
UC Davis
San Francisco Estuary and Watershed Science

Title
The Anatomy of a Drought in the Upper San Francisco Estuary: Water Quality and Lower-
Trophic Responses to Multi-Year Droughts Over a Long-Term Record (1975-2021)

Permalink
https://escholarship.org/uc/item/1h7375k3

Journal
San Francisco Estuary and Watershed Science, 22(1)

Authors
Bosworth, David H.
Bashevkin, Samuel M.
Bouma–Gregson, Keith
et al.

Publication Date
2024

DOI
10.15447/sfews.2024v22iss1art1

Supplemental Material
https://escholarship.org/uc/item/1h7375k3#supplemental

Copyright Information
Copyright 2024 by the author(s).This work is made available under the terms of a Creative 
Commons Attribution License, available at https://creativecommons.org/licenses/by/4.0/
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/1h7375k3
https://escholarship.org/uc/item/1h7375k3#author
https://escholarship.org/uc/item/1h7375k3#supplemental
https://creativecommons.org/licenses/by/4.0/
https://escholarship.org
http://www.cdlib.org/


1

Sponsored by the Delta Stewardship Council and UC Davis Institute of the Environment

SFEWS Volume 22 | Issue 1 | Article 1

https://doi.org/10.15447/sfews.2024v22iss1art1 

* Corresponding author: david.bosworth@water.ca.gov
1 California Department of Water Resources 

West Sacramento, CA 95691 USA
2 Delta Stewardship Council 

Delta Science Program 
Sacramento, CA 95814 USA

3 California State Water Resources Control Board 
Sacramento, CA 95814 USA

4 US Geological Survey 
California Water Science Center 
Sacramento, CA 95819 USA

ABSTRACT
Multi-year droughts are ever-present and 
transformational features of California’s 
Mediterranean climate and can fundamentally 
affect the water quality and the ecosystem 
responses of the San Francisco Estuary (estuary) 
and the Sacramento–San Joaquin Delta (Delta). 
This study assessed data collected by long-term 
monitoring programs over the past 46 water years 
(1975–2021) to evaluate how water quality in the 
estuary changes during multi-year droughts. 
Data were aggregated by region (South-Central 
Delta, North Delta, confluence, Suisun Bay, and 
Suisun Marsh) and season, then differences 
between multi-year drought periods, multi-
year wet periods, and neutral periods were 

compared using generalized linear models. We 
found that multi-year drought periods altered 
multiple physical and chemical parameters in the 
estuary, increasing water temperature, salinity, 
water clarity, and nutrient levels. This trend was 
consistent across regions and seasons, with few 
exceptions. Increases in these parameters during 
drought periods were likely caused by reduced 
Delta inflows that intensified in each successive 
dry year because of reduced precipitation and 
managed estuarine inflows and outflows. 
Drought periods did not substantially affect tidal 
velocities within the estuary, which remained 
mostly consistent across wet and drought periods. 
Trends in chlorophyll concentrations during 
drought periods were more nuanced with higher 
concentrations occurring in the South-Central 
Delta region and during the winter and spring. 
Together, these results characterized drought 
in the estuary as warm, clear, high in nutrients, 
with patchy phytoplankton blooms (as indexed 
by chlorophyll), all of which have implications 
for higher trophic levels. Considering that 
droughts are expected to increase in frequency 
and intensity in California with climate change, 
understanding the effects of multi-year droughts 
on the water quality conditions of the estuary can 
help inform water management decisions.
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INTRODUCTION
The Mediterranean climate in California is 
characterized by hot, dry summers and cool, 
wet winters. Typically, there is little to no 
precipitation for approximately six months 
(April–September) out of the year in the central 
and southern regions of the state. California 
also experiences high inter-annual variability 
in precipitation, with rainfall ranging from a 
historic low of 23.8 cm in 1924 to a high of 105.8 cm 
in 2017, usually depending on just a few massive 
storms each year (Dettinger 2011). This high 
variability leads to floods and multi-year droughts 
that result in large year-to-year changes in the 
aquatic community (Nichols et al. 1990). There 
are various definitions for “drought,” including 
meteorological droughts (low precipitation), 
hydrological droughts (low streamflows), 
agricultural droughts (lack of water for irrigation), 
and socioeconomic droughts (lack of water for 
human uses) (CDWR 2020). For this study, we 
define droughts in California as multiple years of 
below average precipitation and a resulting water 
supply shortage. 

