to be diluted by inflows from the Mokelumne River. We included 

numerical water flow and transport modeling in our study to generate estimates of water transit time, 

water source percentage at each sample station, and mixing at confluences. These estimates were used 

in the interpretation of changes in nutrients, phytoplankton, and other variables. The flow and transport 

modeling are described in a separate report (Resource Management Associates 2020a), which is 

included as Appendix 2 of this report. 

Depth in the main-stem Sacramento River becomes shallower near Isleton, suggesting that 

phytoplankton growth could potentially increase there, but the water in this region experiences more 

tidal reversals and mixing with Cache Slough water that would confound our ability to track 

phytoplankton growth through the lower Sacramento River. Our choice to focus on the channels in the 

Georgiana Slough and Mokelumne River region of the Delta was predicated on the opportunity to study 

the effects of multiple factors and stressors on phytoplankton while minimizing the influence of tidal 

effects and mixing in of waters (e.g., San Joaquin River, Cache Slough) that might confound the change 

in nutrient loading due to the treatment plant upgrade. 

Our focus on Georgiana Slough, the North Fork Mokelumne River, and South Fork Mokelumne River was 

also based on our assumption, after examining bathymetric charts, that these channels were shallower 

than the main-stem Sacramento River. We assumed progressively shallower mean depths moving from 

west (Georgiana Slough) to east (South Fork Mokelumne River), and that phytoplankton might therefore 

experience greater irradiance and have higher potential for growth change in response to nutrient 

loading changes. While we measured river depth at specific locations during the experiment, 

phytoplankton would have experienced somewhat different depth conditions throughout the study 

area, and we were concerned that our spot measurements might not be representative. RMA therefore 

conducted a detailed depth study using recently acquired detailed bathymetry data (funded from an 

existing contract with Regional San). 

There are also several dead-end side sloughs in our study area (Beaver, Hog, and Sycamore Sloughs) in 

which nutrient dynamics, phytoplankton production, and zooplankton production are largely unknown 

(Figure 1). There is the potential for water from these side sloughs to mix with water in the South Fork 

Mokelumne River, which could affect the nature of samples collected in the South Fork Mokelumne 

River. We designed our project to minimize this potential by locating our sample stations as far as 

possible from the confluences of these side sloughs with the South Fork Mokelumne River. 

To provide an overarching view of patterns that might occur along the river channels beyond what 

discrete water sample stations could adequately capture, we made use of several USGS continuous high 

resolution monitoring stations (Burau et al. 2016) in our study area (Figure 1). River discharge, velocity, 

and other water-quality characteristics from three USGS continuous monitoring stations at Freeport (0.2 

km upstream of SRWTP), Walnut Grove (29.2 km downstream of SRWTP), and Decker Island 
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(approximately 63 km downstream of SRWTP) were used to plan sampling events and document 

continuous river conditions. 

We completed high-resolution mapping of water quality on the three main days of the study, using in 

situ sensors on a moving boat to obtain spatially explicit nutrient, phytoplankton, and water-quality data 

and create maps of spatial variation. The USGS research vessel (R/V) “Landsteiner” was used for this 

work (Figure 5). In addition, the “Guardian” vessel carried a “mini-mapper” high resolution mapping 

system that provided continuous water-quality data from the North Fork Mokelumne River to help 

detect water quality (e.g., specific conductance changes that would indicate the arrival of the parcel of 

WW- water (Figure 6). Combined, these data assisted us in understanding biogeochemical and biological 

processes in the hydrologically complex river environment in our study area. 

 

Figure 5. USGS survey research vessel “Mary Landsteiner” and crew conducting a high-resolution water quality mapping run. 
Photo: Timothy Mussen, Regional San. 

 
Discrete water samples at the SREM station provided data for conditions in the Sacramento River and 

discrete water samples at the MOKEM station provided data representative of the Mokelumne River 

where it flowed into our main study area (Figure 1). Data from discrete water samples collected at the 

three additional stations farther upstream on the Sacramento River on the day before the main study 

began provided additional background information. We used three small boats to sample the total of 17 

discrete water sample stations, which allowed us to sample the three channels simultaneously on the 

three main days of the study. Regional San’s “Guardian” vessel sampled stations in the main-stem 

Sacramento River on 9/9/19 and in the North Fork Mokelumne River on 9/10/19–9/12/19 (Figure 6). The 

USGS “Mudslinger” vessel sampled stations in Georgiana Slough and one Sacramento River station on 

9/10/19–9/12/19 (Figure 7). The San Francisco State University “Twin Vee” vessel sampled stations in 

the South Fork Mokelumne River on 9/10/19–9/12/19 (Figure 8). 
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Figure 6. Crew from Regional San, Applied Marine Sciences, Inc., and San Francisco State University onboard Regional San vessel 
“Guardian”. Photo: Tamara Kraus, USGS. 

 

Figure 7. Crew from Regional San, Applied Marine Sciences, Inc., and USGS onboard the USGS research vessel “Mudslinger”. 
Photo: Tamara Kraus, USGS. 
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Figure 8. Crew from Regional San, Applied Marine Sciences, Inc., and San Francisco State University onboard the San Francisco 
State University vessel “Twin Vee”. Photo: Lisa Thompson. 

Our study design used a food web approach, examining many levels of the Delta food web, including 

physical factors (e.g., Secchi disk depth, turbidity, flow, temperature, pH, specific conductance, dissolved 

oxygen, and photosynthetically active radiation at select locations), water chemistry, including dissolved 

inorganic nutrient concentrations, chl-a, phytoplankton biomass and species composition, zooplankton 

biomass and species composition, and clam biomass. We also examined connections between trophic 

levels, including phytoplankton uptake assays (carbon uptake), zooplankton growth incubations, and 

zooplankton and clam grazing rates on phytoplankton. We sought to provide a snapshot of the food web 

in a single week. However, clam sampling was conducted one week after the other field work due to 

logistical limitations and with the assumption that clam distribution and biomass would not change 

significantly due to the nutrient loading change or within a one-week period. Details on this sampling 

are provided in the Methods section of this report. 

The surveys were conducted in September, when Sacramento River flow rates are generally low, to 

minimize the potential effects of high versus low water years on Sacramento River flows. The late 

summer timing was also chosen to collect samples at a time of year that cyanobacterial harmful algal 

blooms typically occur in the Delta so that we would be able to detect HAB species if they were present 

(Berg and Sutula 2015, Lehman et al. 2017). If visual survey of a station indicated that cyanobacterial 

harmful algal blooms species such as Microcystis sp. were present, the team would have collected 

separate water samples for BSA Environmental Services, Inc., to measure cyanotoxin concentrations, 

using the Enzyme-Linked Immunosorbent Assay (ELISA). 
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Methods 

Diversion of Treated Wastewater Effluent from the Sacramento River and Study Area 
Operators at the SRWTP halted treated effluent releases to the Sacramento River at the outflow site 

(latitude 38.454161, longitude -121.501654), located just south of Freeport Bridge, from 23:57 on 

9/9/19, to 1:19 on 9/12/19. 

Water Flow and Transport Modeling 
Numerical modeling of proportional water volumes and mixing were performed by RMA using their 

suite of Delta numerical model applications. The purpose of the modeling was to better understand 

water sources, mixing, transport time, and age to improve interpretation of the physical, chemical, and 

biological data collected during the survey. For example, having proportions of source waters at each 

location sampled, along with travel-time estimates, allowed more accurate determination of whether 

changes in phytoplankton biomass and species composition are due to growth, grazing, or dilution by 

tributary inflows. 

RMA staff used their numerical modeling applications RMA2, RMA11, and RMATRK to provide 

hydrodynamic, transport and particle tracking modeling analyses, respectively, of the study area before 

and during the EVR diversion period to support analysis of the sampling data. RMA estimated the 

percentage of source waters supplied to the Georgiana Slough, North Fork Mokelumne River, and South 

Fork Mokelumne River during the study period. Model calculations helped identify sources of 

phytoplankton, zooplankton, nutrients, and other chemical constituents by identifying the proportion of 

water in each river sample from different sources. Upstream sources included the SRWTP effluent 

stream, the Sacramento, Mokelumne, and Cosumnes Rivers, and potentially a downstream source from 

the San Joaquin River, depending on inflow levels and tidal mixing. Vertical and cross-channel profiles of 

temperature, dissolved oxygen, specific conductance, and fluorescent dissolved organic matter 

(collected by the field crews on the USGS Mary Landsteiner and USGS Mudslinger vessels) were used to 

test the model’s replications of water mixing. RMA also used their particle tracking module to calculate 

particle transport through the study area and estimate travel time of parcels of water entering the study 

area from different sources or time points. 

RMA staff produced a stand-alone final report that was reviewed and approved by the Delta Regional 

Monitoring Program in September 2020 (Resource Management Associates 2020a). A copy of this report 

is included within the current report as Appendix 2. 

River Depth Analysis 
Phytoplankton growth in turbid estuaries and rivers is strongly affected by the amount of light present in 

the water, which is a function of solar radiation, water clarity, and river depth (Cole and Cloern 1984, 

1987, Cloern 1991, 1996). Depth, light attenuation, and turbidity were measured by shipboard sampling 

of discrete stations during the Sacramento River Nutrient Change Study (SRiNCS). To distinguish 

phytoplankton responses to light availability at a higher resolution, RMA developed depth histograms in 

1-m intervals for the four study reaches of the 2019 SRiNCS (main-stem Sacramento River, Georgiana 

Slough, North Fork Mokelumne River, and South Fork Mokelumne River). The depths were derived using 

the 2-m digital elevation map of the north Delta bathymetry developed by the California Department of 
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Water Resources. The results of the RMA hydrodynamic model runs performed for the September 2019 

field study were processed to develop elevation surfaces of Mean Sea Level, Mean Higher High Water, 

and Mean Lower Low Water, to describe the range of depth conditions throughout the tidal cycle. The 

gridded bathymetry was subtracted from the model water-surface elevations to produce 2 m x 2 m grids 

of water depth for the four study reaches. RMA used the grids to generate color-coded depth maps to 

visually describe the river depths present within the study regions in each of the Mean Sea Level, Mean 

Higher High Water, and Mean Lower Low Water conditions. 

RMA staff produced a stand-alone final report that was delivered to Regional San staff in December 

2020 (Resource Management Associates 2020b). A copy of this report is included within the current 

report as Appendix 3. 

Correlation of RMA Modeled Water Fractions with Discrete Water Sample Water-Quality 

Characteristics and Constituents 
To assess the relationship between RMA flow and transport modeling results and observed discrete 

water sample water-quality characteristics and constituents, we (1) extracted the modeled fractions of 

SRWTP effluent and Mokelumne River water for each Georgiana Slough, North Fork Mokelumne River, 

and South Fork Mokelumne River sample station and sampling time (with sampling time matched to the 

nearest quarter-hour interval) and (2) compared the extracted water fractions with observed discrete 

water sample characteristics and constituents (DIC, DOC, chl-a, dissolved nitrogen, dissolved TKN, 

calculated DON, nitrate, nitrite, ammonium, dissolved total phosphorus, silica, and turbidity) using a 

linear regression model. 

High Resolution Water-Quality Monitoring and Mapping 
River discharge, velocity, and water-quality characteristics (Table 1) were measured every 15 minutes at 

three USGS monitoring stations: Freeport (FPT, USGS Station 11447650), located 0.2 km upstream from 

SRWTP, Walnut Grove (WGA, USGS Station 11447890), located 29.2 km downstream of the treatment 

plant, and Decker Island (DEC, USGS Station 11455478), located approximately 63 km downstream of 

the treatment plant (U.S. Geological Survey, 2022; http://waterdata.usgs.gov/usa/nwis). The flow and 

water-quality monitoring data collected by multiple sensors (Table 1) were used to plan the sampling 

event and document continuous river conditions during the experiment. 

  

http://waterdata.usgs.gov/usa/nwis


Sacramento River Nutrient Change Study – Final Report 

35 
 

 

Table 1. Configuration of existing USGS continuous water-quality monitoring stations at Freeport (USGS Station 11447650), 
Walnut Grove (USGS Station 11447890), and Decker Island (USGS Station 11455478), showing the water-quality 
instrumentation and infrastructure at each station (U.S. Geological Survey, 2022). 

Type Description  

Nitrate Sensor SUNA Nitrate Analyzer 

YSI EXO EXO Temperature sensorEXO Conductance sensor  
EXO pH sensor  
EXO Dissolved oxygen sensor  
EXO Turbidity sensor  
EXO Fluorescence of dissolved organic matter (fDOM) sensor  
EXO Total algae sensor (fCHL)  
EXO Central Wiper  
YSI signal output adaptors 

Infrastructure Data Collection Platform (enclosure, datalogger, wire and cable, telemetry, solar 
panels, regulators and batteries) 

 

Underway high-resolution water-quality measurements (Table 2) were collected by USGS personnel 

from a moving boat (USGS R/V Mary Landsteiner) at speeds up to 13 m/s (~30 mph) following the 

approach described by Fichot et al. 2015, Downing et al. 2016, Kimmerer et al. 2019, and Stumpner et al. 

2020. Sample water was continuously pumped onto the boat using two SHURflo Aqua King II pumps at a 

pressure of 55 psi and rate of 5 GPM using a pick-up tube mounted at a fixed depth of approximately 1 

m below the surface, routed through a 178 µm in-line strainer to remove large debris, and then into a 

pressure-compensated manifold that maintained system pressure at a prescribed level irrespective of 

boat speed, and that diverted excess flow to waste. A 2-stage debubbler was used to remove bubbles 

that could interfere with optical measurements in the flow-through instrumentation (Downing et al. 

2016). 

Constant flow rates through each flowpath were controlled via inline metering valves installed in the 

discharge lines (with the exception of the open split that provided water to the ammonium analyzer), 

and pressures were monitored using a sight gauge with adjustable knob. The manifold delivered water 

to the instruments listed in Table 2, providing continuous data collection at a frequency of 1 data point 

per second, allowing for high spatial resolution. Data were streamed to onboard computers in real time 

so that the investigators could make real-time decisions about instrument performance and identify 

regions of interest from identifiable changes along each transect. These data were used to detect the 

presence and absence of treated wastewater effluent and to quantify wastewater-derived constituent 

concentrations and effects (Kraus et al. 2017b). 
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Table 2. Measurements made continuously (1/second) during high-speed mapping surveys using the USGS boat-based flow-
through system. The “mini-mapper” system deployed on the Guardian vessel did not include the instruments indicated in blue 
and italics. 

Parameter Instrument 

Time Garmin 16X-HVS global positioning system (GPS) receiver 

Position Garmin 16X-HVS GPS receiver 

Temperature YSI EXO 2; Seabird model SB45 thermosalinograph 

Specific Conductance YSI EXO 2; Seabird model SB45 thermosalinograph 

pH YSI EXO 2  

Dissolved Oxygen YSI EXO 2 

Turbidity YSI EXO 2 Turbidity: WetLabs beam transmissometer  

fCHL 
YSI EXO 2 Total algae probe; WETLabs model WETStar chlorophyll 

fluorometer 

Phycocyanin YSI EXO 2 Total algae probe 

fDOM YSI EXO 2; WETLabs Wetstar 

Nitrate Seabird SUNA V2, Satlantic nitrate analyzer 

Ammonium Timberline TL-2800 ammonium analyzer 

Phytoplankton 

taxonomy 
bbe Fluoroprobe 

 

The manifold delivered water to three flowpaths: (1) A flow-through system consisting of a 

thermosalinograph that recorded temperature and specific conductance (Sea-Bird Scientific SB45 (TSG), 

Bellevue, WA); fluorometers that measured fCHL and fDOM (WETLabs WETstar (WS), Philomath, 

Oregon); a beam transmissometer that recorded transmittance and attenuation (WETLabs model C-Star 

transmissometer (CStar), Philomath, Oregon), a nitrate analyzer (SUNA V2; Sea-Bird Scientific, Bellevue, 

Washington). (2) A flow chamber for a multiparameter water quality sonde (YSI EXO2; Xylem Inc. (EXO), 

Rye Brook, New York) equipped with sensors to measure temperature, specific conductance, turbidity, 

pH, dissolved oxygen, fDOM and fCHL that then passed water to a fluorometer designed to measure 

different algal classes (FluoroProbe III (FP); BBE Moldaenke, Kiel, Germany; Beutler et al. 2002). (3) An 

open-split interface at atmospheric pressure that served water filtered through a 0.20 µm high-capacity 

in-line filter (Suez Memtrex, 25 cm length, MNY921EGS) to the on-board ammonium analyzer (Table 2). 

Flow-through instrumentation was connected using Tygon tubing. All tubing was new, and prior to use, 

all components of the flow-through system were flushed with organic-free, deionized water. 
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The ammonium analyzer was a continuous flow, gas diffusion/conductivity-based (Carlson 1978) 

instrument for ammonium analysis (TL-2800; Timberline Instruments, Boulder, Colorado) that was 

modified for field operation and continuous data collection by the manufacturer. Modifications 

included installation in a ruggedized housing, addition of an automated line-switching valve, addition of 

a heating unit to maintain the instrument at a constant above-ambient temperature, and changes to 

the software. The analyzer was run in continuous mode with frequent periodic introduction of 

deionized organic-free water (resistivity >18.2 MΩ/cm), and standard solutions to continuously assess 

instrument performance and to correct for baseline drift during the day. Full standard curves were run 

at the beginning and end of each day and partial curves run throughout the day each time the boat 

stopped to sample. 

All instrumentation was cleaned, and calibrations were checked prior to each use following the 

manufacturer's recommendation or as described below. Data for most instruments were recorded at 1-

second frequency on a single data logger (CR6, Campbell Scientific, Logan, Utah) together with a 

timestamp and boat position obtained from a high-resolution GPS receiver (16X-HVS, Garmin, Olathe, 

Kansas). The FluoroProbe logged data internally and to the host software every 4 seconds. The 

ammonium analyzer was connected to a stand-alone computer and collected data through its native 

software. 

High resolution data were merged based on time stamp and processed as described by Downing et al. 

