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1 EXECUTIVE SUMMARY 1 

San Leandro Bay (SLB) is a high-priority margin area within San Francisco Bay because of persistent 2 
PCB impairment and ongoing stormwater contaminant loads. Prior SLB sediment transport and PCB 3 
recovery modeling identified key uncertainties in tributary sediment and PCB loading, storm-driven 4 
transport, and exchange between SLB and San Francisco Bay (Scheu et al. 2025). The SLB OPTICS 5 
study was designed to address these data gaps by measuring sediment and PCB concentrations, flow, and 6 
fluxes at major tributary and tidal exchange boundaries to support future model calibration, verification, 7 
and refinement. 8 

The study deployed seven monitoring platforms for approximately four months between December 2024 9 
and April 2025 at Alameda Channel, Bay Farm Island, Damon Creek Slough, East Creek Slough, 10 
Elmhurst Creek, central San Leandro Bay, and San Leandro Creek. These locations captured the major 11 
tidal exchange pathways, primary tributary inputs, and internal SLB water-column conditions. Sensors 12 
measured currents, water depth, water-quality, and optical properties. These measurements were 13 
combined with discrete surface-water samples to estimate high-frequency PCB and suspended solids 14 
concentration (SSC) time series. Current measurements and ADCP transects were used to estimate flow 15 
rates, which were then combined with OPTICS-derived concentrations to calculate sediment and PCB 16 
fluxes into and out of SLB. 17 

Overall, the OPTICS analysis produced near continuous estimates of SSC and PCB concentrations at the 18 
seven monitoring locations. Concentrations at the tidal exchange channels, Alameda Channel and Bay 19 
Farm Island, were generally lower than those measured or predicted at the tributary stations, particularly 20 
Damon Creek Slough, East Creek Slough, and Elmhurst Creek. These results support the conceptual 21 
model that ongoing PCB loading to SLB is primarily associated with local tributary and stormwater 22 
inputs rather than persistent PCB import through the tidal channels. 23 

The concentrations were integrated with hydrodynamic measurements to produce flux estimates to 24 
quantify transport in the system.  The flux results indicate asymmetric residual tidal circulation, with net 25 
water, SSC, and PCB transport into SLB through Bay Farm Island and out of SLB through Alameda 26 
Channel. When integrated, the findings suggest that neither the Alameda Channel nor Bay Farm Island 27 
were a significant net PCB source to SLB during the study period. In contrast, relatively high tributary 28 
sediment and PCB fluxes were associated with stormflow conditions. Tidally filtered flux estimates 29 
indicate that net tributary transport was driven by storm runoff and residual flow conditions, with 30 
negligible tidal net transport at the tributary stations. This finding confirms that short-duration storm 31 
events represent the most important periods for sediment and PCB loading and supports the modeling 32 
emphasis on event-scale watershed loading. 33 

The OPTICS study provides both qualitative and quantitative support for the SLB sediment transport and 34 
PCB recovery model (Scheu et al 2025). The results support the model conceptualization of SLB as a 35 
largely depositional, sediment-retentive priority margin unit where PCB recovery is controlled primarily 36 
by watershed source reductions, sediment burial, and the quality of incoming sediment. The OPTICS-37 
derived concentration and flux estimates can be used to revise watershed source concentrations, update 38 
tidal boundary conditions, evaluate storm-event loading, compare field-derived and model-computed 39 
fluxes, and validate future model simulations. 40 

 41 
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2 INTRODUCTION  1 

Assessment of fate and transport in San Francisco Bay is needed to address many priority 2 
management questions that have been articulated by Regional Monitoring Program (RMP) 3 
workgroups regarding polychlorinated biphenyls (PCBs), sediment, and contaminants of 4 
emerging concern (CECs). San Leandro Bay (SLB) is a high priority area for PCBs and CECs 5 
within San Francisco Bay. A key data gap identified in the San Leandro Bay Modeling and PCB 6 
Recovery Estimates Report (Scheu et al. 2025) is the need to measure sediment and chemical 7 
flux at stormwater discharges and within SLB to better characterize model boundary conditions 8 
and to calibrate and validate the SLB sediment and contaminant transport model. To address 9 
this data gap, more robust monitoring of chemical concentrations and fluxes was employed to 10 
refine the SLB-focused fate and transport model, assess contaminant discharge and stormwater 11 
loads, and evaluate sediment and contaminant fluxes into and out of SLB.  The analysis and 12 
results will be used to support the following ongoing RMP efforts in SLB: 13 

• calibrate/validate sub-basin watershed model sediment loading;  14 

• calibrate/validate the hydrodynamic and sediment transport model;  15 

• estimate flux of sediment and PCB sources into and out of SLB; and 16 

• assess primary contaminant pathways (upland or bedded sediment) in SLB to support 17 
management and recovery. 18 

2.1 SITE OVERVIEW  19 

SLB is identified as a high-priority region within the San Francisco Bay for assessing the fate 20 
and transport of PCBs, given significant impairment and ongoing management actions aimed at 21 
reducing stormwater loads. Preliminary conceptual site models indicate that this area is likely 22 
to respond positively to reductions in stormwater inputs (Yee et al. 2019). In addition, SLB is of 23 
considerable interest with respect to CECs, particularly those introduced through urban 24 
stormwater (Overdahl et al. 2021) because the region is partially enclosed with constrained 25 
exchange with San Francisco Bay. For both PCBs and CECs, ongoing research aimed at 26 
elucidating their fate in margin areas impacted by stormwater is recognized as essential for 27 
informed management.  28 

SLB is a relatively protected embayment located on the eastern side of San Francisco Bay. SLB 29 
receives runoff from a series of creeks (see blue arrows in Figure 1) and experiences tidal 30 
exchange with the wider San Francisco Bay through the bay mouth and via a channel to 31 
Oakland Estuary (green arrows in Figure 1).  32 
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 1 

Figure 1. Overview of SLB with discharge and stormwater sources (blue arrows) and tidal exchange 2 
channels (green arrows). 3 

2.2 OVERVIEW OF OPTICS ANALYSIS 4 

To measure contaminant and sediment flux in SLB, Integral Consulting Inc. (Integral) applied 5 
OPTICS (OPTically-based In-situ Characterization System; U.S. Patent No. 11079368), a tool that 6 
provides high-resolution measurements of surface water concentrations of a wide range of 7 
contaminants. OPTICS uses commercial, off-the-shelf, in situ physical, optical, and water quality 8 
sensors, periodic discrete calibration/validation surface water sample collection and analysis, 9 
and a multi-parameter statistical prediction model to provide high-resolution characterization 10 
of surface water contaminant concentrations. Results from OPTICS analysis can be coupled 11 
with standard hydrodynamic data collection (water column currents and discharge) to estimate 12 
contaminant fluxes and mass loading (Chang et al. 2018, 2019, and 2024).  13 
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3 FIELD DATA COLLECTION  1 

The SLB OPTICS study included deployment of stationary monitoring platforms, acoustic 2 
Doppler current profiler (ADCP) transect measurements, and discrete surface water sampling 3 
to estimate contaminant and sediment flux into and out of SLB. The monitoring platforms 4 
(including sensors for measurements of water column currents and water quality parameters, 5 
passive samplers, and sediment collection jars) were bottom-mounted (moored on the sediment 6 
bed) with no surface expression and were self-contained (battery-operated and self-logging). 7 
Monitoring platforms were deployed at seven locations throughout the SLB study area:  8 
Alameda Channel (ACS), Bay Farm Island (BFI), Damon Creek Slough (DCS), East Creek 9 
Slough (ECS), Elmhurst Creek (EHC), central San Leandro Bay (SLB), and San Leandro Creek 10 
(SLC) (Figure 2 and Table 1). At each monitoring location, flow rate measurements were 11 
collected with a transecting ADCP, and discrete surface water samples were collected and 12 
analyzed for PCBs and suspended solids concentration (SSC).  13 

 14 

Figure 2. Monitoring Platform Locations in SLB. 15 
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Table 1.  Monitoring Platform Deployment Location and Elevation  1 
Location Elevation (m NAVD88)a Latitude (°N) Longitude (°W) 

Alameda Channel –4.8 37.763948 –122.224782 

Bay Farm Island –1.77 37.748782 –122.23846 

Damon Creek Slough –0.08 37.75301 –122.207821 

East Creek Slough 0.02 37.760144 –122.21696 

Elmhurst Creek  0.09 37.743698 –122.206288 

San Leandro Bay –1.3 37.753121 –122.221906 

San Leandro Creek –0.33 37.742524 –122.208012 
Notes: 2 
a 1/9th Arc-second Digital Elevation Models (DEMs) - USGS National Map 3DEP Downloadable Data Collection | 3 
USGS Science Data Catalog 4 

3.1 FIELD SCHEDULE 5 

The monitoring stations were deployed from December 11, 2024, through April 4, 2025. Two 6 
equipment servicing events (i.e., instrument turnaround) were performed in January and 7 
February 2025 (approximately every 5 weeks) (Figure 3 and Table 2). Equipment servicing 8 
involved offloading sensor data, cleaning instruments, replacing sensor batteries, inspecting, 9 
recalibrating (if necessary), and restarting sensors prior to redeployment.   10 

Discrete surface water sampling and ADCP transects were collected during each 11 
deployment/recovery and servicing period. In addition, storm sampling was conducted on 12 
February 4 and 5, 2025 to collect ADCP transects and surface water samples during a high flow 13 
event (Figure 3 and Table 2).  14 

 15 
Figure 3.  Monitoring Sample and Deployment Schedule. 16 
 17 
 18 
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Table 2. Monitoring Sample and Deployment Schedule 1 

Location 
Initial 

Deployment 
Instrument 

Turnaround 1 
Storm Event 

Sampling 
Instrument 

Turnaround 2 
Final 

Recovery 

Alameda Channel 12/11/2024 1/15/2025 2/4/2025-
2/5/2025 2/25/2025 4/2/2025 

Bay Farm Island 12/11/2024 1/15/2025 2/4/2025-
2/5/2025 2/25/2025 4/2/2025 

Damon Creek Slough 12/10/2024 1/14/2025 2/4/2025-
2/5/2025 2/24/2025 4/4/2025 

East Creek Slough 12/11/2024 1/13/2025 2/4/2025-
2/5/2025 2/27/2025 4/4/2025 

Elmhurst Creek  12/11/2024 1/14/2025 2/4/2025-
2/5/2025 2/25/2025 4/3/2025 

San Leandro Bay 12/11/2024 1/14/2025 2/4/2025-
2/5/2025 2/25/2025 4/2/2025 

San Leandro Creek 12/11/2024 1/14/2025 2/4/2025-
2/5/2025 2/25/2025 4/3/2025 

3.2 MONITORING PLATFORMS 2 

Each of the seven monitoring platforms consisted of a weighted fiberglass grate base with a 3 
stainless steel cage to protect and stabilize the in situ instrumentation (Figure 4). A current 4 
meter (Nortek, Inc. ADCP or acoustic Doppler velocimeter [ADV], depending on water depth) 5 
and a multiparameter water quality sonde (Yellow Springs, Inc. [YSI] EXO2) equipped with 6 
probes to measure depth, temperature, conductivity (salinity), turbidity, dissolved oxygen, and 7 
algal fluorescence calibrated to chlorophyll a (Chl) and phycoerythrin (PE) concentration were 8 
mounted to each platform. Sensors were programmed to collect and internally log data 9 
continuously at 15-minute intervals. Data were downloaded during servicing periods and final 10 
recovery. Passive samplers and sediment jars were attached to the monitoring platform and 11 
maintained by Stanford University and San Francisco Estuary Institute (SFEI), respectively.   12 

Monitoring platforms were deployed from a vessel whenever possible. For locations 13 
inaccessible by vessel, platforms were placed on the creek bed by foot (wading). The platforms 14 
were equipped with a recovery line designed for equipment retrieval during servicing activities 15 
and at final recovery. 16 
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 1 
Figure 4.  Monitoring Platform and Instrumentation 2 

3.2.1 Currents 3 

An ADCP (Nortek, Inc. Aquadopp) or ADV (Nortek, Inc. Vector) was mounted to each 4 
monitoring platform to measure current velocities (magnitude and direction). An ADCP 5 
measures depth-resolved currents and is suitable for deeper environments (water depth greater 6 
than 1 m at low-low tide) whereas an ADV measures current velocity at a single point and is 7 
therefore more suitable for very shallow water environments (less than 1 m). Of the seven 8 
monitoring platforms deployed, five incorporated an ADCP and two incorporated an ADV 9 
(Damon Creek Slough and Elmhurst Creek) (Table 3). Of the five ADCPs, one (at ACS) was a 10 
1 MHz unit, providing current velocity measurements at every 0.5 m from approximately 1 m 11 
above the sediment bed to within 0.5 to 1 m of the water surface. The remaining four ADCPs 12 
were 2 MHz units and measured current velocity at every 0.25 m from approximately 0.75 m 13 
above the sediment bed to within 0.25 to 0.5 m of the water surface (Table 3). The single 14 
measurement cell of the ADV was located approximately 0.2 m above the sediment bed. 15 

The ADCP and ADV instruments were set up and calibrated according to manufacturer 16 
recommendations described in the Nortek, Inc. User Manual. This included battery installation, 17 
beam checks, compass calibration, and sensor configuration to specify sample interval and bin 18 
size. The ADCPs and ADVs were programmed to collect current measurements every 19 
15 minutes over each deployment period (Table 3).  20 
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Table 3.  Monitoring Platform ADCP and ADV Sensor Settings 1 
Location Sensor Cell Size Profile Interval 

Alameda Channel Aquadopp 1 MHz 0.5 m 15 min 

Bay Farm Island Aquadopp 2 MHz 0.25 m 15 min 

Damon Creek Slough Vector Single point 15 min (burst at 1 Hz) 

East Creek Slough Aquadopp 2 MHz 0.25 m 15 min 

Elmhurst Creek  Vector Single point 15 min (burst at 1 Hz) 

San Leandro Bay Aquadopp 2 MHz 0.25 m 15 min 

San Leandro Creek Aquadopp 2 MHz 0.25 m 15 min 

3.2.2 Water Quality  2 

The YSI EXO2 multi-parameter water quality sondes were each integrated with a pressure 3 
sensor and probes to measure temperature, salinity, turbidity, dissolved oxygen, Chl, and PE at 4 
approximately 0.2 m above the sediment bed. The protective cage around the measurement 5 
probes was wrapped with a copper mesh to mitigate biofouling. Prior to deployment, the 6 
probes were calibrated by Fondriest Environmental using National Institute of Standards and 7 
Technology traceable standards following manufacturer protocols and recommendations. EXO2 8 
sampling configurations were specified using YSI KOR-EXO software following manufacturer 9 
guidelines. The sondes were programmed to internally log water quality data every 15 minutes. 10 
Data were offloaded at each servicing event and final recovery.  11 

3.2.3 Passive Samplers and Sediment Collection Jars 12 

In addition to current meters and water quality sondes, passive sampler strips and sediment 13 
collection jars were attached to the monitoring platforms. Passive samplers were maintained by 14 
Stanford University’s Yeo-Myoung Cho and glass sediment collection jars were maintained by 15 
Don Yee of SFEI.   16 

3.3 ADCP TRANSECTS 17 

To facilitate flux and mass loading estimates, continuous time series of flow rates were derived 18 
from in situ velocity measurements. The index velocity method involves calibration of near-19 
continuous current velocity measurements obtained by moored current meters to instantaneous 20 
flow rate measurements obtained from vessel-mounted ADCP transects. Flow rate from ADCP 21 
transects was measured periodically over a wide range of environmental conditions (i.e., slack 22 
to peak tide during neap and spring tide, baseflow, and stormflow) at or near each of the 23 
monitoring stations, except the center SLB station. ADCP transects were collected following 24 
initial deployment, during servicing events, preceding final recovery, and during a storm event 25 
(Table 2).   26 
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The Teledyne Marine StreamPro ADCP (Figure 5) was used to collect transects at five of the six 1 
shallow water monitoring stations (transects were not collected at the central SLB station). A 2 
vessel-mounted, downward-looking ADCP (Nortek, Inc. Signature 1000; Figure 6) was used to 3 
collect transect measurements at the Alameda Channel monitoring station due to the deeper 4 
water depth at that location. Prior to transect measurements, the ADCPs were calibrated and set 5 
up following manufacturer recommendations. A downward looking ADCP was towed or 6 
motored across the stream channel to measure water column velocity and total volume flow 7 
rate at monitoring platform locations. Transects were collected over a range of tidal conditions 8 
at each monitoring location. A total of 120 transects were collected with approximately 35 per 9 
platform location across tidal and stormflow conditions.  10 

 11 

Figure 5.  StreamPro ADCP Used to Collect Transects in Shallow Water. 12 
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 1 

Figure 6.  Downward-Looking Vessel-Mounted ADCP Used to Collect Transects in Deeper Water 2 
(Instrument Out of Water for Transit). 3 

3.4 WATER SAMPLING 4 

Discrete surface water samples were collected at or near monitoring platforms with a 2.5 L 5 
horizontal Niskin bottle sampler that was lowered to the approximate depth of the water 6 
quality instrumentation from either a vessel or a bridge. Samples were collected in 7 
laboratory-provided sterile bottles and placed on ice prior to shipment to the laboratory for 8 
analysis of PCBs and SSC. Integral collected a total of 85 PCB and SSC surface water samples 9 
following deployment, during servicing events, and prior to equipment recovery, covering a 10 
range of tidal conditions (i.e., covering conditions between slack low and slack high and vice 11 
versa), and during a storm event (Table 2). The SFEI team collected an additional 70 water 12 
samples from collection points on bridges and bulkheads as close as possible to each station. 13 
Laboratory results for PCB and SSC data can be found in Appendix B.  14 



 
DRAFT  
San Leandro Bay OPTICS Study  April 30, 2026 

Integral Consulting Inc. 3-8  

3.5 DATA COLLECTION SUMMARY 1 

Overall, high quality data were collected at all monitoring platform locations. Discrete samples 2 
and transect measurements captured a wide range of tidal and storm flow conditions. 3 

There were periods of data loss due to debris caught on the monitoring platforms as well as 4 
periods the sensors were out of the water . During the first recovery in January, a large blanket 5 
was observed to be covering the platform at East Creek Slough, restricting water flow and 6 
impairing current and water quality measurements. Additional debris, consisting of clothing, 7 
was found on the East Creek Slough platform during second recovery in February.   8 

The field team also noted that Damon Slough platform was exposed above the water level at 9 
low tides, leading to data dropout during low water level periods.  Debris was also found on 10 
the platform at San Leandro Creek during the final recovery in April, resulting in a short period 11 
of data loss. 12 
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4 DATA PROCESSING AND ANALYSIS 1 

In situ physical, water quality, and optical data were processed according to manufacturer 2 
recommended procedures and following standard guidelines for quality assurance and quality 3 
control (QA/QC). Processed data from monitoring platforms and ADCP transects were used to 4 
derive time series estimates of volume flow rate (index velocity method), and processed data 5 
from monitoring platforms and discrete surface water samples were used to derive sediment 6 
and contaminant concentrations (OPTICS modeling) at each of the monitoring locations. 7 
Sediment and contaminant flux into and out of SLB were calculated as the product of flow rate 8 
and concentration of solids and PCBs. The data analysis tasks described below include data 9 
processing, flow rate analysis, OPTICS analysis, and sediment and contaminant flux estimation.  10 
Processed data and data products are provided in Appendix A.  11 

4.1 TIME SERIES DATA 12 

Time series data of currents, water quality, and optical measurements were collected 13 
throughout the deployment periods from the in situ instrumentation on the monitoring 14 
platforms. The following sections describe instrument specific data processing, analysis, and 15 
QA/QC for in situ data.  16 

4.1.1 Currents  17 

Current velocity data QA/QC procedures followed manufacturer-recommended and 18 
oceanographic community-accepted protocols (e.g., COL-NASA 2012). ADCP measurements 19 
include a depth-resolved time series of velocities, from which current speed and current 20 
direction can be derived. ADV measurements include a time series of current velocities (u, v, 21 
and w), at a single point approximately 0.2 m above the sediment bed.   22 

