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Abstract
The San Francisco Estuary, in central California, has several long-running monitoring programs that have been used to reveal 
human-induced changes throughout the estuary in the last century. Here, we pair synoptic records of particulate organic 
matter (POM) composition from 1990–1996 and 2007–2016 with more robust long-term monitoring program records of 
total suspended sediment (TSS) concentrations generally starting in the mid-1970s to better understand how POM and TSS  
sources and transport have shifted. Specifically, POM C:N ratios and stable isotope values were used as indicators of 
POM source and to separate the bulk POC pool into detrital and phytoplankton components. We found that TSS and 
POC sources have shifted significantly across the estuary in time and space from declines in terrestrial inputs. Landward 
freshwater and brackish water sites, in the Delta and near Suisun Bay, witnessed long-term declines in TSS (32 to 52%), 
while seaward sites, near San Pablo Bay, recorded recent increases in TSS (16 to 121%) that began to trend downwards at  
the end of the record considered. Bulk POM C:N ratios shifted coeval with the TSS concentration changes at nearly all sites, 
with mean declines of 12 to 27% between 1990–1996 and 2007–2016. The widespread declines in bulk POM C:N ratios 
and inferred changes in POC concentrations from TSS trends, along with the substantial declines in upstream TSS supply 
through time (56%), suggest measurable reductions in terrestrial inputs to the system. Changes in terrestrial TSS and POM 
inputs have implications for biotic (e.g., food web dynamics) and abiotic organic matter cycling (e.g., burial, export) along 
the estuarine continuum. This work demonstrates how human-generated environmental changes can propagate spatially and 
temporally through a large river-estuary system. More broadly, we show how underutilized monitoring program datasets can  
be paired with existing (and often imperfect) synoptic records to generate new system insight in lieu of new data collection.
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Introduction

Estuaries are especially susceptible to human impacts due to 
their direct hydrologic connection to both marine and river-
ine systems (Cloern et al. 2016). Particulate organic matter 

(POM), a key component of aquatic food webs in estuaries, 
likely responds to these interacting riverine, marine, and 
anthropogenic drivers. Changes in estuarine POM quantity 
and quality are difficult to detect and track through time, 
however, due in large part to a paucity of long-term monitor-
ing data as well as the inherent biogeochemical and hydro-
logical complexity of these sites that often limits interpreta-
tions to the synoptic windows of which the measurements 
were made in. As a result, key questions remain about how 
estuarine POM responds to different modes of anthropo-
genic alteration, which can propagate through systems as  
changes in organic matter (OM) sources and cycling.

Bulk POM in river deltas and connected coastal estuar-
ies can originate from a complex mixture of sources (e.g., 
phytoplankton, microzooplankton, bacteria, aquatic macro-
phytes, and terrestrial soil/vegetation). The quality of bulk 
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POM, in terms of its nutritional value and preference for 
consumption by higher-level organisms, like zooplankton or 
clams, and thus incorporation into the food web, can range 
considerably, depending on the dominant source (Canuel 
et  al. 1995; Canuel and Hardison 2016; Müller‐Solger 
et al. 2002). For example, allochthonous sources of detritus, 
like terrestrial soil and vegetation, typically comprise a large 
fraction of the bulk POM pool in freshwater systems and  
estuaries, but are thought to be of low nutritional quality, with  
little protein and no polyunsaturated fatty acids that are critical 
for zooplankton metabolism (Hixson et al. 2015). More recent  
work suggests that terrestrial POM may actually be impor-
tant supplementary food sources for estuarine zooplankton  
(Harfmann et al. 2019). In estuarine systems, bulk POM  
typically shifts from such allochthonous dominant contributions  
in low salinity headwaters to autochthonous dominant inputs 
in the brackish waters downstream (Canuel and Hardison 
2016). The autochthonous POM pool is sustained by micro-
bial biomass and phytoplankton primary production, the rela-
tive contribution of which can vary significantly across the 
world’s river deltas and estuaries, though most are classified  
as net heterotrophic (Caffrey 2004; Cloern et al. 2014).

Physical and biogeochemical controls on allochthonous 
and autochthonous OM sources and transformations are com-
plex. As systems connected to rivers and oceans, OM concen-
tration and composition in estuaries reflect the integration of 
a variety of biotic (e.g., microbial degradation, uptake) and 
abiotic (e.g., sorption/desorption, photo oxidation, burial/
re-suspension) processes that imprint and/or alter primary 
source materials (Canuel and Hardison 2016). Annual vari-
ability in freshwater inflow and sub-seasonal variability in 
event flow from rainfall/snowmelt can drastically alter (1) 
sediment and associated OM inputs for systems downstream, 
like estuaries, and (2) the residence time of water, which 
impacts estuarine OM transport and cycling (Middelburg and 
Herman 2007). Other physical controls on transport, like tidal 
currents and wind-wave resuspension, become increasingly 
important as systems transition along the river to the estuary 
continuum (Barnard et al. 2013). Similarly, processes that 
affect internal OM generation and degradation, like primary 
productivity and respiration, can be affected by a range of 
physicochemical factors (e.g., turbidity, nutrient availabil-
ity, temperature, oxygenation), many of which have been 
altered by human activities (Cloern and Jassby 2012; Jaffe 
et al. 2007). Here, we leverage multiple existing datasets to 
examine how sediment supply and related POM quantity and 
quality have shifted over the course of nearly half a century 
along a roughly 160-km stretch of the human-impacted San 
Francisco Estuary (SFE) that spans from fresh river waters 
(an area encompassing the Sacramento-San Joaquin Delta, 
hereafter “the Delta”) to near marine bay waters (San Fran-
cisco Bay, hereafter “SF Bay”). The datasets, which are at dif-
ferent sampling frequencies and temporal resolution, provide 

insight and supporting evidence for long-term environmen-
tal change. We highlight this feature to emphasize (1) the 
importance of examining similar imperfect and underutilized 
existing datasets in other systems in lieu of new data collec-
tion where appropriate, and (2) to support analysis of new 
datasets that may lack historical context.