The effects of reduced flow on water quality 
and the ecosystem of the San Francisco Estuary 
(hereafter “estuary”) including the Sacramento–
San Joaquin Delta (hereafter “Delta”) are well 
studied, but there has been more emphasis on 
inflow to or outflow from the estuary and the 
Delta on the annual time scale rather than the 
effect of multi-year droughts. Previous studies 
describing multi-year droughts in the estuary 
have most frequently focused on (1) the human 
uses and management impacts of prolonged 
droughts (Mount et al. 2017; Lund et al. 2018; 
Durand et al. 2020), (2) the impact of reduced 
precipitation and flow on the environment 
(Kimmerer et al. 2019; Mahardja et al. 2021), or (3) 
relationships between flow and fishes (Kimmerer 
2002b; Sommer et al. 2004; Goertler et al. 2021). 
However, the drivers of these flow-abundance 
relationships are not always clear. Mahardja et al. 

(2021) found that many pelagic species have low 
resistance to drought (with steep declines during 
drought periods) but may recover with the onset 
of wetter conditions, whereas littoral fishes can 
more easily maintain their populations through 
droughts. Most non-native fishes were also more 
resilient to droughts than native fishes, with 
Mississippi silversides increasing during droughts 
(Mahardja et al. 2016).

Understanding the fundamental changes to water 
quality that occur during a drought can improve 
understanding of how the whole ecosystem 
responds to drought. Parameters such as flow, 
velocity, temperature, water clarity, and salinity 
directly influence the spatial distribution of 
fish assemblages but also affect phytoplankton 
distributions and abundances (which are 
frequently measured by chlorophyll-a [hereafter 
“chlorophyll”] concentration). Decreases 
in flow result in increased residence time, 
which may lead to increases in phytoplankton 
biomass (Lucas et al. 2009; Glibert et al. 2014). 
Because phytoplankton help form the base of 
the food web of the estuary and can also form 
harmful algal blooms (Lehman et al. 2022), 
the response of phytoplankton to drought is 
consequential for food web production and public 
health. Phytoplankton growth rates depend 
on temperature, light, nutrient availability, 
and predation (Jassby et al. 2002). In the 
estuary, these four variables are influenced 
by water flows through the system, which are 
determined by inter-annual precipitation and 
water management decisions, such as reservoir 
releases and diversions (Hutton et al. 2017b). 
Thus, the interplay between management 
decisions and hydrology have direct and indirect 
effects on foundational physical and water quality 
parameters (inflows, water velocity, temperature, 
salinity, light availability, nutrients, and 
chlorophyll) that influence how the higher food 
web is reshaped during droughts. 

Research on the water quality foundations of 
the estuary during droughts has found varying, 
nuanced relationships between flow and key 
environmental parameters. Water temperatures 
increase during periods of low inflow, though 
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the pattern varies by region and season and the 
causality of the relationship is unclear (Bashevkin 
and Mahardja 2022). Lower flows result in 
lower suspended sediment concentration and a 
resulting increase in water clarity (Livsey et al. 
2021). Jabusch et al. (2018) found dry years had 
increased nitrate, dissolved inorganic nitrogen, 
and ortho-phosphate concentrations over wet 
years in the estuary during the 2012–2016 drought. 
While concentrations of nutrients may be highest 
during dry years, loadings of nutrients are often 
higher during wet years (Kimmerer 2002a; Novick 
et al. 2015). 

Chlorophyll, an index of phytoplankton biomass, 
has a complex regional and seasonal response to 
interannual hydrologic variation in the estuary. 
Analyzing data from 1970–1993, Lehman (1996) 
found lower chlorophyll during dry years in the 
southern Delta, but higher chlorophyll in the 
northern Delta, while Arthur and Ball (1979) 
observed an increase in chlorophyll in the 
southern Delta but a decrease in the confluence 
and Suisun Bay during the 1977 drought. During 
the more recent drought of 2012–2016, Jabusch 
et al. (2018) found high chlorophyll values in the 
south Delta, and Glibert et al. (2014) observed an 
increase in chlorophyll in the northern Delta and 
Suisun Bay during the spring of 2014. Looking at 
the relationship between chlorophyll and flow, 
Jassby (2008) found a negative relationship between 
the two variables in the western Delta during the 
spring and summer of 1996–2005, but Kimmerer 
(2002a) did not find a relationship between 
chlorophyll and the location of the bottom 2 PSU 
(practical salinity units) isohaline, which is closely 
correlated with Delta outflow. A more holistic 
approach using data across longer time periods 
could resolve some of these differences, fill in 
some gaps, and detail how these interactions may 
have changed across the decades. 