4.1.1.1 Aquadopp ADCP Data  23 

Aquadopp ADCP data were pre-processed using manufacturer software (Storm) to remove out-24 
of-water data and data with low correlation (<90), and to correct for magnetic declination such 25 
that current velocity directions are reported relative to true north. Manufacturer recommended 26 
Storm software data quality settings were followed. Additional ADCP data evaluation entailed 27 
range checks for pitch and roll, error, horizontal velocities, current directions, percent good 28 
pings, and beam correlations.  29 

4.1.1.2 Vector ADV Data 30 

ADV data processing followed standard methods including removal of poor-quality burst data 31 
prior to deriving burst-averaged velocity measurements. This involved removing data 32 
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exhibiting poor correlation values (<80 counts) and iteratively removing any bursts outside of 1 
four standard deviations from the ensemble mean using an iterative statistical outlier method. 2 
Data were then burst-averaged (i.e., averaged over the 15-minute sampling period). ADV data 3 
collected at Damon Creek Slough during the first deployment showed significant data dropout 4 
(i.e., ~70% of data were considered poor quality or exhibited correlation values of less than 80 5 
counts). ADV data collected during the remaining deployments at Damon Creek Slough and 6 
during all deployments at Elmhurst Creek had a typical data dropout of approximately 5–10%.  7 

The ADVs were mounted horizontally on the deployment platforms due to the shallow water 8 
depth; therefore, additional data processing was required to correct sensor measured current 9 
velocities (x, y, z coordinates) to horizontal coordinates (east, north, up). The platform-mounted 10 
ADV sensor data were first rotated to account for the horizontal orientation of the sensors 11 
during deployments. A principal component analysis was applied to the horizontal velocity 12 
measurements to determine the principal velocity direction. The principal velocity direction and 13 
secondary direction (90 degrees) were then defined as along-channel and cross-channel 14 
velocities and data were rotated accordingly.   15 

4.1.2 Water Quality 16 

Water quality data processing and QA/QC procedures followed National Oceanic and 17 
Atmospheric Administration Quality Assurance for Real-Time Oceanographic Data (NOAA 18 
QARTOD1) and COL-NASA (2012) data QA/QC recommendations. These procedures included: 19 

1. Missing time stamp check. Gaps in data series (i.e., missing time stamps) were filled in 20 
with not-a-number (NaN). 21 

2. Gross range test. Each data point was evaluated against analyst-selected 22 
minimum/maximum values. For example, if turbidity or Chl was negative (<0), it was 23 
considered as failed and replaced with NaN. 24 

3. Spike test. Large positive and negative spikes in data were evaluated for suspect or 25 
failed data following NOAA QARTOD recommendations. 26 

4. Flat line test. Data were considered suspect if the exact same value was reported for 27 
three consecutive hours (12 data points) and fail if for six consecutive hours (24 data 28 
points).  29 

5. Biofouling test (human-in-the-loop; HITL). Data were evaluated by the analyst for 30 
biofouling or other errors. Biofouling was identified as linear or exponential increases in 31 
data over time, with additional screening to include variability and trend analysis 32 
against data from other nearby stations. Linear biofouling corrections were performed 33 

 
1 https://ioos.noaa.gov/project/qartod/  
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using trend analysis methods developed from more than 30 years of experience and 1 
recommendations by subject matter experts (Manov et al. 2004; COL-NASA 2012). 2 

6. Deployment-to-deployment comparisons (HITL). Calibration differences between 3 
deployments, if any, were quantified and corrected in cases where sondes were 4 
swapped and/or recalibrated or sensor drift was observed. Calibration differences were 5 
calculated through evaluation of previous deployment data endpoints compared to 6 
current deployment data start-points and accounting for servicing time (period over 7 
which the sonde was out of the water). 8 

Depths were not corrected for mounting height above the bed (<1 ft). The processed water 9 
quality data included a time series of water depth (at sensor height), temperature, salinity, 10 
turbidity, dissolved oxygen, Chl, and PE.  11 

4.1.3 Transect Measurements 12 

Transect ADCP measurements were reviewed quantitatively for deviations from the average 13 
transect length at its corresponding monitoring station. Some transect measurements were 14 
deemed too short to be representative of the instantaneous flow rate of the entire channel. 15 
Transect ADCP measurements were also reviewed qualitatively. Transects that showed 16 
excessive overlap or jaggedness in their path were also deemed unrepresentative because some 17 
areas of the channel were included multiple times in the flow rate estimate. 18 

4.2 FLOW RATE ANALYSIS 19 

Flow rate was derived from moored current velocity measurements following the index velocity 20 
method, which involves calibration of near-continuous current velocity measurements obtained 21 
by moored current meters to instantaneous flow rate measured during ADCP transecting 22 
(Levesque et al. 2012). Flow rate, Q, is the product of current velocity, U, and cross-sectional 23 
area, A, or 𝑄	 = 	𝑈𝐴.  24 

Near-continuous cross-sectional area was calculated through direct linear regression between 25 
transect-measured cross-sectional area and concurrent, corresponding in situ water depth 26 
measurements at each monitoring station. The regression coefficients were applied to near 27 
continuous measurements of depth to generate near continuous records of cross-sectional area.  28 

Near-continuous estimates of flow rate at each platform location were calculated by multiplying 29 
the derived time series of cross-sectional area by in situ, depth-averaged measurements of 30 
along-channel current velocity. Along-channel velocity was defined as the component of 31 
moored ADCP-measured current velocity normal to the cross-channel transect line associated 32 
with each monitoring station. Positive signs denote velocities into SLB while negative signs 33 
denote velocities out of SLB. For ADV measurements, principal component analysis was used to 34 
derive the primary and secondary flow direction, where the primary component was the along-35 
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channel velocity, and the secondary was the cross-channel velocity. The calculated near-1 
continuous flow rates at each monitoring station were then compared with concurrent, 2 
corresponding transect-measured instantaneous flow rates. Linear bias correction was applied 3 
to the near-continuous flow rate estimates to calibrate the data to a flow rate estimate over a full 4 
cross-sectional area. 5 

4.3 OPTICS ANALYSIS 6 

OPTICS modeling enables derivation of high temporal resolution variability of SSC and PCB 7 
concentrations at the monitoring stations from in situ field measurements and discrete surface 8 
water samples. OPTICS is based on the principle that chemical contaminants are often 9 
associated with specific substances in the water column (e.g., suspended sediment and/or 10 
organic detritus). Therefore, because optical properties can characterize the biogeochemistry of 11 
natural waters and its substances (particle concentration, composition, and size distribution) 12 
(Babin et al. 2003; Boss et al., 2001), optical measurements have the potential to estimate 13 
concentrations of chemical contaminants. OPTICS for chemical characterization has been shown 14 
to be effective for estimating concentrations of total (unfiltered), filtered (dissolved), and 15 
particulate mercury and methylmercury (Bergamaschi et al. 2011; Chang et al. 2018, 2019), and 16 
PCBs (Chang et al. 2019, 2024) in many aquatic environments ranging from inland rivers to the 17 
coastal ocean.   18 

The OPTICS method is analogous to the derivation of SSC from optical turbidity using 19 
traditional linear regression (e.g., Rasmussen et al. 2009). However, rather than deriving one 20 
response variable (SSC) from one predictor variable (turbidity), OPTICS involves derivation of 21 
one response variable (e.g., total PCBs) from a suite of predictor variables (e.g., turbidity, 22 
temperature, salinity, and Chl) using multi-parameter statistical regression. It is based on 23 
statistical correlation—similar to the turbidity-to-SSC regression technique; it is not a method of 24 
interpolation or extrapolation.  25 

The OPTICS analysis uses predictor (in situ physical, water quality, and optical parameters) and 26 
response (discrete SSC or PCB concentrations) data sets to develop predicted time-series of SSC 27 
or PCB concentrations. The predictor and response data sets were constructed by selecting 28 
in situ measurements collected at the same time as discrete surface water sample collection. 29 
OPTICS regression analysis was performed with 10-fold cross-validation to maximize the 30 
variance explained between predictors and responses, minimize the root mean square error 31 
(RMSE) of predictions, and avoid model over-constraint (i.e., mitigate against unrealistic model 32 
predictions such as negative concentrations or data “spikes”). Resulting regression coefficients 33 
were applied to the high-resolution in situ measurement data to estimate high temporal or high 34 
spatial resolution response variable (i.e., PCB concentration) data. Quantitative OPTICS 35 
performance metrics were assessed through computation of OPTICS modeled versus measured 36 
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(discrete sample data) comparative statistics, and results were compared to the same 1 
comparative statistics between traditional, discrete surface water sample paired field duplicates. 2 
The result of the OPTICS analysis is estimated time-series of PCB concentration over the 3 
deployment period at each of the monitoring locations.  4 

Site-specific OPTICS regressions were developed for each response variable at each monitoring 5 
station location. Effective, empirically based predictive models capture the largest variance in a 6 
data set. Therefore, OPTICS monitoring and modeling efforts were focused on incorporating 7 
parameters that are likely to describe variability in suspended solids and PCBs. This includes 8 
primary and higher-order mechanisms for solids and PCB mobility, transport, and partitioning. 9 
OPTICS model predictor variables thus included in situ measurements of depth-averaged 10 
current velocity and a suite of measured water quality parameters consisting of depth, 11 
temperature, salinity, turbidity, dissolved oxygen, and Chl and PE concentration. Current 12 
velocity and water depth are first- and second-order mechanisms related to tidal variability, 13 
high flow events, and particle resuspension and transport. Temperature is a second-order 14 
mechanism for physical forcing and has been considered as an influence on partitioning of 15 
PCBs, as has salinity. Salinity is also modulated by tidal variability. Turbidity is a parameter 16 
that is often correlated with suspended particulate concentration. Dissolved oxygen and algal 17 
concentration are strongly related to primary productivity and therefore particle concentration 18 
and organic content, and/or partitioning.   19 

Predictor data sets were constructed by selecting in situ measurements recorded at the same 20 
times (or the nearest time stamp) as discrete sample collection. Predictor and response data 21 
were log-transformed prior to partial least squares regression analysis (de Jong 1993; Rosipal 22 
and Krämer 2006). Paired field duplicates were used to quantify uncertainties in discrete sample 23 
data; averages between field duplicates were used for OPTICS modeling. OPTICS partial least 24 
squares regressions were performed with 10-fold cross-validation. The optimal number of 25 
model components was identified to maximize the variance explained between predictors and 26 
responses, minimize the RMSE of predictions, and avoid model over-constraint. The OPTICS 27 
model results were high-resolution time series estimates of each response variable (SSC and 28 
PCBs) at each of the seven monitoring stations.  29 

4.4 FLUX AND MASS LOADING ANALYSIS 30 

Flux is the product of flow rate and water concentration, or F = QC, and is presented in units of 31 
mass per time (flow rate is in units of volume per time and water concentration is in units of 32 
mass per volume). Near-continuous time series of flow rate, estimated using the index velocity 33 
method, were multiplied by time-associated OPTICS-derived concentrations of solids and 34 
concentration of COCs. The result is near-continuous mass flux with which to assess transport 35 
(including direction) of solids and PCBs into and out of SLB.  36 
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Net flux and mass loading were derived through integration of flux over time. The net flux was 1 
integrated over dry periods to derive estimates of net tidal flux as well as during periods of 2 
precipitation to estimate storm-related net flux. More details on the net flux analysis are 3 
included in Section 6.4.  4 

 5 
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5 MONITORING DATA RESULTS 1 

This section presents results of in situ current measurements, water quality, and laboratory data 2 
at the monitoring platform locations following the data processing steps described in Section 3. 3 
The data are provided in Appendix A. 4 

5.1 VELOCITY MEASUREMENTS 5 

Figure 7 through Figure 11 show ADCP current velocity measurements with current magnitude 6 
over the water depth and current direction.  Figure 12 and Figure 13 show the ADV current 7 
measurements with velocity magnitude and direction.  There are periods of data dropout that 8 
coincide with instrumentation fouling reported by the field team.  For example, East Creek 9 
Slough has periods of data dropout associated with large debris blocking water flow to the 10 
instrumentation during the first and second deployment period. The Damon Slough platform 11 
was also tidally exposed, which appears to have led to poor quality velocity measurements 12 
during the first deployment period. The acoustic beams were poorly correlated, leading to 13 
significant data dropout during this period, which could be associated with echoing or acoustic 14 
reflection off the water surface at very low water levels.  15 

Overall, current velocity magnitude (speed) is relatively slow (generally <0.3 m/s) in the creeks 16 
and at the center SLB station. The Alameda Channel and Bay Farm Island tidal channel current 17 
velocity magnitudes are considered moderate (0.5 to 1.0 m/s) and slow (<0.5 m/s), respectively. 18 
Current directions in the creeks and tidal channels follow the primary flow directions along 19 
channel thalwegs.  The currents measured at the central SLB station are predominantly to the 20 
northeast and southwest. Spring-neap tidal oscillations are apparent at the seven monitoring 21 
stations, with spring tide current velocities nearly twice the speed as neap tide current 22 
velocities. Higher frequency semidiurnal tidal variability is also observed, as well as short 23 
duration peaks in current velocity, correlated with precipitation (not shown), due to stormflow.   24 

 25 
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 1 

 2 
Figure 7.  Alameda Channel Water Column Velocity Magnitude (upper) and Direction (lower). 3 
 4 
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 1 

 2 
Figure 8.  Bay Farm Island Water Column Velocity Magnitude (upper) and Direction (lower). 3 
 4 
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 1 

 2 
Figure 9.  East Creek Slough Water Column Velocity Magnitude (upper) and Direction (lower). 3 
 4 
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 1 

 2 

Figure 10.  San Leandro Bay Water Column Velocity Magnitude (upper) and Direction (lower). 3 
 4 
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 1 

 2 
Figure 11.  San Leandro Creek Water Column Velocity Magnitude (upper) and Direction (lower). 3 
 4 
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 1 

 2 
Figure 12.  Damon Creek Slough Velocity Magnitude (upper) and Direction (lower). 3 
 4 
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 1 

 2 

Figure 13.  Elmhurst Creek Velocity Magnitude (upper) and Direction (lower). 3 
 4 
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5.2 WATER QUALITY MEASUREMENTS 1 

Water quality measurements collected at the seven monitoring stations and processed following 2 
the data QA/QC methods described in Section 4.1.2are presented in Figure 14.  3 

 4 
Figure 14.  Water Quality Measurements at Each of the Seven Monitoring Stations. 5 
ACS = Alameda Channel (purple), BFI = Bay Farm Island (dark blue), DCS = Damon Creek Slough (light blue), ECS 6 
= East Creek Slough (green), EHC = Elmhurst Creek (orange), SLB = San Leandro Bay (red), SLC = San Leandro 7 
Creek (dark red); Temp. = temperature in degrees Celsius, Sal. = salinity in parts per thousand, Turb. = turbidity in 8 
nephelometric turbidity units, DO = dissolved oxygen in milligrams per liter, Chl and PE = chlorophyll a and 9 
phycoerythrin concentration derived from fluorescence in micrograms per liter 10 
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Similar to current velocities, water depth data clearly show spring-neap and semidiurnal tidal 1 
variability at each of the monitoring locations. Data collected at creek locations (DCS, ECS, 2 
EHC, and SLC) also indicate that water depth in creeks is less than 0.2 m during low tide. 3 
Measured temperature, salinity, turbidity, dissolved oxygen, Chl, and PE are relatively 4 
consistent across each of the seven monitoring stations, except for Damon Creek Slough and 5 
East Creek Slough, which at times exhibited lower dissolved oxygen. Higher turbidity, Chl, and 6 
PE values were recorded at Damon Creek Slough in early February 2025, compared to the other 7 
stations. Seasonal and semidiurnal variability is observed in measured water quality 8 
parameters, with generally increasing temperatures over time and increasing algal 9 
concentrations as available light levels increase in late March. Salinity signals are correlated 10 
with precipitation events (not shown). 11 

5.3 PREDICTED FLOW RATE  12 

Flow rate at each monitoring platform was derived using in situ current measurements and 13 
ADCP transect data following the index velocity method (described in Section 4.2). 14 
Comparisons between measured flow rate (transect) and flow rate estimated from monitoring 15 
platform (stationary) current measurements are shown in Figure 15 at each location (except SLB, 16 
where transects were not collected). Data from these monitoring stations exhibit a strong 17 
relationship between transect-measured and moored-derived flow rate as evidenced by the 18 
relatively high R2 values (>0.75). The derived time series of flow rate at the six monitoring 19 
locations (using the in situ velocity measurements and discrete transect measurements) are 20 
shown in Figure 16.   21 
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 1 

Figure 15.  Comparisons between Transect-Measured Flow Rate (Qtrans) and Flow Rate Derived from 2 
In Situ Monitoring Platform Measurements (Qmoor). 3 

ACS = Alameda Channel, BFI = Bay Farm Island, DCS = Damon Creek Slough, ECS = East Creek Slough, EHC = 4 
Elmhurst Creek, and SLC = San Leandro Creek  5 
 6 
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 1 

Figure 16.  Derived Time Series of Flow Rate (Q). 2 
ACS = Alameda Channel, BFI = Bay Farm Island, DCS = Damon Creek Slough, ECS = East Creek Slough, EHC = 3 
Elmhurst Creek, and SLC = San Leandro Creek; positive values are into SLB  4 
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The derived flow rate time series exhibits periods of missing data (dropouts), notably at Damon 1 
Creek Slough and East Creek Slough. These platforms experienced significant fouling due to 2 
debris on the platforms during these periods (e.g., large blanket wrapped around the platform).  3 

Although not visible in Figure 16, some of the shallower creek locations are also affected by 4 
intermittent data dropouts during low tide when the instruments are dry. These periods of tidal 5 
asymmetrical data dropout can bias flux and net mass transport estimates. Therefore, to 6 
minimize potential biases in net flux analysis, periods of short data dropout (e.g., less than 7 
6 hours) were filled using linear interpolation. An example of the flow rate correction for 8 
asymmetrical tidal data dropout is shown in Figure 17 for a zoomed in period of time at the 9 
Elmhurst Channel monitoring platform.   10 

 11 

Figure 17. Example of Flow Rate Correction for Asymmetrical Tidal Dropout at Elmhurst Channel. 12 
 13 
Overall, the flow rate at the six stations is predominantly tidal, punctuated with periods of 14 
elevated flow into SLB during stormflow events. The two tidal channels (Alameda Channel and 15 
Bay Farm Island) are characterized by larger total volume flow rates with the largest tidal flows 16 
observed at Alameda Channel. Smaller tidal flow rates are observed in the creeks (Damon 17 
Creek Slough, East Creek Slough, Elmhurst Creek, and San Leandro Creek). These creek flow 18 
rates exhibit short duration pulses into SLB that correspond to precipitation events.   19 

The net water volume transport (integrated flux over the monitoring period) at each of the six 20 
flow rate monitoring locations is shown in Figure 18. The net transport of water over the full 21 
deployment period is into SLB at Bay Farm Island and out of SLB at Alameda Channel, 22 
indicating asymmetry in tides drives a residual current into SLB from the west into SLB and out 23 
of SLB toward through Alameda Channel (Figure 18). The net water volume flux from all 24 
smaller creeks is net into SLB, although the magnitude of these tributaries is relatively small.  25 

 26 
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 1 

Figure 18.  Schematic of Net Water Volume Transport at Six Monitoring Platforms over the Monitoring 2 
Period with Arrows Indicating Magnitude and Direction. 3 

5.4 DISCRETE SURFACE WATER SAMPLES 4 

Discrete water column measurements collected following the methods outlined above were 5 
analyzed for SSC2 and PCBs.  The laboratory data results can be found in Appendix B. The 6 
following summarizes observations of the laboratory data. 7 
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5.4.1 SSC Data 1 