(2016) and O’Donnell et al. (2022). Briefly, flow-through instrumentation was calibrated by applying 

temperature corrections to all fDOM and fCHL measurements. In addition, fDOM measurements were 

corrected for turbidity interference and converted to quinine sulfate equivalents. All instruments used 

with the flow-through system underwent blank and calibration checks as described in the Delta Regional 

Monitoring Program Quality Assurance Project Plan (Yee et al. 2019). The flow-through system made 

redundant measurements (e.g., two fCHL fluorometers, two fDOM fluorometers, two thermistors), 

which allowed technical staff to check constituent measurement accuracy. Nutrient and chlorophyll data 

were validated by comparing in situ field data with laboratory results. High-resolution data from the 

SUNA nitrate analyzer were corrected by regressing instrument response against nitrate concentrations 

obtained from laboratory measurements of discrete samples collected through the course of each day. 

Individual sample results more than three standard deviations from the regression were judged to be 

outliers and removed from the regression (Pellerin et al. 2013). All data were 20-second median filtered 

and were spatially aligned to facilitate comparison between dates as described by O’Donnell et al. 

(2022). 

During the three days of surveys, the USGS crew collected discrete water samples (analyses for 

concentrations of nitrate, ammonium, total dissolved nitrogen, phosphate, chl-a and pheaophytin, DOC, 

as well as phytoplankton enumeration and picocyanoplankton counts) at approximately 10 stations to 

validate and calibrate onboard instruments. Data from these surveys were processed as described by 

Downing et al. (2016) and Stumpner et al. (2020). Processed nutrient and chlorophyll samples were 

placed in a cooler on wet ice and shipped overnight to the USGS National Water Quality Laboratory in 

Lakewood, CO. Further details on processing and analysis of discrete samples, the required blanks and 

duplicates for each sample type, reporting limits (RLs), and method detection limits (MDLs) are 

described in the Delta Regional Monitoring Program Quality Assurance Project Plan (Yee et al. 2019) as 

well as the associated ScienceBase data release (O’Donnell et al. 2022). Data collected by the USGS for 
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this study are publicly available at the USGS National Water Information System (NWIS, 

https://waterdata.usgs.gov/nwis; U.S. Geological Survey, 2022) and ScienceBase (O’Donnell et al. 2022). 

Water Column Sampling 
At each station on the Sacramento River, Georgiana Slough, and the South Fork Mokelumne River, on 

each day from 9/10/19–9/12/19, a YSI model EXO2 sonde (Xylem Instruments) was deployed to collect a 

vertical profile of depth (m), temperature (°C, direct measurement, electronic sensor), pH (direct 

measurement, glass electrode, reference electrode, and automatic temperature compensation), specific 

conductance (µS/cm, direct measurement, nickel electrode with automatic temperature compensation; 

specific conductance readings are automatically corrected to 25oC as part of the specific conductance 

program within the sonde), dissolved oxygen (mg/L, direct measurement, luminescence based sensor, 

automatic temperature compensation), and fluorescent dissolved organic matter (QSU). On 9/10/19–

9/12/19, three sondes were in use to allow simultaneous sampling on three different boats. The EXO2 

sondes were calibrated at the Regional San Environmental Laboratory each morning, and cross-

calibrated together for fDOM in ambient river water each day before sampling commenced. Data from 

each EXO2 sonde were downloaded and stored on the Regional San Environmental Laboratory’s servers 

each evening. On the North Fork Mokelumne River, vertical profiles were sampled as described above, 

but a Eureka sonde (model Manta+20) with a LI-COR spherical quantum photosynthetically active 

radiation sensor (model LI-193) was also used to obtain vertical profiles of irradiance. Calibrations and 

data backup for the Eureka sonde were performed by Applied Marine Sciences, Inc., staff. 

Depth and temperature vertical profile data from the sondes were plotted to check for any evidence of 

temperature stratification at sample stations, which could have predisposed conditions to favor the 

formation of harmful algal blooms. Surface data (1-m depth) for other sonde variables were copied to 

field data sheets for subsequent use in graphical and statistical comparisons between sampling dates, 

stations, and channels. 

At each station on Georgiana Slough and the SREM station on 9/10/19–9/12/19, a vertical profile of 

photosynthetically active radiation (µmol photons/m2/s) was obtained using a LI-COR underwater 

quantum sensor (model LI-192SA). The LI-192 uses a silicon photodiode and glass optical filters to create 

uniform sensitivity to light between 400–700 nm, which closely corresponds to light used by most 

aquatic plants and algae. A precision optical filter blocks light with wavelengths beyond 700 nm, which is 

critical for measurements in a water column, where the ratio of infrared to visible light may be high. 

Surface-Water Quality 
In addition to the USGS continuous monitoring stations and high-resolution mapping surveys described 

above, water samples were collected at pre-determined locations along the Sacramento River, 

Georgiana Slough, North Fork Mokelumne River, and South Fork Mokelumne River. For discrete water 

quality, for each sample type, one sample was collected per station, plus one field duplicate per day. On 

9/9/19, only the four stations on the Sacramento River were sampled, for a total of five samples (4 

stations plus 1 field duplicate). On each of 9/10/19–9/12/19, the sample stations in Georgiana Slough, 

North Fork Mokelumne River, and South Fork Mokelumne River were sampled, plus the SREM station 

and MOKEM station, for a total of 15 samples (14 stations plus 1 field duplicate) per day. In all, a total of 

46 samples and 4 field duplicates were collected per sample type. 

https://waterdata.usgs.gov/nwis


Sacramento River Nutrient Change Study – Final Report 

39 
 

Our surface-water quality methods are summarized below. Sample collection at all 17 discrete sample 

stations followed the protocols in section 22 of the 2019 Regional San Environmental Laboratory Quality 

Manual (Regional San Environmental Laboratory 2019). Detailed methods used for water sample 

collection, storage, and analysis are also included in the Delta Regional Monitoring Program Quality 

Assurance Project Plan (Yee et al. 2019), including the instrument calibration procedures, maximum 

holding times to filtration and to analysis, preservative and holding temperature requirements, required 

blanks, controls, and matrix spikes, reporting limits, and method detection limits. Note that this 

duplicates the information in the 2019 Regional San Environmental Laboratory Quality Manual, but the 

Delta Regional Monitoring Program Quality Assurance Project Plan (Yee et al. 2019) may be easier for 

readers to obtain. At each station, surface water (~0.5 m depth) was collected using an acid-cleaned 

plastic bucket. Triplicate samples for turbidity were measured at each station using a Hach 2100P 

turbidimeter following method EPA 180.1. Single samples for determination of ammonium (NH4
+-N), 

nitrate + nitrite (NO3
--N + NO2

--N), TKN (dissolved), dissolved total phosphorus (mainly phosphate as 

phosphorus, PO4
3--P), DOC, and silica concentrations were filtered through a 0.45 μm filter, preserved, 

and stored refrigerated until analysis using standard methods at the Regional San Environmental 

Laboratory. Sample handling and custody followed the protocols in section 23 of the Regional San 

Environmental Laboratory Quality Manual (Regional San Environmental Laboratory 2019). Sample 

containers were pre-labeled with the sample location and Laboratory Information Management System 

barcode. Date and time collected were added to the label at the time of sample collection. 

Sample bottles were packed in ice chests with sufficient wet ice to maintain sample transport criteria. 

Field sheets were filled out at the time of collection and included site code, site description, GPS 

location, collection date/time, field physical and water chemistry measurements, and sampler(s) name. 

Water samples collected for analysis at the Regional San Environmental Laboratory were subject to the 

maximum holding times and sample collection preservation guidelines in the Manual for the 

Certification of Laboratories Analyzing Drinking Water 5th Edition, January 2005 (United States 

Environmental Protection Agency 2005), 40 Code of Federal Regulations (C.F.R.) § 141.13 (1975), and 40 

C.F.R. § 141.23 (1991).At the Regional San Environmental Laboratory, water samples were analyzed 

using the following methods and instrumentation: ammonium was analyzed using EPA method 350.1 

(United States Environmental Protection Agency 2005; Lachat Quick Chem 8500 phenol 

hypochlorite/colorimetric), nitrate + nitrite was analyzed using method EPA 353.2 (US EPA 2005; Lachat 

Quick Chem 8500, sulfanilamide/colorimetric), TKN (dissolved) was analyzed using method EPA 351.2 

(United States Environmental Protection Agency 2005; Lachat Quick Chem 8000, semi-automated 

colorimetry and flow injection), dissolved total phosphorus was analyzed using method EPA 365.4 

(United States Environmental Protection Agency 2005; Lachat Quick Chem 8000, molybdate-

antimony/colorimetric), DOC was analyzed using Standard Methods [SM] 5310B (Clesceri et al. 1998; 

DOC OI Analytical TOC analyzer, model 1020A, acidification and infrared detection, high temperature 

combustion, total dissolved carbon minus DIC), DIC was analyzed using Standard Methods (SM) 5310B 

(Clesceri et al. 1998), and silica was analyzed using method EPA 200.8 (United States Environmental 

Protection Agency 2005; Agilent 7900 and inductively coupled plasma/mass spectrometry (ICP/MS), 

model G8403A, pneumatic nebulization into radiofrequency plasma, vacuum extraction into quadrupole 

mass spectrometer). 

For chl-a, the laboratory analytical method was based on “10200 H, Spectrophotometric Determination 

of Chlorophyll” in Standard Methods for the Examination of Water and Wastewater - 20th edition 
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(Clesceri et al. 1998) but was modified such that samples were filtered within 12 hours of field 

collection, and that sample filters were frozen for up to 6 months prior to analysis. Samples collected for 

chl-a determinations were analyzed at the Regional San Environmental Laboratory following extraction 

with 90% acetone. Briefly, 20–100 mL water was filtered onto Whatman glass microfiber filters (GF/F) 

which were placed in petri dishes, wrapped in foil, and preserved frozen until analysis. The frozen filter 

containing the sampled phytoplankton cells was placed into a grinding tube to which 90% acetone was 

added. The glass filter was ground with a glass grinder (manufactured by Wheaton and made of Teflon 

or polytetrafluoroethylene [PTFE]) for 1–2 minutes. The ground filter was rinsed with 90% acetone into a 

centrifuge tube and extracted overnight in the refrigerator in the dark. Samples were centrifuged, and 

the supernatant analyzed at 750 nm (Turner Designs Trilogy model 7200-000 fluorometer with 

fluorescene module #046). 

Within the Sacramento River, on 9/9/19 the crew of the Guardian vessel recorded continuous water-

quality measurements while sampling at each station. Within the North Fork Mokelumne River, on 

9/10/19–9/12/19 the crew of the Guardian vessel recorded continuous water-quality and variable 

fluorescence (Fv/Fm) measurements while sampling at each station and during times of slow transit. 

However, the Fv/Fm data were not usable due to the long time between collection of sample and 

measurement in the instrument. 

Note that in the case of some water-quality constituents, namely ammonium, nitrate, nitrite, and 

dissolved total phosphorus, some results were below the reporting limit. In the case of ammonium and 

nitrite, some results were also below the method detection limit. For subsequent graphical and 

statistical analyses, values below the method detection limit were set to zero, and values between the 

method detection limit and the reporting limit were set to the instrument-reported value for a given 

sample (Table 3). 

Table 3. Reporting limits and method detection limits for discrete water sample water-quality constituents with some low 
measured values. 

Constituent Reporting Limit (mg/L) Method Detection Limit (mg/L) 
Ammonium 0.5 0.19 

Nitrate 0.1 0.02 

Nitrite 0.1 0.007 

Dissolved total phosphorus 
(phosphate) 

0.2 0.07 

 

Phytoplankton Density and Biovolume 
Similar to the description for discrete water-quality samples above, one phytoplankton sample was 

collected per station visited on a given day, plus one field duplicate per day, for a total of 50 samples. 

Whole-water samples for phytoplankton identification and enumeration were collected in brown high-

density polyethylene (HDPE) bottles and preserved with acid Lugol’s solution, a solution of iodine and 

potassium iodide, at a rate of 5 mL per 250 mL water sample. 

Samples of phytoplankton were stored in a cool dry location at the Regional San Environmental 

Laboratory prior to being shipped overnight to BSA Environmental Services, Inc., at their facility in 

Beachwood, Ohio, for enumeration. 
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Phytoplankton samples were filtered onto a 0.2 μm polycarbonate membrane (Nuclepore) and 

enumerated using a Leica DMLB compound microscope according to McNabb (1960) as described in 

Beaver et al. (2013). At least 400 natural units (colonies, filaments, and unicells) were enumerated to 

the lowest possible taxonomic level from each sample. The abundance of common taxa was estimated 

by random field counts. Rare taxa were quantified by scanning a transect of the filter. In the case of rare, 

large taxa, half of the filter was scanned and counted at a lower magnification. Cell volumes 

(biovolumes) were estimated by applying the geometric shapes that most closely matched the cell 

shape (Hillebrand et al. 1999). Biovolume calculations were based on measurements of 10 organisms 

per taxon for each sample where possible. 

Phytoplankton raw data are presented in Appendix 6. 

Picocyanobacteria Density and Biovolume 
Picocyanobacteria methods are presented separately from methods for phytoplankton because 

picocyanobacteria were enumerated using epifluoresence microscopy, whereas phytoplankton were 

enumerated using inverted microscopy. Because different enumeration techniques were used, the size 

distributions of picocyanobacteria and phytoplankton may overlap, and their biovolumes cannot be 

summed to get an overall total. Therefore, results for phytoplankton and picocyanobacteria are also 

presented separately in the Results section of this report. 

Similar to the description for discrete water-quality samples above, one picocyanobacteria sample was 

collected per station visited on a given day, plus one field duplicate per day, for a total of 50 samples. 

Each 50 mL whole-water sample was preserved with glutaraldehyde (1 mL 50% glutaraldehyde addition 

per 25 mL water sample) and stored refrigerated. 

Samples of picocyanobacteria were stored in a cool dry location at the Regional San Environmental 

Laboratory prior to being shipped overnight to BSA Environmental Services, Inc., at their facility in 

Beachwood, Ohio, for enumeration. 

Picocyanobacteria (typically < 2 μm) biovolume was estimated using epifluorescence microscopy. 

Preserved samples were filtered onto 0.2 μm polycarbonate membranes (Nuclepore), enumerated, and 

sized using an epifluorescence microscope. Following analyses, samples were stored at BSA 

Environmental Services, Inc., pending the acceptance of the final SRiNCS report by the Delta Regional 

Monitoring Program. 

Picocyanobacteria raw data are presented in Appendix 7. 

Phytoplankton Productivity 
Determinations of carbon (C) uptake by phytoplankton were quantified using the stable isotope tracer 
13C-bicarbonate, at each of 14 stations on 9/10/19–9/12/19. Whole-water samples were collected using 

an acid-cleaned plastic bucket that had been rinsed three times with ambient river water before being 

filled. Water was poured from the bucket into acid-cleaned 250 mL polycarbonate square bottles 

(Nalgene) after each bottle was rinsed three times. A set of three bottles for each station received 13C-

bicarbonate. Isotopes were added at trace levels (approximately 10% of ambient concentrations). After 

the bottles were spiked with tracer they were placed into a flow-through incubator on deck and shaded 

with multiple layers of darkened neutral density netting (top and sides) to 40% of surface irradiance. 

Uptake incubations were terminated after 4 hours via vacuum filtration of 125–250 mL water onto 
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combusted 25 mm Whatman GF/F. Following filtration, samples were placed in sterile 2 mL Eppendorf 

micro-centrifuge tubes and dried in a drying oven at 50°C overnight. After drying, samples were stored 

in a desiccator until processed for mass spectrometric analysis at the University of California Davis 

Stable Isotope Facility. These incubations produced three replicate measurements of atom percent 

excess of the POC per station, which was used together with the atom percent enrichment of the 

dissolved pool to calculate specific uptake rates of carbon (V (1/h) = Atom % excess / Atom % 

enrichment x time) according to Glibert and Capone (1993). 

Zooplankton Biomass 
At each of 14 stations on each day from 9/10/19–9/12/19, we collected one vertical haul zooplankton 

sample with a 0.5-m diameter, 50-µm mesh, 3:1 Wisconsin-style zooplankton net. In addition, one field 

duplicate was collected per day, in a different channel each day, for a total of 42 zooplankton samples 

and three field duplicates. Samples were transferred from the cod end to a 250 mL brown HDPE bottle 

after rinsing the net three times, and preserved with 1% Lugol’s solution, a solution of iodine and 

potassium iodide (12.5 mL Lugol’s per 250 mL water sample). Samples were stored in a cool dry location 

at the Regional San Environmental Laboratory prior to being shipped overnight to BSA Environmental 

Services, Inc., at their facility in Beachwood, Ohio. Enumerations of the 45 zooplankton samples were 

conducted by BSA Environmental Services, Inc., describing species where possible, abundance, and 

biomass. Zooplankton samples were analyzed using the Utermöhl technique with a minimum tally of 

200 organisms (Utermöhl 1958). Dry weight biomass estimates were based on length:width 

relationships that were applied following methods described in Beaver et al. (2013). Following analyses, 

zooplankton samples were stored at BSA Environmental Services, Inc., pending the acceptance of the 

final SRiNCS report by the Delta Regional Monitoring Program. 

Zooplankton raw data are presented in Appendix 8. 

Zooplankton Growth 
We conducted a pilot experiment to determine growth rate of the copepod Eurytemora carolleeae in 

water from the study area. This experiment was planned and conducted because we expected to find 

few copepods in the site water and had considered using a cultured test organism to assess the quality 

and quantity of the food available to support growth. This species, formerly common in the estuary but 

now less so, is easier to culture than Pseudodiaptomus forbesi which is more common during 

September. Although the results showed good growth over three days, we decided to use P. forbesi for 

measuring growth during the main experiment. 

Because of crew limitations, we focused all our sampling effort on the North Fork Mokelumne River and 

South Fork Mokelumne River (Figure 1). We conducted 27 discrete sampling events that included 

zooplankton abundance, stage distribution, egg production rate, and growth rates. Samples for growth 

rates were collected at two of the four stations in each of the North Fork Mokelumne and South Fork 

Mokelumne Rivers. 