Three years during the most recent California 
drought (2020–2022) constitute the driest 3-year 
period on record (CDWR 2022c). Given that 
climate extremes like drought and flooding are 
expected to increase in frequency with climate 
change (Swain et al. 2018), there is a need to 
measure the influence that climate extremes have 

on ecosystem processes in the estuary. This study 
represents an effort to synthesize and analyze 
data across the long-term record to describe 
how water quality in the estuary changed during 
droughts over a 46-year record (1975–2021, 
Figure 1) and how changes to those water quality 
parameters may have affected the rest of the 
ecosystem. Specifically, our research question 
is: how have multi-year droughts affected water 
flow (inflow, outflow, and velocity), water 
quality (temperature, Secchi depth, and salinity), 
dissolved inorganic nutrients (ammonium, nitrate 
+ nitrite, and ortho-phosphate), and chlorophyll in 
the estuary both seasonally and regionally?

We hypothesize droughts will cause: 
• Inflow and outflow to shift seasonally, with 

proportionally more flow in the summer and 
fall than winter and spring; 

• Decreases in net water velocities (particularly 
during the winter and spring) and no change 
in tidal velocities;

• Increases in temperature, Secchi depth, and 
salinity;

• Increases in dissolved inorganic nutrient 
concentrations; and 

• Increases in chlorophyll concentrations in 
some regions of the estuary but not others. 

This paper is one of a series of papers produced 
by the Interagency Ecological Program Drought 
Synthesis Team. The team was formed in 
2021 as part of several actions responding 
to the extremely dry water year, with a goal 
of understanding the ecological response 
to unprecedented dry conditions. The team 
analyzed effects of drought on a broad suite of 
environmental parameters including hydrology, 
water quality, phytoplankton, invertebrates, 
and fishes. In this series of papers, the authors 
define “drought” as two or more consecutive years 
with a Sacramento Valley Water Year Hydrologic 
Index classification of “Below Normal,” “Dry,” 
or “Critically Dry,” similar to Mahardja et al. 
(2021). Each paper in this series can stand alone, 

https://doi.org/10.15447/sfews.2024v22iss1art1
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but many of the papers refer to each other and 
provide complementary information. (See in 
this issue: Barros et al.; Bouma-Gregson et 
al.; Hartman, Stumpner, et al.; and Hartman, 
Twardochleb, et al.).

METHODS
Study Area
Our study area consists of the Delta, Suisun Bay, 
and Suisun Marsh which altogether we define as 
the upper San Francisco Estuary (upper estuary). 
The tidal freshwater Delta is the large network of 
leveed channels and open water habitat located 
at the nexus of the Sacramento, San Joaquin, 
Cosumnes, and Mokelumne Rivers east of San 
Francisco Bay in California (Figure 2). Suisun 
Bay is the large embayment directly west and 
downstream of the Delta and is the transition 
zone between the freshwater Delta and the 

saline San Francisco Bay. Suisun Marsh, a large 
brackish marsh complex, is located directly north 
of Suisun Bay. We used the 'deltamapr' R package 
(Bashevkin et al. 2021) to divide the upper estuary 
into five regions for analysis: the North Delta, 
South-Central Delta, confluence, Suisun Bay, and 
Suisun Marsh regions (Figure 2).

Data Sources and Processing
Throughout this paper we used various definitions 
for “year.” In addition to traditional calendar 
years, we used “water years” and “adjusted water 
years.” A “water year” is defined as the period 
from October 1 of the previous calendar year 
through September 30 of the current calendar 
year. We used water years in the analyses for the 
Delta inflow, outflow, and velocity parameters 
because the water management decisions 
represented in those results are more closely tied 
to the water year. For the remaining parameters 

Figure 1 Sacramento Valley Water Year Hydrologic Index and drought classifications for all years used in this analysis, water years 1975–2021. Source: 
CDWR 2022a.
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(water quality, dissolved inorganic nutrients, and 
chlorophyll), we used an “adjusted water year,” 
which we defined as December 1 of the previous 
calendar year through November 30 of the 
current calendar year. This allowed for the entire 
“fall” season, which we defined as September–
November, to be included in the same adjusted 

water year in our analyses of these parameters 
and accounted for the lag in ecological responses 
to the start of the new water year.

Hydrology Data 
We acquired Delta inflow and outflow data for 
water years 1975–2021 from CDWR’s Dayflow 

Figure 2 Map of Sampling Locations and regions used in the analysis. Continuous velocity stations: 1 = Cache Slough at Ryer Island (USGS station 
11455350); 2 = Cache Slough above Ryer Island Ferry near Rio Vista, California (USGS station 11455385); 3 = San Joaquin River at Jersey Point, California 
(USGS station 11337190); 4 = Old River at Bacon Island, California (USGS station 11313405); 5 = Middle River at Middle River, California (USGS station 11312676). 
See Table 1 for details regarding the discrete sampling surveys. Base maps are from the 'deltamapr' (Bashevkin et al. 2021) and 'tigris' (Walker and Rudis 
2023) R packages. 

https://doi.org/10.15447/sfews.2024v22iss1art1
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model (CDWR 2022b). This model uses measured 
instantaneous flow and export data from stations 
throughout the Delta to calculate daily average 
Delta inflow and export values. These values 
along with estimates of precipitation inputs and 
within-Delta water use are then used to calculate 
a daily average net Delta Outflow index. 