Modern day declines in phytoplankton primary productiv-
ity in the SFE place this system in the bottom half of global 
estuaries with respect to primary production levels (Cloern 
et al. 2014). Recent estimates suggest related microalgae 
and marsh plant contributions to net primary productivity, 
once the dominant primary producer groups in the Delta, 
have decreased significantly since the 1800s due to expan-
sive wetland habitat loss (Cloern et al. 2021). Widespread 
growth of aquatic plants, many of which are invasive, have 
also helped to shift the relative importance of different pri-
mary producer groups in the freshwater portions of the SFE 
(Ta et al. 2017). Declines in phytoplankton production affect 
in situ and downstream autochthonous POM supply. Less is 
known about how the allochthonous POM supply has shifted 
in the SFE, though the relationship between this pool and 
total suspended sediment (TSS) supply suggests that similar 
declines have occurred. As few long-term records of POM 
quality and quantity exist for systems spanning freshwater-
estuarine gradients, proxies for POM that share similar 
transport and mobilization pathways, like TSS, can be use-
ful for general inferences. TSS and POC concentrations are 
broadly and generally strongly positively correlated in the 
SFE (Hernes et al. 2020), even amongst historical data from 
several decades ago (Cloern et al. 1993).

Sediment supply in the SFE has drastically changed in 
the past century (Barnard et al. 2013). While TSS inputs 
from large rivers in the Delta once accounted for the major-
ity of SF Bay sediment loads, McKee et al. (2013) found  
that TSS loads in the SFE are now commonly dominated 
by tributary inputs from small watersheds downstream of 
the Delta. This shift from large to small river dominance 
is thought to be tied to the exhaustion of the sediment sup-
ply produced from hydraulic mining during the Gold Rush 
as well as enhanced sediment retention by flood control 
bypasses, riverbank armoring, and upstream dams on the 
larger rivers that drain into the Delta (Schoellhamer 2011). 
As a result, TSS concentrations in the Sacramento River, 
the largest freshwater source in this system, have declined 
by roughly 50% between the 1950s and early 2000s (Wright 
and Schoellhamer 2004). Sediment deposition rates in 
the Delta are also thought to have declined (Canuel et al.  
2009). These long-term decreases in upstream TSS 
inputs are likely reflected in changes in POM dynamics 
in the SFE due to similarities in sourcing and transport  
mechanisms.

More recent synoptic work suggests that bulk POM  
quality in this system has shifted. Hernes et al. (2020) found  
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evidence of lower bulk POM C:N ratios at present when 
comparing to synoptic historical data in the north SF Bay. 
Shifts in C:N ratios hint at larger-scale changes in sources and 
biological and/or physical processes. To build on this recent 
work, we leverage both historical and modern POM data and 
pair it with existing records of related water quality param-
eters, with a focus on TSS, to examine how POM sources 
have shifted across time and space in the SFE (Fig. 1).

Study Area

Sacramento‑San Joaquin Delta

The Delta drains nearly 40% of California’s land area, 
with the Sacramento and San Joaquin rivers accounting for 
most of the freshwater entering this system. Nearly 70%  
of all sediment entering the Delta is deposited before 
reaching the SF Bay (Wright and Schoellhamer 2005). 
Sediment delivery is often driven by episodic events dur-
ing the rainy season. Wright and Schoellhamer (2005) 
found that roughly 80% of sediment is delivered during 
about 3 months of the year.

San Francisco Bay

Suspended sediment dynamics are spatially variable within 
the four different subembayments (Suisun Bay, San Pablo Bay, 
Central Bay and South Bay) of the San Francisco Bay. Complex 

seaward and landward controls can lead to net erosional or 
depositional microenvironments across the subembayments. 
In dry water years (a water year is defined as the period  
from October 1 to September 30 and named for the calendar 
year in which it ends) with low discharge from the Delta’s 
large rivers, sediment is imported from both land- and sea-
ward boundaries in Suisun Bay, leading to net deposition of  
sediment (Schoellhamer 2011). This cross-source sediment 
supply is important to emphasize as it directly relates to  
the POM supply. Only a fraction of the suspended sediment  
supply entering the Delta is estimated to remain entrained 
and enter Suisun Bay (Wright and Schoellhamer 2005). San  
Pablo Bay is just downstream of Suisun Bay; thus, it has a 
stronger hydrologic connection to the marine environment 
and is more saline. Both Suisun and San Pablo Bays have  
a narrow deep-water navigation channel that runs through 
them, with shallower fringing marsh and wetland environ-
ments surrounding large regions of the shoreline. San Pablo 
Bay commonly supplies sediment to the landward Carquinez 
Strait, mostly during low-flow months when freshwater 
outflow is limited, and tidal forcing controls the direction 
of total water flux. The Central Bay connects the SFE to 
the ocean and is a near marine environment with hardened 
shorelines and several deep-water shipping channels running  
through it.

Temporal and spatial controls on TSS in the four subem-
bayments are complex. Sediment loads from small tributar-
ies that drain into the SF Bay, without passing through the 
Delta, are now just as important to SF Bay sediment budg-
ets as upstream sediment inputs from the Delta. Similar to 

Fig. 1   Study area showing 
the Sacramento-San Joaquin 
Delta and different embay-
ments of the San Francisco Bay 
(Suisun Bay, San Pablo Bay, 
Central Bay, and South Bay). 
The California Department of 
Water Resources Interagency 
Ecological Program’s Environ-
mental Monitoring Program 
(DWR IEP EMP) sites used in 
this study are shown as blue 
triangles. The U.S. Geological 
Survey’s San Francisco Bay 
Regional Monitoring Program 
(USGS SFB RMP) sites used in 
this study are shown as purple 
circles. The USGS Station 
11447650 (Sacramento River 
at Freeport) gage site is shown 
as a green square. Water depth 
is qualitatively shown as grey 
(shallower) to white (deeper) 
shading for reference
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sediment dynamics in the Delta, large pulses of sediment 
during the winter rainy season dominate the sediment sup-
ply. McKee et al. (2006) show that more than 40% of the 
annual sediment load of the SF Bay can be delivered over 
the course of just seven days during exceptionally wet years, 
though this response may be dampening based on the more 
recently documented declines in SF Bay TSS concentrations 
(Schoellhamer 2011). In addition to inputs from rivers, physi-
cal controls on transport shift along the freshwater-estuarine 
continuum. While sediment dynamics at freshwater sites are 
primarily controlled by freshwater inflow, a range of vari-
ables, that include processes like tidal pumping and wind-
wave resuspension, gain importance with increasing proxim-
ity to the marine environment.