Zooplankton abundance was sampled with a 50-cm diameter, 53-µm mesh net equipped with a 

flowmeter, towed below the surface for 3 minutes, then we analyzed the samples at the Estuary and 

Ocean Science (EOS) Center, San Francisco State University. Subsamples were taken with a Stempel 

pipet to obtain at least 400 organisms and examined under a dissecting microscope. Organisms were 
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identified to the lowest practicable taxonomic level and counted. Count data were converted to 

abundance (per m3) using the sample fraction and the filtered volume determined from the flowmeter. 

Twelve growth-rate experiments were completed at two sample stations in each of the North Fork 

Mokelumne and South Fork Mokelumne Rivers (Figure 1) using a method modified from the Artificial 

Cohort method (Kimmerer and McKinnon 1987). Experiments were not done in Georgiana Slough 

because we had only two people from the EOS Center working on the study. One modification of the 

original method was to use image analysis to estimate volumes of individual copepods, which were 

converted to carbon content using a previously determined calibration (Kimmerer et al. 2018, Owens et 

al. 2019). 

A further modification of the growth-rate method was necessary because P. forbesi was not always 

abundant in the water of the two distributaries. Because the objective for these experiments was to 

assess the effect of changes in nutrition on copepods rather than to determine ambient growth rates, 

we conducted these measurements as bioassays. Copepods were collected during short trips to the San 

Joaquin River just south of the point where Georgiana Slough meets the combined forks of the 

Mokelumne River (Figure 1). These copepods were transferred to insulated buckets of water from the 

study sites for transport to the EOS Center. 

The growth-rate incubations were conducted at the EOS Center, where replicate containers of copepods 

were incubated at constant temperature for a total of 48 hours. At 0, 24, and 48 hours, the contents of 

four replicate containers were poured through a nylon sieve and concentrated into vials with 

glutaraldehyde as preservative. Samples were subsequently analyzed for volume and carbon per 

copepod was calculated. Growth rate was determined as the slope of the natural log of median carbon 

per copepod (Kimmerer et al. 2018). In all 12 experiments the slope did not differ when the 48-hour 

time point was eliminated, indicating that growth had been constant for the entire period. 

We also collected and analyzed samples for molecular identification of foods consumed by the 

zooplankton. We collected zooplankton and particulate matter at the growth-rate stations and froze 

them for later analysis using High-Throughput Sequencing (Holmes 2018, Kimmerer et al. 2018). 

Clam Biomass and Grazing 
Clams were collected at the 17 sample stations over 9/24/19–9/25/19. Clam sampling was performed 

separately from the main project sampling, due to time constraints, but soon enough after the main 

project sampling to reduce the likelihood of clam movements or population biomass changes due to 

growth or mortality. We sampled clams from the river bottom using a custom-built, 35-cm wide trawling 

dredge. We used this sampling method because clams commonly live in patchy distributions. The clam 

trawling dredge covers a larger surface area of the river bottom (approximately 9 m2), compared to a 

Ponar scoop sampler, which helps to reduce sample variation. At each location, three transects were 

sampled parallel to the riverbanks, with transects spaced equally across the river’s width, in mid-

channel, channel-left, and channel-right. The trawl was deployed from the side of the boat while the 

boat was stationary in the water. The trawl had a rope connected to a buoy on the basket end and a 

rope connected to the boat on the inlet end. After the boat moved about 10 m into the river’s current, 

the trawl was tied off to a cleat at the rear of the boat and dragged behind the boat for roughly 1 minute 

at a speed of approximately 1.8 km/h. Distance traveled was estimated from boat speed and time 



Sacramento River Nutrient Change Study – Final Report 

44 
 

traveled and verified by recording starting and ending GPS locations. Time of day, average water depth, 

and field notes were also recorded. 

Clams > 5 mm were collected in a wire mesh basket at the back end of the dredge, which allowed finer 

particles to pass through. At the end of each transect, the clam dredge was lifted to the side of the boat 

and gently agitated to release fine particles. The clam dredge was then moved into the boat and its 

contents were emptied into a plastic sorting tub (Figure 9). All clams and other material were removed 

from the dredge before the subsequent transect pull started. All other material was returned to the 

river, and the trawl was visually inspected by two researchers to ensure that there were no remaining 

clams. 

All living clams from each transect, including those attached to the trawl’s rake, were placed into a 

labeled mesh storage bag and held on ice in coolers until the end of each sampling day, then 

transported to the laboratory prior to fixation in buffered 10% formalin in labeled glass containers that 

evening. After roughly two weeks, the clams were transferred into 70% ethanol for long-term 

preservation and stored at room temperature. 

Clam shell widths were measured with electric calipers to provide raw data to estimate clam biomass 

and clam grazing rates. Turnover of water by clams (CT, 1/d) was based on Lopez et al. (2006) and was 

calculated using the following steps. First, pumping rate (PR, m3/g clam/d) was calculated as a function 

of temperature (T), based on laboratory experiments: 

PR = (0.4307e0.1113 x T) × 24 × 0.001 
 
Next, daily clam filtration rate (FR, m/d) was calculated as the product of the clam ash-free dry weight 

(CDW, g/m2) and PR: 

FR = CDW × PR 
 
Then CT was calculated from the ratio of FR to river depth (H, m): 

CT = FR / H 
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Figure 9. Tim Mussen (Regional San) with clams collected from Georgiana Slough. 

 

Quality Assurance/Quality Control Procedures 
All data collection, laboratory analyses, flow modeling, and data management, archiving and 

preservation adhered to the methods and Quality Assurance/Quality Control procedures developed for 

the project and described in detail in the Delta Regional Monitoring Program Quality Assurance Project 

Plan, version 5 (Yee et al. 2019). The Quality Assurance Project Plan provides a comprehensive account 

of the project’s procedures, including project tasks, quality objectives and criteria, special training and 

certifications, documentation and records, sampling process design, sample collection methods, sample 

handling and custody, analytical methods, quality control, instrumentation (testing, inspection, 

maintenance, calibration), field supplies, data management (review, verification, validation), assessment 

and response actions, and reporting. 

The Regional San Environmental Laboratory is certified by the California Environmental Laboratory 

Accreditation Program. Data quality objectives for this project measured both completeness and 

correctness. An acceptable completeness goal for this project was 90% completeness and included both 

collection and transport of sample and the laboratory analysis completeness. Completeness was 

assessed based on the number of samples successfully obtained and validated for use in this study and 

the proportion of quality-control samples that were within acceptance criteria. Correctness included 

using the appropriate analytical method, sampling technique, preservation, and all the required quality 

assurance for the type of analysis performed. Data quality objectives for accuracy, precision, recovery, 

and contamination were determined through a combination of instrument calibration and the analysis 

of duplicates, blanks, and spikes. Accuracy, precision, and recovery were assessed through the use of 

quality control samples by the laboratories. Laboratory spikes and matrix spikes were used to assess 

accuracy and recovery, and duplicates are used to assess precision. All of the sampling and analysis 

performed for this project complied with the appropriate laboratory- or method-required quality 
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control. If an analysis was not in compliance with these established method criteria, the lab would have 

notified the program manager. 

Statistical Analyses 
For each constituent (i.e., water quality, phytoplankton, and zooplankton constituents), we tested for 

differences among means across the three sampling dates (9/10/19, 9/11/19, and 9/12/19), and across 

the three side channels (Georgiana Slough, North Fork Mokelumne River, South Fork Mokelumne River) 

with 2-factor analysis of variance (ANOVA), using the ANOVA function in SYSTAT 13 (Zar 1984, SYSTAT 

2017). Data from the four sample stations in each channel were pooled. Regarding the statistical 

assumption of independent observations, we did not correct for repeated sampling at the same sample 

locations throughout multiple days because the water transport rates and tidal fluxes were such that we 

were not sampling the same parcels of water on different days (see Appendix 2). We checked the 

statistical assumptions of normal distribution of residuals using quantile-quantile residual plots, and of 

homogeneity of variances using residual plots (residuals versus predicted values). All pairwise 

comparisons were made using a Tukey test, using the post hoc POOLED TUKEY function in SYSTAT (Zar 

1984, SYSTAT 2017). Secchi depth was not analyzed because of missing data, and the phytoplankton 

divisions Euglenophyta and Pyrrophyta were not analyzed because they were present at very few dates 

and sample stations. For each constituent related to phytoplankton productivity (i.e., carbon uptake, 

δ13C-POC, and POC), we tested for differences among means by date (9/10/19, 9/11/19, 9/12/19) and by 

channel (SREM, Georgiana Slough, North Fork Mokelumne River, South Fork Mokelumne River, MOKEM) 

with 2-factor ANOVA, using the aov() function in R (R Development Core Team 2014). 

Results 

Water Flow and Transport Modeling 
The complete RMA flow and transport final report (RMA Modeling of Sacramento River Nutrient Change 

Study) is included in this report as Appendix 2. Here we summarize the major findings of the flow and 

transport report and their implications for the interpretation of the other data collected during the 

SRiNCS. 

The final flow simulation from the RMA2 model (calibrated and with an updated grid developed for this 

project) was used for the RMA11 transport model volumetric simulations. The RMA11 model was 

calibrated using specific conductance data. Specific conductance varied among the water sources to our 

study area (Sacramento River, Mokelumne River, and Regional San effluent) and behaved like a 

conservative tracer. The RMA11 transport model was used to estimate the proportions of each water 

source represented at different locations and times along the three channels: Georgiana Slough, North 

Fork Mokelumne River, and South Fork Mokelumne River. Particle tracking simulations were conducted 

to estimate the times by which water with or without effluent from Regional San would have reached a 

particular sample station during the experiment. 

There were four main insights that emerged from this work. First, the proportions of water from the 

different sources varied among the channels. Sacramento River water, and thus Regional San 

wastewater inputs, reached all three channels. During the experiment, Sacramento River water 

comprised approximately 99% of the flow in Georgiana Slough, 96% in the North Fork Mokelumne River, 

and 80% in the South Fork Mokelumne River (Appendix 2, Figures 32–34). On 9/10/19, Regional San 

effluent comprised approximately 0.8% of the flow in Georgiana Slough and the North Fork Mokelumne 
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River, and 0.6% of the flow in the South Fork Mokelumne River, dropping to 0% on 9/11/19. Meanwhile, 

Mokelumne River inputs affected the South Fork Mokelumne River, but had very little effect on the 

North Fork Mokelumne River (less than 1%), and no effect on Georgiana Slough (Appendix 2, Figures 36 

and 49). 

Second, the tidal flux shifted the water in each channel back and forth, and in the case of the South Fork 

Mokelumne River, caused the input to alternate between Sacramento River water (which included 

Regional San effluent depending on the phase of our experiment) and Mokelumne River water 

(Appendix 2, Figures 51 and 52). The tidal flux also appeared to pull water into and out of the three side 

sloughs (Hog, Beaver and Sycamore Sloughs, Figure 1) on the east side of the South Fork Mokelumne 

River. This resulted in the South Fork Mokelumne River containing somewhat discrete parcels of water 

from different sources. Therefore, the influence of Sacramento River water and Regional San 

wastewater was dampened in the South Fork Mokelumne River in comparison with the other two 

channels (Appendix 2, Figure 22). 

Third, the river flow rates in the Sacramento River and channels were faster than we anticipated when 

we designed the experiment. This precluded us from using a Lagrangian sampling design in which we 

would have floated slowly downriver with the advancing WW+ parcel, sampling alternately between 

WW+ and WW- parcels (see Kraus et al. 2017a). Instead, the transport model showed that entire study 

area (i.e., the three channels) was under the influence of wastewater on 9/9/19 (see Appendix 2, Figures 

37–42). According to the model, the WW- water reached the more northerly stations in the channels 

late on 9/10/19 (after we had completed our sampling) (see Appendix 2, Table 1). On 9/11/19, there 

was a transition period when WW- water reached the more southern stations by the end of the day. On 

9/12/19, all stations started out in the WW- state. By late that afternoon the resumption of discharge 

from SRWTP caused WW+ water to again begin reaching the stations, but this occurred after we had 

completed our discrete water sampling at each station. 

Fourth, there was a level of uncertainty about the transport times predicted by the model. Tides 

affected the movement of the water within each channel, affected the inputs of Mokelumne River water 

to the South Fork Mokelumne River (as noted above), and likely pulsed water in and out of the three 

side sloughs along the South Fork Mokelumne River, but the model couldn’t resolve this potential pulsed 

water phenomenon exactly, mainly due to the lack of data from the two field calibration flow stations 

that washed out in 2017. Based on calibration data collected during the USGS high-resolution boat 

mapping cruises and from the cross-river transects collected by one of the discrete water sample boat 

crews, the modelers knew that their model was off by less than an hour to several hours, but that the 

model predictions were still accurate at the scale of days. 

These combined insights from the flow and transport modeling indicate that the 3-day experimental 

design was robust to tidal fluctuations and the exact location of a given parcel of water, since the 

majority of the water in the study area on a given day was in the same condition, either WW+ or WW-. 

Instead of comparing changes from one station to the next along each channel, we were able to group 

the data from all 12 stations by day (9/10/19, 9/11/19, 9/12/19). 

Based on the results of the RMA flow and transport analyses, we were concerned that our response 

variables (e.g., water quality, phytoplankton abundance, and productivity) could be affected by inputs 

from the Mokelumne River that could dilute inflow from the Sacramento River to the extent that 

chemical and biological responses would be substantially dampened. As a result, otherwise detectable 
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changes in the ecosystem, correlated with the decrease in effluent loading, would become 

undetectable. However, as will be seen below in the remainder of the Results section, there were 

substantial changes in the values of many water-quality variables, even when data from the four South 

Fork Mokelumne River sample stations were pooled with the data from the four sample stations in each 

of Georgiana Slough and the North Fork Mokelumne River (n=12 total). There were also substantial 

changes in several phytoplankton abundance and productivity variables. 

River Depth Analysis 
The full RMA depth analysis report (River Depth Analysis in Support of the Sacramento River Nutrient 

Change Study) and bathymetric maps for our study area are included in this report as Appendix 3. Here 

we summarize information from the depth histograms that RMA developed based on the bathymetry 

data. 

Overall, the initial assumptions we made regarding the relative depths of the different channels while 

designing the experiment were confirmed by the detailed bathymetry data obtained by RMA. As noted 

in the Introduction, the Sacramento River in our study area had a mean depth of 6.74 m (at Mean Sea 

Level). In comparison, the mean depth of Georgiana Slough was 5.63 m, the mean depth of the North 

Fork Mokelumne River was 5.93 m, and the mean depth of the South Fork Mokelumne River was 3.34 

m. Depths varied with the tidal cycle, as described below. 

The portion of our study area within the Sacramento River was predominantly 7–8 m deep (median 

depth interval of 7–8 m was 20% of surface area), although this increased to 8–9 m deep at Mean Higher 

High Water. The maximum depth interval was 18–19 m at Mean Higher High Water (Table 4). 

The portion of our study area within Georgiana Slough was predominantly 6–7 m deep (median depth 

interval was 29% of surface area). This decreased to 5–6 m deep at Mean Lower Low Water. The 

maximum depth interval was 15–16 m at Mean Higher High Water (Table 4). 

The portion of our study area within the North Fork Mokelumne River was predominantly 6–7 m deep 

(median depth interval was 15% of surface area). This increased to 7–8 m deep at Mean Higher High 

Water. The maximum depth interval was 13–14 m at Mean Higher High Water (Table 4). 

The portion of our study area within the South Fork Mokelumne River was predominantly 3–4 m deep 

(median depth interval was 23% of surface area). This increased to 4–5 m deep at Mean Higher High 

Water. The maximum depth interval was 12–13 m at Mean Higher High Water (Table 4). 

The depth histograms (not shown) for the Sacramento River and Georgiana Slough were somewhat 

parabolic, that is, they appeared to follow a somewhat normal distribution. Depth distributions in the 

North Fork Mokelumne and South Fork Mokelumne Rivers were more skewed. The North Fork 

Mokelumne River had a higher proportion of its surface area with depths greater than the median depth 

than did the other channels (Table 4). Conversely, the South Fork Mokelumne River had a higher 

proportion of its surface area with depths shallower than the median depth than did the other channels. 
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Table 4. Summary of depth distributions in the four channels in the study area. Data are drawn from the depth analysis report 

prepared by RMA (River Depth Analysis in Support of the Sacramento River Nutrient Change Study, included in this report as 

Appendix 3. 

 

Correlation of RMA Modeled Water Fractions with Discrete Water Sample Water-Quality 

Characteristics and Constituents 
We assessed the relationship between RMA flow and transport modeling results and observed discrete 

water sample water-quality characteristics and constituents. Results of this analysis are given in Table 5 

and plotted (including equations) in Appendix 4. 

Table 5. Results of linear regression analysis of modeled water fractions (modeled SRWTP effluent fraction, % SRWTP, and 
modeled Mokelumne River fraction, % MOK) and water-quality parameters. Regressions associated with p-values less than 0.05 
are shown in bold. 