SSC derived from laboratory analysis of discrete surface water samples collected at each 2 
monitoring location is shown in Figure 19. The measured sediment concentrations at Alameda 3 
Channel and Bay Farm Island were on the order of 10 mg/L throughout the range of sampling 4 
conditions. This is consistent with lower background concentrations of sediment from greater 5 
San Francisco Bay. SSC measured in the creeks are approximately an order of magnitude 6 
greater, with the highest concentrations measured at Damon Creek Slough and East Creek 7 
Slough (DCS and ECS).  Slightly lower sediment concentrations were measured at Elmhurst 8 
Channel (EHC) and San Leandro Creek (SLC).   9 

 10 

Figure 19.  Measured SSC Distribution at Each Monitoring Location. Blue boxes delineate the 11 
interquartile range, and the green line denotes the median. The first and third quartiles are 12 
indicated with black lines, and outliers are shown as circles. 13 

 14 

5.4.2 PCB Data 15 

The distributions of measured PCB concentrations for each of the seven monitoring stations are 16 
shown as box and whisker plots in Figure 20. The measured PCB concentration at Alameda 17 
Channel (ACS), Bay Farm Island (BFI), San Leandro Creek (SLC), and central SLB were 18 
relatively low—on the order of 1 ng/L—with a few elevated outliers, primarily during periods 19 
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of storm sampling. In contrast, the medians or means of measured PCB concentrations at East 1 
Creek Slough (ECS), Damon Creek Slough (DCS), and Elmhurst Creek (EHC) are approximately 2 
an order of magnitude larger with many measured concentrations two orders of magnitude 3 
larger.   4 

 5 
Figure 20.  PCB Concentration Distribution at Each Monitoring Station. Blue boxes delineate the 6 

interquartile range and the green line denotes the median. The first and third quartiles are 7 
indicated with black lines and outliers are shown as circles. 8 

 9 
 10 
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6 OPTICS ANALYSIS RESULTS 1 

Site-specific OPTICS models were developed for derivation of PCBs and SSC at each monitoring 2 
station following the methods outlined in Section 3. Flux and mass transport were derived at 3 
the six platform stations where discharge time series were estimated (except SLB).  The 4 
following presents results of the OPTICS analysis and interpretation of mass transport in SLB. 5 

6.1 OPTICS MODEL PERFORMANCE 6 

A comparison of measured (i.e., from laboratory analysis of discrete surface water samples) and 7 
modeled (i.e., from OPTICS analysis) SSC and PCB concentration for each station are shown in 8 
Figure 21 through Figure 26. OPTICS model performance statistical metrics are found in Table 4 9 
and Table 5. The same metrics are also presented for surface water sample field duplicates for 10 
comparison (a model can only be as good as its data). Outliers generally drive poorer fits 11 
between measured and modeled concentrations (e.g., at East Creek Slough, Elmhurst Creek, 12 
and San Leandro Creek). Overall, the OPTICS model performance was good at the platform 13 
locations for both PCBs and SSC, providing confidence in OPTICS-derived PCBs and SSC 14 
concentrations and flux. Good optical model performance is evaluated based on the R 15 
correlation coefficient and by comparing the quantitative metrics of the optics model to the 16 
same metrics of duplicate SSC/PCB lab samples. The PCB model in particular was as good as 17 
duplicate PCB samples, indicating that the predictive OPTICS concentrations have less error 18 
than sample collection uncertainty.  19 

 20 

Figure 21.  Measured versus Modeled PCBs and SSC at Alameda Channel with Field Duplicates (open 21 
circles) Indicated. 22 
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 1 

 2 

Figure 22.  Measured versus Modeled PCBs and SSC at Bay Farm Island with Field Duplicates (open 3 
circles) Indicated. 4 

 5 

6 
7Figure 23.  Measured versus Modeled PCBs and SSC at Damon Creek Slough with Field 7 
Duplicates (open circles) Indicated. 8 

 9 
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 1 

Figure 24.  Measured versus Modeled PCBs and SSC at East Creek Slough with Field Duplicates (open 2 
circles) Indicated. 3 

 4 

Figure 25.  Measured versus Modeled PCBs and SSC at Elmhurst Channel with Field Duplicates (open 5 
circles) Indicated. 6 
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 1 

Figure 26.  Measured versus Modeled PCBs and SSC at San Leandro Bay with Field Duplicates (open 2 
circles) Indicated. 3 

 4 

Figure 27.  Measured versus Modeled PCBs and SSC at San Leandro Creek with Field Duplicates (open 5 
circles) Indicated. 6 

 7 
 8 
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Table 4.  OPTICS Performance and Field Duplicate Statistical Metrics for PCBs  1 
Station N PCTVAR R Slope Ratio Bias MPD RMSE CV(RMSE) 

ACS 18 25.7 0.59 0.52 0.96 0.25 16.5 0.32 32.7 
 2  N/A 1 1.81 0.99 0.09 8.3 0.09 7.1 
BFI 19 40.7 0.66 0.66 0.97 0.22 16.3 0.33 42.8 
 3  N/A 0.75 1.06 1.14 0.24 43.6 0.29 35.8 
DCS 12 65.9 0.91 0.77 1.05 4.9 20.0 9.3 198 
 3  N/A -0.59 -0.6 0.94 18.6 30.2 28.7 88.8 
ECS 17 66.9 0.75 0.59 1.47 16.1 58.5 33.1 566 
 1  N/A N/A  N/A  0.97 0.12 2.5 0.12 0.25 
EHC 15 41.6 0.5 0.72 1.27 23.8 51.3 43.5 494 
 2  N/A 1 0.79 0.97 1.9 14.1 2.4 8.0 
SLB 14 90.7 0.95 0.92 0.98 0.11 5.3 0.17 16.6 
 0  N/A  N/A  N/A N/A N/A  N/A  N/A  N/A  
SLC 21 32.7 0.31 0.27 1.07 1.2 31.7 2.9 148 
 2  N/A 1 3.05 1.27 0.53 28.2 0.75 30.7 

Notes:  2 
N = number of samples, PCTVAR = percent variance explained by the model, R = correlation coefficient (Pearson’s 3 
R), Slope = model II slope, Ratio = median ratio [median(modeled/measured)], Bias = mean absolute difference 4 
[mean(|modeled – measured|)] (units of ng/L), MPD = median absolute percent difference [median(|modeled – 5 
measured|)/measured), RMSE = root mean square error (units of ng/L), CV(RMSE) = coefficient of variation of RMSE 6 
 7 
Table 5.  OPTICS Performance and Field Duplicate Statistical Metrics for SSC  8 

Station N PCTVAR R Slope Ratio Bias MPD RMSE CV(RMSE) 

ACS 19 86.3 0.85 0.96 0.99 2.1 12.9 3.3 38.8 
 4   -0.25 -4.04 1.5 5.8 59.3 7.6 72.9 
BFI 20 64.2 0.72 0.83 0.99 4.0 21.4 6.8 53.5 
 3   1 0.8 0.73 3.5 26.7 3.9 23.6 
DCS 11 91.9 0.99 0.77 1.05 13.7 17.9 30.7 152.8 
 2   1 1 0.84 13.4 16.2 13.5 6.6 
ECS 17 67.4 0.88 0.88 1.23 28.2 65.7 44.3 243.3 
 2   1 1.02 0.82 48.0 18.3 48.0 43.9 
EHC 15 55.2 0.82 0.83 1.06 19.6 63.3 24.9 148.5 
 1       1 0.18 0.32 0.18 0.45 
SLB 12 77.7 0.9 1.01 0.96 1.4 12.2 1.8 18.3 
 0  N/A  N/A  N/A N/A N/A  N/A  N/A  N/A  
SLC 21 43.7 0.34 0.38 1.1 12.7 45.8 29.2 178.1 
 2   1 0.18 1.01 3.1 31.9 3.2 14.8 

See Table 4 notes. Units for Bias and RMSE are in mg/L. 9 
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6.2 PREDICTED SSC AND PCB CONCENTRATION RESULTS 1 

The OPTICS-derived SSC and PCB concentration time series are shown for the monitoring 2 
platform locations in Figure 28 through Figure 34; discrete water sample measurements are 3 
shown as colored circles for comparison. The observed water level at the platform station and 4 
precipitation are also shown for reference. Overall, the predicted time series of SSC and PCB 5 
concentration captures the magnitude and variability observed in discrete sample 6 
measurements over the range of conditions observed.   7 

Predicted PCB concentrations at Alameda Channel and Bay Farm Island are small (~1-5 ng/L), 8 
consistent with background concentrations from greater San Francisco Bay (see Figure 20). In 9 
contrast, PCB concentrations are larger (occasionally over ~100 ng/L) at the primary tributaries 10 
to SLB (Damon Creek Slough, East Creek Slough, and Elmhurst Creek), with SSC and PCB 11 
concentrations at these locations increasing with precipitation events (see also Figure 19 and 12 
Figure 20). Predicted SSC and PCB concentration at San Leandro Creek and central SLB are 13 
smaller and more tidally variable with small increases in concentration observed during 14 
precipitation events.  15 

 16 

Figure 28.  OPTICS-Derived Time Series of PCB Concentration (middle) and SSC (bottom) at Alameda 17 
Channel with Discrete Sample Measurements (colored circles) and Water Depth and 18 
Regional Rainfall (top) for reference. 19 
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 1 
Figure 29.  OPTICS-Derived Time Series of PCB Concentration (middle) and SSC (bottom) at Bay Farm 2 

Island with Discrete Sample Measurements (colored circles) and Water Depth and Regional 3 
Rainfall (top) for reference. 4 

 5 

 6 
Figure 30.  OPTICS-Derived Time Series of PCB Concentration (middle) and SSC (bottom) at Damon 7 

Creek Slough with Discrete Sample Measurements (colored circles) and Water Depth and 8 
Regional Rainfall (top) for reference. 9 
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 1 
Figure 31.  OPTICS-Derived Time Series of PCB Concentration (middle) and SSC (bottom) at East 2 

Creek Slough with Discrete Sample Measurements (colored circles) and Water Depth and 3 
Regional Rainfall (top) for reference. 4 

 5 
Figure 32.  OPTICS-Derived Time Series of PCB Concentration (middle) and SSC (bottom) at Elmhurst 6 

Creek with Discrete Sample Measurements (colored circles) and Water Depth and Regional 7 
Rainfall (top) for reference. 8 
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 1 
Figure 33.  OPTICS-Derived Time Series of PCB Concentration (middle) and SSC (bottom) at 2 

San Leandro Bay with Discrete Sample Measurements (colored circles) and Water Depth 3 
and Regional Rainfall (top) for reference. 4 

 5 
Figure 34.  OPTICS-Derived Time Series of PCB Concentration (middle) and SSC (bottom) at 6 

San Leandro Creek with Discrete Sample Measurements (colored circles) and Water Depth 7 
and Regional Rainfall (top) for reference. 8 
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6.3 ESTIMATED SEDIMENT AND PCB FLUX 1 
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Flux is the product of flow rate and mass concentration, or F = QC, where flux is in units of mass per time, 1 
flow rate is in units of volume per time, and concentration is in units of mass per volume. Flow 2 
rate was derived from in situ measurements (Section 5.3). Near-continuous time series of 3 
SSC and PCBs concentrations were derived from the OPTICS analysis (Section 6.1). The 4 
result was near-continuous mass flux with which to assess transport of solids and PCBs 5 
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(Figure 35 and Figure 361 

 2 
Figure 36). There are periods of data loss, primarily at Damon Slough and East Creek Slough, 3 
associated with data quality issues described above.  Data filling corrections were made to flow 4 
rate, SSC, and PCB concentrations during short periods of data dropout (< 6 hours); however, 5 
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corrections were not made for larger periods of data loss to avoid artificially influencing flux 1 
estimates.  2 
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 1 

Figure 35.  Time Series of Model-Derived SSC Flux at Monitoring Platform Locations. 2 
 3 
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 1 
Figure 36.  Time Series of Model-Derived PCB Flux at Monitoring Platform Locations. 2 
 3 
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6.4 NET SEDIMENT AND PCB TRANSPORT  1 

The net mass transport (time-integrated flux) of SSC and PCBs into SLB at each location is 2 
shown Figure 37 and Figure 38, respectively. Here, units are reported in mass over the 3 
monitoring period with available data.3 4 

 5 

Figure 37.  Schematic of Net Sediment Transport (kilotonnes, kT) at Six Monitoring Platforms over the 6 
Monitoring Period with Arrows Indicating Magnitude and Direction. 7 

 
3 The net flux was computed over the same time period at all locations such that only periods with flux estimates at 
all six platforms are included in this analysis.  
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 1 
Figure 38.  Schematic of Net PCB Mass Transport (kg) at Six Monitoring Platforms over the Monitoring 2 

Period with Arrows Indicating Magnitude and Direction. 3 
The time-integrated flux of SSC and PCBs over the deployment period with available data is 4 
into SLB at Bay Farm Island and out of SLB at Alameda Channel. This indicates that the 5 
primary tidal circulation between the two channels is through Bay Farm Island and out of 6 
Alameda Channel. The net export of sediment and PCBs out of Alameda Channel suggests that 7 
the contaminated sediment in Alameda Channel near Oakland is not a significant source of PCB 8 
contamination to SLB. 9 

To evaluate the influence of tidal and riverine/storm transport, the SSC and PCB flux estimates 10 
were tidally filtered using a 25-hour moving average as shown in Figure 39 and Figure 40, 11 
respectively. The tidally filtered net flux estimates have therefore removed the influence of tidal 12 
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exchange on SSC and PCB flux estimates.  The tidal component of sediment and PCB flux is 1 
negligible at the four tributaries to SLB. The net transport at the four tributaries to SLB 2 
demonstrate that the net flux of sediment and PCBs into SLB is associated with storm runoff or 3 
other residual circulation patterns.   4 

 5 

Figure 39.  Total and Tidally Filtered SSC Mass Transport (kT) at the Four Tributary Locations (Positive 6 
Values are into SLB). 7 

 8 
Figure 40.  Total and Tidally Filtered PCB Mass Transport (kg) at the Four Tributary Locations (Positive 9 

Values are into SLB).10 
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 1 

 2 
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7 DISCUSSION AND CONCLUSIONS 1 

The SLB OPTICS study provides a high-frequency field dataset for evaluating sediment and 2 
PCB transport dynamics within SLB and at the major tributary and tidal exchange boundaries. 3 
The study was designed to address key data gaps identified during prior SLB sediment 4 
transport and PCB recovery modeling, particularly uncertainty in watershed PCB loading, 5 
storm-driven sediment delivery, and sediment and PCB exchange between SLB and the broader 6 
San Francisco Bay. The resulting dataset provides valuable empirical support for interpreting 7 
PCB source pathways, evaluating long-term sediment recovery potential, and informing future 8 
modeling. 9 

The OPTICS-derived SSC and PCB concentration results indicate that the highest suspended 10 
sediment and PCB concentrations were associated with the tributary stations, particularly 11 
Damon Creek Slough, East Creek Slough, and Elmhurst Creek. Concentrations at the tidal 12 
exchange channels, Alameda Channel and Bay Farm Island, were generally lower and 13 
representative of broader San Francisco Bay background conditions. This pattern supports the 14 
conceptual model that ongoing PCB loading to SLB is primarily associated with local tributary 15 
and stormwater inputs rather than import through the tidal channels. Further, the import of 16 
sediment through the tidal channels is primarily responsible for sediment recovery. 17 

The flux results indicate that sediment and PCB transport from the tributaries is strongly 18 
associated with stormflow conditions. While tidal variability is present at the tributary stations, 19 
tidally filtered flux estimates indicate that net tributary sediment and PCB transport is largely 20 
driven by storm runoff and residual flow conditions rather than by tidal oscillation alone. This 21 
finding is important for both management and modeling because it indicates that short-22 
duration storm events represent the important periods for sediment and PCB loading to SLB. 23 

At the tidal exchange boundaries, the OPTICS results indicate a residual circulation pattern 24 
with net transport into SLB through Bay Farm Island and net transport out of SLB through 25 
Alameda Channel. Although this residual circulation is important for water and sediment 26 
exchange, the PCB fluxes through the tidal channels were generally of similar magnitude and 27 
opposite direction during the monitoring period, indicating limited net PCB import or export 28 
through tidal exchange. This finding helps refine prior uncertainty regarding Alameda/Oakland 29 
Channel as a potential PCB source to SLB. During the OPTICS monitoring period, the results do 30 
not indicate that Alameda Channel was a significant PCB source to SLB. 31 

Together, the concentration and flux results support the broader model-based interpretation of 32 
SLB as a depositional priority margin unit where PCB recovery is primarily controlled by 33 
watershed storm loading, sediment burial, and the quality of incoming sediment. The OPTICS 34 
study provides direct observations that can be used to evaluate the relative importance of 35 
tributary inputs, tidal exchange, and internal SLB conditions. These observations are 36 
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particularly valuable because they provide field-based constraints on the processes that control 1 
long-term PCB recovery projections. 2 

Overall, the OPTICS study produced a high-quality, spatially distributed dataset at seven 3 
locations within SLB. The dataset includes nearly continuous OPTICS-derived SSC and PCB 4 
concentrations, hydrodynamic observations, flow-rate estimates, sediment and PCB flux 5 
estimates. These data and analyses provide a strong empirical basis for improving future 6 
watershed loading assumptions, tidal boundary conditions, PCB source attribution, and long-7 
term PCB recovery projections for SLB. 8 

7.1 APPLICATION TO TRANSPORT MODELING 9 

The OPTICS results provide independent empirical support for several key findings from the 10 
SLB sediment transport and PCB recovery model. The model identified tributary source 11 
concentrations, storm-driven sediment delivery, and sediment exchange with San Francisco Bay 12 
as key uncertainties controlling PCB recovery estimates. The OPTICS data directly addresses 13 
these uncertainties by providing high-frequency concentration and flux estimates at the major 14 
tributary and tidal exchange boundaries. Consistent with the model, the OPTICS results show 15 
that PCB and SSC concentrations are substantially higher at the tributary stations, particularly 16 
Damon Creek Slough, East Creek Slough, and Elmhurst Creek, than at the tidal exchange 17 
channels. The OPTICS results also show that tributary sediment and PCB fluxes are primarily 18 
storm-driven, supporting the model’s emphasis on event-scale watershed loading. 19 

The OPTICS findings refine the model’s treatment of tidal exchange. The SLB modeling 20 
identified sediment and PCB exchange with San Francisco Bay, including potential exchange 21 
with Oakland/Alameda Channel, as a key uncertainty. The OPTICS results indicate net water, 22 
SSC, and PCB transport into SLB through Bay Farm Island and out through Alameda Channel 23 
during the monitoring period. PCB fluxes through the two tidal channels were of similar 24 
magnitude and opposite direction, indicating limited net PCB import or export through tidal 25 
exchange. These results suggest that Alameda Channel is not a significant net PCB source to 26 
SLB during the monitoring period and that ongoing PCB loading is primarily associated with 27 
local tributary inputs. Further, the data qualitatively support the model conceptualization of 28 
SLB as a depositional, sediment-retentive PMU where PCB recovery is controlled primarily by 29 
watershed source reductions and sediment burial. Quantitatively, the OPTICS-derived 30 
concentration and flux estimates provide the data needed to revise watershed source 31 
concentrations, evaluate sub-daily storm-event loading from the watershed model, update tidal 32 
boundary conditions, and improve future PCB recovery projections. 33 

Importantly for future contaminant transport studies, OPTICS data can be used to refine model 34 
inputs and calibration targets, while the derived flux products provide an independent basis for 35 
verifying whether the model reproduces the observed direction, magnitude, and timing of 36 
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sediment and contaminant transport. The anticipated use of the major OPTICS data products in 1 
future model refinement is summarized in Table 6. 2 

Table 6.  General use of OPTICS data products for future modeling efforts. 3 
Data product Modeling role Future use 

Measured SSC and PCB 
concentrations 

Parameterization / 
calibration 

Update source and boundary concentration 
assumptions 

OPTICS-derived concentration 
time series Calibration support Represent tidal and storm-event concentration 

variability 

Hydrodynamic observations Calibration / validation Evaluate modeled water levels, flow direction, 
and discharge 

Derived sediment and PCB 
fluxes Validation Compare field-derived and model-computed 

fluxes 

Net mass transport estimates Conceptual model 
testing Evaluate dominant import/export pathways 

Central SLB observations Internal validation Test whether the model reproduces observed 
in-Bay conditions 

4 
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Executive Summary 

 
This study developed and tested a food web bioaccumulation model for PCBs in San 

Francisco Bay that can be used on a site specific basis at Priority Margin Units (PMUs) to predict 
how concentrations of PCBs in fish and other species of the aquatic food-web at PMUs can be 
expected to change over time in response to changes in PCB concentrations in water and 
sediments at PMUs resulting from remediation initiatives at the PMUs. This model is meant to 
be used in conjunction with an environmental fate model that can estimate the change in 
concentrations of PCBs in water and sediments over time in response to changes in loadings of 
PCBs into the PMU. The main goal of the model is to anticipate PCB concentrations in sport fish 
consumed by local fishers as a result of remediation efforts at the PMUs. The overall approach is 
to inform on (i) when PCB concentrations are going to be low enough to safely consume fish 
caught at the PMUs and the larger San Francisco Bay and what concentrations of PCBs in water 
and sediments are required to meet health advisories with regards to the consumption of sport 
fish.  
 