Methods

Data Sources

Two existing inter-agency long-term monitoring program 
datasets were used to examine how POM and related water 
quality variables (primarily TSS) in the SFE have shifted: (1) 
the U.S. Geological Survey’s San Francisco Bay Research 
and Monitoring Project (SFB RMP) (data availability and 
methods summarized by Schraga and Cloern (2017)) and (2) 
the Interagency Ecological Program Environmental Moni-
toring Program (IEP EMP) (see https://​iep.​ca.​gov/​Scien​ce-​
Synth​esis-​Servi​ce/​Monit​oring-​Progr​ams/​EMP).

POM stable isotope data, which were collected in con-
junction with the SFB RMP at irregular intervals during 
several water years (2007, 2008, 2011, 2012, 2013, 2014, 
2015, and 2016) were also used. For insight into historical 
POM quality, we compiled POM stable isotope data and 
select associated sterol concentrations from these cruises in 
the early 1990s as published in Canuel et al. (1995); stable 
isotope data spanned six dates across the 1990, 1991, and 
1992 water years, and sterol concentrations were only avail-
able for one sampling event in March 1991. Additional his-
torical records, from many of these same sites, were pulled 
from Murrell et al. (1999) where data irregularly covered 
April through October of 1996.

For all the SFB RMP datasets, we focused on sites in the  
Delta and north SF Bay where both POM stable isotope  
data and complimentary nutrient/other water quality param-
eter data were available: PO-657, PO-653, PO-3, PO-6, PO-9,  
PO-13, PO-15, and PO-18 (Fig. 1). Additionally, as not all 
sites had data available for the historical period, we used 
neighboring sites (for ex., PO-4, PO-8, etc.) to improve our 
historical database. POC concentrations for the modern 
POM dataset were calculated from TSS concentrations using 
the regression equation from Hernes et al. (2020). We first 

ground-truthed these estimates with historical POC concen-
tration data from Cloern et al. (1993); POC concentrations 
were only slightly underestimated (POCactual = 1.16*POCest, 
R2 = 0.79). We also used this regression to compare pre-
dicted POC to actual PC concentrations from a more 
recent unpublished SF RMP dataset (2016 to 2020, n = 78) 
from several of the same sites considered herein (PO-657, 
PO-649, PO-6, PO-13, PO-18); predicted concentrations 
lined up well with actual PC data (PCactual = 1.01*POCest, 
R2 = 0.87). These comparisons show that the regression 
used is a relatively robust predictor of POC concentrations 
across the times and locations considered in the north SF  
Bay and Delta.

Due to the non-continuous nature of early records from 
the SFB RMP, we complemented the SFB RMP data with 
IEP EMP data. We focus on IEP EMP sites C3/3a, D4, D6, 
D7, D8, and D41, which generally cover the same regions  
of the SFE as the SFB RMP transects (Fig. 1). The IEP EMP 
has more complete historical records of water quality that 
started in 1975 to 1980, and, as such, we used the IEP EMP 
data to provide important long-term context for the synoptic 
POM datasets.

Assessing Long‑Term Changes in Riverine TSS 
Concentrations and Fluxes

For insight into long-term changes in riverine TSS dynam-
ics, we analyzed flow and TSS data from U.S. Geological 
Survey Station 11447650 (Sacramento River at Freeport) 
using the Weighted Regressions on Time, Discharge, and 
Season (WRTDS) model (Hirsch et  al. 2010). TSS and  
daily flow data were examined from 1956 to 2020. TSS  
samples were collected generally daily starting in 1962. 
Prior to 1962, samples  were collected between 3 to 31 times 
every month. WRTDS is commonly used to evaluate long-
term changes in concentrations and fluxes of water qual-
ity parameters of interest. In the absence of high-frequency 
water quality data, WRTDS offers methodical advantages 
over more traditional models, like LOADEST, that can 
improve flux estimates (Moyer et al. 2012). Model fit, based  
on the flux bias statistic (FBS) defined as:

where meanpred, which is the mean of the predicted flux, and 
meanobs, which is the mean of the observed flux, was −0.085. 
Hirsch (2014) considers acceptable FBS values of ± 0.100. 
WRTDS produces estimates of TSS concentrations and 
fluxes as well as flow-normalized TSS concentrations and 
fluxes. Flow-normalized TSS concentrations and fluxes 
remove the temporal influence of discharge and are further 
described in Hirsch et al. (2010).

FBS = (meanpred − meanobs)∕meanobs

https://iep.ca.gov/Science-Synthesis-Service/Monitoring-Programs/EMP
https://iep.ca.gov/Science-Synthesis-Service/Monitoring-Programs/EMP
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Calculations for Separating the Bulk POC Pool 
into Phytoplankton and Detrital Components

Bulk POC concentrations, POM C:N molar (C:N)m, ratios, 
and δ13C-POC values were partitioned into detrital and phy-
toplankton components by leveraging existing data. We esti-
mated phytoplankton carbon biomass by assuming a C:Chl. 
a ratio of 35, like other studies in this system (Cloern et al. 
1995; Hernes et al. 2020; Sobczak et al. 2005). Phytoplankton 
signatures were removed from the bulk POM C:N pool by 
assuming that phytoplankton C:N ratios were 6.6 for data with 
salinities below 5 and 6 when salinities were above 5 based 
on phytoplankton C:N data from Cloern et al. (2002). Detrital 
C:N ratios were then solved for using a simple mass balance:

δ13C-phytoplankton values were estimated from δ13C-POC 
values using coeval dissolved inorganic carbon (DIC) stable 
isotope data. First, we used seasonal relationships between 
salinity (S) and δ13C-DIC values to predict δ13C-DIC val-
ues for any missing time periods (summer, 0.27·S-9.2, 
R2 = 0.94; fall, 0.27·S-10.1, R2 = 0.68; winter, 0.30·S-10.4, 
R2 = 0.90; spring, 0.32·S-10.3, R2 = 0.94); salinity and δ13C-
DIC values in this system are generally closely correlated 
as salinity is a relative proxy for freshwater versus marine 
inorganic carbon sources, which have distinct endmember 
values. We approximated an enrichment factor for phyto-
plankton C fixation using historical δ13C-phytoplankton 
data for freshwater (−28.4 ± 1.2‰) and estuarine-marine 
(−21.5 ± 2.9‰) phytoplankton from Cloern et al. (2002) 
in conjunction with δ13C-DIC values from this study. For 
freshwater dominant sites, we averaged the DIC data from 
this study that overlapped with the freshwater transect from 
Cloern et al. (2002); the mean δ13C-DIC value across the 
four overlapping sites (PO-657, PO-649, PO-3, and PO-6) 
was −8.8 ± 1.6‰. Since limited DIC data was available 
for the more brackish and marine water region where the 
estuarine-marine phytoplankton samples were collected, we 
assumed the marine δ13C-DIC value was close to −1.5‰ to 
reference to the estuarine-marine phytoplankton data. Based 
on differences between δ13C-DIC and δ13C-phytoplankton 
values discussed above, we assumed an approximate enrich-
ment factor of −20‰ to represent C uptake by phytoplank-
ton. Then, using the enrichment factor of −20‰, we were 
able to estimate δ13C-phytoplankton (δ13Cphyto) values. With 
δ13C-phytoplankton values and bulk δ13C-POC values, δ13C-
detritus values were solved for simply via mass balance:

C∶Ndetritus = ((POCbulk ⋅ C∶Nbulk)−(POCphyto ⋅ C∶Nphyto))∕

(POCdetritus)

�
13Cdetritus = ((POCbulk ⋅ �

13Cbulk)−(POCphyto ⋅ �
13Cphyto))∕

(POCdetritus)

Data Processing and Analysis

Statistical analyses were performed using the wql package 
in R (Jassby and Cloern 2010). Mann–Kendall tests were 
performed on annualized IEP EMP time series data, and 
Seasonal Kendall tests were performed on monthly IEP 
EMP time series data. These tests measure trends of change 
over time, and both scales can provide useful information 
about long-term change. We also examined decadal-scale 
oscillations in IEP EMP time series data using rolling Sea-
sonal Kendall tests in wql package, which can be useful for 
examining cycles of trends that stretch beyond single-year 
increments (Cloern 2019).

Results

Long‑Term Changes in Riverine TSS Exports

TSS concentrations and f luxes declined over the 
past ~ 70 years (Fig. 2, Table 1). While some of the change 
was driven by hydrologic variability across water years, 
as evidenced by the TSS concentration shifts across dec-
ades, flow-normalized TSS concentrations showed similar 
declines of 55%. Mean flow normalized TSS concentrations 
decreased from 86.8 ± 6.3 mg L−1 in the 10-yr window of 
1956–1965 to 38.4 ± 4.8  mg L−1 between 2006–2020.  
Both TSS fluxes and flow normalized TSS fluxes also declined,  
by close to 57%, since the first records began at this site in 
1956–1965.

Spatial and Temporal Changes in Estuarine TSS

Since 1975, TSS concentrations have measurably shifted 
across the SFE. Fresh- and mid-salinity sites experi-
enced declines in TSS, while more western marine sites  
recorded recent increases in TSS (Figs.  3 and 4).  
In the northeastern region of the SFE, at the freshwater 
site (C3/C3a), decadal mean TSS concentrations decreased 
from 27.5 to 18.6 mg L−1 across the binned decades span-
ning 1975–2020 (Table 2). Trend tests showed statisti-
cally significant trends in TSS (p < 0.06) on the annualized 
time series data at C3 (Table 3), and both seasonal means 
across decades and annual trends indicated declines. 
Downstream sites in low- to mid-salinity zones (D4, D7, 
and D8) also showed declines in decadal mean TSS con-
centrations, with absolute declines of over 20 mg L−1 that 
equated to a reduction of 32 to 52% over the time periods 
of 1975–1985 to 2005–2020. These changes were sup-
ported by trend tests, which showed statistically significant 
annual declines of 0.44 to 0.57 mg L−1 at sites D4, D7, 
and D8 (p < 0.05, Table 2). Downstream of these sites, at 
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D6 and D41 in the Carquinez Strait and San Pablo Bay, 
trends in decadal mean TSS concentrations reversed in 
direction and increased by 4 and 13.5 mg L−1 in absolute 
terms or roughly 16 to 121%, respectively. These increases 
equated to statistically significant annual TSS increases of 
0.24 to 0.44 mg L−1 per year (p < 0.05), though the largest 
period of increase appeared to be relatively recent, from 
2006–2020.

Changes through time and space were not static across 
months or years. Seasonal means by decade, along with 
seasonal trend analyses, provided additional insight into 

periods of the year seeing the greatest changes in space and 
time. Seasonal mean TSS concentrations declined the most 
during winter at the more freshwater sites, C3/3A and D4 
(Table 2). For other regions of the SFE, spring, summer, and 
fall months generally showed the greatest absolute change, 
during which TSS concentrations declined at freshwater 
and brackish sites (D4, D8, and D7) and increased at more 
marine sites (D6, D41) (Table 2). Seasonal Kendall tests 
also showed that summer periods accounted for some of the 
greatest periods of change across sites in the low to mid-
salinity zones (D4, D7, and D8) (Fig. 5a). Decadal trends 
oscillated across the period of record at each site, with some 
overall spatial consistencies in direction but not magnitude, 
aside from the freshwater site (C3/3A) which was slightly 
decoupled from downstream dynamics (Fig. 5b).

Spatial and Temporal Changes in Estuarine POM

Mean annual bulk POC concentrations and mean bulk POM 
C:N ratios from 1990 to 1992 across all sites ranged between 
0.51 to 1.39 mg L−1 and 8.7 to 12.8, respectively (Fig. 6, 
Table 4). Detrital POC dominated the bulk POC pool, com-
prising 71 to 92% of bulk POC on average. The remaining frac-
tions, 8.3 to 28.6%, were accounted for by organic carbon (OC) 
that originated from phytoplankton. Mean δ13C-detritrus and 
δ13C-phytoplankton values followed a salinity gradient, with 
lowest values at the freshest sites and highest values at more 
marine sites. Mean bulk POC, POM C:N ratios, and detrital 
POC contributions were all highest at low to mid-salinity sites 
(PO-657 to PO-6) and declined across the transect seaward.