 % SRWTP % MOK 

Characteristic or 
Constituent 

R squared p-value Slope R squared p-value Slope 

DIC 0.0005 0.900 + 0.6471 0.000  — 

DOC 0.0228 0.379 + 0.3666 0.000  — 

Chl-a 0.0232 0.376 — 0.0227 0.380 + 

Dissolved nitrogen 0.6537 <0.001 + 0.2196 0.004  — 

Dissolved TKN 0.4939 0.000 + 0.2310 0.003  — 

DON, calculated 0.0004 0.914  — 0.2568 0.002  — 

Nitrate 0.7687 0.000 + 0.0772 0.101  — 

Nitrite 0.2956 0.001 + 0.0048 0.689  — 

Ammonium 0.8659 0.000 + 0.0485 0.197  — 

Dissolved total 
phosphorus 

0.0689 0.122 + 0.1167 0.041 + 

Silica 0.0098 0.566 + 0.7496 0.000  — 

Turbidity 0.2242 0.004 + 0.0510 0.186  — 

 

Channel Maximum 
depth 

interval at 
Mean 
Higher 
High 

Water (m) 

Median 
depth 

interval 
at 

Mean 
Sea 

Level 
(m) 

Proportion 
of surface 

area below 
median 
depth 

interval at 
Mean Sea 
Level (%) 

Proportion 
of surface 

area at 
median 
depth 

interval at 
Mean Sea 
Level (%) 

Proportion of 
surface area 

above 
median 
depth 

interval at 
Mean Sea 
Level (%) 

Sacramento River 18–19 7–8 49 20 31 
Georgiana Slough 15–16 6–7 53 29 17 
North Fork Mokelumne River 13–14 6–7 50 15 34 
South Fork Mokelumne River 12–13 3–4 43 23 34 
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Dissolved nitrogen, dissolved TKN, nitrate, nitrite, ammonium, and turbidity exhibited significant 

positive correlations to modeled SRWTP effluent fraction, whereas DIC, DOC, dissolved nitrogen, 

dissolved TKN, calculated DON, and silica exhibited significant negative correlations with modeled 

Mokelumne River fraction (Table 5). Dissolved total phosphorus exhibited a significant positive 

correlation with modeled Mokelumne River fraction. These results could be used to assess RMA model 

performance along the steep spatial and temporal gradients of this study and to understand the 

observed effects of source inputs on water-quality characteristics and constituents. The influence of 

SRWTP effluent on constituents found in high concentrations in this source (i.e., dissolved nitrogen and 

ammonium) as well as constituents not found in high concentrations in this source but instead produced 

from SRWTP effluent substrate by biogeochemical processes (i.e. nitrate), are apparent in the regression 

analysis results.  The Mokelumne River water diluted the effluent and affected several water-quality 

characteristics and constituents, particularly in the South Fork Mokelumne River samples. 

High-Resolution Water-Quality Monitoring and Mapping 
The results from the USGS high-resolution boat mapping cruises conducted on 9/10/19–9/12/19 clearly 

show the fluctuations in ammonium and nitrate concentrations during the changes in wastewater 

loading (Figure 10). By midday on 9/10/19 (WW+ day), there were lower ammonium concentrations in 

the Sacramento River downstream of the treatment plant discharge point but still high concentrations 

of ammonium in the Sacramento River near Walnut Grove and in the three channels. Ammonium 

concentrations in the South Fork Mokelumne River were lower than in the other two channels. On 

9/11/19 (WW-) and 9/12/19 (WW-), concentrations of ammonium in the channels were near zero, but 

on 9/12/19, ammonium concentrations in the main-stem Sacramento increased downstream of the 

treatment plant discharge location as the 48-hour EVR diversion ended early on 9/12/19. Nitrate 

concentrations were higher in the channels than in the main-stem Sacramento River on 9/10/19. Nitrate 

appeared to linger in the South Fork Mokelumne River on 9/11/19, but low concentrations were 

observed near the input of the Mokelumne River. On 9/12/19, nitrate concentrations in the main-stem 

Sacramento River increased again after the EVR diversion ended, with increased concentration toward 

Walnut Grove (presumably due to nitrification of effluent ammonium). 

The patterns observed for DIN and DOC from 9/10/19–9/12/19 (Figure 11) were very similar to the 

patterns observed for nitrate, although the pattern for DOC was weaker. 

Specific conductance in each of the three channels showed a slight decline between 9/10/19 (WW+) and 

9/11/19 (WW-) (Figure 12). However, the greatest contrast in specific conductance occurred in the 

South Fork Mokelumne River near the input from the Mokelumne River, particularly on 9/11/19, but this 

was also apparent on 9/10/19. 

The value of fCHL was less than 10 µg/L throughout the study area and study period (Figure 12), and 

fCHL was generally lowest in Georgiana Slough and highest in the South Fork Mokelumne River, with 

intermediate values in the main-stem Sacramento River and the North Fork Mokelumne River. Within 

the North Fork Mokelumne River but not the other channels, fCHL declined from 9/10/19–9/11/19, then 

stayed the same on 9/12/19. Some higher fCHL values occurred in the upstream segment of the 

Sacramento River on 9/12/19, but this increase began upstream of the treatment plant discharge point. 

Chlorophyll fluorescence attributed to diatoms was slightly higher in the North Fork Mokelumne River 

than in the other two channels on 9/10/19 (Figure 13). However, on 9/11/19 and 9/12/19, fluorescence 
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was slightly lower in the North Fork Mokelumne River than in the other two channels. Within the North 

Fork Mokelumne River, but not the other channels, fluorescence attributed to diatoms declined from 

9/10/19–9/11/19, then stayed the same on 9/12/19. 

Chlorophyll fluorescence attributed to blue-green algae was higher in the South Fork Mokelumne River 

than in the other two channels on each of 9/10/19, 9/11/19, and 9/12/19 (Figure 13). Fluorescence in 

each of the three channels and the Sacramento River was slightly lower on 9/12/19 in comparison with 

9/10/19. 

Chlorophyll fluorescence attributed to Cryptophyta was relatively low throughout the study area and 

throughout the study period, although somewhat higher values were observed in the southern end of 

the North Fork Mokelumne River on 9/10/19 (Figure 14). 

Chlorophyll fluorescence attributed to green algae was higher in the South Fork Mokelumne River than 

in the other two channels on 9/10/19, 9/11/19, and 9/12/19 (Figure 14). In the Sacramento River, 

chlorophyll fluorescence attributed to green algae was higher on 9/12/19 than on 9/10/19, and this 

difference began upstream of the treatment plant discharge location. 

Overall, across the study area, fCHL did not show a clear increase or decrease in association with the 

decrease in wastewater nutrient loading. Chlorophyll fluorescence attributed to diatoms decreased in 

association with the decrease in wastewater nutrient loading from 9/10/19 (WW+) to 9/11/19 (WW-), 

but only in the North Fork Mokelumne River (Figure 13). Chlorophyll fluorescence attributed to blue-

green algae showed a slight decrease from 9/10/19 (WW+) to 9/12/19 (two days of WW- conditions) 

across the study area (Figure 13).  
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Figure 10. Concentration of ammonium (NH4, top) and of nitrate (NO3, bottom) observed by the USGS high-resolution mapping 

boat within the study area on 9/10/19–9/12/19. Note that the USGS crew did not sample the Sacramento River on 9/11/19. 
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Figure 11. Concentration of DIN (top) and of DOC (bottom) observed by the USGS high-resolution mapping boat within the study 

area on 9/10/19–9/12/19. Note that the USGS crew did not sample the Sacramento River on 9/11/19. 
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Figure 12. Specific conductance (Sp Cond, top) and concentration of fCHL (Chl, bottom) observed by the USGS high-resolution 

mapping boat within the study area on 9/10/19–9/12/19. Note that the USGS crew did not sample the Sacramento River on 
9/11/19. 
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Figure 13. Data generated by the bbe Fluoroprobe during the USGS high-resolution mapping surveys. (TOP) Chlorophyll 
fluorescence response attributed to diatoms, reported in μg/L (BOTTOM) Chlorophyll fluorescence response attributed to blue-
green algae (Cyanobacteria), reported in μg/L. Note that the USGS crew did not sample the Sacramento River on 9/11/19. 
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Figure 14. Data generated by the bbe Fluoroprobe during the USGS high-resolution mapping surveys. (TOP) Chlorophyll 
fluorescence response attributed to Cryptophyta, reported in μg/L (BOTTOM) Chlorophyll fluorescence response attributed to 
green algae, reported in μg/L. Note that the USGS crew did not sample the Sacramento River on 9/11/19. 
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Water Column Sampling 
Our discrete water sample stations ranged in location from 38.153822 to 38.456503 latitude and from -

121.482539 to -121.584361 longitude (Table 6). Note that field data measurements presented below 

were collected aboard the Guardian, Mudslinger, and TwinVee vessels. 

Table 6. Location and names of discrete water sample stations. Latitude and longitude are in decimal degrees.  

Tributary Station name 
Station 

abbreviation 
Station 
number Latitude Longitude 

Sacramento River Sacramento River 1 SR1 1 38.456503 -121.502353 

 Sacramento River 2 SR2 2 38.434775 -121.522908 

 Sacramento River 3 SR3 3 38.368506 -121.5214 

 Sacramento River 
End Member 

SREM 4 38.253011 -121.512269 

Georgiana Slough Georgiana Slough 1 GS1 5 38.223233 -121.541328 

 Georgiana Slough 2 GS2 6 38.201247 -121.541736 

 Georgiana Slough 3 GS3 7 38.182925 -121.568922 

 Georgiana Slough 4 GS4 8 38.162442 -121.584361 

North Fork 
Mokelumne River 

North Fork 
Mokelumne River 1 

NFM1 9 38.222397 -121.507483 

 North Fork 
Mokelumne River 2 

NFM2 10 38.202994 -121.518447 

 North Fork 
Mokelumne River 3 

NFM3 11 38.182644 -121.526664 

 North Fork 
Mokelumne River 4 

NFM4 12 38.160164 -121.533933 

Mokelumne River Mokelumne River 
End Member 

MOKEM 13 38.230939 -121.490592 

South Fork 
Mokelumne River 

South Fork 
Mokelumne River 1 

SFM1 14 38.224786 -121.491506 

 South Fork 
Mokelumne River 2 

SFM2 15 38.207314 -121.482539 

 South Fork 
Mokelumne River 3 

SFM3 16 38.181264 -121.489256 

 South Fork 
Mokelumne River 4 

SFM4 17 38.153822 -121.503183 
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Depth 
River depths measured from the sampling boats ranged from 2.4–11.0 m, with a mean of 6.5 ± 0.3 m 

(Standard Error, SE) and median of 6.4 m (Figure 15). Depths measured from the boats corresponded 

well with the depths indicated by the RMA depth assessment. Depths in the main-stem Sacramento 

River and in the North Fork Mokelumne River tended to be greater than depths in Georgiana Slough and 

the South Fork Mokelumne River. 

 

Figure 15. Depth, measured from sample boats, of discrete water sample stations, on 9/9/19–9/12/19. Station name 
abbreviations are defined in Table 6. Note: Missing data at SFM1–SFM4 on 9/12/19. 

 

Secchi Depth 
Secchi depth ranged from 1.0–1.9 m, with a mean of 1.4 ± 0.04 m (SE) and median of 1.4 m (Figure 16). 

Values are missing from the South Fork Mokelumne River stations on 9/12/19. 
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Figure 16. Secchi depth of discrete water sample stations, on 9/9/19–9/12/19. Station name abbreviations are defined in Table 
6. Note: Missing data at SFM1–SFM4 on 9/12/19. 

 

Turbidity 
Turbidity ranged from 2.7–12.0 NTU, with a mean of 5.4 ± 0.3 NTU (SE) and median of 5.0 NTU (Figure 

17). Turbidity values observed in the main-stem Sacramento River on 9/9/19 were greater than values 

observed at any of the stations on subsequent days. 

Using day and channel as factors in a 2-way ANOVA, significant negative differences in turbidity with day 

were observed (Figure 18, Table 7). Tukey pairwise comparisons indicated the following: 9/10/19 > 

9/11/19 (p-value = 0.002); 9/10/19 > 9/12/19 (p-value = 0.000). 

Turbidity was also significantly different with channel, with the North Fork Mokelumne River having 

higher turbidity than the other two channels. Tukey pairwise comparisons: Georgiana Slough < North 

Fork Mokelumne River (p-value = 0.000); North Fork Mokelumne River > South Fork Mokelumne River 

(p-value = 0.000). 
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Figure 17. Surface-water turbidity at discrete water sample stations, on 9/9/19–9/12/19. Station name abbreviations are 
defined in Table 6. 

 

 

Figure 18. Mean surface water turbidity from 9/10/19–9/12/19. Black error bars represent standard deviation of the mean of 
four sample stations along each channel for each day. Channel name abbreviations: GS=Georgiana Slough, NFM=North Fork 
Mokelumne River, and SFM=South Fork Mokelumne River. 
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Table 7. P-values and F-values (in parentheses) resulting from 2-way ANOVAs of water quality constituents using day and 
channel as factors. Significant p-values (< 0.05) in bold. Factor 1, Day = 9/10/19, 9/11/19, 9/12/19 (degrees of freedom, df=2). 
Factor 2, Channel = Georgiana Slough, North Fork Mokelumne River, South Fork Mokelumne River (df=2). Residuals df = 27 for 
all constituents. 

Constituent Day (Factor 1) 

df=2 

Channel (Factor 2) 

df=2 

Interaction (Factor 1 x 2) 

df=4 

Turbidity 1.56E-04 

(12.3) 

1.6E-04 

(22.8) 

0.48 

(0.9) 

Temperature 0.14 

(2.1) 

2.49E-09 

(45.1) 

0.52 

(0.8) 

Dissolved oxygen 0.17 

(1.9) 

1.30E-03 

(8.6) 

0.14 

(1.9) 

Specific conductance 0.60 

(0.5) 

7.06E-04 

(9.6) 

0.99 

(0.03) 

pH 0.12 

(2.3) 

7.91E-04 

(9.4) 

0.04 

(2.9) 

Silica 0.63 

(0.5) 

1.17E-06 

(23.6) 

0.86 

(0.3) 

DIC 0.85 

(0.2) 

1.33E-03 

(8.6) 

0.85 

(0.3) 

DOC 0.66 

(0.4) 

2.65E-03 

(7.5) 

0.25 

(1.4) 

Dissolved nitrogen 1.34E-09 

(47.8) 

3.15E-04 

(11.0) 

0.04 

(2.9) 

Dissolved TKN 1.39E-09 

(47.6) 

7.09E-06 

(19.0) 

0.01 

(3.8) 

Nitrate 6.34E-07 

(25.4) 

0.72 

(0.3) 

0.54 

(0.8) 

Nitrite 2.86E-03 

(7.3) 

0.18 

(1.8) 

0.37 

(1.1) 

Ammonium 2.51E-12 

(84.1) 

0.14 

(2.1) 

2.00E-03 

(5.6) 

Dissolved total phosphorus 0.08 

(2.9) 

0.45 

(0.8) 

0.02 

(3.7) 
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Temperature 
Surface-water temperatures ranged from 19.60–21.53 oC, with a mean of 20.24 ± 0.09 oC (SE) and 

median of 19.98 oC (Figure 19). Using day and channel as factors in a 2-way ANOVA, temperature was 

significantly different with channel, with the South Fork Mokelumne River having higher temperatures 

than the other two channels (Figure 20, Table 7). Tukey pairwise comparisons indicated the following: 

Georgiana Slough < South Fork Mokelumne River (p-value = 0.000); North Fork Mokelumne River < 

South Fork Mokelumne River (p-value = 0.000). 

 

Figure 19. Surface water temperature at discrete water sample stations, on 9/9/19–9/12/19. Station name abbreviations are 
defined in Table 6. 
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Figure 20. Mean surface water temperature from 9/10/19–9/12/19. Black error bars represent standard deviation of the mean 
of four sample stations along each channel for each day. Channel name abbreviations: GS=Georgiana Slough, NFM=North Fork 
Mokelumne River, and SFM=South Fork Mokelumne River. 

 

Temperature Vertical Profiles 
At the SREM and GS stations, there was no evidence of water temperature vertical stratification (Figure 

21). Temperatures varied less than 0.5 oC between stations, even though they were sampled at different 

times of the day, with temperatures being between about 19.7–20.1 oC. Temperature also did not 

appear to differ between the three days of the study, although the temperature profile data were not 

analyzed statistically. Temperature profile data from the North Fork Mokelumne River stations are 

missing due to an issue with the sonde used in that channel. At the MOKEM and SFM stations, there was 

no evidence of temperature vertical stratification, for stations at which the sonde was allowed to 

acclimate before being lowered. Of 15 total vertical profiles, eight were very vertical. However, seven 

showed evidence that the sonde had not been allowed to acclimate, based on a sudden increase in 

specific conductance readings from 0.1 to over 70 µS/cm in 4 seconds, just as sonde depth began to 

increase. In particular, on 9/10/19, four out of five vertical profiles showed evidence of "temperature 

skew" due to the sonde acclimating away from the air temperature toward the water temperature as 

the sonde was lowered. In spite of this technical issue, temperatures varied less than 2.0 oC among 

MOKEM and SFM stations, even though they were sampled at different times of the day, with 

temperatures being between about 20.0–21.7 oC. Despite this wider temperature range, temperatures 

did not differ among the three days of the study. 
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Figure 21. Temperature vertical profiles at the Georgiana Slough stations (GS) and SREM station (left panels), and at the South 
Fork Mokelumne River stations (SFM) and MOKEM station (right panels), on 9/10/19, 9/11/19, and 9/12/19. Note: Data from 
the North Fork Mokelumne River are missing. 

 

Dissolved Oxygen 

Surface water dissolved-oxygen concentrations ranged from 7.91–10.10 mg/L, with a mean of 8.65 ± 

0.06 mg/L (SE) and median of 8.62 mg/L (Figure 22). Using day and channel as factors in a 2-way ANOVA, 

surface water dissolved oxygen was significantly different with channel, with the North Fork Mokelumne 

River having higher temperatures than the South Fork Mokelumne River (Figure 23, Table 7). Tukey 

pairwise comparison indicated the following: North Fork Mokelumne River > South Fork Mokelumne 

River (p-value = 0.001). 
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Figure 22. Surface water dissolved oxygen concentration (top) and percent saturation (bottom) at discrete water sample 
stations, on 9/9/19–9/12/19. Station name abbreviations are defined in Table 6. 
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Figure 23. Mean surface water dissolved oxygen from 9/10/19–9/12/19. Black error bars represent standard deviation of the 
mean of four sample stations along each channel for each day. Channel name abbreviations: GS=Georgiana Slough, NFM=North 
Fork Mokelumne River, and SFM=South Fork Mokelumne River. 