Model testing at the San Leandro Bay and Steinberger Slough/Redwood Creek Complex 
PMUs and the larger San Francisco Bay shows that model predictions of PCB congeners in fish 

are in good agreement with observed concentrations. In most tests, observed PCB 
concentrations were found to be well within a factor of 2 of the predicted concentrations. The 

largest systematic overprediction of PCB concentrations in fish was equivalent to a factor of 
2.3, the largest underprediction was by a factor of 1.09 or less than 10%. The mean and median 

for all mean model bias MB* for PCB were 1.54 and 1.59 respectively. This means that on 
average the model overpredicts concentrations of PCBs in fish by approximately 59%. This level 
of predictability is very good and a credit to the amount and excellence of research done on the 
bioaccumulation of PCBs in San Francisco Bay and other locations around the world. It should 
be emphasized that the uncertainty of the model expressed by the mean model bias and its 
95% confidence intervals includes not only error in the model but also error in the empirical 
concentration data that were used for determining uncertainty. As a result, we feel that the 
model can be used to predict concentrations of PCBs in fish at the PMUs and can be expected to 
provide estimates of PCB concentrations in fish with a high level of confidence. We suggest that 
a factor of 2 is used to represent the uncertainty in model predictions of the concentrations of 
PCBs in fish. The model without further calibration can be expected to be slightly on the 
conservative side. 
 

The ability of the model to predict concentrations of individual PCB congeners is similar 

to that for PCBs, but model uncertainty is somewhat larger than that for PCBs as evidenced 
by the 95% confidence intervals of the mean model bias. Model testing in the Steinberger 
Slough/Redwood Creek Complex PMU also showed a tendency for the model to overpredict 
concentrations in fish of lower molecular weight PCB congeners while underestimating 
concentrations in fish of higher molecular weight PCB congeners. We expect this to reflect some 
of the equilibrium assumptions that were made with regards to the distribution of PCBs 



 ii 

between water and particulate matter where field data were absent. Better field data on the 
equilibrium status of PCBs between water and particulate matter is expected to remedy this 
issue and further improve the accuracy of the model. The application of passive samplers in 
future studies of the fate of PCBs in San Francisco Bay will be of particular value in this regard.  
 

Model simulations of the temporal response of PCB concentrations in fish over time 
showed considerable differences in response times to changes in concentrations in water and 
sediments among PCB congeners. We expect there to be similar PCB congener specific 
differences in the response times of PCB congener concentrations in water and sediments in 
response changes in PCB loadings. This means that PCB loading reductions will lead to a 
relatively quick decline of concentrations of lower molecular weight PCBs compared to a slower 
decline of concentrations of higher molecular weight PCB congeners. As a result, the 
composition of PCBs in water, sediments and fish can be expected to change over time in 
response to a PCB loading reduction. In fish, PCB mixtures will become “heavier”, containing a 
higher fraction of higher molecular weight PCBs. The change in composition of PCBs in fish as a 
result of PCB loading reductions can be relevant for the calculation of human health risks of 
PCBs associated with fish consumption. The change in PCB composition in fish may also provide 
a way to track progress of remediation efforts and associated changes in PCB loading rates., 
which are often difficult to measure. The decline of the contribution of lower molecular weight 

PCBs to the PCB concentration in fish is an indicator of loading decline over time.  
 

The PCB food-web bioaccumulation model for 3 PMUs (i.e., San Leandro Bay, Emeryville 
Crescent and the Steinberger Slough/Redwood Creek Complex) and the larger San Francisco Bay 
are presented in an Excel spreadsheet format and can be used with minimal training to evaluate 
the impact of remediation initiatives on concentrations of PCBs in fish.  The model also acts as a 
record of the state of knowledge of the food-web bioaccumulation of PCBs in San Francisco Bay. 
The model includes knowledge gained from years of studies of San Francisco Bay. The model 
imbeds information on the chemistry and ecology of the Bay and presents this knowledge in a 
mathematical form such that it can be used as a management tool and serve as a hypothesis for 
further scientific and monitoring studies aimed at improving knowledge of the environmental 
fate of PCBs and informed decision making with regards the management of pollutants. 

 
The model is developed for PCBs, but can be applied with some modification, to other 

organic chemical pollutants such as brominated flame-retardants, PFAS, pesticides and others. 
The model is not appropriate for metals and nutrients.   
 

To improve the developed time-dependent food-web biotransformation models of PCBs 
and other organic chemical contaminants for specific PMUs and the larger San Franciso Bay and 
improve their use, we recommend to continue on-going monitoring efforts to obtain empirical 
PCB congener concentrations in key fish species (e.g., shiner surfperch and topsmelt) and 
environmental media (e.g., water, sediments, and suspended sediments). Such information can 
be used to refine the bioaccumulation models and used to gain confidence in the application of 
the model for management purposes. For the purpose of model development and testing, it is 
beneficial to coordinate sampling of sediments, water and fish to be spatially, temporally and 
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ecologically consistent. We also recommend the application of passive sampling methods, 
which are particularly useful for parameterizing the food-web bioaccumulation model as it can 
be used to measure the equilibrium status of concentrations of PCBs in sediments and water, 
which is a key factor controlling the degree to which PCBs are absorbed by fish via food-
consumption vs. respiration and are transferred through the benthic vs. pelagic routes.   
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Introduction 

 
For many years, San Francisco Bay has been the subject of contamination of 

Polychlorinated Biphenyls or PCBs as a result of run-off from contaminated streams and urban 
areas (Gunther et al. 2001; Kinetic Laboratories 2002), effluent discharges (Yee et al. 2001; Yee 
et al. 2002), and atmospheric deposition (Tsai et al. 2002). Polychlorinated Biphenyls (PCBs) 
have been found in water, sediments and many wildlife species, including fish, birds and marine 
mammals throughout the Estuary (State Water Resources Control Board 2000) for many years 
and are still found to date. Tissue concentrations of PCBs in San Francisco Bay sport fish became 
an issue of public concern in the early 1990s and resulted in a fish consumption advisory issued 
by California’s Office of Environmental Health Hazard Assessment. The USEPA placed San 
Francisco Bay on the 303(d) impaired water body list for PCBs and other contaminants (State 
Water Resources Control Board 2000). As required by the Clean Water Act, the Regional Water 
Quality Control Board (Regional Board) initiated a total maximum daily loading (TMDL) study of 
the Bay to better understand the relationships between sources and PCB concentrations in 
water, sediments and wildlife throughout the Bay and to facilitate and support management 
decisions protective of wildlife and humans.  
 

As part of the TMDL study, an abiotic mass balance model was developed by Davis 
(2004) to describe the relationship between PCB inputs into the Bay and resulting PCB 
concentrations in water and sediments. Also, a food web bioaccumulation model was 
developed to assess concentrations of PCBs in fish and other wildlife species as a result of direct 
exposure to PCBs in water and sediments of San Francisco Bay and transfer through the food-
web (Gobas and Arnot 2010). The main purpose of the model was to identify what PCB 
concentrations in the sediments and water of the Bay needed to be achieved before wildlife 
would no longer be at risk of PCB contamination and that people would be able to safely 
consume fish caught in San Francisco Bay. The model was used to derive a TMDL for PCBs in San 
Francisco Bay and this TMDL is still in place to date. The TMDL provides guidance to initiatives 
aimed at eliminating PCBs as a cause of concern for human and environmental health.  
 

The modeling approach that was used to derive the TMDL was based on describing the 
relationship between sources of PCBs and concentrations of PCBs in wildlife species for the 
entire San Francisco Bay. In the following years, this whole-Bay approach to deriving a TMDL 
was revisited to make place for a more site-specific approach that focused on specific areas of 
concern because of the presence of significant sources of PCB contamination. These specific 
areas of concern were designated Priority Margin Units or PMUs. Examples of PMUs are San 
Leandro Bay, Steinberger Slough/Redwood Creek Complex, and Emeryville Crescent. One of the 
reasons for a focus on PMUs was that significant reductions in PCB emissions could be achieved 
at these sites through remediation initiatives, but that the impact of these reductions would be 
difficult to register when monitoring and modeling studies are conducted on a whole Bay basis 
rather than the PMUs themselves. A site-specific approach provides a more direct and simpler 
approach to follow the improvements in water quality achieved by remediation initiatives. 
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However, to better understand the relationship between changes in PCB emissions over time 
and resulting changes in concentrations of PCBs in water, sediments and wildlife on a site-
specific basis, it is necessary to develop site-specific models for PCBs at the PMUs. Key 
questions that the model should be able to address is what changes in PCB concentrations in 
wildlife species can be expected on a site-specific basis as a result of remediation initiatives and 
are those changes sufficient for people to safely consume fish and protect local wildlife species 
at the PMUs and the larger San Francisco Bay. Also, the models should provide insights into how 
quickly changes in PCB concentrations in wildlife species can be expected to take place in the 
PMUs and how these site-specific changes in PCB inputs affect concentrations of PCBs in wildlife 
species throughout the Bay. The change in management from a whole Bay approach to a site-
specific PMU approach and a focus on short term improvements in water quality in addition to 
longer term impacts on water quality meant that models needed to be developed that have 
better spatial and temporal resolution than the models developed previously.  
 

The objective of this study is to develop and evaluate a food web bioaccumulation model 
for PCBs in San Francisco Bay that can be used on a site specific basis at PMUs and that can 
estimate how concentrations of PCBs in species of the aquatic food-web can be expected to 
change over time in response to remediation initiatives at the PMUs. This model is meant to be 
used in conjunction with hydrodynamic, sediment transport and environmental fate models to 
gain insights into the relationship between PCB emission reduction at PMUs and PCB 
concentrations in sport fish consumed by local fishers. While the model is specific to PCBs it can 
be useful to address other pollutants as well. The food-web bioaccumulation behavior of many 
neutral hydrophobic organic pollutants such as chlorinated dioxins, polybrominated biphenyls, 
ethers and ethanes can also be investigated by the model. Furthermore, we have shown that 
with appropriate accommodations for the chemical partitioning properties, the modeling 
approach is also useful for many polyfluoroalkyl substances (PFAS) (Kelly et al. 2024). 
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Methodology 

 

Overview 

 
The development and evaluation of the food-web trophic transfer model for PCBs in San 

Francisco Bay involves the following steps: 
 

First, a mechanistic model of the uptake, depuration and trophic transfer of PCB 
congeners in plankton, benthic invertebrates, fish and sport fish is constructed. This model is a 
further development of a previously developed food-web bioaccumulation for San Francisco 
Bay (Gobas et al. 2010). The new attributes of the model are its site-specific focus and its time 
dependency to support the application of the model at various PMUs and to account for 
temporal changes in PCB concentrations in water and sediments. The model applies a congener 
specific approach recognizing the large variation in partitioning properties among PCB 
congeners and uses an additive approach to the masses of different PCB congeners to arrive at a 

combined or total PCB (PCB) concentration.  
 

Secondly, we parameterize the model with up-to-date information on the chemical 
properties of PCBs, environmental and ecological characteristics at 3 PMUs (i.e. Emeryville 
Crescent, San Leandro Bay and Steinberger/Redwood Creek complex) as well as the larger San 
Francisco Bay. 
 

Thirdly, we compile measured concentrations of PCB congeners in water, sediments and 
fish species at the 3 PMUs and the larger San Francisco Bay on a site-specific basis and identify 
the concentrations of PCBs in water and sediments that are most suitable for testing the model.  

The testing of the model involves the calculation of concentrations of PCB congeners and PCB 
in fish from the concentrations of the PCB congeners in water and sediments. To provide the 
best conditions for model testing, measured concentrations in water, sediments and fish 
collected in approximately the same locations and within approximately the same period of 
time were selected. Testing of the model includes a comparison of calculated and measured 

concentrations of both PCB congeners and PCB. 
 

Fourth, concentrations of PCB congeners in fish of the PMUs were calculated by the 
model from the measured concentrations of PCB congeners in water and sediments of the 
PMUs. Similar calculations were done for the larger San Francisco Bay. For the Emeryville PMU, 
there were not sufficient data to conduct model testing. Hence, the model testing was only 
done for the San Leandro Bay and Steinberger-Redwood Creek PMUs. Because the spatial and 
temporal overlap between measured concentrations of PCBs in water, sediments and fish for 
the larger San Francisco Bay area was poor, model calculations were conducted based on the 
range of PCB concentrations in water and sediments measured throughout the entire Bay. The 
range of PCB concentrations in water and sediments included the minimum and maximum 
observed concentrations. Model calculations therefore generated a range of model-calculated 
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concentrations of PCB congeners in fish that were then compared to the observed range of 
concentrations of PCB congeners in fish.  

 
Fifth, model-calculated (CP,i) and observed concentrations of PCB congeners (CO,i) in 

various fish species were then compared to evaluate the performance of the model. The main 
metric used to express model performance is the mean model bias (MB), which is determined 
on a PCB congener specific basis and on a total PCB concentration for each individual fish 
species.  The mean model bias (MB) on a congener-specific basis is calculated according to: 
  

𝑀𝐵 =  10(∑ (log (𝐶𝑃,𝑖 𝐶𝑂,𝑖))/𝑛)⁄𝑛
𝑖=1  (1) 

 
where MB is the geometric mean (assuming a log-normal distribution of the ratio CP, i / CO, i) of 
the ratio of model-calculated or predicted (CP,i) and mean observed (CO,i) concentrations for all 
PCB congeners from i=1 to n in a particular fish species.  
 

To quantitatively express model performance for PCBs, we used the model bias MB*, which is 
derived for each individual fish species as: 
 

𝑀𝐵∗ =
∑ 𝐶𝑃,𝑖

𝑛
𝑖=1

∑ 𝐶𝑂,𝑖
𝑛
𝑖=1

 (2) 

 

MB* is the ratio of predicted and observed concentrations of PCB in a specific fish species. 
 

MB and MB* are measures of the systematic over- (MB > 1) or under-prediction (MB < 1) 

of the concentrations of PCB congeners in fish (for MB) or the concentration of PCBs (for MB*) 
in fish. For example, if the MB or MB* is 2, then, the model has a general tendency to 

overestimate concentrations in fish of PCB congeners (for MB) or PCBs (for MB*) by a factor of 
2. An MB of 1 indicates a lack of model bias and therefore good agreement between model-
calculated and observed concentrations. This metric also provides a simple way of calibrating 
the model predictions if this is considered appropriate. For example, if the model systematically 
overestimates concentrations of PCBs in fish by a factor of 2, then the model calculations can be 
adjusted by lowering the model calculated concentrations by a factor of 2 if this is considered 
appropriate. It is important to note that in the calculation of the mean model bias over- and 
under-estimations of concentrations of PCBs in fish tend to cancel out. Hence, MB tracks the 
central tendency of the ability of the model to predict PCB congener concentrations. However, 
the variability of over- and under-estimation of measured values can also be tracked by the 
standard deviation of the mean model bias and/or the 95% confidence interval of the mean 

model bias, i.e. 95% CI = antilog(log MB ± (t, 0.05  log standard deviation)). The 95% confidence 
interval represents the range of model calculated concentrations of PCB congeners in fish that 
includes 95% of the observed concentrations. Due to the log-normal distribution of the ratio of 
predicted and observed concentrations, this variability can be expressed as a factor (rather than 
a term) of the geometric mean. The model’s performance improves when MB and MB* 
approach 1.0 and the standard deviation or 95% confidence intervals of the mean model bias 
become smaller. It is important to stress that MB (and its 95% confidence intervals) and MB* 
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represent several sources of error including model parameterization errors and errors in model 
structure and philosophy but also analytical and sampling and analytical errors in the empirical 
data (e.g. chemical concentrations in water, sediment and biota) and natural, spatial and 
temporal variability in the empirical data used in the model performance analysis. The model 
bias therefore quantifies the uncertainty of the larger modeling and monitoring approach, not 
only the model equations. 
 

Finally, we apply the model in an illustrative fashion to investigate the temporal response 
of the model and the importance of conducting model simulations on a congener specific basis. 
 

Polychlorinated biphenyls (PCBs) 

 
The food-web bioaccumulation models for PCBs at specific PMUs and the larger San 

Francisco Bay were performed on a congener-specific basis. 40 PCB congeners (i.e., PCB 8, 18, 
28, 31, 33, 44, 49, 52, 56, 60, 66, 70, 74, 87, 95, 97, 99, 101, 105, 110, 118, 128, 132, 138, 141, 
149, 151, 153, 156, 158, 170, 174, 177, 180, 183, 187, 194, 195, 201, and 203) were selected for 
model construction. These PCB congeners have been monitored in San Francisco Bay by the 
Regional Monitoring Program (RMP) for decades and provide the opportunity to test and 
evaluate the model. 
 

Aquatic food webs 

 
The aquatic food-web bioaccumulation models were constructed for 3 PMUs (i.e., San 

Leandro Bay, Steinberger Slough/Redwood Creek Complex, and Emeryville Cresent) and the 
larger San Francisco Bay, with specific food web structures containing key species at various 
trophic positions (e.g., phytoplankton, zooplankton, aquatic benthic invertebrates, and fish) in 
the aquatic ecosystem.  
 

Figure 1 illustrates the food web structure for the San Leandro Bay PMU, including 
modeled species of phytoplankton, zooplankton, bivalve, polychaete, gammarid, topsmelt, 
shiner surfperch, and white croaker. The food web was constructed based on the conceptual 
model report for the San Leandro Bay PMU (Yee et al. 2019) and the study on gut content 
analyses for key fish species in San Leandro Bay (Jahn 2018). Topsmelt and shiner surfperch are 
considered indicator species that respond to changes in PCB concentrations from changes in 
PCB inputs at San Leandro Bay (Yee et al. 2019). Topsmelt is a key prey fish for fish that feed 
primarily on small epibenthic invertebrates and plays a key role in the benthic food-chain 
transfer of PCBs. Shiner surfperch is an important sport fish that consumes mainly small benthic 
invertebrates and a critical indicator species for the Bay.  

 
Figure 2 illustrates the food web structure for the Steinberger Slough/Redwood Creek 

Complex PMU, including modeled species of phytoplankton, zooplankton, copepods and 
ostracods, small crustacean, large crustacean, crangon, insect, polychaete, bivalve, and philine, 
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topsmelt, shiner surfperch, and white croaker. The food web was constructed based on the 
conceptual model report for the Steinberger Slough/Redwood Creek Complex PMU (Yee et al. 
2021) and the study on gut content analyses for key fish species in San Francisco Bay (Jahn 
2008). Topsmelt and shiner surfperch are considered indicator species for PCB contamination in 
the Steinberger Slough/Redwood Creek PMU (Yee et al. 2021). 
 

 
Figure 1. Conceptual diagram illustrating organisms included in the San Leandro Bay PMU food-
web bioaccumulation model and their trophic interactions. 
 