Between 2007 and 2016, mean annual bulk POC concen-
trations ranged between 0.44 to 0.89 mg L−1, and bulk POM 
C:N ratios averaged 7.7 to 9.6 across all sites (Table 4). 
Relative to data available from the 1990 to 1996 period, 
annual bulk POM C:N ratios declined, on average, by 12 
to 27%. Annually, mean detrital POC contributions com-
prised around 54 to 84% of the modern bulk POC pool, 
with phytoplankton OC contributions increasing in rela-
tive importance compared to 1990 to 1996. While phyto-
plankton OC became a larger component of the bulk POC 

1956 1966 1976 1986 1996 2006 2016

 
 

Fig. 2   Long-term changes in (a)  TSS concentrations and (b) TSS 
fluxes at the Sacramento River at Freeport (USGS Station 11447650). 
Colored lines show annual absolute concentrations or fluxes. Black 
lines and circular markers indicate (a) flow-normalized TSS concen-
trations, and (b) flow-normalized TSS fluxes

Table 1   WRTDS model results 
showing the mean and standard 
deviation of TSS concentrations 
and fluxes in the Sacramento 
River at Freeport (USGS 
Station 11447650) through time

Discharge (cfs) TSS (mg L−1) Flow normalized 
TSS (mg L−1)

TSS Flux 
(Gg yr−1)

Flow normalized 
TSS Flux  
(Gg yr−1)

1957 to 1965 21,170±7390 79.4±25.4 86.8±6.3 2400±1600 2880±190
1966 to 1975 27,740±7900 72.7±15.8 60.6±5.0 2530±1220 1930±200
1976 to 1985 24,380±12400 53.5±19.3 51.4±7.2 1840±1450 1670±210
1986 to 1995 18,280±9000 36.5±17.7 50.7±3.9 1110±1160 1830±190
1996 to 2005 26,020±7140 49.7±12.6 43.6±2.6 1770±860 1490±80
2006 to 2020 20,280±9940 34.8±15.2 38.4±4.8 1030±1020 1230±120
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pool, in absolute terms, the change was driven by declines 
in detrital components as phytoplankton OC only changed 
slightly over this period. Detrital POM C:N ratios declined 

substantially as well, with declines greatest (up to 37%)  
at sites closest to the Delta and its confluence with Suisun  
Bay.

Fig. 3   Monthly TSS time series 
data for sites (C3/3A, D4, D8, 
D7, D6, and D41) from the 
California Department of Water 
Resources Interagency Ecologi-
cal Program’s Environmental 
Monitoring Program (DWR IEP 
EMP)
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Discussion

TSS Shifts in the Estuary

Suspended sediment dynamics in the SF Bay and Delta have 
changed measurably through time and space (Barnard et al. 
2013). Between 1957 and 2020, annual TSS fluxes and annual 
flow normalized TSS fluxes in the Sacramento River, the 
major freshwater input to the Delta and downstream SF Bay, 
saw 56% reductions (Table 1). These reductions are in line 
with previous work that indicated a 50% decline in sediment 
supply from the Sacramento River from 1957 to 2001 (Wright 
and Schoellhamer 2004). Natural variability in flow could 
not account for the large reductions in TSS concentrations as 
evidenced by mean annual flow normalized TSS concentra-
tions, which have steadily declined, from 86.8 ± 6.3 mg L−1 
to 38.4 ± 4.8 mg L−1, since records began in the late 1950s. 
Declines in TSS in the eastern regions of the SFE and in the 
Delta are not surprising given recent studies, which show 
decreases in both sediment supply from the Delta’s large riv-
ers and in the overall pool of erodible sediment in the SF Bay 
(Jaffe et al. 1998; Wright and Schoellhamer 2004).

Historically, sediment pulses associated with hydraulic 
mining in the mid-1800s to early 1900s helped build up 
the erodible sediment pool by increasing sediment volume 
by over 300 million cubic meters between 1856 and 1922 
(Ganju et al. 2008; Jaffe et al. 1998). The SF Bay region 

broadly changed from net accretional to net erosional likely 
between 1950 and 1980 as mining was largely phased out 
and new State Water Projects for flow diversions were imple-
mented (Jaffe et al. 1998). More recent work further suggests 
that the SF Bay bed sediment pool has been exhausted, driv-
ing abrupt declines in modern SFE TSS concentrations and 
sedimentation rates (Jaffe et al. 1998; Schoellhamer 2011). 
Schoellhamer (2011) calculated declines of roughly 27 to 
53% in TSS concentrations in the SF Bay between the 1990s 
and early 2000s. Our results suggest declines of 14 to 35% 
when binned across the same time periods at comparable 
sites (D4, D6, and D41) (Table S1). While estimates from 
D4 and D6 were relatively similar, site D41 showed large 
differences in the magnitude of change (14 versus 53%). 
The discrepancy in the magnitude of change at D41 may 
be a result of differences in site location, sampling depth, 
and data density, as our study uses roughly monthly data 
collected from the near surface (rather than 15-min resolu-
tion at mid-depth) and is in an upstream portion of the main 
channel that is shallower. The abrupt declines are thought to 
be from extreme precipitation events during select El Niño 
water years (1983, 1997, 1998, 2006), which helped flush the 
remaining erodible sediment pool downstream (Hestir et al. 
2013; Schoellhamer et al. 2018). The washout and insuf-
ficient replenishment of bed sediment have converted the 
SF Bay region of the SFE from transport to supply regula-
tion (Schoellhamer 2011). This crossover increases system 

Fig. 4   Contour plots of (a) TSS and (b) specific conductance (Sp. Cond.) 
for sites (C3/3A, D4, D8, D6, and D41) from the California Department 
of Water Resources Interagency Ecological Program’s Environmental 

Monitoring Program (DWR IEP EMP). Site locations are indicated by 
semi-transparent lines on each plot, with the y-axis minimum starting 
(negative) at site D41 and ending (positive) with Site C3/3A
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Table 2   Mean (and standard 
deviation, 'SD') TSS 
concentrations at DWR IEP 
monitoring sites. Data was 
binned into four generally 
decadal periods. Annual 
averages were taken as the mean 
of the seasonal values

TSS (mg L−1)