 

Specific Conductance 
Surface water specific conductance ranged from 40–148 µS/cm, with a mean of 128 ± 3 µS/cm (SE) and 

median of 134 µS/cm (Figure 24). Using day and channel as factors in a 2-way ANOVA, specific 

conductance was significantly different with channel, with Georgiana Slough and the North Fork 

Mokelumne River having higher specific conductance values than the South Fork Mokelumne River 

(Figure 25, Table 7). Tukey pairwise comparisons indicated the following: Georgiana Slough > South Fork 

Mokelumne River (p-value = 0.001); North Fork Mokelumne River > South Fork Mokelumne River (p-

value = 0.004). 



Sacramento River Nutrient Change Study – Final Report 

67 
 

 

Figure 24. Surface water specific conductance at discrete water sample stations, on 9/9/19–9/12/19. Station name 
abbreviations are defined in Table 6. 

 

 

Figure 25. Mean surface water specific conductance from 9/10/19–9/12/19. Black error bars represent standard deviation of the 
mean of four sample stations along each channel for each day. Channel name abbreviations: GS=Georgiana Slough, NFM=North 
Fork Mokelumne River, and SFM=South Fork Mokelumne River. 
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pH 
Surface water pH ranged from 7.25–8.05, with a mean of 7.59 ± 0.02 (SE) and median of 7.60 (Figure 26). 

Using day and channel as factors in a 2-way ANOVA, pH was significantly different with channel, and the 

interaction term was also significant (Figure 27, Table 7). The pH values in the North Fork Mokelumne 

River were higher than in the South Fork Mokelumne River. Tukey pairwise comparison indicated the 

following: North Fork Mokelumne River > South Fork Mokelumne River (p-value = 0.001). 

 

 

Figure 26. Surface water pH at discrete water sample stations, on 9/9/19–9/12/19. Station name abbreviations are defined in 
Table 6. 
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Figure 27. Mean surface water pH from 9/10/19–9/12/19. Black error bars represent standard deviation of the mean of four 
sample stations along each channel for each day. Channel name abbreviations: GS=Georgiana Slough, NFM=North Fork 
Mokelumne River, and SFM=South Fork Mokelumne River. 

 

Surface-Water Quality 
Water-quality data are from discrete water samples collected aboard the Guardian, Mudslinger, and 

TwinVee vessels. The Water-Quality Report of Laboratory Analysis is included as Appendix 5 of this 

report. 

Silica 
Surface water silica concentrations ranged from 12–21 mg/L, with a mean of 18 ± 0.3 mg/L (SE) and 

median of 18 mg/L (Figure 28). Using day and channel as factors in a 2-way ANOVA, surface water silica 

was significantly different with channel, with Georgiana Slough and the North Fork Mokelumne River 

having higher silica values than the South Fork Mokelumne River (Figure 29, Table 7). Tukey pairwise 

comparisons indicated the following: Georgiana Slough > South Fork Mokelumne River (p-value = 0.000); 

North Fork Mokelumne River > South Fork Mokelumne River (p-value = 0.000). 
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Figure 28. Concentration of silica at discrete water sample stations, on 9/9/19–9/12/19. Station name abbreviations are defined 
in Table 6. 

 

 

Figure 29. Mean concentration of silica from 9/10/19–9/12/19. Black error bars represent standard deviation of the mean of 
four sample stations along each channel for each day. Channel name abbreviations: GS=Georgiana Slough, NFM=North Fork 
Mokelumne River, and SFM=South Fork Mokelumne River. 
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Dissolved Inorganic Carbon 
Surface water DIC concentrations ranged from 3.1–13.0 mg/L, with a mean of 10.0 ± 0.3 mg/L (SE) and 

median of 10.5 mg/L (Figure 30). Using day and channel as factors in a 2-way ANOVA, DIC was 

significantly different with channel, with Georgiana Slough having higher DIC values than the South Fork 

Mokelumne River (Figure 31, Table 7). Tukey pairwise comparison indicated the following: Georgiana 

Slough > South Fork Mokelumne River (p-value = 0.001). 

 

 

Figure 30. Concentration of DIC at discrete water sample stations, on 9/9/19–9/12/19. Station name abbreviations are defined 
in Table 6. 
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Figure 31. Mean concentration of DIC from 9/10/19–9/12/19. Black error bars represent standard deviation of the mean of four 
sample stations along each channel for each day. Channel name abbreviations: GS=Georgiana Slough, NFM=North Fork 
Mokelumne River, and SFM=South Fork Mokelumne River. 

 

Dissolved Organic Carbon 
Surface water DOC concentrations ranged from 2.9–6.7 mg/L, with a mean of 5.1 ± 0.1 mg/L (SE) and 

median of 5.3 mg/L (Figure 32). Using day and channel as factors in a 2-way ANOVA, surface water DOC 

was significantly different with channel, with Georgiana Slough and the North Fork Mokelumne River 

having higher DOC values than the South Fork Mokelumne River (Figure 33, Table 7). Tukey pairwise 

comparisons indicated the following: Georgiana Slough > South Fork Mokelumne River (p-value = 0.014); 

North Fork Mokelumne River > South Fork Mokelumne River (p-value = 0.004). 
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Figure 32. Concentration of DOC at discrete water sample stations, on 9/9/19–9/12/19. Station name abbreviations are defined 
in Table 6. 

 

 

 

Figure 33. Mean concentration of DOC from 9/10/19–9/12/19. Black error bars represent standard deviation of the mean of four 
sample stations along each channel for each day. Channel name abbreviations: GS=Georgiana Slough, NFM=North Fork 
Mokelumne River, and SFM=South Fork Mokelumne River. 
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Dissolved Nitrogen as N 
Surface water dissolved nitrogen as N concentrations ranged from 0.13–0.63 mg/L, with a mean of 0.34 

± 0.02 mg/L (SE) and median of 0.30 mg/L (Figure 34). Using day and channel as factors in a 2-way 

ANOVA, dissolved nitrogen as N was significantly different with day and channel, and the interaction 

term was also significant (Figure 35, Table 7). 

Significant negative differences in dissolved nitrogen as N with day were observed, with concentrations 

on 9/10/19 exceeding concentrations on 9/11/19 and 9/12/19. Tukey pairwise comparisons indicated 

the following: 9/10/19 > 9/11/19 (p-value = 0.000); 9/10/19 > 9/12/19 (p-value = 0.000). 

Georgiana Slough and the North Fork Mokelumne River had higher dissolved nitrogen as N than the 

South Fork Mokelumne River. Tukey pairwise comparisons indicated the following: Georgiana Slough > 

South Fork Mokelumne River (p-value = 0.006); North Fork Mokelumne River > South Fork Mokelumne 

River (p-value = 0.000). 

 

Figure 34. Concentration of dissolved nitrogen as N at discrete water sample stations, on 9/9/19–9/12/19. Station name 
abbreviations are defined in Table 6. 
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Figure 35. Mean concentration of dissolved nitrogen as N from 9/10/19–9/12/19. Black error bars represent standard deviation 
of the mean of four sample stations along each channel for each day. Channel name abbreviations: GS=Georgiana Slough, 
NFM=North Fork Mokelumne River, and SFM=South Fork Mokelumne River. 

 

Dissolved TKN – N 
Surface water dissolved TKN-N concentrations ranged from 0.09–0.51 mg/L, with a mean of 0.26 ± 0.02 

mg/L (SE) and median of 0.25 mg/L (Figure 36). Using day and channel as factors in a 2-way ANOVA, 

dissolved TKN-N was significantly different with day and channel, and the interaction term was also 

significant (Figure 37, Table 7). 

Significant negative differences in dissolved TKN-N with day were observed, with concentrations on 

9/10/19 exceeding concentrations on 9/11/19 and 9/12/19. Tukey pairwise comparisons indicated the 

following: 9/10/19 > 9/11/19 (p-value = 0.000); 9/10/19 > 9/12/19 (p-value = 0.000). 

Georgiana Slough had higher dissolved TKN-N than the South Fork Mokelumne River. Tukey pairwise 

comparison indicated the following: Georgiana Slough > South Fork Mokelumne River (p-value = 0.040). 
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Figure 36. Concentration of dissolved TKN as N at discrete water sample stations, on 9/9/19 – 9/12/19. Station name 
abbreviations are defined in Table 6. 

 

 

Figure 37. Mean concentration of dissolved TKN as N from 9/10/19–9/12/19. Black error bars represent standard deviation of 
the mean of four sample stations along each channel for each day. Channel name abbreviations: GS=Georgiana Slough, 
NFM=North Fork Mokelumne River, and SFM=South Fork Mokelumne River. 
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Nitrate – N 
Surface water nitrate as N concentrations ranged from 0.010–0.140 mg/L, with a mean of 0.069 ± 0.005 

mg/L (SE) and median of 0.055 mg/L (Figure 38). Using day and channel as factors in a 2-way ANOVA, 

significant negative differences in nitrate as N with day were observed (Figure 39, Table 7), with 

concentrations on 9/10/19 exceeding concentrations on 9/11/19 and 9/12/19. Tukey pairwise 

comparisons indicated the following: 9/10/19 > 9/11/19 (p-value = 0.000); 9/10/19 > 9/12/19 (p-value = 

0.000). 

 

Figure 38. Concentration of nitrate as N at discrete water sample stations, on 9/9/19 – 9/12/19. Station name abbreviations are 
defined in Table 6. 
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Figure 39. Mean concentration of nitrate as N from 9/10/19–9/12/19. Black error bars represent standard deviation of the mean 
of four sample stations along each channel for each day. Channel name abbreviations: GS=Georgiana Slough, NFM=North Fork 
Mokelumne River, and SFM=South Fork Mokelumne River. 

 

Nitrite – N 
Surface water nitrite as N concentrations ranged from 0.0000 (non-detect) – 0.0079 mg/L, with a mean 

of 0.003 ± 0.000 mg/L (SE) and median of 0.003 mg/L (Figure 40). Using day and channel as factors in a 

2-way ANOVA, significant negative differences in nitrite as N with day were observed (Figure 41, Table 

7), with concentrations on 9/10/19 exceeding concentrations on 9/12/19. Tukey pairwise comparison 

indicated the following: 9/10/19 > 9/12/19 (p-value = 0.002). 
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Figure 40. Concentration of nitrite as N at discrete water sample stations, on 9/9/19–9/12/19. Station name abbreviations are 
defined in Table 6. 

 

 

 

Figure 41. Mean concentration of nitrite as N from 9/10/19–9/12/19. Black error bars represent standard deviation of the mean 
of four sample stations along each channel for each day. Channel name abbreviations: GS=Georgiana Slough, NFM=North Fork 
Mokelumne River, and SFM=South Fork Mokelumne River. 
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Ammonium – N 
Surface water ammonium as N concentrations ranged from 0.000 (non-detect) – 0.270 mg/L, with a 

mean of 0.064 ± 0.012 mg/L (SE) and median of 0.014 mg/L (Figure 42). Using day and channel as factors 

in a 2-way ANOVA, significant negative differences in ammonium as N with day were observed (Figure 

43, Table 7), with concentrations on 9/10/19 exceeding concentrations on 9/11/19 and 9/12/19. Tukey 

pairwise comparisons indicated the following: 9/10/19 > 9/11/19 (p-value = 0.000); 9/10/19 > 9/12/19 

(p-value = 0.000). 

 

Figure 42. Concentration of ammonium as N at discrete water sample stations, on 9/9/19–9/12/19. Station name abbreviations 
are defined in Table 6. 
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Figure 43. Mean concentration of ammonium as N from 9/10/19–9/12/19. Black error bars represent standard deviation of the 
mean of four sample stations along each channel for each day. Channel name abbreviations: GS=Georgiana Slough, NFM=North 
Fork Mokelumne River, and SFM=South Fork Mokelumne River. 

 

Dissolved Total Phosphorus – P 
Surface water dissolved total phosphorus as P concentrations ranged from 0.005–0.220 mg/L, with a 

mean of 0.052 ± 0.005 mg/L (SE) and median of 0.044 mg/L (Figure 44). Aside from one particularly high 

value at SFM1 on 9/11/19, values were below 0.100 mg/L. Using day and channel as factors in a 2-way 

ANOVA, dissolved total phosphorus as P was not significantly different with day or channel, but the 

interaction term was significant (Figure 45, Table 7). 
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Figure 44. Concentration of dissolved total phosphorus as P at discrete water sample stations, on 9/9/19–9/12/19. Station name 
abbreviations are defined in Table 6. 

 

 

Figure 45. Mean concentration of dissolved total phosphorus as P from 9/10/19–9/12/19. Black error bars represent standard 
deviation of the mean of four sample stations along each channel for each day. Channel name abbreviations: GS=Georgiana 
Slough, NFM=North Fork Mokelumne River, and SFM=South Fork Mokelumne River. 
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Chl-a 
Surface water chl-a concentrations ranged from 2.35–6.60 µg/L (average of two replicates at each 

station), with a mean of 3.45 ± 0.11 µg/L (SE) and median of 3.25 µg/L (Figure 46). Using day and 

channel as factors in a 2-way ANOVA, chl-a was not significantly different with day or channel, but the 

interaction term was significant (Figure 47, Table 8). 

 

Figure 46. Concentration of chl-a at discrete water sample stations, on 9/9/19–9/12/19. Station name abbreviations are defined 
in Table 6. 
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Figure 47. Mean concentration of chl-a from 9/10/19–9/12/19. Black error bars represent standard deviation of the mean of 
four sample stations along each channel for each day. Channel name abbreviations: GS=Georgiana Slough, NFM=North Fork 
Mokelumne River, and SFM=South Fork Mokelumne River. 

  



Sacramento River Nutrient Change Study – Final Report 

85 
 

Table 8. P-values and F-values (in parentheses) resulting from 2-way ANOVAs of chl-a and phytoplankton density and biovolume 
constituents using day and channel as factors. Significant p-values (< 0.05) in bold. Factor 1, Day = 9/10/19, 9/11/19, 9/12/19 
(df=2). Factor 2, Channel = Georgiana Slough, North Fork Mokelumne River, South Fork Mokelumne River (df=2). Residuals df = 
27 for all constituents. 

Constituent Day (Factor 1)  

df=2 

Channel (Factor 2) 

df=2 

Interaction (Factor 1 x 2) 

df=4 

Chl-a 0.22 

(1.6) 

0.15 

(2.0) 

0.01 

(4.0) 

Total phytoplankton density 7.44E-03 

(5.9) 

0.46 

(0.8) 

0.91 

(0.2) 

Bacillariophyta density 0.12 

(2.3) 

0.04 

(3.7) 

0.63 

(0.6) 

Chlorophyta density 0.24 

(1.5) 

0.66 

(0.4) 

0.73 

(0.5) 

Chrysophyta density 0.35 

(1.1) 

0.99 

(0.007) 

0.45 

(1.0) 

Cryptophyta density 0.78 

(0.3) 

0.84 

(0.2) 

0.58 

(0.7) 

Cyanobacteria density 5.01E-03 

(6.5) 

0.53 

(0.6) 

0.93 

(0.2) 

Total phytoplankton biovolume 0.40 

(0.9) 

0.20 

(1.7) 

0.97 

(0.1) 

Bacillariophyta biovolume 0.41 

(0.9) 

0.19 

(1.8) 

0.97 

(0.1) 

Chlorophyta biovolume 0.24 

(1.5) 

0.66 

(0.4) 

0.73 

(0.5) 

Chrysophyta biovolume 0.35 

(1.1) 

0.99 

(0.007) 

0.45 

(1.0) 

Cryptophyta biovolume 0.99 

(0.02) 

0.88 

(0.1) 

0.79 

(0.4) 

Cyanobacteria biovolume 0.06 

(3.2) 

0.69 

(0.4) 

0.72 

(0.5) 

PC-rich picocyanobacteria 

biovolume 

0.73 

(0.3) 

1.41E-03 

(8.5) 

0.95 

(0.2) 

PE-rich picocyanobacteria 

biovolume 

0.09 

(2.7) 

0.12 

(2.3) 

0.40 

(1.0) 
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Phytoplankton Density and Biovolume 
Phytoplankton raw data are presented in Appendix 6. 

Total phytoplankton density ranged from 4,423,190–74,741,417 cells/L, with a mean of 33,982,822 ± 

2,364,009 cells/L (SE) and median of 32,587,470 cells/L (Figure 48). Phytoplankton density was 

dominated by Cyanophyta (cyanobacteria), followed by Chlorophyta and Bacillariophyta, with the other 

divisions making minimal contributions. Cyanophyta species composition was mainly Chroococcus sp., 

with occasional observations of Pseudanabaena sp., Aphanizomenon sp., Planktothrix sp., Limnothrix 

sp., Merismopedia sp., and Planktolyngbya sp. One station on one date had Microcystis sp. present 

(SFM3 on 9/12/19). 

 

Figure 48. Density of phytoplankton by division at discrete water sample stations, on 9/9/19–9/12/19. Station name 

abbreviations are defined in Table 6. On 9/9/2019, samples were only collected at stations SR1–SREM. No samples were 

collected at stations SR1, SR2, or SR3 on 9/10/2019–9/12/2019. 

 

Using day and channel as factors in a 2-way ANOVA, significant negative differences in total 

phytoplankton density with day were observed (Figure 49, Table 8), with densities on 9/10/19 exceeding 

densities on 9/12/19. Tukey pairwise comparison indicated the following: 9/10/19 > 9/12/19 (p-value = 

0.007). 

Using the same ANOVA test, Bacillariophyta density was significantly different with channel, with 

Georgiana Slough having lower Bacillariophyta density than the North Fork Mokelumne River (Figure 50, 

Table 8). Tukey pairwise comparison indicated the following: Georgiana Slough < North Fork Mokelumne 

River (p-value = 0.039). 

Using the same ANOVA test, no significant differences in the density of Chlorophyta, Chrysophyta, or 

Cryptophyta were observed (Table 8). 
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Again, using the same ANOVA test, significant negative differences in Cyanophyta density with day were 

observed (Figure 51, Table 8), with densities on 9/10/19 exceeding densities on 9/12/19. Tukey pairwise 

comparison indicated the following: 9/10/19 > 9/12/19 (p-value = 0.004). 

 

Figure 49. Mean density of total phytoplankton from 9/10/19–9/12/19. Black error bars represent standard deviation of the 
mean of four sample stations along each channel for each day. Channel name abbreviations: GS=Georgiana Slough, NFM=North 
Fork Mokelumne River, and SFM=South Fork Mokelumne River. 