 
Figure 2. Conceptual diagram illustrating organisms included in the Steinberger 
Slough/Redwood Creek Complex PMU food-web bioaccumulation model and their trophic 
interactions. 
 

The food web structure for the Emeryville Cresent PMU model, which is illustrated in 
Figure 3, includes phytoplankton, zooplankton, copepods and ostracods, small crustacean, large 
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crustacean, insect, polychaete, bivalve, Mississippi silverside, topsmelt, shiner surfperch, and 
striped bass. The food web was constructed based on the conceptual model report for the 
Emeryville Cresent PMU (Davis et al. 2017a) and the study on gut content analyses of key fish 
species in San Francisco Bay (Jahn 2008). Mississippi silverside and topsmelt are the key prey 
fish species and main indicator species for changes in PCB concentrations due to changes in PCB 
loads at Emeryville Cresent (Davis et al. 2017a). Shiner surfperch is also a key indicator species 
for the PCB TMDL in the Bay and serves as an additional indicator of changes in watershed 
inputs of PCBs (Davis et al. 2017a). 
 

 
Figure 3. Conceptual diagram illustrating organisms included in the Emeryville Crescent PMU 
food-web bioaccumulation model and their trophic interactions. 
 

Figure 4 illustrates the aquatic food web structure for the larger San Francisco Bay, 
including phytoplankton, zooplankton, polychaete, amphipod, bivalve, mysid, shrimp, shiner 
surfperch, jacksmelt, yellowfin goby, plainfin midshipman, and white croaker as the 
representative species included in the model. The aquatic food web was constructed based on 
previous modeling efforts for PCBs in San Francisco Bay (Gobas and Arnot 2010). Shiner 
surfperch, jacksmelt, and white croaker are sport fish species of primary management interest 
(Gobas and Arnot 2010). 
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Figure 4. Conceptual diagram illustrating key organisms included in the San Francisco Bay food-
web bioaccumulation model and their trophic interactions. 

 

Time-dependent food-web bioaccumulation model 

 
The aquatic food-web bioaccumulation model is a mechanistic model based on mass-

balance principles that capture the various ways that PCBs are taken up and eliminated by 
species. Previous versions of the model included steady-state or time-independent formulations 
that were used in the development of the original TMDL for San Francisco Bay (Gobas and Arnot 
2010) and the USEPA Kow based Aquatic Bioaccumulation Model (KABAM) used for pesticide 
risk assessment in the US (USEPA 1993). Key simplifying assumptions of the model are that 
organisms are viewed as single, well-mixed compartments and PCB congeners are distributed 
homogenously within the lipids of the organism. The exchange of PCB congeners between the 
organism and its ambient environment can be described by a single general equation for a 
number of aquatic organisms. The general mathematical expression (Equation 3) describes the 
change in concentration of a PCB congener in a single organism over time, accounting for all 
major mechanisms of PCB congener uptake and elimination. 
 
𝑑𝐶𝐵

𝑑𝑡
= [𝑘1 ∙ (𝑚𝑂 ∙ 𝜙 ∙ 𝐶𝑊𝑇,𝑂 + 𝑚𝑃 ∙ 𝐶𝑊𝐷,𝑃) + 𝑘𝐷 ∙ ∑ (𝑃𝑖 ∙ 𝐶𝐷,𝑖)𝑛

𝑖=1 ] − (𝑘2 + 𝑘𝐸 + 𝑘𝐺 + 𝑘𝑀) ∙ 𝐶𝐵  (3) 

 
where CB is the wet-weight concentration of the PCB congener in the organism (g chemical/kg 
organism wet wt); k1 is the clearance rate constant (L water·kg organism wet wt-1·d-1) for 
chemical uptake via the respiratory surfaces (i.e., gills and skin); CWT,O is the total concentration 
(g chemical/L water) of the PCB congener in the overlying water above the sediments; CWD,P is 
the freely dissolved concentration (g chemical/L water) of the PCB congener in the sediment-
associated porewater; mO and mP are the fractions (unitless) of the respiratory ventilation that 
involves overlying water and sediment-associated porewater, respectively; ɸ is the freely 
dissolved fraction (unitless) of the total chemical concentration in the overlying water that can 
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be absorbed via membrane diffusion; kD is the clearance rate constant (kg diet·kg organism wet 
wt-1·d-1) for chemical uptake via ingestion of food and water; CD,i is the concentration of the PCB 
congener in prey item i (g chemical/kg prey item i); Pi is the fraction (unitless) of the diet 
consisting of prey item i; k2 is the rate constant (d-1) for the elimination of the PCB congener via 
respiratory surfaces (i.e., gills and skin); kE is the rate constant (d-1) for the elimination of the 
PCB congener via fecal egestion; kG is the rate constant (d-1) for growth dilution, describing a 
pseudo elimination process for the dilution effect due to the increase in weight and volume of 
the organism during growth while no loss of the mass of the PCB congener occurs; and kM is the 
rate constant (d-1) for biotransformation of the PCB congener in the organism. The derivation 
and calculation of kinetic parameters (i.e., k1, k2, kD, kE, and kG) and other model parameters are 
described in Appendix A.  
 

In this modeling approach, the multiplication of ɸ and CWT,O represents the freely-
dissolved concentration of the PCB congener in the overlaying water above the sediments 
(CWD,O; g chemical/L water). CWD,P is the freely dissolved concentration of the PCB congeners in 
the pore water. In the model testing, we assume that the passive sampling technique applied to 
both the sediments and the overlaying water measures the freely dissolved concentrations of 
the PCB congeners rather than the overall combined concentration of freely dissolved and 
particulate bound PCBs.   
 

The modeling approach includes two pathways of bioaccumulation of sediment bound 
PCBs into organisms. The first pathway is through equilibrium partitioning of the PCBs between 
sediment particles and pore water. In this approach, freely dissolved concentration of PCBs in 
pore water are estimated from the concentrations of PCBs in the sediment particulates using 
the organic carbon-water partition coefficients KOC and the organic carbon contents of the 
sediment particles (𝜙𝑂𝐶,𝑆): 
 

𝐶𝑊𝐷,𝑃 =  
𝐶𝑆

𝐾𝑂𝐶∙𝜙𝑂𝐶,𝑆
 (4) 

 
PCBs dissolved in the pore water of sediments are then absorbed through the respiratory route 
in benthic dwelling organisms, which are consumed by predators. 
 

The second pathway is dietary consumption of PCB contaminated sediment particles. 
The model then calculates how much of the PCB in ingested sediments is absorbed by 
sediment-consuming organisms. Both routes provide significant transfer of PCBs from the 
sediments to aquatic biota in San Francisco Bay and contribute to PCB concentrations in fish 
throughout the Bay.  

 
The significance of the benthic route to deliver PCBs to fish is elevated when 

disequilibria between concentrations of PCBs in water and sediments exist.  These disequilibria 
can originate from the faster time response of PCBs in the water column compared to that of 
the sediments and result in apparent sediment-water partition coefficients that are greater than 
sediment-water partition coefficients at equilibrium. If inputs of PCBs to the water column 
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would be instantly reduced to zero, then concentrations of PCBs in water can be expected to fall 
quickly due to the large water displacement that takes place in the PMUs on a daily basis. In 
contrast, concentrations of PCBs in sediments decrease more slowly in response to a zero PCB 
input as diffusion, net sediment transport and sediment burial are relatively slow processes. As 
a result, concentrations of PCBs in water can be expected to be below their equilibrium values 
with the sediments upon a reduction in loading and tend to follow the rate of temporal decline 
of the concentrations of PCBs in the sediments. This also means that upon reductions of PCB 
loadings to the PMU, the benthic food-chain can become the dominant source of PCBs in fish.  
 

The concentration of the PCB congener in the organism at steady state (i.e., dCB/dt = 0) 
can be derived from Equation 3 as: 
 

𝐶𝐵 =
𝑘1∙(𝑚𝑂∙𝜙∙𝐶𝑊𝑇,𝑂+𝑚𝑃∙𝐶𝑊𝐷,𝑃)+𝑘𝐷∙∑ (𝑃𝑖∙𝐶𝐷,𝑖)

𝑛
𝑖=1

𝑘2+𝑘𝐸+𝑘𝐺+𝑘𝑀
 (5) 

 
To calculate the time-dependent concentration of the PCB congener in the organism, the 

mass-balance differential equation (Equation 3) is solved numerically using the Euler’s 
approximation method. The concentration of the PCB congener in the organism at every time 
step (CB,t=n+1) is estimated from the chemical concentration at the previous time step (CB,t=n) as: 
 
𝐶𝐵,𝑡=𝑛+1 = 𝐶𝐵,𝑡=𝑛 + ℎ ∙ (𝑘1 ∙ (𝑚𝑂 ∙ 𝜙 ∙ 𝐶𝑊𝑇,𝑂 + 𝑚𝑃 ∙ 𝐶𝑊𝐷,𝑃) + 𝑘𝐷 ∙ ∑ (𝑃𝑖 ∙ 𝐶𝐷,𝑖)𝑛

𝑖=1 − (𝑘2 + 𝑘𝐸 + 𝑘𝐺 +

𝑘𝑀) ∙ 𝐶𝐵) (6) 
 
where h is the incremental time step. The steady-state concentration of the PCB congener in the 
organism (calculated using Equation 5) is used as the initial concentration (i.e., CB,t=0). Note that 
Equation 3 is used for time-dependent concentration simulation for species at a higher trophic 
level (i.e., fish) in the present study. To calculate concentrations of PCBs in lower trophic level 
species (e.g., phytoplankton, zooplankton, and benthic invertebrates), it is not necessary to 
conduct numerical integration as steady-state concentrations are reached quickly. As a result, 
the steady-state model is adequate. This approach greatly reduces computation time.  
 

The time-dependent food-web bioaccumulation model was developed as a spreadsheet 
model in Microsoft Excel. The calculations of model parameters and time-dependent 
concentrations were performed within the spreadsheets.  
 

Model parameterization 

 
The aquatic time-dependent food-web bioaccumulation model were parameterized for 

specific PMUs (i.e., Emeryville Cresent, San Leandro Bay, and Steinberger Slough/Redwood 
Creek Complex) and the larger San Francisco Bay. Two types of input parameters are required to 
perform model calculations, including chemical (i.e., PCB congener) specific parameters and 
ecosystem related parameters.  
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The chemical specific input parameters include congener-specific chemical properties 
and biotransformation rate constants (kM). The congener-specific chemical properties 
characterize the partitioning affinity of the PCB congener for binding to organic matters (e.g., 
lipids and organic carbon). These parameters include the logarithm of the octanol-water 
partition coefficient (log KOW), the logarithm of the organic carbon-water partition coefficient 
(log KOC), and the disequilibrium factors for particulate organic carbon (POC) partitioning (DPOC; 
unitless) and for dissolved organic carbon (DOC) partitioning (DDOC; unitless). The DPOC and DPOC 
are associated with the estimation of freely dissolved fraction of the total chemical 
concentration in the overlying water (ɸ), as described in Appendix A. In the present study, the 
log KOW values of modeled PCB congeners were adjusted for temperature and salinity; the log 
KOC values were estimated from the log KOW values (Table B-1 in Appendix B). The model is 
meant to run based on concentrations of PCBs congeners in water and sediments that are 
provided by an independent PCB environmental fate model. This approach avoids the need for 
estimating DDOC and DPOC. However, at the time of writing of this report, the PCB environmental 
fate model has not been fully developed. Hence, values for DDOC and DPOC needed to be 
assumed and were assumed to be 1 (i.e., assuming that disequilibrium for PCB concentrations 
between POC or DOC in water and particulate matter is negligible). The biotransformation rates 
of all modeled PCB congeners in all modeled species were assumed to be negligible (i.e., kM = 
0).  
 

Ecosystem related input parameters include biotic and abiotic components. The biotic 
input parameters include the wet weight of the organism (WB; kg wet wt), the contents of lipids 

(LB; unitless), non-lipid organic matter (NB; unitless), and water (WB; unitless) of the organism, 
the fractions of the respiratory ventilation of the organism that involves overlying water (mO; 
unitless) and sediment-associated porewater (mP; unitless), and the fraction of the diet 

composition (Pi for the diet item i; unitless) of the organism. Note that the sum of LB, NB, and 

WB approximates 1; the sum of mO and mP approximates 1; and the sum of Pi approximates 1. 

The abiotic input parameters include water temperature (TW; C), the concentrations of 
dissolved oxygen (DO; mg/L) and suspended solids (SS; kg/L) in water, the concentrations of 

POC (POC; kg/L) and DOC (DOC; kg/L) in water, and the organic carbon content in sediments 
(𝜙𝑂𝐶,𝑆; kg/kg dry wt). If freely dissolved PCB congener concentrations in sediment-associated 
porewater and overlying water are readily available as input values (e.g., when PCB congener 
concentration in water and sediments are measured using passive sampling techniques), some 
input parameters (e.g., POC, DOC, and OC) are not required for model calculations as the model 
calculations are used to calculate freely dissolved concentrations from bulk concentration 
measurements. Recent studies in San Francisco Bay have used passive sampling techniques for 
measurements of concentration of PCBs in water and sediments. Where such measurements 
were available, the model used the measurements of the freely dissolved concentrations of 
PCBs in water and sediments as input parameters, hence by-passing some of the calculations for 
assessing freely dissolved concentrations in water and sediments. The input parameters for the 
3 PMU models and the larger San Francisco Bay model are summarized in Appendix B. 
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Model testing and performance evaluation 

 
The food-web bioaccumulation model was tested and evaluated for two PMUs (i.e., San 

Leandro Bay and Steinberger Slough/Redwood Creek Complex) and the larger San Francisco Bay. 
For these two PMUs, both measured concentrations of PCB congeners in water, sediments and 
fish species of interest were available. For the Emeryville PMU there was insufficient data for 
model testing. Model testing involved calculating concentrations of PCBs using measured 
concentrations of PCBs in water and sediments of the PMU, followed by a comparison of 
calculated and empirically observed concentrations of PCB congeners. An effort was made to 
focus the model testing on concentrations in water, sediments and biota measured at the same 
locations and time periods. Geospatial analysis using the QGIS Geographic Information System 
(Version 3.34) was performed to accomplish this. PCB congener concentrations measured within 
the “active” sediment layer (i.e., within top 10 cm) were used in model testing. These are 
sediments believed to be in exchange with the water column. 
 

San Leandro Bay PMU model testing 

 
At San Leandro Bay, fish sampling data used in model testing included shiner surfperch 

data collected in 2019 (Buzby et al. 2021) and 2016 (Davis et al. 2017b) and topsmelt data 
collected in 2016 (Davis et al. 2017b). The congener-specific PCB concentration data in shiner 
surfperch and topsmelt were downloaded from the San Francisco Estuary Institute (SFEI) 
Contaminant Data Display and Download (CD3) database. The geometric mean of composite 
samples and its standard error was calculated.  
 

To compare model calculated and observed concentrations of PCBs in shiner surfperch 
collected in 2019, model calculation was performed using input values for measured PCB 
congener concentrations in sediments collected in 2016 (Davis et al. 2017b) and the dissolved 
concentrations of PCB congeners in the water column and sediment-associated porewater 
measured using passive sampling devices in 2021 (Cho et al. 2024). Figure 5 shows the sampling 
locations for shiner surfperch (2019), sediment (2016), and water (2021 passive sampling) for 
model testing at San Leandro Bay. Data from the sediment sampling site (site code: SLBsub1) 
and passive sampling site (site code: SLBsub1) near the only shiner surfperch sampling site in 
2019 (site name: San Leandro Bay) were used in model testing. The measured congener-specific 
PCB concentration data in sediments were obtained from the SFEI CD3 database. Sediment 
samples were collected at 0.5 and 3 cm depths. Measured data were pooled across sampling 
depths for each congener to calculate the geometric mean value, representing the PCB 
congener concentration in the active sediment layer. The freely-dissolved concentrations of PCB 
congeners measured using passive sampling devices in the overlaying water (at 0.5 and 7.5 cm 
above the sediment-water interface) and sediment-associated porewater (at 0.5, 3, and 7.5 cm 
depth below the sediment-water interface) were obtained from Y.-M. Cho via personal 
communication. Data with duplicate sampling were pooled across sampling depths for each PCB 
congener and geometric means and their standard errors were calculated.  
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Figure 5. Sampling locations of shiner surfperch (2019 sampling), water (2021 passive 
sampling), and sediments (2016 sampling) for testing the San Leandro Bay PMU food-web 
bioaccumulation model. 
 

To compare model calculated and observed concentrations of PCBs in shiner surfperch 
and topsmelt, model calculations were performed using measured concentrations of PCB 
congeners in sediments collected in 2016 (Davis et al. 2017b) and freely-dissolved 
concentrations of PCB congeners in the water column and sediment-associated porewater 
measured using passive sampling devices in 2016 (Cho et al. 2024). The measured congener-
specific PCB concentration data in sediments (2016) were obtained from the SFEI CD3 database. 
The congener-specific, freely-dissolved PCB concentrations in water measured using passive 
sampling devices deployed in 2016 were obtained from Y.-M. Cho via personal communication. 
 

The spatial locations of the sampling sites at San Leandro Bay for shiner surfperch 
(2016), sediments (2016), and water (2016 passive sampling) are shown in Figure 6. Shiner 
surfperch were collected at two locations (i.e., San Leandro Bay Main and Airport Lagoon) in 
2016. For shiner surfperch sampled at San Leandro Bay Main, data from nearby sediment 
sampling sites (DSM20m, DSM100m, SLBsub1, SLCM100m, SLCM20m, and ELM20m) and 
passive sampling site (SLBsub1) were used in model testing. For shiner surfperch sampled at 
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Airport Lagoon, data from nearby sediment sampling sites (E8g and G4g) and passive sampling 
site (G4g) were used in model testing. Sediment samples were collected at 0.5 and 3 cm depth 
at sites DSM20m, SLBsub1, SLCM20m and ELM20m, and at 2.5 cm depth at sites DSM100m, 
SLCM100m, E8g, and G4g. The freely-dissolved concentrations of PCB congeners were sampled 
in duplicates in the overlaying water (at 0.5 and 7.5 cm above the sediment-water interface) and 
sediment-associated porewater (at 0.5, 3, and 7.5 cm depth below the sediment-water 
interface) using passive sampling devices. The measured data were pooled across sampling 
depths for each PCB congener. Geometric mean concentrations and their standard errors were 
calculated when multiple measurements were available.  
 

 
Figure 6. Sampling locations of shiner surfperch (2016 sampling), water (2016 passive 
sampling), and sediments (2016 sampling) for testing the San Leandro Bay PMU food-web 
bioaccumulation model. 
 

The spatial locations of the sampling sites at San Leandro Bay for topsmelt (2016), 
sediments (2016), and water (2016 passive sampling) are shown in Figure 7. PCB concentration 
data for topsmelt collected from multiple locations (i.e., Damon Slough, Airport Lagoon, 
Alameda Channel, and East Creek) were used for model testing. For model testing of PCB 
concentrations in topsmelt sampled at Damon Slough, PCB concentration data from nearby 
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sediment sampling sites (DSFR and DSFF) and passive sampling site (SLBsub1) were used. For 
topsmelt sampled at Airport Lagoon, PCB concentration data from nearby sediment sampling 
sites (E8g and G4g) and passive sampling site (G4g) were used for model testing. For topsmelt 
sampled at Alameda Channel, PCB concentration data from nearby sediment sampling site 
(A7cz) and passive sampling site (ECM20m) were used for model testing. For topsmelt sampled 
at East Creek, PCB concentration data from nearby sediment sampling sites (ECFR and ECFF) and 
passive sampling site (ECM20m) were used. Sediment samples were collected at 0.5 and 3 cm 
depth at sites DSFF and ECFF and at 2.5 cm depth at sites DSFR, E8g, G4g, A7cz, and ECFR. The 
freely-dissolved concentrations of PCB congeners were sampled in duplicates in the overlaying 
water (at 0.5 and 7.5 cm above the sediment-water interface) and sediment-associated 
porewater (at 0.5, 3, and 7.5 cm depth below the sediment-water interface) using the passive 
sampling devices. The measured data were pooled across sampling depths for each PCB 
congener. Geometric mean concentrations and their standard errors were calculated when 
multiple measurements were available. 
 