Station Season 1975 to 1985 1986 to 1995 1996 to 2005 2006 to 2020

C3/3A Fall Mean 25.7 9.5 21.4 13.1
SD 38.9 12.1 36.7 25.3

Winter Mean 46.8 44.9 39.8 30.4
SD 49.0 54.4 29.1 36.0

Spring Mean 22.9 14.4 20.8 18.7
SD 24.6 13.1 19.6 13.0

Summer Mean 14.8 12.8 11.7 12.5
SD 6.1 6.2 3.5 8.1

Annual Mean 27.5 20.4 23.4 18.7
SD 13.6 16.4 11.8 8.3

D4 Fall Mean 40.3 20.6 36.3 20.5
SD 25.3 11.7 51.0 17.3

Winter Mean 55.2 36.6 39.8 24.1
SD 87.9 27.7 55.4 14.1

Spring Mean 44.9 32.2 30.3 23.4
SD 22.6 12.2 13.8 14.9

Summer Mean 46.9 34.3 29.4 21.3
SD 23.6 17.7 11.0 9.5

Annual Mean 46.8 30.9 34.0 22.3
SD 6.2 7.1 5.0 1.7

D8 Fall Mean 42.1 24.6 40.1 24.4
SD 24.2 16.1 38.3 12.7

Winter Mean 47.1 37.2 34.9 24.8
SD 63.5 24.0 19.9 12.8

Spring Mean 48.9 34.4 38.4 24.4
SD 25.7 16.9 22.1 12.5

Summer Mean 46.7 37.0 34.2 19.1
SD 30.0 18.8 16.3 7.2

Annual Mean 46.2 33.3 36.9 23.2
SD 2.9 6.0 2.8 2.7

D7 Fall Mean 71.5 38.4 39.8 37.4
SD 51.2 23.1 20.8 23.2

Winter Mean 50.8 43.7 52.2 45.1
SD 37.6 36.6 39.3 26.8

Spring Mean 67.9 44.2 49.3 49.6
SD 38.7 19.8 26.2 27.8

Summer Mean 76.8 65.8 63.7 50.0
SD 55.0 40.9 42.5 40.8

Annual Mean 66.8 48.0 51.2 45.5
SD 11.3 12.1 9.9 5.9

D6 Fall Mean 20.3 18.4 26.6 23.0
SD 15.1 10.9 18.2 9.2

Winter Mean 37.7 27.0 33.9 30.5
SD 36.0 15.1 26.2 19.9

Spring Mean 26.6 22.0 25.4 32.5
SD 23.3 10.4 13.0 16.0

Summer Mean 15.0 23.6 21.1 29.7
SD 10.1 13.3 6.6 16.5

Annual Mean 24.9 22.8 26.7 28.9
SD 9.8 3.6 5.3 4.1
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reliance on upstream inputs from rivers. The upstream por-
tion of the SFE, the Delta, is still considered net deposi-
tional, as this area is the first large-scale depositional envi-
ronment major rivers encounter in the region; thus, sediment 
supply from the rivers influences the magnitude of the rate 
of deposition in this area only (Wright and Schoellhamer 
2005).

This system switchover in the SF Bay region likely explains 
why mid-salinity sites (D4, D7, and D8) downstream of 
the Delta also recorded widespread reductions in TSS  
concentrations, on the order of 32 to 52%, with declines 
greatest in summer months but still pronounced through all 
seasons. The increased reliance on upstream TSS coupled  
with long-term reductions in riverine TSS inputs through  
time ultimately act together to limit material available for  
re-suspension, transport, and cycling internal to the system. 
Additionally, since function is governed by supply, there is  
a greater dependency on water year variability. In the past,  
shortcomings in riverine TSS exports during dry years could 
likely be masked by bed supply and transport regulated. The 
widespread expansion of invasive submerged aquatic vegeta-
tion (SAV) in the Delta may also be contributing to changes  
in Delta TSS concentrations, as SAV has been shown to trap 

sediment and reduce turbidity (Greenfield et al. 2007; Hestir 
et al. 2016).

While over long-time scales, many parts of SF Bay are 
net erosional, dry water years with low freshwater discharge 
can favor gravitational circulation and help shift the sedi-
ment balance towards net deposition. Landward TSS fluxes 
dominated low discharge years between 2002 and 2016 at 
Benicia Bridge in Suisun Bay; this allowed for net deposi-
tion to occur as sediment was imported from both the land-
ward and seaward boundaries (Schoellhamer et al. 2018).

The spatial context of TSS inputs has also shifted as 
the major riverine sediment sources to the SFE migrated 

Table 2   (continued) TSS (mg L−1)

Station Season 1975 to 1985 1986 to 1995 1996 to 2005 2006 to 2020

D41 Fall Mean 10.2 12.8 12.4 22.8
SD 4.7 10.1 8.8 13.5

Winter Mean 17.7 13.9 15.5 21.9
SD 13.7 9.1 10.1 11.5

Spring Mean 8.7 14.1 11.7 26.4
SD 7.7 8.6 6.5 16.0

Summer Mean 7.8 13.2 12.1 27.1
SD 3.9 9.8 8.5 18.2

Annual Mean 11.1 13.5 12.9 24.5
SD 4.5 0.6 1.8 2.6

Table 3   Sen’s slope values from annualized Mann–Kendall tests for 
specific conductivity (Sp. Cond.), TSS, and Chl. a at DWR IEP sites. 
Significance at p < 0.10 is indicated by an asterisk (*) and p < 0.05 is 
indicated by double asterisks (**)

Site Sp. Cond.  
(µs cm−1 yr−1)

TSS  
(mg L−1 yr−1)

Chl. a  
(µg L−1 yr−1)

C3/3A −0.10 −0.24* 0.00
D4 42 −0.52** −0.06**
D8 27 −0.57** −0.07**
D7 72 −0.44** −0.07**
D6 16 0.24** −0.04**
D41 112 0.44** −0.02**

Fig. 5   Long-term changes in total suspended sediment (ΔTSS) con-
centrations by a month, and b 10-year rolling windows of change. 
Data from the California Department of Water Resources Interagency 
Ecological Program’s Environmental Monitoring Program (DWR IEP 
EMP)
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seaward. SF Bay tributaries dominated sediment supply to 
the SFE in 10 out of 16 years analyzed between water years 
1995 to 2010, and although these tributaries contribute just 
7% of freshwater discharge, they accounted for over 60% 
of TSS inputs to the SF Bay (McKee et al. 2013). Further, 
a majority of TSS enters the SFE during the winter rainy 
season (Wright and Schoellhamer 2005), when hydrologic 
conditions shift to include flow paths that facilitate increased 
material transport and supply from terrestrial sources. 
Results from this study show substantial long-term declines 
of 52% (72 mg L−1) and 56% (3560 Gg yr−1) in upstream 
Sacramento River flow normalized TSS concentrations and 
fluxes during the winter, respectively (Fig. S1). Mean aver-
ages for fresh and brackish water sites across seasons and 
binned decades similarly show that TSS concentrations 

declined substantially during these time periods. Such 
declines provide important temporal and spatial context for 
observed changes in the POM pool. As TSS inputs during 
the winter have declined across the most freshwater-influ-
enced sites, it follows that autochthonous POM supply has 
also been impacted as these sources are mobilized through 
many of the same runoff generation mechanisms.