 

 

Figure 50. Mean density of Bacillariophyta from 9/10/19–9/12/19. Black error bars represent standard deviation of the mean of 
four sample stations along each channel for each day. Channel name abbreviations: GS=Georgiana Slough, NFM=North Fork 
Mokelumne River, and SFM=South Fork Mokelumne River. 
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Figure 51. Mean density of Cyanophyta from 9/10/19–9/12/19. Black error bars represent standard deviation of the mean of 
four sample stations along each channel for each day. Channel name abbreviations: GS=Georgiana Slough, NFM=North Fork 
Mokelumne River, and SFM=South Fork Mokelumne River. 

Total phytoplankton biovolume ranged from 2.059 E+008–8.418 E+009 µm3/L, with a mean of 1.396 

E+009 ± 1.995 E+008 µm3/L (SE) and median of 1.027 E+009 µm3/L (Figure 52). Phytoplankton 

biovolume was dominated by Bacillariophyta, followed by Cryptophyta, and more distantly by 

Chlorophyta and Cyanobacteria, with the other divisions making minimal contributions. Using day and 

channel as factors in a 2-way ANOVA, no significant differences in the biovolume of total phytoplankton, 

Bacilliarophyta, Chlorophyta, Chrysophyta, Cryptophyta, or Cyanobacteria were observed (Table 8). 

 

Figure 52. Biovolume of phytoplankton by division at discrete water sample stations, on 9/9/19–9/12/19. Station name 

abbreviations are defined in Table 6. On 9/9/19, samples were only collected at stations SR1–SREM. No samples were collected 

at stations SR1, SR2, or SR3 on 9/10/19–9/12/19. 
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Picocyanobacteria Density and Biovolume 
Picocyanobacteria raw data are presented in Appendix 7. 

Total picocyanobacteria density was variable across stations and sampling dates, showing no clear 

patterns (Figure 53). PC-rich picocyanobacteria density ranged from 402,124–61,605,397 cells/L, with a 

mean of 13,237,571 ± 2,319,806 cells/L (SE) and median of 5,901,170 cells/L. PE-rich picocyanobacteria 

density ranged from 8,217,316–74,594,002 cells/L, with a mean of 21,870,682 ± 1,881,533 cells/L (SE) 

and median of 17,814,093 cells/L. PC-rich picocyanobacteria generally showed greater density at the 

MOKEM and South Fork Mokelumne River stations, but PE-rich picocyanobacteria dominated the 

density at a majority of the remaining stations. 

 

Figure 53. Density of picocyanobacteria at discrete water sample stations, on 9/9/19–9/12/19. Station name abbreviations are 
defined in Table 6. On 9/9/2019, samples were only collected at stations SR1 – SREM. No samples were collected at stations SR1, 

SR2, or SR3 on 9/10/2019–9/12/2019. 

 

Total picocyanobacteria biovolume was also variable across stations and sampling dates, showing no 

clear patterns (Figure 54). PC-rich picocyanobacteria biovolume ranged from 267,845–98,337,921 µm3/L, 

with a mean of 12,846,476 ± 3,136,025 µm3/L (SE) and median of 3,986,178 µm3/L. PE-rich 

picocyanobacteria biovolume ranged from 2,303,654–76,283,779 µm3/L, with a mean of 14,366,859 ± 

1,949,312 µm3/L (SE) and median of 10,522,395 µm3/L. PC-rich picocyanobacteria generally showed 

more biovolume at the MOKEM and South Fork Mokelumne River stations, but PE-rich 

picocyanobacteria dominated the biovolume at a majority of the remaining stations. Using day and 

channel as factors in a 2-way ANOVA, PC-rich picocyanobacteria biovolume was significantly different 

with channel, with Georgiana Slough and the North Fork Mokelumne River having lower PC-rich 

picocyanobacteria biovolume than the South Fork Mokelumne River (Figure 55, Table 8). Tukey pairwise 

comparisons indicated the following: Georgiana Slough < South Fork Mokelumne River (p-value = 0.003); 

North Fork Mokelumne River < South Fork Mokelumne River (p-value =0.005). 
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Using the same ANOVA test, no significant differences in PE-rich picocyanobacteria biovolume were 

observed (Table 8). 

 

Figure 54. Biovolume of picocyanobacteria at discrete water sample stations, on 9/9/19–9/12/19. Station name abbreviations 
are defined in Table 6. On 9/9/19, samples were only collected at stations SR1–SREM. No samples were collected at stations 
SR1, SR2, or SR3 on 9/10/19–9/12/19. 

 

 

Figure 55. Biovolume of PC-rich picocyanobacteria from 9/10/19–9/12/19. Black error bars represent standard deviation of the 
mean of four sample stations along each channel for each day. Channel name abbreviations: GS=Georgiana Slough, NFM=North 
Fork Mokelumne River, and SFM=South Fork Mokelumne River. 
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Phytoplankton Productivity 
Changes in water column clarity over the course of the three days of sampling corresponded with 

changes in primary productivity, here represented as carbon uptake measured by 13C tracer additions. 

As evident from Secchi Disk data, an increase of up to 50% in Secchi depth occurred between 9/10/19–

9/11/19 (Figure 16). This increase in water column clarity was reflected in a change in light attenuation 

(Kd) which decreased by 25% between 9/10/19–9/11/19 and remained 25% lower on 9/12/19 (day 3) as 

illustrated by photosynthetically active radiation measurements in Georgiana Slough (Figure 56A). The 

decrease in Kd was less in the Sacramento River, on the order of 14% between the first and third days of 

the experiment, compared with Georgiana Slough (Figure 56A). Corresponding with the decrease in Kd, 

the euphotic zone depth (Zeu) increased between 9/10/19–9/11/19 (day 1 and 2) in Georgiana Slough 

and between 9/10/19–9/12/19 (day 1 and 3) in the Sacramento River (Figure 56B), leading to an 

increase in the time spent in the euphotic zone (Teu). The increase in Teu, the ratio of euphotic zone 

depth to mixed layer depth, was greater along the Georgiana Slough stations, where the average depth 

was 6 ± 0.35m, compared with the Sacramento River stations, where the average depth was 8 ± 0.06 m 

(Figure 56C). 

 

Figure 56. Changes with sampling day in A) light attenuation (Kd), B) euphotic zone depth (Zeu) calculated as 4.6/Kd, and C) time 
spent in euphotic zone (Teu), calculated as Zeu:Zm expressed as a percentage, where Zm is the mixed layer depth. Gray bars 
represent mean of four Sacramento River (SR) stations and blue bars represent mean of four Georgiana Slough (GS) stations. 

 

Specific rates of carbon uptake ranged from 0.026–0.059 /h, with a mean of 0.035 /h ± 0.001 /h (SE) and 

median of 0.034 /h (Figure 57). Carbon uptake increased with decreased light attenuation, following an 

acclimation period of one day (Figure 58). Although light attenuation decreased on 9/10/19, carbon 

uptake did not increase or increased only slightly on 9/10/19 before increasing on 9/12/19 in most of 

the channels (Figure 58). Carbon uptake was greater at the MOKEM and South Fork Mokelumne River 
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stations than at other locations, and the increase in carbon uptake was greatest in the Mokelumne River 

endmember (Figure 58). At the MOKEM station, there was no acclimation period and increases occurred 

on day 2 relative to day 1, and on day 3 relative to day 2, suggesting that the phytoplankton population 

at this station may have been acclimated to higher light than the other stations (Figure 58). Drawdown 

of nitrate was also greater at this station relative to the other stations (Figure 38). 

 

Figure 57. Specific uptake rate of carbon at discrete water sample stations, on 9/10/19–9/12/19. Station name abbreviations 
are defined in Table 6. Note: Missing data at NFM2 and NFM4 on 9/11/19. 
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Figure 58. Mean channel-specific carbon uptake (1/h) between 9/10/19–9/12/19. Black error bars represent standard deviation 
of the mean of four sample stations along each channel for each day. The Sacramento River and Mokelumne River were only 
sampled at a single station. Channel name abbreviations: SR=Sacramento River, GS=Georgiana Slough, NF=North Fork 
Mokelumne River, SF=South Fork Mokelumne River, and MO=Mokelumne River. 

 

Fixation of carbon dioxide into organic matter by the enzyme Rubisco tends to lower the δ13C content of 

particulate matter due to the strong discrimination by the Rubisco enzyme against the 13C isotope in 

favor of the 12C isotope (Roeske and O’Leary 1984, Guy et al. 1989). Increased productivity resulting in 

an increase in Rubisco activity is expected to lead to a decrease in δ13C-POC as long as there is no 

appreciable depletion of the DIC pool or increase in the δ13C of the DIC. Consistent with increases in 

carbon uptake, the δ13C content of POC decreased by day over the course of the three-day sampling 

period (Figure 59, Figure 60). Values of δ13C-POC ranged from -30.00 – -27.30 ‰, with a mean of -28.41 

± 0.08 ‰ (SE) and median of -28.40 ‰ (Figure 59). Values of δ13C-POC tended to be more negative at 

the MOKEM and South Fork Mokelumne River stations than at other locations, particularly on 9/12/19 

relative to the first two days of sampling. The largest decrease in the δ13C-POC occurred in the MOKEM 

station (Figure 60). 
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Figure 59. Values of δ13C-POC at discrete water sample stations, on 9/10/19–9/12/19. Station name abbreviations are defined in 
Table 6. 

 

 

Figure 60. Mean δ13C-POC with day for each channel from 9/10/19–9/12/19. Error bars represent standard deviation of the 
mean of four sample stations along each channel. The Sacramento River (SR) and Mokelumne River (MO) were only sampled at 
a single station. Channel name abbreviations: SR=Sacramento River, GS=Georgiana Slough, NF=North Fork Mokelumne River, 
SF=South Fork Mokelumne River, and MO=Mokelumne River. 
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Over the course of the three sampling days, concentrations of POC ranged from 162.8–372.0 µg/L, with 

a mean of 250.6 µg/L ± 7.7 µg/L (SE) and median of 244.2 µg/L (Figure 61). When averaged by slough, it 

was evident that POC concentrations decreased in all sloughs by the end of the three-day sampling 

period (Figure 62). This decrease is counterintuitive as POC concentrations would be expected to 

increase with increased carbon uptake and fixation. However, this may be a matter of timescales with 

increases in productivity initially leading to a depletion of cellular carbon stores followed by increases in 

POC as abundance and biomass of phytoplankton increase over time. Decreases in POC over the three-

day sampling period were smallest in the Mokelumne River endmember compared with the other sites 

potentially suggesting that phytoplankton cells were more acclimated to changing irradiance conditions 

than the other sites. 

 

Figure 61. Concentration of POC at discrete water sample stations, on 9/10/19–9/12/19. Station name abbreviations are defined 
in Table 6. 
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Figure 62. Mean POC concentration with day for each channel from 9/10/19–9/12/19. Error bars represent standard deviation 
of the mean of four sample stations along each channel. The Sacramento River and Mokelumne River were only sampled at a 
single station. Channel name abbreviations: SR=Sacramento River, GS=Georgiana Slough, NF=North Fork Mokelumne River, 
SF=South Fork Mokelumne River, and MO=Mokelumne River. 

 

The changes in water clarity with day of the SRiNCS likely confounded the changes in ammonium 

concentrations with the EVR hold. To tease apart the impact of changes in irradiance (as measured by 

changes in light attenuation or Secchi disk depth) from changes in ammonium concentrations would not 

be easy when both differed by day. Because photosynthetically active radiation and Secchi disk depth 

were not measured in all channels, it was not possible to measure how differently irradiance changes 

were manifested in the channels, although the difference between Georgiana Slough and the 

Sacramento River would somewhat capture this variation (i.e., Figure 59). However, light attenuation 

could be calculated from turbidity measurements and used as a factor in statistical analyses. Using the 

approach of examining day and channel as factors in a 2-way ANOVA, where positive changes with day 

could be indicative of the impact of irradiance, significant positive differences in carbon uptake and δ13C-

POC with day were observed (Table 9). Significant differences in carbon uptake and δ13C-POC with 

channel were also observed (Table 9).  
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Table 9. P-values and F-values (in parentheses) resulting from 2-way ANOVAs of phytoplankton indices including carbon uptake 
(1/h), δ13C-POC (‰), and POC (µg C/L) using day and channel as factors.  Significant p-values (< 0.05) in bold. Factor 1, Day = 
9/10/19, 9/11/19, 9/12/19 (df=2). Factor 2, Channel = SREM, Georgiana Slough, North Fork Mokelumne River, South Fork 
Mokelumne River, MOKEM (df=4). 

Index Day (Factor 1) 
 df=2 

Channel (Factor 2)  
df=4 

Interaction 

(Factor 1 x 2) 

df=8 

Residuals 

Carbon 
uptake 

8.15E-06 
(19.4) 

1.48E-07 
(20.3) 

8.16E-05 
(6.9) 

25 

δ13C-POC 2.62E-05 
(16.0) 

4.84E-06 
(13.0) 

0.12 
(1.8) 

27 

POC 0.010 
(5.4) 

6.58E-05 
(9.4) 

0.49 
(0.9) 

27 

 

Zooplankton Density and Biomass 
Zooplankton raw data are presented in Appendix 8. 
 
Total zooplankton density ranged from 0.403–37.498 individuals/L, with a mean of 5.197 ± 0.976 

individuals/L (SE) and median of 3.474 individuals/L (Figure 63). Zooplankton density was dominated by 

Copepoda, followed by Rotifera, with much smaller contributions (an order of magnitude lower) from 

the other divisions. Using day and channel as factors in a 2-way ANOVA, total zooplankton density was 

significantly different with day and channel, and the interaction term was also significant (Figure 64, 

Table 10). Significant negative differences in total zooplankton density with day were observed, with 

densities on 9/10/19 exceeding densities on 9/12/19. Tukey pairwise comparison indicated the 

following: 9/10/19 > 9/12/19 (p-value = 0.042). Georgiana Slough and the North Fork Mokelumne River 

had lower total zooplankton densities than the South Fork Mokelumne River. Tukey pairwise 

comparisons indicated the following: Georgiana Slough < South Fork Mokelumne River (p-value = 0.012); 

North Fork Mokelumne River < South Fork Mokelumne River (p-value = 0.031). 

Using the same test, no significant differences in Bivalvia density were observed (Table 10). 
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Figure 63. Density of zooplankton by division at discrete water sample stations, on 9/10/19–9/12/19. Station name 
abbreviations are defined in Table 6. 

 

 

Figure 64. Mean density of total zooplankton from 9/10/19–9/12/19. Black error bars represent standard deviation of the mean 
of four sample stations along each channel for each day. Channel name abbreviations: GS=Georgiana Slough, NFM=North Fork 
Mokelumne River, and SFM=South Fork Mokelumne River. 
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Table 10. P-values and F-values (in parentheses) resulting from 2-way ANOVAs of zooplankton density and biovolume 
constituents using day and channel as factors. Significant p-values (< 0.05) in bold. Factor 1, Day = 9/10/19, 9/11/19, 9/12/19 
(df=2). Factor 2, Channel = Georgiana Slough, North Fork Mokelumne River, South Fork Mokelumne River (df=2). Residuals df = 
27 for all constituents. 

Constituent Day (Factor 1)  

df=2 

Channel (Factor 2)  

df=4 

Interaction (Factor 1 x 2) 

df=8 

Total zooplankton density 0.04 

(3.6) 

8.92E-03 

(5.7) 

0.02 

(3.7) 

Bivalvia density 0.47 

(0.8) 

0.10 

(2.5) 

0.73 

(0.5) 

Cladocera density 0.01 

(5.3) 

3.06E-04 

(11.1) 

7.60E-04 

(6.6) 

Copepoda density 0.09 

(2.6) 

7.1E-03 

(6.0) 

0.01 

(3.8) 

Ostracoda density 0.48 

(0.7) 

3.65E-03 

(7.0) 

0.21 

(1.6) 

Rotifera density 0.07 

(2.9) 

0.03 

(4.1) 

0.05 

(2.7) 

Total zooplankton biomass 0.07 

(3.0) 

0.01 

(5.3) 

4.49E-03 

(4.8) 

Bivalvia biomass 0.42 

(0.9) 

4.54E-02 

(3.5) 

0.77 

(0.5) 

Cladocera biomass 0.07 

(2.9) 

5.65E-04 

(10.0) 

2.19E-03 

(5.5) 

Copepoda biomass 0.42 

(0.9) 

0.07 

(3.0) 

0.06 

(2.6) 

Ostracoda biomass 0.35 

(1.1) 

0.17 

(1.9) 

0.60 

(0.7) 

Rotifera biomass 0.20 

(1.7) 

0.20 

(1.7) 

0.12 

(2.0) 

 

Using day and channel as factors in a 2-way ANOVA, Cladocera density was significantly different with 

day and channel, and the interaction term was also significant (Figure 65, Table 10). Significant negative 

differences in Cladocera density with day were observed, with densities on 9/10/19 exceeding densities 

on 9/12/19. Tukey pairwise comparison indicated the following: 9/10/19 > 9/12/19 (p-value = 0.009). 
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Georgiana Slough had lower Cladocera density than the South Fork Mokelumne River. Tukey pairwise 

comparison indicated the following: Georgiana Slough < South Fork Mokelumne River (p-value = 0.000). 

 

 

Figure 65. Mean density of Cladocera from 9/10/19–9/12/19. Black error bars represent standard deviation of the mean of four 
sample stations along each channel for each day. Channel name abbreviations: GS=Georgiana Slough, NFM=North Fork 
Mokelumne River, and SFM=South Fork Mokelumne River. 

 

Using day and channel as factors in a 2-way ANOVA, Copepoda density was significantly different with 

channel, and the interaction term was also significant (Figure 66, Table 10). Georgiana Slough had lower 

Copepoda density than the South Fork Mokelumne River. Tukey pairwise comparison indicated the 

following: Georgiana Slough < South Fork Mokelumne River (p-value = 0.006). 