 
Figure 7. Sampling locations of topsmelt (2016 sampling), water (2016 passive sampling), and 
sediments (2016 sampling) for testing the San Leandro Bay PMU food-web bioaccumulation 
model. 
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The geometric mean measured concentrations of PCBs in sediments and the freely 
dissolved concentration of PCBs in the overlaying water and sediment-associated porewater 
were used as input values in the San Leandro Bay PMU food-web model to calculate the 
concentrations of PCB congeners in shiner surfperch and topsmelt. The input concentrations of 
PCB congeners in suspended solids were assumed to be the same as those in bottom sediments. 
Uncertainty in model-calculated concentrations of PCB congeners in shiner surfperch and 
topsmelt was estimated using the lower bound (i.e., the ratio of geometric mean and its 
standard error) and upper bound (i.e., the product of geometric mean and its standard error) 
input values for model calculations. Model bias values (MB in Equation 1 and MB* in Equation 
2) were calculated to compare the model-calculated and observed PCB congener concentrations 
in fish for model performance evaluations. 
 

Steinberger Slough/Redwood Creek Complex PMU model testing 

 
For model testing at the Steinberger Slough/Redwood Creek Complex, we used 

measured PCB concentration data in (i) topsmelt collected in 2022; (ii) shiner surfperch 
collected in 2019 (Buzby et al. 2021); and white croaker collected in 2019 (Buzby et al. 2021). 
The congener-specific PCB concentration data in topsmelt collected in 2022 were obtained from 
J. A. Davis via personal communication. The congener-specific PCB concentration data in shiner 
surfperch and white croaker collected in 2019 were obtained from the SFEI CD3 database. 
Geometric mean concentrations for composite samples and corresponding standard errors 
were calculated.  
 

The spatial locations of the sampling sites at Steinberger Slough/Redwood Creek 
Complex for topsmelt (2022) and sediments (2022) are shown in Figure 8. Topsmelt was 
collected at multiple locations (site codes: RCFSHLWR, RCFSHMID, RCFSHUP, SSFSHMID, and 
SSFSHUP) in 2022. The PCB concentrations in sediment data collected in 2022 were used for 
model testing. The sediment samples were collected at approximately 3-5 cm depth and the 
congener-specific PCB concentration data were obtained from J. A. Davis via personal 
communication. For topsmelt sampled at site RCFSHLWR, PCB concentrations in sediments from 
nearby sampling sites (RCWPTC and RCPTLD) were used for model testing. For topsmelt 
sampled at site RCFSHMID, measured PCB concentration data in sediments from nearby 
sampling site (RCMRNA) were used. For topsmelt sampled at site RCFSHUP, measured PCB 
concentrations in sediments from nearby sampling site (RCDKTB) were used for model testing. 
For topsmelt sampled at site SSFSHMID, measured PCB concentrations in sediments from 
nearby sampling site (SSFIRE) were used for model testing. For topsmelt sampled at site 
SSFSHUP, measured PCB concentrations in sediments from nearby sampling sites (SSPOND and 
BAIRIN) were used. 
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Figure 8. Sampling locations of topsmelt (2022 sampling) and sediments (2022 sampling) for 
testing the Steinberger Slough/Redwood Creek Complex PMU food-web bioaccumulation model. 
 

For model testing at Steinberger Slough/Redwood Creek Complex using observed shiner 
surfperch and white croaker data, the sampling locations for shiner surfperch (collected in 2019) 
and sediments (collected in 2022) are shown in Figure 9, and the sampling locations for white 
croaker (collected in 2019) and sediments (collected in 2022) are shown in Figure 10. For both 
fish species, only one sampling site (i.e., South Bay) was involved in the 2019 sampling. The best 
available measured PCB concentration sediment data collected in 2022 from a nearby sampling 
site (RCPTLD) were used for model testing. The sediment samples were collected at 
approximately 3-5 cm depth and the congener-specific PCB concentration data were obtained 
from J. A. Davis via personal communication.  
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Figure 9. Sampling locations of shiner surfperch (2019 sampling) and sediments (2022 sampling) 
for testing the Steinberger Slough/Redwood Creek Complex PMU food-web bioaccumulation 
model. 
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Figure 10. Sampling locations of white croaker (2019 sampling) and sediments (2022 sampling) 
for testing the Steinberger Slough/Redwood Creek Complex PMU food-web bioaccumulation 
model. 
 

The geometric mean of measured PCB congener concentrations in sediments and their 
standard errors was calculated when multiple measurements were available. The geometric 
mean concentrations of PCB congeners in sediments were used as input values to calculate the 
concentrations of PCB congeners in topsmelt, shiner surfperch, and white croaker using the 
Steinberger Slough/Redwood Creek Complex PMU model. The input values for dissolved PCB 
congener concentrations in the sediment-associated porewater were estimated from measured 
PCB concentrations in sediments (using Equation 4). The input values of dissolved PCB congener 
concentrations in the overlaying water were assumed to be the same as those in the sediment-
associated porewater, and the input concentrations of PCB congeners in suspended solids were 
assumed to be the same as those in sediments. Uncertainty in the concentrations of PCB 
congeners in fish was estimated using the lower bound (i.e., the ratio of geometric mean and its 
standard error) and upper bound (i.e., the product of geometric mean and its standard error) 
input values for model calculations if multiple measurement data were available. Model bias 
values (MB in Equation 1 and MB* in Equation 2) were calculated to compare model-calculated 
and observed PCB congener concentrations for model performance evaluation. 
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San Francisco Bay model testing 

 
The testing of the food-web model for the entire San Francisco Bay is challenging as 

there is no good spatial and temporal overlap of concentrations of PCBs in water, sediments and 
fish. Also, available data for model testing are concentrated in “hotspots” and do not provide a 
means to correctly assess concentrations of PCBs in sediments, water and fish on a whole Bay 
basis. The geographical distribution of measured PCB concentration data is therefore not 
suitable for the method of model testing that is applied to the PMUs. For this reason, we 
determined the range of PCB concentrations in water, sediments and several fish species. The 
range of concentrations is the spread of concentrations between the lowest and highest 
concentrations measured. The lowest and highest concentrations of PCBs in water and 
sediments were then used by the model to calculate the lowest and highest concentration of 
PCBs in fish. The model-calculated range of concentrations of PCBs in various fish species were 
then compared to the range of observed PCB concentrations in the same fish species. The goal 
of the test is to determine if the model is able to predict the range of concentrations of PCBs in 
fish that is actually observed in the Bay.  
 

The observed data of PCB congener concentrations in shiner surfperch and white croaker 
collected in 2019 (Buzby et al. 2021) were used for testing the larger San Francisco Bay food-
web bioaccumulation model. Measured PCB congener concentrations in sediments collected in 
2018 and in water (total concentration) collected in 2011 were identified as the best available 
data for model testing. The congener-specific PCB concentration data measured in sediments, 
water, and fish tissues were obtained from the SFEI CD3 database. Figure 11 shows the sampling 
locations of shiner surfperch (6 sites), sediments (20 sites), and water (14 sites) for model 
testing at San Francisco Bay. The sediment samples were collected at 5 cm depth in the active 
layer. The minimum and maximum values of the measured PCB congener concentrations in 
sediments and water were used as input values for the San Francisco Bay model. The input 
concentrations of PCB congeners in suspended sediments were assumed to be the same as 
those in sediments. Model-calculated concentrations of PCB congeners in shiner surfperch were 
compared to the range (i.e., minimum and maximum values) of the observed PCB congener 
concentrations in shiner surfperch for model evaluation. Figure 12 shows the sampling locations 
of white croaker (4 sites), sediments (20 sites), and water (14 sites) for model testing at San 
Francisco Bay. As the measured sediment and water data were shared for model testing with 
white croaker and shiner surfperch, the same input concentrations were used in both model 
tests. The model-calculated concentrations of PCB congeners in white croaker were compared 
to the range (i.e., minimum and maximum values) of observed PCB congener concentrations in 
white croaker for model evaluation.  
 

Due to the lack of measured concentrations of PCB 74 and PCB 97 in shiner surfperch 
(2019), topsmelt (2022), white croaker (2019), and sediments (2016, 2018, and 2022), these 
two congeners were excluded from all model testing and performance analyses in the present 
study.  
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Figure 11. Sampling locations of shiner surfperch (2019 sampling), sediments (2018 sampling), 
and water (2011 sampling) for testing the San Francisco Bay food-web bioaccumulation model. 
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Figure 12. Sampling locations of white croaker (2019 sampling), sediments (2018 sampling), and 
water (2011 sampling) for testing the San Francisco Bay food-web bioaccumulation model. 
 

Temporal response 

 
The time-dependent trophic transfer model was applied to demonstrate the expected 

temporal changes in the concentrations of PCB congeners in fish in response to reductions in 
PCB concentrations in water and sediments (e.g., due to remediation efforts). The San Leandro 
Bay PMU model was used to illustrate the temporal response of the food-web to a hypothetical 
scenario where PCB congener concentrations in sediments and water fall immediately to drop 
to zero to simulate a clean environment scenario. To express the temporal response, we used 
the time to reach 95% of steady-state t95%, which mathematically is the inverse of the combined 
first order elimination rate constant of the PCB congener in fish times 3 (or 4.33 times the half-
life time). It is the approximate time required for the PCB congener concentration to reach its 
new steady-state concentration after a change in the concentrations of the PCB congener in 
water and/or sediment. It is also the time for the concentration of the PCB congener to drop to 
5% of its original concentration in a hypothetical scenario where the exposure concentrations of 
the PCB congener in water and sediment drop to zero instantaneously. It is important to note 
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that the t95% is not the time required for the PCB concentrations in the fish to respond to 
changes in PCB loading. The t95% only measures the response of the concentrations of PCBs in 
the fish to changes in the concentrations of PCBs in water and sediments and not to changes in 
inputs of PCBs into the PMUs. The response time of PCB concentration in fish to changes in 
inputs of PCBs to the PMU is longer than that due to the changes in PCB concentrations in water 
and sediments. 
 

To illustrate the effect of time on the composition of PCBs in the fish, we also used the 
model to calculate the mass contribution of each PCB congener to the total mass of PCBs in the 
fish over time in response to an immediate decline in PCB concentrations in the sediments and 
water to zero. This approach illustrates the change in “PCB fingerprints” due to remediation. 
These fingerprints illustrate the change in the composition of PCBs and only reflect the 
contribution of the food-web to the compositional changes of the PCB mixtures in the fish. 
Differences in response times of the various PCB congener concentrations in water and 
sediments to changes in PCB loadings causes additional temporal changes in the composition of 
PCBs in the fish. A congener specific environmental fate model is able to calculate the change in 
PCB composition as a result of changes in PCB loadings.   
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Results and Discussion 

 

Model testing and performance evaluation 

 

San Leandro Bay PMU model 

 
Figure 13 shows that model-calculated PCB congener concentrations in shiner surfperch 

were in good agreement with measured PCB congener concentrations in shiner surfperch 
collected in 2019 at San Leandro Bay. The calculated mean model bias (MB) for PCB congener 
concentrations was 0.939, with a 95% confidence interval (CI) ranging between 0.738 and 1.20. 
This suggests a slight but insignificant systematic underestimation of model-calculated 
concentrations of PCB congeners in fish. The mean model bias (MB*) value based on total PCB 
concentrations was calculated to be 1.00, indicating excellent overall agreement between 
model-calculated and observed concentrations. The 95% CI of the model calculations is 
equivalent to a factor of 1.28 or roughly 30%. 
 

 
Figure 13. Geometric mean concentrations of PCB congeners in shiner surfperch calculated using 
the San Leandro Bay PMU food-web bioaccumulation model (blue bars) and observed in the 
2019 at San Leandro Bay (red bars). Error bars of predicted concentrations in shiner surfperch 
represent uncertainty in PCB congener concentrations in sediments and water. Error bars of the 
observed concentrations represent standard error of the geometric mean of observed PCB 
concentrations in fish. 
 

Model-calculated PCB congener concentrations in shiner surfperch were also in good 
agreement with measured PCB congener concentrations in shiner surfperch collected in 2016 at 
the sampling sites of San Leandro Bay Main (Figure 14) and Airport Lagoon (Figure 15). It is 
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important to stress here that there was a lack of measured data for certain PCB congeners 
especially for those with a lower molecular weight. At San Leandro Bay Main, the calculated 
mean model bias MB based for PCB congener concentrations was 1.47 (95% CI: 1.10–1.97), and 
the calculated model bias MB* based on total PCB concentrations was 1.52, indicating an 

approximate 50% systematic overestimation of PCB congener and PCBs concentrations in fish 
by the model. The uncertainty of the mean model bias as expressed by the 95% CI is also 
approximately 50%. At Airport Lagoon, the calculated MB was 1.85 (95% CI: 1.37–2.50) and the 
calculated MB* was 1.98. The results suggest an overprediction of model calculations within a 
factor of 2.  
 

 
Figure 14. Geometric mean concentrations of PCB congeners in shiner surfperch calculated using 
the San Leandro Bay PMU food-web bioaccumulation model (blue bars) and observed in 2016 at 
the San Leandro Bay Main sampling site (red bars). Error bars of predicted concentrations in 
shiner surfperch represent uncertainty in PCB congener concentrations in sediments and water. 
Error bars of the observed concentrations represent standard error of the geometric mean of 
observed PCB concentrations in fish. 
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Figure 15. Geometric mean concentrations of PCB congeners in shiner surfperch calculated using 
the San Leandro Bay PMU food-web bioaccumulation model (blue bars) and observed in 2016 at 
the Airport Lagoon sampling site (red bars). Error bars of predicted concentrations in shiner 
surfperch represent uncertainty in PCB congener concentrations in sediments and water. Error 
bars of the observed concentrations represent standard error of the geometric mean of 
observed PCB concentrations in fish. 
 

Figures 16A, 17A, 18A, and 19A illustrate the comparison of model-calculated and 
measured PCB congener concentrations in topsmelt collected in 2016 at the sampling sites of 
Damon Slough, Airport Lagoon, Alameda Channel, and East Creek, respectively. The model-
calculated concentrations were generally in good agreement with the observed data at Damon 
Slough (Figure 16A), Airport Lagoon (Figure 17A), and Alameda Channel (Figure 18A), despite 
some relatively large discrepancies exhibited for certain PCB congeners. However, the model-
calculated PCB concentrations in topsmelt were generally greater than those observed at East 
Creek (Figure 19A). The calculated mean model bias (MB) values based on PCB congener 
concentrations at Damon Slough, Airport Lagoon, Alameda Channel, and East Creek were 0.839 
(95% CI: 0.601–1.14), 1.02 (95% CI: 0.732–1.43), 0.986 (95% CI: 0.555–1.75), and 2.04 (95% CI: 
1.37–3.04), respectively. The calculated model bias (MB*) values based on total PCB 
concentrations at Damon Slough, Airport Lagoon, Alameda Channel, and East Creek were 0.921, 
1.24, 1.46, and 2.31, respectively. The MB and MB* suggest a slight underprediction at Damon 
Slough and a slight overprediction at Airport Lagoon, but the difference between model 
predictions and field observations was not significant at both sites (95% CI of MB includes 1). At 
Alameda Channel, the calculated MB suggests a slight underprediction but the difference 
between predicted and observed concentrations was not significant (95% CI for MB includes 1), 
and the calculated MB* suggests an overprediction within a factor of 1.5. Note that the wider 
95% CI of MB estimated at Alameda Channel compared to other sites indicates a greater 
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variability in observed PCB congener concentrations. At East Creek, both calculated MB and 
MB* suggest a 2 to 2.3 fold systematic overprediction of concentrations of PCBs in topsmelt. 
 

 
Figure 16. Geometric mean concentrations of PCB congeners in shiner surfperch calculated using 
the San Leandro Bay PMU food-web bioaccumulation model (blue bars) and observed in 2016 at 
the Damon Slough sampling site (red bars). Input PCB concentrations in sediments were 
collected from adjacent sites (A) or all sediment sampling sites (B). Error bars of predicted 
concentrations in shiner surfperch represent uncertainty in PCB congener concentrations in 
sediments and water. Error bars of the observed concentrations represent standard errors of the 
geometric mean of observed PCB concentrations in fish. 
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Figure 17. Geometric mean concentrations of PCB congeners in shiner surfperch calculated using 
the San Leandro Bay PMU food-web bioaccumulation model (blue bars) and observed in 2016 at 
the Airport Lagoon sampling site (red bars). Input PCB concentrations in sediments were 
collected from adjacent sites (A) or all sediment sampling sites (B). Error bars of predicted 
concentrations in shiner surfperch represent uncertainty in PCB congener concentrations in 
sediments and water. Error bars of the observed concentrations represent standard errors of the 
geometric mean of observed PCB concentrations in fish. 
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Figure 18. Geometric mean concentrations of PCB congeners in shiner surfperch calculated using 
the San Leandro Bay PMU food-web bioaccumulation model (blue bars) and observed in 2016 at 
the Alameda Channel sampling site (red bars). Input PCB concentrations in sediments were 
collected from adjacent sites (A) or all sediment sampling sites (B). Error bars of predicted 
concentrations in shiner surfperch represent uncertainty in PCB congener concentrations in 
sediments and water. Error bars of the observed concentrations represent standard errors of the 
geometric mean of observed PCB concentrations in fish. 
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Figure 19. Geometric mean concentrations of PCB congeners in shiner surfperch calculated using 
the San Leandro Bay PMU food-web bioaccumulation model (blue bars) and observed in 2016 at 
the East Creek sampling site (red bars). Input PCB concentrations in sediments were collected 
from adjacent sites (A) or all sediment sampling sites (B). Error bars of predicted concentrations 
in shiner surfperch represent uncertainty in PCB congener concentrations in sediments and 
water. Error bars of the observed concentrations represent standard errors of the geometric 
mean of observed PCB concentrations in fish. 
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It is important to note that a large spatial variation was observed in measured PCB 
concentrations in sediments collected in 2016 at San Leandro Bay, as shown in Figure C-1 
(Appendix C) using PCB 153 as an example. Much higher sediment concentrations were 
observed near East Creek, which is located near the old industrial (General Motors) site known 
to be highly contaminated historically. Interestingly, the spatial variation in measured PCB 
concentrations in topsmelt seemed to be smaller than that in sediments. This could explain the 
overprediction of PCB concentrations in fish at East Creek because of the high input 
concentrations of PCB congeners in sediments used in the model calculations. These findings 
suggest that the selection of sites is critical for model testing especially when a high spatial 
variation of measured concentrations is evident.  
 

To investigate the significance of the high variation in measured PCB concentrations in 
sediments at some locations on model testing, we also conducted model calculations using PCB 
concentrations in sediments from all sampling sites in San Leandro Bay. The results are 
illustrated in Figures 16B, 17B, 18B, and 19B for Damon Slough, Airport Lagoon, Alameda 
Channel, and East Creek, respectively. The calculated mean model bias (MB) values based on 
PCB congener concentrations at Damon Slough, Airport Lagoon, Alameda Channel, and East 
Creek were 0.870 (95% CI: 0.639–1.18), 1.04 (95% CI: 0. 0.741–1.45), 1.40 (95% CI: 0.936–2.09), 
and 1.37 (95% CI: 0.839–2.24), respectively. The calculated mean model bias (MB*) values 
based on total PCB concentrations at Damon Slough, Airport Lagoon, Alameda Channel, and 
East Creek were 0.945, 1.25, 1.63, and 1.78, respectively. These results indicate only minor 
improvements in model performance and suggest only minor impacts of the selection of spatial 
concentration data on the overall performance of the model in San Leandro Bay. On average, 
model predictions of PCB concentrations in fish are within a factor of 2. The results suggest that 
fish may occupy a foraging area that is larger than the area they were collected in and that 
environmental concentrations from a larger geographical area within the PMU can act as a 
reliable indicator of exposure of PCBs to fish. A summary of the results of model testing at San 
Leandro Bay are summarized in Table 1. 
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Table 1. Calculated mean model bias values (MB and MB*) for model testing at San Leandro 
Bay. An MB or MB* of 1 indicate a lack of model bias and good agreement between model-
calculated and observed concentrations of PCBs in fish.  
 