In contrast, at the North Bay sites (D6, D41), TSS con-
centrations have increased since the IEP EMP monitor-
ing program began in 1975 to 1980, though the period of 
increase was relatively recent, during the last two decades, 
and greatest in the spring and summer months. Seasonal 
cycles in sediment dynamics are common in San Pablo Bay 
(Krone 1979; Schoellhamer et al. 2008). Like Suisun Bay, 
a large fraction of sediment enters during periods of high 

Fig. 6   Box and whisker plots of 
a POC concentrations, b detrital 
POC as a percentage of the total 
POC pool, and c phytoplankton 
POC as a percentage of the total 
POC pool. Boxes represent the 
bounds of the middle quar-
tiles, and black lines represent 
median values. Blue lines show 
mean values. Whiskers show 
the bounds of the outer quartiles 
(5th and 95th) of the data

(a)

(b)

(c)
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winter and spring freshwater flow, and wind-driven waves 
help resuspend this material for tidal transport later, during 
the spring and summer months. While wind waves typically 
help drive summer TSS increases in these regions, recent 
work has shown that wind speed is declining in some areas 
of the SF Bay (Bever et al. 2018), and the persistence of 
the increase through seasons suggests wind-wave resuspen-
sion is likely not the main driver of change. The recent rise 
may instead be a function of changes in sediment properties 
and balances in the different embayments, the propagation of 
long-term upstream change in TSS exports moving through 
the system, and/or longer periods of influence, like climate 
cycles, that can broadly influence regional supply. Recent 
work suggests that San Pablo Bay is net erosional, though, 
at smaller spatial scales, some areas appear to be accreting 
(Jaffe et al. 2007). Eleven of the fifteen 2006–2020 water 
years were also below normal, dry, or critical, and the start 
of the steeper increase appeared to initiate close to a dry 
water year (2007) and two back-to-back critical water years 
(2008 to 2009) (Fig. S2). In the South Bay, increases in TSS 
can be shoal sourced during dry water years from changes 
in cross-channel density gradients (Livsey et al. 2021). Past 
work has also found that large-scale climate systems, like 
the Pacific Decadal Oscillation (PDO), can control estu-
ary dynamics (Cloern et al. 2010). The recent rise at these 
sites appears to be shifting downward towards the end of 
the records, starting around water year 2018 (following  
the wet water year of 2017). More work is needed to under-
stand the causal factors driving both the relatively rapid 
increase and subsequent decline in TSS at these locations 
(Figs. 3 and 5b).

Changes in Estuarine POM Quality and Quantity

The reductions in TSS at low to mid-salinity sites, which 
typically demarcate the turbidity maximum zone, are also 
largely reflected in changes observed within the POM pool. 
Bulk and detrital POC concentrations and C:N ratios gener-
ally declined from historic to modern times, and the declines 
were often greatest at eastern low- and mid-salinity regions 
of the SFE. Ranges in δ13C-POC and δ13C-detritus values 
did not show any substantial changes. 13C/12C of DIC drives 
trends in bulk δ13C-POC values in this system as spatial 
gradients in DIC sources incorporated into primary produc-
ers change as the system moves from freshwater to marine 
waters. This spatial gradient is so large that it generally 
masks any 13C/12C signatures of specific primary producer 
groups in spatial comparisons apart from C4 plants (e.g., 
grasses), which are frequently isotopically distinct due to 
small fractionation factors relative to C3 plants (Deines 
1980; Kendall and McDonnell 2012).

Changes to bulk POM C:N ratios can almost exclusively 
be attributed to shifts in detrital C:N ratios rather than Ta
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changes in phytoplankton abundance, with high C:N mate-
rial contributions to the system declining over the past three 
decades (and likely as far as back as the first documented 
declines in riverine TSS supply beginning in the mid-1900s). 
Terrestrial plants and soil OM are characterized by high C:N 
ratios relative to plankton, which typically approach the Red-
field ratio (Finlay and Kendall 2007). In this system, past 
work has shown mean C:N ratios for terrestrial plant spe-
cies range between ~ 16 and 40 (Cloern et al. 2002), and this 
range is consistent with estimates from other large water-
sheds (Kendall et al. 2001). Soil OM is typically slightly 
lower in range, between 8 and 15, but can have higher C:N 
ratios depending on land use and geographic region as soil 
characteristics (e.g., temperature, OM quantity/quality) 
influence degradation processes that control C:N values 
(Kendall et al. 2001).

High C:N ratio terrestrial inputs occur predominantly in 
the rainy season, when flow paths that are capable of moving 
large soil and plant material are activated by rainfall (Kendall  
et  al. 2001). Results from this study show that riverine  
TSS concentrations and fluxes are seasonally greatest in the 
winter and that declines in upstream sediment inputs have 
also been most substantial during the winters of 1957 to 2020 
(Fig. S1). Beyond the washout of hydraulic mining associated 
TSS (which was predicted to generally cease by the 1950s) 
(Gilbert 1917), reductions in riverine TSS may also be from 
increases in upstream reservoir sedimentation and stream bank 
protection (Wright and Schoellhamer 2004). Sediment  
deposition from just three reservoirs constructed between 1940 
and 1967 in the Sacramento River Watershed can account 
for the same order of magnitude as the observed decreases 
in Sacramento River TSS yields (Wright and Schoellhamer 
2004). Ultimately, long-term declines in terrestrial material 
inputs ripple through the system as reduced contributions to 
suspended and sedimentary pools. The suspended pool directly 
sees declines in POM C:N ratios. Indirectly, this change in 
material balance over decades may act to shift the C:N ratio 
of the resuspended POM pool as well, with cascading effects 
on downstream POM quality, where resuspended material is 
likely an important contributor to the POM pool. Canuel et al. 
(2009) found sediment and TOC accumulation rates generally 
decreased in cores from the Delta between 1954 and 2005.