 

 



Sacramento River Nutrient Change Study – Final Report 

101 
 

 

Figure 66. Mean density of Copepoda from 9/10/19–9/12/19. Black error bars represent standard deviation of the mean of four 
sample stations along each channel for each day. Channel name abbreviations: GS=Georgiana Slough, NFM=North Fork 
Mokelumne River, and SFM=South Fork Mokelumne River. 

 

Using day and channel as factors in a 2-way ANOVA, Ostracoda density was significantly different with 

channel, with Georgiana Slough having lower Ostracoda density than the North Fork Mokelumne River 

or South Fork Mokelumne River (Figure 67, Table 10). Tukey pairwise comparisons indicated the 

following: Georgiana Slough < North Fork Mokelumne River (p-value = 0.007); Georgiana Slough < South 

Fork Mokelumne River (p-value = 0.012). 

Using the same test, Rotifera density was significantly different with channel, with the North Fork 

Mokelumne River having lower Ostracoda density than the South Fork Mokelumne River (Figure 68, 

Table 10). Tukey pairwise comparison indicated the following: North Fork Mokelumne River < South Fork 

Mokelumne River (p-value = 0.041). 
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Figure 67. Mean density of Ostracoda from 9/10/19–9/12/19. Black error bars represent standard deviation of the mean of four 
sample stations along each channel for each day. Channel name abbreviations: GS=Georgiana Slough, NFM=North Fork 
Mokelumne River, and SFM=South Fork Mokelumne River. 

 

 

Figure 68. Mean density of Rotifera from 9/10/19–9/12/19. Black error bars represent standard deviation of the mean of four 
sample stations along each channel for each day. Channel name abbreviations: GS=Georgiana Slough, NFM=North Fork 
Mokelumne River, and SFM=South Fork Mokelumne River. 

Total zooplankton biomass ranged from 0.042–2.126 µg dry weight/L, with a mean of 0.471 ± 0.061 µg 

dry weight/L (SE) and median of 0.328 µg dry weight/L (Figure 69). Zooplankton biomass was dominated 

by Copepoda, followed by Cladocera, and more distantly by Rotifera, Ostracoda, and Bivalvia. Using day 

and channel as factors in a 2-way ANOVA, total zooplankton biomass was significantly different with 

channel, and the interaction term was also significant (Figure 70, Table 10). Georgiana Slough had lower 
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total zooplankton biomass than the South Fork Mokelumne River. Tukey pairwise comparison indicated 

the following: Georgiana Slough < South Fork Mokelumne River (p-value = 0.009). 

 

Figure 69. Biomass of zooplankton by division at discrete water sample stations, on 9/10/2019–9/12/2019. Station name 
abbreviations are defined in Table 6. 
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Figure 70. Mean biomass of total zooplankton from 9/10/19–9/12/19. Black error bars represent standard deviation of the 
mean of four sample stations along each channel for each day. Channel name abbreviations: GS=Georgiana Slough, NFM=North 
Fork Mokelumne River, and SFM=South Fork Mokelumne River. 

 

Using day and channel as factors in a 2-way ANOVA, Bivalvia biomass was significantly different with 

channel, with Georgiana Slough having higher Bivalvia biomass than the South Fork Mokelumne River 

(Figure 71, Table 10). Tukey pairwise comparison indicated the following: Georgiana Slough > South Fork 

Mokelumne River (p-value = 0.036). 

Using the same ANOVA test, Cladocera biomass was significantly different with channel, and the 

interaction term was also significant (Figure 72, Table 10). Georgiana Slough and the North Fork 

Mokelumne River had lower Cladocera biomass than the South Fork Mokelumne River. Tukey pairwise 

comparisons indicated the following: Georgiana Slough < South Fork Mokelumne River (p-value = 0.001); 

North Fork Mokelumne River < South Fork Mokelumne River (p-value = 0.006). 

Again, using the same ANOVA test, no significant differences in the biomass of Copepoda, Ostracoda, or 

Rotifera were observed (Table 10). 
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Figure 71. Mean biomass of total zooplankton from 9/10/19–9/12/19. Black error bars represent standard deviation of the 
mean of four sample stations along each channel for each day. Channel name abbreviations: GS=Georgiana Slough, NFM=North 
Fork Mokelumne River, and SFM=South Fork Mokelumne River. 

 

 

Figure 72. Mean biomass of Cladocera from 9/10/19–9/12/19. Black error bars represent standard deviation of the mean of four 
sample stations along each channel for each day. Channel name abbreviations: GS=Georgiana Slough, NFM=North Fork 
Mokelumne River, and SFM=South Fork Mokelumne River. 

 

 



Sacramento River Nutrient Change Study – Final Report 

106 
 

Zooplankton (P. forbesi) Growth 
Figure 73 shows the time course and spatial variation of zooplankton abundance (EOS enumerations) 

and growth, alongside other key variables used in the zooplankton growth analysis, including 

ammonium (Figure 73A), chl-a concentration (Figure 73B), and phytoplankton biovolume (Figure 73C). 

Total zooplankton abundance was highly variable within days with no consistent spatial pattern (Figure 

73D), although the four highest values were from the southerly stations 3 and 4 in the South Fork of the 

Mokelumne River (SFM3 and SFM4, respectively). Zooplankton (P. forbesi) growth rates were generally 

low, with the values from 9/11/19 being the highest (Figure 73E). 
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Figure 73. Measured variables by day of sampling with points shifted in x direction to reduce overlap. Symbol shape and fill 
indicates day of sampling, edge color indicates North Fork Mokelumne River or South Fork Mokelumne River (see legend), and 
numbers indicate station (Figure 1).  A, ammonium concentration (1 µmol = 0.014 mg/L); B, chl-a concentration; C, 
phytoplankton biovolume; D, total zooplankton abundance; E, zooplankton (P. forbesi) growth rate. Data have been shifted 
laterally to avoid overlaps.  

 

Zooplankton abundance was variable and dominated by copepod nauplius larvae (Figure 74). These 

larvae were either P. forbesi or unidentified cyclopoid copepods, probably Acanthocyclops and close 
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relatives. Adult and juvenile copepods were much less abundant than nauplii in most samples. Note that 

the high zooplankton abundance values from the southerly stations 3 and 4 in the South Fork 

Mokelumne River (SFM3 and SFM4, respectively) were 65–77% P. forbesi nauplii. Figure 75 shows how 

anomalous these are: the abundance of nauplii at these stations is about 450 times that of adult 

females. 

 

Figure 74. Zooplankton abundance by major taxonomic groups for each sample. Samples are identified by day in September, 
North Fork Mokelumne River (NFM) or South Fork Mokelumne River (SFM), and sample station (1–4). Taxa are (top to bottom) 
copepods including P. forbesi adults plus juveniles (pseu), and nauplius larvae (pseuN), cyclopoid copepods including adults plus 
juveniles (cyclA), and nauplii (cyclN), harpacticoid nauplii (harpN), cladocerans (clad), and Other. 
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Figure 75. P. forbesi. Abundance of nauplii vs. abundance of adult females. Symbols as in Figure46. Line with 95% confidence 
bands is a linear regression line with fixed 0 intercept and a slope of 450 ± 300.  

 

Comparing abundance of common zooplankton taxa between the EOS data and the data generated by 
BSA Environmental Services, Inc., shows some broad similarities and some differences. Total copepods 
(Figure 76A) were by far the dominant taxa in both data sets, and abundances were very roughly similar 
except that estimates of nauplius abundance were much greater in the EOS data in several samples. 
Abundance of cladocerans (Figure 76B) were generally congruent except for higher values in the EOS 
Center samples from 9/12/19. Ostracods, by contrast, were almost always more abundant in the BSA 
Environmental Services, Inc., samples (Figure 76C). 
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Figure 76. Abundance of common zooplankton taxa collected by EOS group vs. that collected by Regional San group and 
analyzed by BSA Environmental Services, Inc. (BSA), Shapes show day of September 2019, colors of edges show North Fork 
Mokelumne River vs. South Fork Mokelumne River, and numbers in symbols give sample station numbers. Lines are 1:1.  A, total 
copepods including nauplii; B, total cladocerans; C, total ostracods. 

 

Egg production and growth rates generally can be highly variable and are related to chlorophyll 

concentration and other measures of food availability, though with considerable scatter. To place the 

rates obtained here in context, we plotted these rate measurements against chlorophyll together with 

all other measurements the EOS laboratory has done (Figure 77, Gearty et al. 2021). Both rates were at 

the low end of the previously measured rates but were commensurate with the low chlorophyll 

concentrations. 
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Figure 77. Egg production (A) and growth (B) rates of P. forbesi vs. chlorophyll concentration, including all measurements made 
to date. Large symbols are from the current study. Lines are fitted to all the data (Gearty 2021). Growth rates have been 
adjusted from incubation temperatures to 22 °C for comparison.  

 

Clam Biomass and Grazing 
Clam biomass ranged from 0.090–7.265 g/m2, with a mean of 1.773 ± 0.436 g/m2 (SE) and median of 

1.327 g/m2 (Figure 78). Biomass was highest at the SR1 and SFM4 stations. Clam grazing, as a percentage 

of the water column grazed per day, ranged from 0.2–8.4%, with a mean of 2.4 ± 0.5% (SE) and median 

of 2.0% (Figure 79). Similar to biomass, grazing was highest at the SR1 and SFM4 stations. 
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Figure 78. Biomass of clams at discrete water sample stations, on 9/24/19–9/25/19 (sampling was conducted over two days). 
Station name abbreviations are defined in Table 6. Error bars represent the standard error of the mean. 

 

 

Figure 79. Estimated grazing by clams (percentage of the water column grazed per day ) at discrete water sample stations, on 

9/24/19–9/25/19 (sampling was conducted over two days). Station name abbreviations are defined in Table 6.  Error bars 
represent the standard error of the mean. 
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We compared the clam biomass and turnover observed in the current study with previous observations 

from October 2013, June 2014, and May and October 2016. Biomass at Freeport (SR1) and Hood (SR3) in 

the current study was well within the range of previous observations, while biomass at RM44 (SR2) was 

lower (Figure 80). Likewise, grazing rates at Freeport (SR1) and Hood (SR3) in the current study were 

well within the range of previous observations, while the grazing rate at RM44 (SR2) was lower than in 

previous studies (Figure 81). 

 

 

Figure 80. Comparison of the biomass of clams in this study at three sample stations on 9/24/19, with biomass observed at 
these stations in previous studies in 2013, 2014, and 2016. Station name abbreviations are defined in Table 6. 
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Figure 81. Comparison of the estimated grazing by clams (percent turnover of water column per day) in this study at three 
sample stations on 9/24/19, with grazing observed at these stations in previous studies in 2013, 2014, and 2016. Freeport is 
station SR1, RM44 is station SR2, Hood is station SR3. Station name abbreviations are defined in Table 6. 
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Summary and Discussion 

Observed Changes in Environmental Factors and Phytoplankton Responses 
Both the flow modeling and the high-resolution boat-based monitoring suggested that a well-defined 

without-wastewater treatment was produced in Georgiana Slough and North Fork Mokelumne River, 

while the pattern in the South Fork Mokelumne River was slower to develop and complicated by 

variable mixing of Sacramento and Mokelumne River inputs, and presumably also water from the three 

dead-end sloughs. The high-resolution transects showed distinctly lower concentrations of ammonium, 

nitrate, and DIN in the absence of wastewater. Measured fluorescent chlorophyll concentrations were 

generally low throughout the study region (<10 µg/L). Data from the bbe Fluoroprobe, which attributes 

the total measured chlorophyll fluorescence to four different classes of phytoplankton, suggested that 

blue-green algae were more abundant in the South Fork of the Mokelumne River, potentially due to 

inputs from the three higher residence time dead-end side sloughs. Chlorophyll fluorescence attributed 

to diatoms decreased in association with the decrease in wastewater nutrient loading from 9/10/19 

(WW+) – 9/11/19 (WW-), but only in the North Fork Mokelumne River. Chlorophyll fluorescence 

attributed to blue-green algae showed a slight decrease from 9/10/19 (WW+) – 9/12/19 (two days of 

WW- conditions) across the study area. 

Based on discrete water sample measurements from boats sampling in each channel, turbidity 

decreased significantly with day, as wastewater loading decreased (tests on data from four sample 

stations in each of the three channels on each of the three days, 9/10/19, 9/11/19, and 9/12/19). Due to 

the decreased turbidity, light availability increased across the three days of the experiment. The 

turbidity change seemed to be related to changes in the Sacramento River upstream of the SRWTP 

discharge point, rather than resulting from the without-wastewater condition. Data from the USGS 

continuous monitoring station at Freeport show that the turbidity reduction occurred upstream of the 

outfall and was not due to the EVR diversion (Figure 82). It took over a day for the reduced turbidity 

concentrations observed at Freeport on 9/ 9/19 to travel downstream into the sampling locations within 

Georgiana Slough, North Fork Mokelumne River, and South Fork Mokelumne River, as indicated by the 

RMA hydraulic modeling (see Appendix 2). These changes in water clarity with day of the study 

confounded our ability to interpret the potential differences in phytoplankton abundance and 

productivity in relation to the changes in nutrient concentrations associated with the EVR diversion. 
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Figure 82. Turbidity recorded at the USGS continuous monitoring station at Freeport, from 9/6/19–9/13/19. Figure from U.S. 

Geological Survey (2022). 

 

There was a roughly 1,400 cfs reduction in river discharge in the four days before the experiment, which 

might be related to the lowered turbidity (Figure 83). 
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Figure 83. Discharge recorded at the USGS continuous monitoring station at Freeport, from 9/6/19–9/13/19. Figure from U.S. 

Geological Survey (2022). 

 

In the discrete water samples, values of dissolved nitrogen, dissolved TKN, nitrate, and ammonium on 

9/11/19 and 9/12/19 were lower than on 9/10/19, in association with the decrease in wastewater 

nutrient loading. For nitrate, values on 9/12/19 were lower than on 9/10/19. However, dissolved total 

phosphorus, DIC, DOC, and silica did not differ with day of the experiment. Likewise, sonde 

measurements of temperature, dissolved oxygen, specific conductance, and pH did not differ with day. 

As was the case with the high-resolution mapping, chl-a in the discrete water sampling did not differ 

with day, with a median concentration of approximately 3 µg/L chl-a throughout the three-day time 

course in all three channels. However, at the SREM station and three stations in Georgiana Slough the 

chl-a concentrations increased from approximately 3 µg/L to 5 µg/L by 9/12/19. Cyanobacteria density 

in the discrete water samples decreased significantly with day, as did total phytoplankton density. The 

biovolume of all forms of phytoplankton did not differ significantly with day. Although changes in 

phytoplankton cell densities with day were statistically significant, they were not enough to impact chl-a 

concentrations, which remained low throughout the three-day time course. Because cell densities are 

determined on relatively few cells (i.e., 400 cells or less) compared with the total number of 

phytoplankton cells in a liter of water (i.e., close to 1 million cells), they are not a robust measurement in 

terms of determining total phytoplankton biovolume. Rather, cell densities can be used for determining 

relative contributions of different phytoplankton taxa to the phytoplankton community.  

Carbon uptake increased significantly with day, while the enrichment of δ13C-POC became significantly 

more negative with day. Meanwhile, POC did not differ significantly with day. Productivity increased on 
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day 3, presumably following a day of acclimation to the higher water column light intensities (i.e., 

photoacclimation) observed on day 2 (9/11/19; Geider et al. 1998). When phytoplankton cells are 

acclimated to low light, an increase in light intensity will typically lead to photoinhibition resulting in a 

depression of productivity before cells acclimate to the higher light intensities and increase their 

productivity (Long et al. 1994, Geider et al. 1998, Behrenfeld et al. 1998). This pattern of depression in 

productivity following an increase in light was evident in all three channels on day 2 (9/11/19) when 

carbon uptake was depressed relative to day 1, followed by an increase in carbon uptake on day 3 

(Figure 58). This was not the case in the MOKEM sample station where increases in carbon uptake 

occurred on day 2 as well as day 3, suggesting that the phytoplankton community in this channel was 

already acclimated to higher irradiances and could increase its rate of carbon uptake in response to the 

change in irradiance without having to go through a period of photoacclimation. Following increases in 

carbon uptake, increases in phytoplankton biomass will occur according to the growth rate of the 

phytoplankton. During the current experiment, phytoplankton were growing at a rate of 80–90 µg C/L/d, 

and the doubling time for phytoplankton biomass of 250–300 µg C/L would be approximately 3 days. 

This suggests that an increase in carbon uptake rate would take three days to manifest as an increase in 

phytoplankton biomass. As such, the time frame of the current experiment was likely too short to 

observe differences in phytoplankton biomass related to changes in “bottom-up” parameters such as 

irradiance.  

Total zooplankton density and Cladocera density decreased significantly with day, but this appeared to 

be driven by changes in a single channel, the South Fork Mokelumne River. The biomass of total 

zooplankton, Cladocera, and all other forms of zooplankton biomass did not differ significantly with day. 

Furthermore, zooplankton growth metrics appeared to show little or no effect of wastewater or the lack 

thereof.  Clam abundance was not anticipated to change during the short timeframe of the halt in 

wastewater nutrient loading. Clam biomass was assessed on one occasion, two weeks subsequent to the 

other sampling, in order to provide estimates of grazing, which ranged from 0.2–8.4%, as a percentage 

of the water column grazed per day. 

Observed Food Web Changes 
Our observed food web diagram confirms some of our predictions, but some remain unclear. Nitrogen 

forms decreased with day, but the effects on phytoplankton are uncertain, as relative changes in 

community composition did not contribute to overall changes in phytoplankton biomass as measured by 

fCHL or chl-a concentrations in discrete water samples. As we have discussed in the previous section, 

non-limiting concentrations of nutrients would not necessarily be expected to have an impact on 

phytoplankton biomass, while increased irradiance may have impacted carbon uptake, but may not 

have induced a measurable change in biomass over the short timeframe of this experiment. Notably: 

1.  Measured fluorescent chlorophyll-a concentrations were generally low throughout the study region 

(<10 µg/L). High-resolution mapping detected higher fCHL concentrations in the North Fork Mokelumne 

River on 9/10/19 when nitrogen concentrations were high compared to 9/11/19 or 9/12/19. Meanwhile, 

chl-a discrete water samples indicated that the average chl-a concentrations within the three channels 

did not change significantly with day of the experiment. In the enumeration discrete samples, total 

phytoplankton density, but not biovolume, decreased with day, with densities on 9/10/19 exceeding 

densities on 9/12/19. 
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2. Chlorophyll fluorescence attributed to diatoms decreased in association with the decrease in 

wastewater nutrient loading from 9/10/19–9/11/19, but only in the North Fork Mokelumne River. 