 
 

Steinberger Slough/Redwood Creek Complex PMU model 

 
Figures 20A, 21A, 22A, 23A, and 24A illustrate the model-calculated and measured PCB 

congener concentrations in topsmelt collected in 2022 at the sampling sites RCFSHLWR, 
RCFSHMID, RCFSHUP, SSFSHMID, and SSFSHUP, respectively. Three sampling sites (i.e., 
RCFSHLWR, RCFSHMID, and RCFSHUP) were located on the Redwood Creek side and two 
sampling sites (i.e., SSFSHMID and SSFSHUP) were located on the Steinberger Slough side of the 
Steinberger Slough/Redwood Creek Complex PMU (Figure 8). For sites RCFSHLWR (Figure 20A), 
RCFSHMID (Figure 21A), and SSFSHUP (Figure 24A), similar levels of model-calculated and 
measured PCB congener concentrations were obtained, but model-calculated concentrations 
seemed to be higher than the observed concentrations for lower molecular weight congeners. 
For sites RCFSHUP and SSFSHMID, model-calculated concentrations were higher than observed 
concentrations for all PCB congeners. The calculated mean model bias (MB) values based on 
PCB congener concentrations at sites RCFSHLWR, RCFSHMID, RCFSHUP, SSFSHMID, and SSFSHUP 
were 2.05 (95% CI: 1.55–2.70), 1.81 (95% CI: 1.46–2.24), 7.14 (95% CI: 5.74–8.88), 4.11 (95% CI: 
3.26–5.17), and 1.56 (95% CI: 1.23–1.97), respectively. The calculated model bias (MB*) values 
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based on total PCB concentrations at sites RCFSHLWR, RCFSHMID, RCFSHUP, SSFSHMID, and 
SSFSHUP were 1.63, 1.53, 5.69, 3.04, and 1.15, respectively. The results suggest a minor 
overprediction of the concentrations of PCBs in fish, except for sites RCFSHUP and SSFSHMID 
where a greater overprediction was observed. This suggests that the fish collected from 
RCFSHUP and SSFSHMID may occupy areas that are larger than the areas where they were 
collected. As a result, we also used the geometric mean concentrations of PCB congeners in 
sediments collected from all sampling sites to further test the model. The results are illustrated 
in Figures 20B, 21B, 22B, 23B, and 24B for sites RCFSHLWR, RCFSHMID, RCFSHUP, SSFSHMID, 
and SSFSHUP, respectively. For sites RCFSHUP (Figure 22) and SSFSHMID (Figure 23), model-
calculated concentrations of PCBs in fish derived using PCB concentrations in water and 
sediments from the larger PMU area were in better agreement with observed concentration 
data than those derived specifically from the RCFSHUP and SSFSHMID sampling sites where fish 
were collected. Using a broader geographical approach generated mean model bias (MB) values 
for PCB congener concentrations at sites RCFSHLWR, RCFSHMID, RCFSHUP, SSFSHMID, and 
SSFSHUP of 2.75 (95% CI: 2.19–3.47), 1.40 (95% CI: 1.17–1.66), 2.01 (95% CI: 1.64–2.45), 3.05 
(95% CI: 2.29–4.08), and 2.32 (95% CI: 1.87–2.87), respectively. The calculated model bias (MB*) 
values based on total PCB concentrations at sites RCFSHLWR, RCFSHMID, RCFSHUP, SSFSHMID, 
and SSFSHUP were 2.12, 1.21, 1.68, 2.13, and 1.83, respectively. The calculated MB and MB* 
values for fish collected at sites RCFSHUP and SSFSHMID were reduced as a result of using a 
broader geographical approach and indicate an approximate 2-fold overprediction of the PCB 
concentrations in fish from these sites. Using all measured environmental concentration data 
collected in the entire PMU for model testing appeared to improve model performance for fish 
collected at “hot spots” within the PMU. This suggests that fish at this PMU track PCBs and 
other contaminants in the larger PMU. 
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Figure 20. Geometric mean concentrations of PCB congeners in topsmelt calculated using the 
Steinberger Slough/Redwood Creek (SS/RC) PMU model (blue bars) and observed in 2022 at the 
RCFSHLWR sampling site (red bars). Input PCB concentrations in sediments were collected from 
adjacent sites (A) or all sediment sampling sites (B). Error bars of predicted concentrations in 
topsmelt represent uncertainty in PCB congener concentrations in sediments and water. Error 
bars of the observed concentrations represent standard errors of the geometric mean of 
observed PCB concentrations in fish. 
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Figure 21. Geometric mean concentrations of PCB congeners in topsmelt calculated using the 
Steinberger Slough/Redwood Creek (SS/RC) PMU model (blue bars) and observed in 2022 at the 
RCFSHMID sampling site (red bars). Input PCB concentrations in sediments were collected from 
adjacent sites (A) or all sediment sampling sites (B). Error bars of predicted concentrations in 
topsmelt represent uncertainty in PCB congener concentrations in sediments and water. Error 
bars of the observed concentrations represent standard errors of the geometric mean of 
observed PCB concentrations in fish. 
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Figure 22. Geometric mean concentrations of PCB congeners in topsmelt calculated using the 
Steinberger Slough/Redwood Creek (SS/RC) PMU model (blue bars) and observed in 2022 at the 
RCFSHUP sampling site (red bars). Input PCB concentrations in sediments were collected from 
adjacent sites (A) or all sediment sampling sites (B). Error bars of predicted concentrations in 
topsmelt represent uncertainty in PCB congener concentrations in sediments and water. Error 
bars of the observed concentrations represent standard errors of the geometric mean of 
observed PCB concentrations in fish. 
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Figure 23. Geometric mean concentrations of PCB congeners in topsmelt calculated using the 
Steinberger Slough/Redwood Creek (SS/RC) PMU model (blue bars) and observed in 2022 at the 
SSFSHMID sampling site (red bars). Input PCB concentrations in sediments were collected from 
adjacent sites (A) or all sediment sampling sites (B). Error bars of predicted concentrations in 
topsmelt represent uncertainty in PCB congener concentrations in sediments and water. Error 
bars of the observed concentrations represent standard errors of the geometric mean of 
observed PCB concentrations in fish. 
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Figure 24. Geometric mean concentrations of PCB congeners in topsmelt calculated using the 
Steinberger Slough/Redwood Creek (SS/RC) PMU model (blue bars) and observed in 2022 at the 
SSFSHUP sampling site (red bars). Input PCB concentrations in sediments were collected from 
adjacent sites (A) or all sediment sampling sites (B). Error bars of predicted concentrations in 
topsmelt represent uncertainty in PCB congener concentrations in sediments and water. Error 
bars of the observed concentrations represent standard errors of the geometric mean of 
observed PCB concentrations in fish. 
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Figure 25 shows that the model-calculated PCB concentrations in shiner surfperch were 
generally in good agreement with the measured PCB concentrations in shiner surfperch 
collected at South Bay in 2019. South Bay was the only fish sampling site in the Steinberger 
Slough/Redwood Creek Complex PMU in the 2019 sport fish sampling program. Also, it is 
important to note that for the model testing with shiner surfperch and white croaker at 
Steinberger Slough/Redwood Creek, measured concentrations in fish and sediment were not 
perfectly matched temporally. The fish samples were collected in 2019 while the sediment 
samples were collected in 2022. These were best available data sets for model testing. Future 
monitoring efforts may generate PCB concentration data that are better matched temporally 
and spatially and useful for testing and refining the model. 
 

 
 
Figure 25. Geometric mean concentrations of PCB congeners shiner surfperch calculated using 
the Steinberger Slough/Redwood Creek (SS/RC) PMU model (blue bars) and observed in 2022 at 
the South Bay sampling site (red bars). Error bars of predicted concentrations in shiner surfperch 
represent uncertainty in PCB congener concentrations in sediments and water. Error bars of the 
observed concentrations represent standard errors of the geometric mean of observed PCB 
concentrations in fish. 
 

Model calculated concentrations of PCB congeners in shiner surf perch were greater 
than observed concentrations for the lower molecular weight PCB congeners; but lower for the 
highest molecular weight PCB congeners; and in good agreement with observed concentrations 
for PCB congeners with a molecular weight in the mid-range (Figure 25). The calculated mean 
model bias MB for PCB congener concentrations were 1.41 (95% CI: 0.909–2.20), suggesting an 
overall 41% overprediction but the difference between model-calculated and observed 
concentrations was not significant (95% CI covers 1). The calculated mean model bias MB* 
based on total PCB concentrations was 0.918, suggesting a slight underprediction of the model. 
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In general, the model-calculated PCB congeners were in good agreement with observed 
concentrations. 
 

Figure 26 illustrates the model-calculated PCB congener concentrations in white croaker 
in comparison to the observed PCB concentrations in white croaker collected in 2019 at the 
South Bay sampling site. The observed white croaker concentration data were obtained from 
just one composite sample collected in 2019 and did not include an uncertainty estimate. 
Model-calculated PCB concentrations were generally in good agreement with observed 
concentrations for PCB congeners with medium to higher molecular weights, but model-
calculated concentrations tended to be higher than the observed data for the congeners with 
lower molecular weights. The calculated mean model bias MB based on PCB congener 
concentrations was 2.64 (95% CI: 1.57–4.44) and the calculated model bias MB* based on total 
PCB concentrations was 1.59. The results indicate a general overprediction of PCB congener 
concentrations in the white croaker. However, the overprediction of total PCB concentrations is 
relatively modest at about 59%. The results of the Steinberger Slough/Redwood Creek Complex 
PMU model testing are summarized in Table 2. 
 

 
 
Figure 26. Concentrations of PCB congeners in white croaker calculated using the Steinberger 
Slough/Redwood Creek PMU model (blue bars) and observed in the 2019 sampling collected at 
the South Bay sampling site (red bars). 
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Table 2. Calculated model bias values (MB and MB*) for model testing at Steinberger 
Slough/Redwood Creek Complex. An MB or MB* of 1 indicate a lack of model bias and good 
agreement between model-calculated and observed concentrations of PCBs in fish.  
 

 
 

San Francisco Bay model 

 
It is important to re-emphasize here that the model testing for the larger San Francisco 

Bay is different from that for the PMUs. The model testing for the PMUs involved matching 
observed concentrations of PCBs in water, sediments and fish both temporally and spatially as 
best as possible with the available data. This approach could not be carried out for model 
testing in the entire San Francisco Bay despite much data being available. Instead, the available 
empirical concentration data for PCBs in San Francisco Bay from all sampling locations were 
used to calculate the range of expected concentrations of PCB congeners in various fish species  
and then compared to the observed range of concentrations.  
 

Figure 27 shows that PCB congener concentrations in shiner surfperch calculated by the 
San Francisco Bay model were in line with measured concentrations in shiner surfperch 
collected in 2019. Similar ranges between model-calculated and observed concentrations were 
obtained for PCB congeners with lower to medium molecular weights, while the ranges of 
model-calculated concentration were generally greater than the ranges of the observed 
concentrations for PCB congeners with a higher molecular weight. The greater ranges of model-
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calculated concentrations may be attributed to the greater variability in measured 
environmental concentrations used as model input values.  

 
Figure 28 shows that model-calculated PCB concentrations in white croaker were 

generally in line with measured concentrations in white croaker collected in 2019 for PCB 
congeners with a medium to higher molecular weight. For lower molecular weight congeners, 
the model-calculated concentrations were higher than the observed concentrations; and the 
ranges of model-calculated concentrations tended to be greater than the ranges of observed 
concentrations, potentially due to greater variability in measured concentrations in 
environmental media. Note that the measured PCB concentration data for sediments were 
collected in 2018 and the measured PCB concentration data for water were collected in 2011 
and not temporally matched with the measured PCB concentration data for fish collected in 
2019. The model could be better tested and refined if monitoring programs conduct water, 
sediment and fish sampling at the same time. Also, for the development and testing of a general 
San Francisco Bay food-web model a broader geographical distribution of sampling locations 
could be considered in addition to the more spatially refined monitoring approach applied to 
the PMUs. 
 
 

 
 
Figure 27. Ranges of concentrations of PCB congeners in shiner surfperch calculated using the 
San Francisco Bay model (blue lines) and observed in the 2019 sampling collected at San 
Francisco Bay (red lines). 
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Figure 28. Ranges of concentrations of PCB congeners in white croaker calculated using the San 
Francisco Bay model (blue lines) and observed in the 2019 sampling collected at San Francisco 
Bay (red lines). 
 

Temporal response 

 
Figure 29 illustrates changes in PCB congener concentrations over time in response to a 

drop in PCB concentrations in water and sediments to zero. Figure 29 shows that concentrations 
of higher molecular weight PCB congeners respond to changes in exposure concentrations more 
slowly than lower molecular weight PCB congeners. The t95% of the PCB congeners varies from 
approximately 42 days to 210 days and is approximately the same for shiner surfperch and 
white croaker. This means that concentrations of PCBs in fish can respond to changes in 
exposure concentrations in the course of weeks to months, not years or decades. The relatively 
quick response times of the PCB concentrations in fish also means that the temporal response 
of PCB concentrations in water and especially the sediments (which are controlled to a large 
degree by PCB inputs) become the rate limiting step in the temporal response of PCB 
concentrations in fish to changes in PCB inputs. In many estuarine systems, water is relatively 
quickly replaced due to tidal movements and therefore concentrations of PCB in water can 
respond relatively quickly to changes in PCB loadings. However, the sediment is replaced more 
slowly than the water and therefore often becomes the compartment controlling the temporal 
response of PCB concentrations in the food-web to changes in PCB inputs. The environmental 
fate modeling that is currently being carried out is likely to shed more light on this. The 
temporal response of the concentrations of PCBs in water and sediment due to changes in 
loading is important for the transfer of PCBs through the food-web. Reductions in PCBs loads to 
the PMUs can be expected to increase PCB mass transport via the benthic food-chain relative to 
the pelagic food-chain. Also, the dietary route will become a more important source of PCBs to 
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the fish than direct respiratory uptake as a result of loading reductions. The main implication of 
this is that real-world response times for PCB concentrations to changes in PCB loadings into the 
PMU can be expected to be longer than the t95% values we are reporting here. The combination 
of environmental fate and food-web bioaccumulation models can provide the most accurate 
assessment of the temporal response of PCB concentrations in fish to PCB loading reductions.  
 

Figure 30 illustrates the change in the composition of PCBs in fish over time as a result of 
an instantaneous drop in the PCB concentration in water and sediments to zero. As a result of 
the differences in response times of the PCB congeners that make up the total combined 

concentration of PCBs (PCBs) in fish, the contribution of lower molecular weight PCB 
congeners to the total PCB concentration in the fish falls more quickly over time than higher 
molecular weight PCBs. This  causes the PCB composition in the fish to change to a heavier 
molecular weight mixture over time. Changes in PCB composition can have an effect on how 
human health risks of PCBs due to fish consumption are calculated. 
 

It is important to note that the dependence of the response time of PCB concentrations 
in fish on the molecular weight of PCB congeners is likely to extend to the response time of PCB 
concentrations in water and sediments. This is due to the large variation in physical-chemical 
properties among PCB congeners. As a result, there can be considerable differences in the 
clean-up rates among PCB congeners in response to PCB loading reductions at the PMUs. This 
can manifest itself in terms of changes in PCB composition and “fingerprints” and may impact 
how measured concentrations of PCBs in fish and other media are reported. The combination of 
an environmental fate model and the food-web bioaccumulation model can reveal the change 
in PCB composition (and PCB fingerprint) as a result of changes in PCB loadings. The change in 
PCB composition in sediments and fish over time presents a useful way to track the change in 
PCB loadings to PMUs over time. For example, the change in the ratio of mass fractions of a 
higher and a lower molecular weight PCB in sediments or fish can provide information on 
whether PCB loadings are falling or not and may even provide a loading decline rate. 
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Figure 29. Demonstration of relative changes in representative PCB congener concentrations in 
shiner surfperch (A) and white croaker (B) over time using the San Leandro Bay PMU food-web 
bioaccumulation model under a hypothetical scenario where PCB concentrations in sediments 
and water drop to zero at day 0. The red line represents 95% reduction in the initial PCB 
congener concentration in fish. 
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Figure 30. Demonstration of changes in PCB congener profiles in shiner surfperch at day 0 (A), 1 
year (B), 2 years (C), and 5 years (D) using the San Leandro Bay PMU model under a hypothetical 
scenario that input PCB concentrations in sediments and water are dropped to zero at day 0. 
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Conclusions 

 
This study developed a food web bioaccumulation model for PCBs in San Francisco Bay 

that can be used on a site specific basis at PMUs to predict how concentrations of PCBs in fish 
and other species of the aquatic food-web at PMUs can be expected to change over time in 
response to changes in PCB concentrations in water and sediments at PMUs resulting from 
remediation initiatives at the PMUs. This model is meant to be used in conjunction with an 
environmental fate model that can estimate the change in concentrations of PCBs in water and 
sediments over time in response to changes in loadings of PCBs into the PMU. The main goal of 
the model is to anticipate PCB concentrations in sport fish consumed by local fishers as a result 
of remediation efforts at the PMUs. The overall approach is to inform on when PCB 
concentrations are going to be low enough to safely consume fish caught at the PMUs and the 
larger San Francisco Bay.  
 

The PCB food-web bioaccumulation model, which is presented in an Excel spreadsheet, 
can be used with minimal training to evaluate the impact of remediation initiatives on 
concentrations of PCBs in fish. The model also acts as a record of the state of knowledge of the 
food-web bioaccumulation of PCBs in San Francisco Bay. The model includes knowledge gained 
from years of studies of San Francisco Bay. The model imbeds information on the chemistry and 
ecology of the Bay and presents this knowledge in a mathematical form such that it can be used 
as a management tool and serve as a hypothesis for further scientific and monitoring studies 
aimed at improving knowledge of the environmental fate of PCBs and informed decision making 
with regards to pollutants. 
 

The model is developed for PCBs, but can be applied with some modification, to other 
organic chemical pollutants such as brominated flame-retardants, PFAS, pesticides and others. 
The model is not appropriate for metals and nutrients.   
 

Model testing at the San Leandro Bay and Steinberger Slough/Redwood Creek Complex 
PMUs and the larger San Francisco Bay shows that model predictions of PCB congeners in fish 

are in good agreement with observed concentrations. In most tests, observed PCB 
concentrations were found to be well within a factor of 2 of the predicted concentrations. The 

largest systematic overprediction of PCB concentrations in fish was equivalent to a factor of 
2.3, the largest underprediction was by a factor of 1.09 or less than 10%. The mean and median 

for all mean model bias MB* for PCB were 1.54 and 1.59 respectively. This means that on 
average the model overpredicts concentrations of PCBs in fish by approximately 59%. This level 
of predictability is very good and a credit to the amount and excellence of research done on the 
bioaccumulation of PCBs in San Francisco Bay and other locations around the world. It should 
be emphasized that the uncertainty of the model expressed by the mean model bias and its 
95% confidence intervals includes not only error in the model but also error in the empirical 
concentration data that were used for expressing model uncertainty. As a result, we feel that 
the model can be used to predict concentrations of PCBs in fish at the PMUs and can be 
expected to provide estimates of PCB concentrations in fish with a high level of confidence. We 
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suggest that a factor of 2 is used to represent the uncertainty in model predictions of the 
concentrations of PCBs in fish. The model without further calibration can be expected to be 
slightly on the conservative side. 
 

The ability of the model to predict concentrations of individual PCB congeners is similar 

to that for PCBs, but model uncertainty is somewhat larger than that for PCBs as evidenced 
by the 95% confidence intervals of the mean model bias. Model testing in the Steinberger 
Slough/Redwood Creek Complex PMU also showed a tendency for the model to overpredict 
concentrations in fish of lower molecular weight PCB congeners while underestimating 
concentrations in fish of higher molecular weight PCB congeners. We expect this to reflect some 
of the equilibrium assumptions that were made with regards to the distribution of PCBs 
between water and particulate matter where field data were absent. Better field data on the 
equilibrium status of PCBs between water and particulate matter is expected to remedy this 
issue and further improve the accuracy of the model. The application of passive samplers in 
future studies of the fate of PCBs in San Francisco Bay will be of particular value in this regard.  
 