The declines also align with historical biomolecular 
measurements. We revisited snapshot biomolecular data 
from Cloern et al. (1993) to see if historical sitosterol con-
centrations, an indicator of vascular plant sources, from 
the low- to mid-salinity sites corresponded with high POM 
C:N ratios as Canuel et al. (1995) showed abundant sitos-
terol concentrations in POM samples collected at low to 
mid salinity sites (PO-657 to PO-6). While the sample 
sizes were limited, we found relatively strong positive 
correlations amongst comparisons of sitosterol (taken as 
a weight percentage of total sterol concentration) versus 
salinity (R2 = 0.63), TSS (R2 = 0.84), and bulk POM C:N 
ratios (R2 = 0.62) (Fig. 7). These correlations support the 
idea that terrestrial contributions to the bulk POM pool, 
historically, were greatest at low salinity sites, and consist-
ent with higher bulk POM C:N ratios (which were uncom-
mon in the modern dataset we analyzed).

Building on this, Hernes et al. (2020) observed large 
declines in modern mean bulk C:N ratios of POM from 
the north SF Bay. Interestingly, their biomolecular data 
showed that lignin concentrations in recent POM data did 
not trend with low salinities, high TSS values, or high 
POM C:N ratios as expected. As upland terrestrial contri-
butions from the Delta decline, these relationships should 
start to break down. Additionally, Hernes et al. (2020) 
POM and biomolecular data show a reversed spatial 
trend, where spatially averaged carbon-normalized yields 
of lignin and POM C:N ratios were highest in the more 
brackish water samples from the north SF Bay (and west 
of the Delta's large rivers), and they estimate that 13–60% 
of POC in this region may be wetland derived. This find-
ing could reflect the shift in importance of sediment and 
related material inputs from large Delta rivers to smaller 
SF Bay tributaries. Many of the SF Bay’s tributaries feed 
into tidal wetlands, which can modulate and alter OM 
inputs, so material fluxes through these systems may shift 
the quality of POM pulsed into the greater bay and lead 
to spatial discrepancies in more terrestrial proxies of OM.

Other related biogeochemical indices hint at changes to 
the suspended and sediment pools as well. Bulk sediment 
OC samples collected in 2006 in the Delta had a mean C:N 
ratio of 14.6 (Wakeham and Canuel 2016), and more recent 

Fig. 7   Sitosterol (as a percent 
of total sterol concentrations) 
versus a salinity, b TSS, and c 
POM (C:N)m ratios. Data from 
Cloern et al. (1993)
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data shows sedimentary organic carbon collected from the 
Sacramento River in 2019 had much lower C:N ratios (~ 6.8 
to 7.7) (Pondell et al. 2020). The widespread growth of inva-
sive aquatic plants may also help to lower bulk C:N ratios 
in conjunction with declines from terrestrial sources; Myri-
ophyllum brasiliense (Parrot's Feather) and Egeria densa 
(Brazilian Waterweed) both have low C:N ratios (Cloern 
et al. 2002) and have spread significantly throughout the 
Delta’s waterways since their indeliberate introduction (Ta 
et al. 2017). Management of invasive SAV in the Delta 
includes mechanical shredding, which may help artificially 
generate in situ low C:N ratio POM from these sources as 
well (Greenfield et al. 2007).

Taken together, these results suggest that terrestrial POM 
contributions to the SFE  are now  lower  than historical  
values from the 1990s (and likely earlier, into the mid to 
late 1900s, based on the long-term declines in upstream TSS 
supply) (Fig. 8). The partial loss of terrestrial OM may have 
widespread metabolic consequences for the estuarine food 
web as terrestrial OM is used for microbial respiration as  
documented in other rivers (Ward et al. 2017). The breakdown  

of terrestrial POM is often facilitated by changes in estuarine  
ecosystem gradients, where new molecules (e.g., algal-
derived) may help prime material transported from upstream 
for microbial processing (Bianchi et al. 2015; Bonin et al. 
2019). There is also evidence that the refractory plant OM 
is selectively consumed by copepods in the SFE (Harfmann 
et al. 2019). Changes to estuarine biogeochemistry may not 
be limited to fresh and brackish water regions. For example, 
shifts in OM supply can have consequences for the long-term 
burial of OM. In addition, with the loss of higher C:N material  
and the erodible sediment pool, more landward freshwa-
ter portions of the estuary may more closely follow marine  
biogeochemical pathways. Typically, in estuaries, POM 
bordering the seaward side starts to compositionally reflect 
marine-dominant sources (e.g., phytoplankton, zooplankton 
pellets, bacteria) and biogeochemical pathways (e.g., degrada-
tion), with low C:N ratios relative to terrestrial sources (All-
dredge 1998; Canuel and Hardison 2016; Hollibaugh et al. 
2000). Such chronic perturbations in dominant POM sources 
across the SFE may play a role in the ongoing and widespread  
ecosystem change in this system.

Fig. 8   Conceptual figure 
showing general changes in 
POC pools across historical 
(considered as the 1990 to 1996 
datasets) and modern periods 
of record (2007 to 2016). Each 
circular marker is roughly 
equivalent to 0.05 mg-C L−1. 
Site transects and depth are not 
to scale and values are intended 
to be semi-quantitative
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Conclusions

We synthesized existing long-term monitoring program TSS 
data together with synoptic POM composition and stable iso-
tope data to examine how TSS and related POC dynamics have 
evolved in the San Francisco Bay and Sacramento-San Joaquin 
Delta in central California over the past ~ 45 years. TSS data 
was used to contextualize spatial and temporal changes seen in 
the synoptic POC dataset. We found large declines, on average, 
of 32 to 56% in TSS concentrations at fresh and brackish water 
sites. At the same time, the sources of POM, as indicated by 
declines in bulk and detrital C:N ratios, have shifted at these 
eastern SFE sites, by 23 to 27%, on average (and by 12 to 27% 
across all sites). Based on the synoptic elemental ratio data 
and the corresponding changes in TSS discussed above, the 
declines in bulk and detrital C:N ratios appear to be driven 
by a loss of material that is mostly terrestrial in origin. This 
material loss may have implications for both suspended and 
sedimentary OM pools, both of which could impact food 
web dynamics across the estuary. Our experience using exist-
ing monitoring datasets demonstrates that even incomplete 
or irregularly spaced datasets can provide meaningful new 
insight, especially when leveraged together with other existing 
data. More broadly, this work highlights how upstream human 
impacts can ripple through estuarine systems with long-term 
consequences for OM sources and transport.
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