Meanwhile, Bacillariophyta (diatom) density and biovolume in the phytoplankton enumeration discrete 

water samples did not differ with day.  

3. Chlorophyll fluorescence attributed to blue-green algae showed a slight decrease from 9/10/19–

9/12/19. Meanwhile, the phytoplankton enumeration discrete water samples showed that average 

Cyanobacteria density, but not biovolume, decreased with day, with densities on 9/10/19 exceeding 

densities on 9/12/19. 

Based on the results from the bbe Fluoroprobe fluorescence for diatoms and blue-green algae, and also 

the discrete sample enumeration densities for total phytoplankton and Cyanobacteria, we have shown 

observed phytoplankton abundance as “decreased” in the observed food web below (Figure 84). Note 

that if we had used the total fCHL or chl-a discrete sample results, or discrete sample biovolume results, 

the size of the “Observed” Phytoplankton box would have been the same with or without wastewater 

effluent loading. Changes in zooplankton abundance were inconclusive (no differences in biomass with 

day but decreases in density of total zooplankton and Cladocera that were presumably driven by 

changes in the South Fork Mokelumne River only), so we have shown zooplankton abundance as 

unchanged. We continue to assume that clam biomass was unchanged during the course of the 

experiment. 

  

Figure 84. Simplified food web diagrams for the channel area showing predicted and observed (discrete water sample) 

wastewater nutrient load (focusing on ammonium and nitrate) and standing stock biomass under two scenarios: (1) Current 

effluent nutrient loading, (2) No effluent loading, as occurred during the 48-hour EVR diversion on 9/10/19–9/11/19. The box 

size shows biomass at each trophic level relative to the other situations. 

 

Observed Conceptual Model Diagram 
Based on our results, some parts of our conceptual model have become clearer, while others are still 

uncertain. During the without-wastewater treatment ammonium concentrations nearly disappeared, 

and nitrate concentrations decreased (Figure 85). As we had anticipated, depths in the three channels 

were somewhat shallower than in the Sacramento River, allowing for a greater proportion of the water 

column to be in the euphotic zone for a given level of turbidity. However, light increased throughout the 
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study area across the three days of the study, not just in the channels, apparently due to lower turbidity 

water entering the system from upstream of Freeport. Based on the RMA particle tracking model, 

particle transport speeds were similar in Georgiana Slough and the North Fork Mokelumne River and 

were less than half of those occurring in the Sacramento River.3 The slowest particle transport speed 

occurred in the South Fork Mokelumne River. The time needed for 50% of particles to travel from 

Station 1 to Station 4 in each channel (Figure 1) was 10.75 h in Georgiana Slough (9.41 km), 11.75 h in 

the North Fork Mokelumne River (9.00 km), and 25 h in the South Fork Mokelumne River (10.82 km). 

Uncertainty remains regarding the response of phytoplankton to the change in wastewater nutrient 

loading, since fCHL and chl-a in discrete water samples did not show consistent differences across the 

study period and study area, whereas chlorophyll fluorescence attributed to blue-green algae and their 

density in discrete samples showed decreases. As noted above for the food web diagrams, changes in 

zooplankton density and biomass were inconclusive, while zooplankton growth did not change 

significantly. We assume that clam abundance did not change over the short time frame of this 

experiment. As for the food web diagram above, phytoplankton in our conceptual model below are 

illustrated with the changes we observed in blue-green algae abundance, as well as the discrete sample 

enumeration densities for total phytoplankton and cyanobacteria. 

 
3 Freeport to SREM: 19 RM/13.5 h = 1.4 mph; SREM to GS4: 8.9 RM/17.25 h = 0.52 mph; SREM to NFM: 8.6 
RM/16.25 h = 0.53 mph; SREM to SFM: 9.2 RM/30.75h = 0.30 mph. River mile distances were estimated from 
Google Earth. Estimated water velocities are from the RMA particle tracking results, for the 9/10/19, release at 
00:00 at Freeport. 
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Figure 85. Observed conceptual model showing changes in the food web in the three downstream channels - Georgiana Slough, 
the North Fork Mokelumne River, and South Fork Mokelumne River during the cessation of nutrient loading from the 
wastewater treatment plant. The Delta Cross Channel gates, indicated by a gray bar between the Sacramento River and 
Mokelumne River, were open for the duration of the study. 

Adaptive Management Approach 
Adaptive management research experiments, such as the study we have described here, could be used 

to better understand the potential effects of future nutrient management actions, and to inform future 

nutrient policy development. Adaptive management has evolved since it was first envisioned in the early 

1970s (Holling 1978, Walters 1986, Lee 1993, Westgate et al. 2013). Early proponents sought to design 

adaptive management experiments, often at pilot or temporary scale, and usually incorporating 

computer modeling techniques, to test the outcomes of potential full-scale management actions 

(Holling 1978). Collaboration with managers, and with those who are managed or regulated (e.g., 

commercial fishermen, foresters, public utilities) was found to be essential to having managers actually 

proceed with the management experiment in order to decrease uncertainty about the mechanisms 

governing a particular ecosystem (Walters 1986). More recently, adaptive management research 

includes collaboration with a broad group of stakeholders, to develop solutions that consider many 

perspectives and have a good chance of achieving wide buy-in (Lee 1993). In spite of advances in 

adaptive management processes, these types of projects are rarely truly successful (Westgate et al. 

2013), often because of a lack of collaboration between scientists and representatives from resource 
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managing entities, a lack of awareness of the risks of not doing adaptive management, and because 

adaptive management projects fail to “pass the test of management relevance.” We believe our 

completed project is a successful example of adaptive management for several reasons: (1) our project 

team included scientists drawn from respected universities, scientific agencies, and consulting firms, in 

collaboration with scientists at Regional San, the regional wastewater treatment utility; (2) utility 

managers were already on board with the experiment and were interested in learning how the aquatic 

community responded to the wastewater loading change; and (3) our project is highly management-

relevant to efforts such as the Delta Nutrient Research Plan (Central Valley Regional Water Control 

Board 2018). We studied the outcome of a temporary, major nutrient reduction that was already taking 

place—a complete cessation of discharge of effluent from the SRWTP to the Sacramento River—to gain 

information about potential future changes to SRWTP effluent loading. In addition, our study may help 

advance adaptive management practices and inform future nutrient policy developments in the Delta, 

because it addressed key scientific uncertainties and information gaps identified in the Delta Nutrient 

Research Plan (Central Valley Regional Water Quality Control Board 2018) as described in detail in 

Appendix 1. 

Implications for Future Delta Nutrient Management 
The SRiNCS examined the effects of a complete cessation of nutrient loading from SRWTP, but this was 

possible only for a timeframe of 48 hours. It is possible that certain parts of the habitat and food web 

were able to buffer the effects of decreased nutrient loading during this relatively short timeframe. For 

example, nutrient flux out of the sediment may have added to the nutrient pool in the water column 

and compensated to some degree for the decreased loading from SRWTP, as has been observed in 

previous nutrient studies in this section of the Sacramento River (Kraus et al. 2017a, Kraus et al. 2017c). 

Submerged aquatic vegetation was prevalent along the shoreline in all study channels except the 

Sacramento River. Sediment captured within the foliage of this vegetation would presumably contain 

nutrients and these could have been released to the mid-channel areas, also compensating for the 

decreased nutrient loading. Measurement of these potential fluxes was beyond the scope of the current 

study but could be addressed in future research (Christman et al. In press). 

Given a longer period of decreased loading, different responses could have been observed in the food 

web in our study area. Our project was only a 3-day experiment, with two days of no wastewater 

nutrient loading. As such, our observations were easily influenced by short-term fluctuations in 

upstream water sources, particularly in terms of turbidity, but also phytoplankton community 

composition. It remains to be seen what will be observed in longer experiments to study the effects of a 

permanent decrease in nitrogen loading, as is occurring with the EchoWater Project, because these 

studies will be able to look at longer-term average conditions. Following the completion of the 

EchoWater Project biological nutrient removal upgrade in spring 2021, loading of ammonium from 

SRWTP has decreased by >95%. Since the ammonium has been converted to nitrate (nitrification), 

followed by partial denitrification, loading of nitrate in the effluent has increased, but the overall loading 

of DIN (mainly as ammonium and nitrate) from SRWTP has decreased by approximately 75% (Figure 86). 

While this decrease in nutrient loading from SRWTP is not as dramatic as that conducted for the SRiNCS 

in 2019, the decrease will be sustained. Monitoring the river after this permanent transition may reveal 

ecological changes that occur due to a long-term nutrient reduction. Following the treatment plant 

upgrade, effluent nutrients stored in the sediment may gradually be released to the water column 

through time, until the sediment nutrient store reaches a new equilibrium with the water column. In the 
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future, more than half of the total nitrogen in the Sacramento River may be bound within organic 

material in September (Figure 86, post-EchoWater Project), and potentially in other months as well, 

which can be less available for uptake by phytoplankton and vascular plants, compared with the 

previous ammonium loads. Submerged aquatic vegetation may be broken down and flushed out of the 

channels during high winter flow events, thus transporting nutrients out of the system that are stored 

within the above-root part of the plants, or in the sediment trapped within the foliage. It would also be 

interesting to study the change in submerged and floating aquatic vegetation biomass under the new 

regime of lower SRWTP nutrient loading. 

 

Figure 86. Estimated changes in Sacramento River nutrient loads related to the EVR diversion and the EchoWater Project. The 
pre-EchoWater loading estimate is based on average nitrogen concentrations and corresponding river discharges in Sacramento 

River at Freeport during the month of September from 2013–2020 as well as the average wastewater effluent nitrogen 
concentrations and corresponding daily effluent flows in 2017. The EVR load estimate is based on discrete water samples 
collected from the Sacramento River at Freeport on 9/9/19, combined with the corresponding river discharge at Freeport. The 
post-EchoWater data are based on average nitrogen concentrations and corresponding river discharges in Sacramento River at 

Freeport during the month of September from 2013–2020 as well as the average wastewater effluent nitrogen concentrations 

and effluent flows from May–October in 2021. Following nitrification and denitrification from the EchoWater Project, 
ammonium concentrations in SRWTP effluent are below the reporting limit of 0.1 mg/L but may provide a minor contribution to 
the total nitrogen load in the Sacramento River (not shown in figure). 

 

Seasonal and inter-annual effects on the Sacramento River watershed may also influence future nutrient 

loads and transport. Nutrient concentrations in the Sacramento River upstream of the Delta may vary 

between winter and summer (Saleh and Domagalski 2021), whereas the nutrient loading from SRWTP is 

relatively consistent throughout the year. In addition, there may be effects of water year type. Wet 
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years may involve increased flow volume, which would cause nutrients loaded from SRWTP to be 

transported downstream faster with less time for biogeochemical transformations and would also dilute 

these nutrient loads to lower concentrations (White et al. 2021). River flows during the SRiNCS were 

relatively high (the study occurred near the end of water year 2019, which in the Sacramento Valley was 

classified as a Wet year), but the 2020 and 2021 water years have been dry, which may make before and 

after comparisons of river conditions before and after the SRWTP EchoWater Project upgrade more 

challenging. 

Finally, because our study took place during a short timeframe, other factors that may control 

phytoplankton growth, such as temperature and irradiance, were measured within relatively narrow 

ranges, which may have in turn affected the range of response of phytoplankton to altered nutrient 

concentrations. Our finding that plankton abundance and composition in a parcel of WW- water, after a 

period of 48 hours, did not differ appreciably from the wastewater-enriched water traveling in front of it 

may seem to imply that further reductions (or increases) in nutrient loading to the Delta would have no 

appreciable effect on Delta phytoplankton production. This is of interest in the context of increasing 

cyanobacterial harmful algal blooms in the Delta. The Delta is generally considered to be nutrient-

enriched, so that other factors, including flow, temperature, and irradiance control cyanobacterial 

harmful algal blooms (Kudela et al. In press). However, when other factors such as temperature are 

favorable to the growth of harmful algae, the concentration of nutrients still sets an upper boundary on 

the harmful algae biomass that develops during a cyanobacterial harmful algal bloom event (Berg and 

Sutula 2015). Conversely, to completely suppress harmful algae, when other factors favor their growth, 

nutrient concentrations may need to be reduced to levels that would also preclude the growth of 

beneficial phytoplankton necessary to support higher trophic levels of the Delta food web. 

In summary, it is unclear whether the short-term (48-hour) removal of wastewater effluent and its 

nutrient load from these Delta river channels led to a change in the abundance of some forms of 

phytoplankton, because fCHL and chl-a concentrations did not show clear differences while chlorophyll 

fluorescence attributed to blue-green algae and their abundance in discrete samples showed decreases. 

Some of our results suggest that, given the observed growth rate of phytoplankton in our study area, 

the time frame of the current experiment was likely too short to observe differences in phytoplankton 

biomass related to changes in “bottom-up” parameters such as irradiance. It will be interesting and 

informative to see the potential effects of longer-term nutrient loading reductions. Such effects remain 

to be studied now that the SRWTP biological nutrient removal upgrade is in operation. The potential 

effects of buffering factors, including nutrients that may be stored in river sediment or within beds of 

aquatic vegetation (macrophytes), could also be examined in future studies. Additional research focused 

on the longer-term responses of nutrient cycling, and the abundance and growth of phytoplankton and 

zooplankton at lower nutrient concentrations, could inform future Delta ecosystem management. 
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Appendix 1. Relevance of SRiNCS to Management Drivers 
 

Relevance to Delta Regional Monitoring Program Management and Assessment 

Questions 
This study directly addressed the following Delta Regional Monitoring Program Management and 
Assessment Questions: 
 

Status and Trends–Questions 1 and 1C 

1. How do concentrations of nutrients (and nutrient-associated parameters) vary spatially and 
temporally? 
C. Are there important data gaps associated with particular water bodies within the Delta subregions? 
Explanation: Previous study of a wastewater diversion did not investigate effects in channels other than 
the Sacramento River. 
 

Sources, Pathways, Loadings and Processes–Questions 1, 1A, and 2A 

1. Which sources, pathways, and processes contribute most to observed levels of nutrients? 
A. How have nutrient or nutrient-related source controls and water management actions changed 
ambient levels of nutrients and nutrient-associated parameters? 
2. How are nutrients linked to water-quality concerns such as harmful algal blooms, low dissolved 
oxygen, invasive aquatic macrophytes, low phytoplankton productivity, and drinking-water issues? 
A. Which factors in the Delta influence the effects of nutrients on the water-quality concerns listed 
above? 
Explanation: The project will track the effects of a significant change in nutrient loading from 
wastewater. Comparisons among channels and with/without SRWTP effluent will allow examination of 
factors of light availability and water residence time. 
 

Forecasting Scenarios 

How will nutrient loads, concentrations, and water-quality concerns from Sources, Pathways, Loadings & 
Processes Question 2 respond to potential or planned future source control actions, restoration 
projects, water resource management changes, and climate change? 
Explanation: The project is an opportunity to examine effects of a major change in nutrient loads. On an 
annual average basis, current nitrogen loads from Regional San and the Sacramento River upstream of 
Regional San are 14,000 and 18,500 kg N/day, respectively. 
In fall, when the project monitoring will occur, the difference will be more marked as Sacramento River 
upstream nitrogen loads are lower than the yearly average. 
 

Effectiveness Tracking 

How did nutrient loads, concentrations, and water-quality concerns from Sources, Pathways, Loadings & 
Processes Question 2 respond to source control actions, restoration projects, and water resource 
management changes? 
Explanation: The project is a preview of nutrient changes expected due to the Regional San EchoWater 
upgrade. The project uses an adaptive management approach to monitoring by utilizing pre-planned 
infrastructure changes to field-test hypotheses of effects of the upgrade. 
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Appendix 2. RMA Modeling of Sacramento River Nutrient Study (Flow 

and Transport) Final Report 
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Appendix 3. RMA Depth Analysis Final Report and Bathymetric Maps 
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Figure 87. This page and twelve subsequent maps: Elevation surfaces at Mean Sea Level for our study area, divided into 
segments for the Sacramento River (SR), Georgiana Slough (GS), North Fork Mokelumne River (NFM), and South Fork 
Mokelumne River (SFM). 

 



Sacramento River Nutrient Change Study – Final Report 

214 
 

  



Sacramento River Nutrient Change Study – Final Report 

215 
 

  



Sacramento River Nutrient Change Study – Final Report 

216 
 

 

  



Sacramento River Nutrient Change Study – Final Report 

217 
 

 

  



Sacramento River Nutrient Change Study – Final Report 

218 
 

 

  



Sacramento River Nutrient Change Study – Final Report 

219 
 

 

  



Sacramento River Nutrient Change Study – Final Report 

220 
 

 

  



Sacramento River Nutrient Change Study – Final Report 

221 
 

 

  



Sacramento River Nutrient Change Study – Final Report 

222 
 

  



Sacramento River Nutrient Change Study – Final Report 

223 
 

 

  



Sacramento River Nutrient Change Study – Final Report 

224 
 

  



Sacramento River Nutrient Change Study – Final Report 

225 
 

 



Sacramento River Nutrient Change Study – Final Report 

226 
 

Appendix 4. Relationship of Modeled Water Fractions to Measured 

Water Quality Characteristics and Constituents 
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Appendix 5. Water-Quality Report of Laboratory Analysis 
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Appendix 6. Phytoplankton Enumeration Data Table 
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Appendix 7. Picoplankton Enumeration Data Table 
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Appendix 8. Zooplankton Enumeration Data Table 
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