Model simulations of the temporal response of PCB concentrations in fish over time 
showed considerable differences in response times to changes in concentrations in water and 
sediments among PCB congeners. We expect there to be similar PCB congener specific 
differences in the response times of PCB congener concentrations in water and sediments in 
response changes in PCB loadings. This means that PCB loading reductions will lead to a 
relatively quick decline of concentrations of lower molecular weight PCBs compared to a slower 
decline of concentrations of higher molecular weight PCB congeners. As a result, the 
composition of PCBs in water, sediments and fish can be expected to change over time in 
response to a PCB loading reduction. In fish, PCB mixtures will become “heavier”, containing a 
higher fraction of higher molecular weight PCBs. The change in composition of PCBs in fish as a 
result of PCB loading reductions can be relevant for the calculation of human health risks of 
PCBs associated with fish consumption. The change in PCB composition in fish may also provide 
a way to track progress of remediation efforts and associated changes in PCB loading rates., 
which are often difficult to measure. The decline of the contribution of lower molecular weight 

PCBs compared to higher molecular weight PCBs to the PCB concentration in fish is an 
indicator of loading decline over time.  
 

While the model is specific to PCBs it can be useful to address other pollutants as well. 
The food-web bioaccumulation behavior of many neutral hydrophobic organic pollutants such 
as chlorinated dioxins, polybrominated biphenyls, ethers and ethanes can also be investigated 
by the model. Furthermore, we have shown that with appropriate accommodations for the 
chemical partitioning properties, the modeling approach is also useful for many polyfluoroalkyl 
substances (PFAS) (Kelly et al. 2024). 
 

To improve the developed time-dependent food-web biotransformation models for 
specific PMUs and the larger San Franciso Bay and improve their use, we have the following 
recommendations:  
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First, it is crucial to continue on-going monitoring efforts to obtain empirical PCB 
congener concentrations in key fish species (e.g., shiner surfperch and topsmelt) and 
environmental media (e.g., water, sediments, and suspended sediments). Such information can 
be used to refine the bioaccumulation models and used to gain confidence in the application of 
the model for management purposes. For the purpose of model development and testing, it is 
beneficial to coordinate sampling of sediments, water and fish to be spatially and temporally 
consistent.  
 

Secondly, the application of passive sampling methods are particularly useful for the 
food-web bioaccumulation model as it can be used to measure the equilibrium status of 
concentrations of PCBs in sediments and water, which is a key factor controlling the degree to 
which PCB is absorbed by fish via food-consumption vs. respiration and reaches fish via benthic 
vs. pelagic routes.   

 
Thirdly, the food-web trophic transfer model can be used in conjunction with other 

models, such as hydrodynamic and sediment transport models, to provide an integrated 
approach to investigate the relationship between PCB emission reduction and PCB 
concentrations in sport fish to protect human health.  

 
Fourth, the time-dependent food-web biotransformation model developed specifically 

to PCBs can be applied to other pollutants of interest (e.g., PFAS of emerging concern) to better 
protect human and environmental health at the Bay region. 
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Appendix A. Model description 

 
The calculation of model parameters is described below, following the previous study on food 
web bioaccumulation modeling for PCBs in San Francisco Bay (Gobas and Arnot 2010) with 
minor modifications.  
 
Clearance rate constant for chemical uptake via the respiratory area (k1) 
 
The parameter k1 describes the rate at which the PCB congener is taken up into the organism 
from the water via the respiratory surface (e.g., gills and skin). For fish, aquatic benthic 
invertebrates, and zooplankton, k1 is characterized by the clearance rate of the PCB congener in 
the organism, that is, the volume of water cleared of chemical by the organism over time (in the 
units of L water·kg organism wet wt-1·d-1). For those organisms, k1 is calculated as a function of 
the organism’s ventilation rate (GV; L water/d) and the diffusion rate of the chemical across the 
respiratory surface area using the following equation: 
 

𝑘1 =
𝐸𝑊 ∙ 𝐺𝑉

𝑊𝐵
 (A1) 

 
where EW is the gill chemical uptake efficiency (unitless) and WB is the wet weight of the 
organism (kg organism wet wt). EW is a function of the KOW of the PCB congener and is 
approximated based on empirical observations in fish as: 
 

𝐸𝑊 =
1

𝐴𝐸𝑊 + (𝐵𝐸𝑊 𝐾𝑂𝑊⁄ )
 (A2) 

 
 
where KOW is the octanol-water partition coefficient of the PCB congener, and AEW and BEW are 
constants (with default values of 1.85 for AEW and 155 for BEW). 
 
GV is calculated using an allometric relationship (Equation A3) between the wet weight and 
oxygen consumption of the organism based on observations from over 200 fish species. 
 

𝐺𝑉 = 1400 ∙
𝑊𝐵

0.65

𝐷𝑂
 

 
(A3) 

 
where DO is the dissolved oxygen concentration in water (mg O2/L). 
 
For phytoplankton, a biphasic relationship for k1 is used based on a two-phase (i.e, aqueous and 
organic phases of the organism) resistance model (Equation A4). 
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𝑘1 =
1

𝐴𝑃 + (𝐵𝑃 𝐾𝑂𝑊⁄ )
 (A4) 

 
where AP and BP are constants representing the resistance to PCB uptake through respectively 
the aqueous and organic phases of the organism, with default values of 6.0·10-5 for AP and 5.5 
for BP. 
 
Rate constant for chemical elimination via the respiratory area (k2) 
 
The chemical elimination rate constant via the respiratory area (k2; d-1) is fundamentally related 
to the uptake clearance rate k1 as the respiratory exchange of hydrophobic organic chemicals in 
aquatic organisms is passive in nature, involving the same processes of water ventilation and 
membrane permeation for both k1 and k2. For all aquatic organisms, k2 is calculated using 
Equation A6: 
 

𝑘2 =
𝑘1

𝐾𝐵𝑊
 

 
(A5) 

 
where KBW (L/kg organism wet wt) is the organism-water partition coefficient. The partitioning 
of PCBs between the water and organism is viewed to occur into the lipids, non-lipid organic 
matter (NLOM, such as proteins and carbohydrates), and water phases of the organism. 
Therefore, KBW is calculated as:  
 

𝐾𝐵𝑊 =
𝑣𝐿𝐵 ∙ 𝐾𝑂𝑊

𝑑𝐿
+

𝑣𝑁𝐵 ∙ 𝛽 ∙ 𝐾𝑂𝑊

𝑑𝑁
+

𝑣𝑊𝐵

𝑑𝑊
 (A6) 

 

where LB is the lipid content of the organism (kg lipid/kg organism wet wt), NB is the NLOM 

content of the organism (kg NLOM/kg organism wet wt), WB is the water content of the 
organism (kg water/kg organism wet wt), dL is the density of lipids (g/mL), dN is the density of 

NLOM (g/mL), dW is the density of water (g/mL), and  is the proportionality constant 

expressing the sorption capacity of NLOM to that of octanol. Note that for phytoplankton, NB 

represents the non-lipid organic carbon (NLOC) content (kg NLOC/kg organism wet wt), and  
represents the proportionality constant expressing the sorption capacity of NLOC to that of 

octanol. The default values of  are 0.35 for phytoplankton and 0.035 for fish, aquatic benthic 
invertebrates, and zooplankton. The default values of dL, dN, and dW are 0.90, 1.22, and 1.0 
g/mL, respectively. 
 
Clearance rate constant for chemical uptake via ingestion of food and water (kD) 
 
The rate at which PCBs are absorbed from the diet via the gastrointestinal tract is expressed by 
the dietary uptake clearance rate kD (kg diet·kg organism wet wt-1·d-1) and calculated as: 
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𝑘𝐷 =
𝐸𝐷 ∙ 𝐺𝐷

𝑊𝐵
 (A7) 

 
where ED is the dietary chemical transfer efficiency (unitless) and GD is the feeding rate of the 
organism (kg diet/d). ED is highly variable in empirical observations, but empirical data show a 
general trend of decreasing efficiency with increasing KOW for high KOW chemicals. For modeling 
purposes, ED for a PCB congener is calculated based on the lipid-water two-phase resistance 
model as: 
 

𝐸𝐷 =
1

𝐴𝐸𝐷 ∙ 𝐾𝑂𝑊 + 𝐵𝐸𝐷
 (A8) 

 
where AED and BED are constants, with default values of 8.5·10-8 and 2.0, respectively, for fish, 
aquatic benthic invertebrates, and zooplankton. 
 
The feeding rate GD is estimated using Equation A9 based on a general bioenergetic relationship, 
expect for filter feeders. 
 

𝐺𝐷 = 0.022 ∙ 𝑊𝐵
0.85 ∙ 𝑒0.06∙𝑇𝑊 

(A9) 

where TW is the water temperature (C). For filter feeders, GD is estimated using Equation A10: 
 

𝐺𝐷 = 𝐺𝑉 ∙ 𝑆𝑆 ∙ 𝜎 
(A10) 

 
where GV is the gill ventilation rate (L/d), SS is the concentration of suspended solids in water 

(kg/L), and  is the scavenging efficiency of particles absorbed from the water (unitless). GV can 

be calculated using Equation A4. The default value of  is 1 for filter feeders. 
 
Rate constant for chemical elimination via excretion into egested feces (kE) 
 
The rate at which PCBs are eliminated by the egestion of fecal matter is expressed by the fecal 
elimination rate constant kE (d-1) and calculated as: 
 

𝑘𝐸 =
𝐺𝐹 ∙ 𝐸𝐷 ∙ 𝐾𝐺𝐵

𝑊𝐵
 (A11) 

 
where GF is the fecal egestion rate (kg fecal matter·kg organism-1·d-1), and KGB is the partition 
coefficient of the chemical between the digesta (i.e., contents of the gastrointestinal tract) and 
the organism. GF is a function of the feeding rate (GD) and the digestibility of the diet, which is 
calculated based on the fractions of lipids, NLOM, and water in the diet and their respective 
absorption efficiencies (Equation A12).  
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𝐺𝐹 = [(1 − 𝜀𝐿) ∙ 𝑣𝐿𝐷 + (1 − 𝜀𝑁) ∙ 𝑣𝑁𝐷 + (1 − 𝜀𝑊) ∙ 𝑣𝑊𝐷] ∙ 𝐺𝐷 
(A12) 

where LD is the lipid content of the diet (kg lipid/kg diet), ND is the NLOM content of the diet 

(kg NLOM/kg diet), WD is the water content of the diet (kg water/kg diet), L is the dietary 

assimilation efficiency of lipids, N is the dietary assimilation efficiency of NLOM, and W is the 

dietary assimilation efficiency of water. The default values of L, N , and W are 0.72, 0.72, and 
0.55, respectively for zooplankton; 0.80, 0.75, and 0.75, respectively for aquatic benthic 
invertebrates, and 0.92, 0.50, and 0.55, respectively for fish species. 
 
KGB expresses the changes in phase partitioning properties that occur as the results of the 
digestion of the diet after ingestion and is calculated as: 
 

𝐾𝐺𝐵 =
(𝑣𝐿𝐺 ∙ 𝐾𝑂𝑊 𝑑𝐿 + 𝑣𝑁𝐺 ∙ 𝛽 ∙ 𝐾𝑂𝑊 𝑑𝑁 +⁄ 𝑣𝑊𝐺 𝑑𝑊⁄⁄ ) ∙ 𝑑𝐺

(𝑣𝐿𝐵 ∙ 𝐾𝑂𝑊 𝑑𝐿 + 𝑣𝑁𝐵 ∙ 𝛽 ∙ 𝐾𝑂𝑊 𝑑𝑁 +⁄ 𝑣𝑊𝐵 𝑑𝑊⁄⁄ ) ∙ 𝑑𝐵
 (A13) 

 

Where LG is the lipid content of the digesta (kg lipid/kg digesta), NG is the NLOM content of the 

digesta (kg NLOM/kg digesta), WG is the water content of the digesta (kg water/kg digesta), dG 
is the density of the digesta (g/mL), and dB is the density of the organism (g/mL). The default 
value is 1.0 g/mL for both dG and dB.  
 

The fractions of LG , NG , and WG are estimated depending on the absorption efficiency for 
each component of the diet and calculated using Equations A14, A15, and A16, respectively. 
 

𝑣𝐿𝐺 =
(1 − 𝜀𝐿) ∙ 𝑣𝐿𝐷

(1 − 𝜀𝐿) ∙ 𝑣𝐿𝐷 + (1 − 𝜀𝑁) ∙ 𝑣𝑁𝐷 + (1 − 𝜀𝑊) ∙ 𝑣𝑊𝐷
 (A14) 

 

𝑣𝑁𝐺 =
(1 − 𝜀𝑁) ∙ 𝑣𝑁𝐷

(1 − 𝜀𝐿) ∙ 𝑣𝐿𝐷 + (1 − 𝜀𝑁) ∙ 𝑣𝑁𝐷 + (1 − 𝜀𝑊) ∙ 𝑣𝑊𝐷
 (A15) 

 

𝑣𝑊𝐺 =
(1 − 𝜀𝑊) ∙ 𝑣𝑊𝐷

(1 − 𝜀𝐿) ∙ 𝑣𝐿𝐷 + (1 − 𝜀𝑁) ∙ 𝑣𝑁𝐷 + (1 − 𝜀𝑊) ∙ 𝑣𝑊𝐷
 (A16) 

 
 
Rate constant for growth dilution (kG) 
 
Growth rates may vary considerably within and among species. For modeling purposes, 
generalized allometric equations are used to estimate the rate constant for growth dilution (kG; 
d-1). For fish, kG is approximated using Equation A17. 
 

𝑘𝐺 = 𝐹𝐺𝑅 ∙ 𝑊𝐵
−0.2 

(A17) 

where FGR is a constant, with a default value of 0.006. For zooplankton and benthic 
invertebrates, kG is approximated using Equation A18. 
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𝑘𝐺 = 𝐼𝐺𝑅 ∙ 𝑊𝐵
−0.2 (A18) 

where IGR is a constant, with a default value of 0.00035.  
 
Rate constant for biotransformation (kM) 
 
The rate at which a parent compound can be eliminated via metabolic transformation is 
represented by the biotransformation rate constant kM (d-1). PCBs are poorly metabolized in 
many species, and it is assumed that kM is negligible in the present study. 
 
Freely dissolved fraction of the total chemical concentration in the overlying water (ɸ) 
 
PCBs are hydrophobic chemicals and have a high affinity for binding to organic matter, such as 
particulate organic carbon (POC) and dissolved organic carbon (DOC) in the water column. 
When bound, PCBs are generally considered unavailable for uptake via diffusion into organisms. 
For a PCB congener, the freely dissolved fraction of the total chemical concentration in the 
overlying water (ɸ, unitless) can be estimated using Equation A19.    
 

𝜙 =
𝐶𝑊𝐷

𝐶𝑊𝑇
=

1

1 + 𝜒𝑃𝑂𝐶 ∙ 𝐷𝑃𝑂𝐶 ∙ 𝛼𝑃𝑂𝐶 ∙ 𝐾𝑂𝑊 + 𝜒𝐷𝑂𝐶 ∙ 𝐷𝐷𝑂𝐶 ∙ 𝛼𝐷𝑂𝐶 ∙ 𝐾𝑂𝑊
 (A19) 

 
where CWD is the freely dissolved concentration (g chemical/L water) of the PCB congener in the 
water column; CWT is the total concentration (g chemical/L water) of the PCB congener in the 

water column; POC is the concentration of POC in water (kg POC/L water); DOC is the 
concentration of DOC in water (kg DOC/L water); DPOC is the disequilibrium factor for POC 

partitioning (unitless); DDOC is the disequilibrium factor for DOC partitioning (unitless); POC is 
the proportionality constant describing the similarity in phase partitioning of POC in relation to 

that of octanol (unitless); and DOC is the proportionality constant describing the similarity in 

phase partitioning of DOC in relation to that of octanol (unitless). The default values of POC and 

DOC are 0.35 and 0.08, respectively. 
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Appendix B. Model parameters 

 
Table B-1. Default values of chemical-specific input parameters, including the logarithm of the 
octanol-water partition coefficient (log KOW), the logarithm of the organic carbon-water 
partition coefficient (log KOC), and the disequilibrium factors for particulate organic carbon 
partitioning (DPOC; unitless) and for dissolved organic carbon partitioning (DDOC; unitless). 
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Table B-2. Diet composition of modeled species in the San Leandro Bay PMU model. 

 
 
 
Table B-3. Representative input values of the body weight (WB), fraction of the respiratory 

ventilation involving sediment-associated porewater (mP), lipid content (LB), non-lipid organic 

matter content (NB), and water content (WB) of modeled species in the San Leandro Bay PMU 
model. 
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Table B-4. Diet composition of modeled species in the Steinberger Slough/Redwood Creek Complex PMU model. 
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Table B-5. Representative input values of the body weight (WB), fraction of the respiratory 

ventilation involving sediment-associated porewater (mP), lipid content (LB), non-lipid organic 

matter content (NB), and water content (WB) of modeled species in the Steinberger 
Slough/Redwood Creek Complex PMU model. 
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Table B-6. Diet composition of modeled species in the Emeryville Crescent PMU model. 
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Table B-7. Representative input values of the body weight (WB), fraction of the respiratory 

ventilation involving sediment-associated porewater (mP), lipid content (LB), non-lipid organic 

matter content (NB), and water content (WB) of modeled species in the Emeryville Crescent 
PMU model. 
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Table B-8. Diet composition of modeled species in the San Francisco Bay model (obtained from Gobas and Arnot 2010). 
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Table B-9. Representative input values of the body weight (WB), fraction of the respiratory 

ventilation involving sediment-associated porewater (mP), lipid content (LB), non-lipid organic 

matter content (NB), and water content (WB) of modeled species in the San Francisco Bay 
model.  
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Appendix C. Supplemental information for model testing 

 

 
 
Figure C-1. Spatial distribution of measured PCB 153 concentrations in topsmelt and sediments 
collected in 2016 at San Leandro Bay. Geometric mean values are presented. 
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PCB Synthesis  
 
Summary/Overview 
 
The Regional Water Board (WB) will be revising the PCBs TMDL for the Bay in 2030. 
The WB has identified a list of information needs to be addressed by July 2028 in order 
to support the revised TMDL.  One of the main items on the list is a synthesis of 
information generated on PCBs in the Bay since the last synthesis was published in 
2014 (Davis et al. 2014).  The WB specified the following topics to be addressed in the 
synthesis: 

1. PCB uses in transformers 
2. PCB concentrations in biota  
3. Water column PCB concentrations 
4. PCB concentrations in sediment 
5. Total mass of PCBs in ambient sediment/coring info 
6. Contaminated sites in the Bay 
7. Atmospheric deposition  
8. Central Valley load 
9. Wastewater inputs 
10. Watershed inputs 
11. Buried sediment / Review of bed erosion/deposition information 
12. Recovery trajectories at the PMU, segment, and whole Bay scale 

 
The work would be done in coordination with WB staff and with close consultation with 
the PCBWG.   
 
Proposed by:  Jay Davis, SFEI 
Estimated Project Cost: $103,000  
Oversight Group(s):  PCBWG 
Time Sensitive? Yes, to inform the upcoming PCBs TMDL revision 
 
Proposed Deliverables and Timeline 
Deliverable  Due Date 

Task 1. Draft report April 2028 
Task 2. Final report July 2028 

 
Budget 

Item Cost 
SFEI Labor  

Project Tasks $98,000 
Project Management  $5,000 

GRAND TOTAL $103,000 

https://www.sfei.org/documents/pcbs-san-francisco-bay-assessment-current-state-knowledge-and-priority-information-gaps?destination=/bibcite/contributor/648
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