Instantaneous water velocity data collected at 
five US Geological Survey (USGS) stream gages 
(Figure 2) in the Delta were obtained from the 
USGS National Water Information System (USGS 
2023) using the 'dataRetrieval' R package (DeCicco 
et al. 2022). The five water velocity stations used 
in this study are: Cache Slough at Ryer Island 
(USGS station number 11455350), Cache Slough 
above Ryer Island Ferry near Rio Vista, California 
(11455385), San Joaquin River at Jersey Point, 
California (11337190), Middle River at Middle 
River, California (11312676), and Old River at Bacon 
Island, California (11313405). The Cache Slough at 
Ryer Island station (11455350) was discontinued 
in April 2019 and was replaced by Cache Slough 
above Ryer Island Ferry near Rio Vista, California 
(11455385). Data for these two stations located on 
Cache Slough were combined to represent Cache 
Slough above its confluence with the Sacramento 
River. We acquired water velocity data for water 
years 2008–2021 as defined by the periods of 
record of the five USGS stream gages.

The instantaneous water velocity data, collected 
at 15-minute intervals, were processed through 
a low-pass filter to remove tidal-period variation 
and calculate net velocity (Godin 1972). Before 
applying the filter, we imputed values for gaps 
up to 2 hours in the instantaneous data using 
linear interpolation with the 'imputeTS' R package 
(Moritz and Bartz-Beielstein 2017). The difference 
of the instantaneous velocity and net velocity 
resulted in the tidal velocity. We aggregated the 
net velocity data into weekly means, whereas 
tidal velocity was grouped into weekly minimum, 
maximum, and maximum absolute values. 

Water Quality, Nutrient, and Chlorophyll Data
We compiled the water quality (water 
temperature, salinity, and Secchi depth), dissolved 
inorganic nutrient (dissolved ammonium, 

dissolved nitrate + nitrite, and dissolved ortho-
phosphate), and chlorophyll-a (or chlorophyll) 
data from the integrated discrete water quality 
dataset published on the Environmental Data 
Initiative repository (Bashevkin et al. 2023). 
This dataset contains water quality, nutrient, 
and chlorophyll data collected by 16 long-term 
monitoring surveys that sample approximately 
monthly at locations throughout the upper 
estuary. We obtained data collected by 12 surveys 
that have at least 20 years of data between 
adjusted water years 1975–2021 within our 
study area in the upper estuary (Figure 2). For 
more details about which surveys we used for 
each water quality, nutrient, and chlorophyll 
parameter, refer to Table 1. All water temperature 
and salinity measurements were typically 
collected within a depth of 1 m, and the nutrient 
and chlorophyll samples were collected at various 
depths less than 5 m from the surface. For more 
information on data collection methods, refer to 
the data publication on the Environmental Data 
Initiative repository (Bashevkin et al. 2023).

Because some surveys collected more than one 
sample per day at a station, we filtered the water 
quality, nutrient, and chlorophyll samples and 
kept only one sample per station and day to 
ensure each sample had equal weight. The Suisun 
Marsh region was excluded from the nutrient 
and chlorophyll analyses because of inconsistent 
long-term sampling. For more information 
about the processing methods used for the water 
quality, nutrient, and chlorophyll data, refer to 
Appendix A. 

To prepare the discrete water quality, dissolved 
inorganic nutrient, and chlorophyll data for 
analysis, we aggregated the dataset for each 
parameter as seasonal-regional averages. Seasons 
were defined as follows: winter (December of the 
previous calendar year, and January–February), 
spring (March–May), summer (June–August), 
and fall (September–November). To aggregate 
the data, we calculated monthly averages for 
each region, which we then used to calculate 
seasonal-regional averages for each adjusted 
water year. Before aggregating the nutrient and 
chlorophyll data, we substituted the values below 
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the laboratory reporting limit (RL) with simulated 
values between zero and the RL based on a 
uniform distribution. We ran one simulation for 
each parameter and set a seed prior to running 
the simulation to ensure reproducibility. Overall, 
6.8% of the ammonium, 1.4% of the nitrate + 
nitrite, 0.7% of the ortho-phosphate, and 0.2% 
of the chlorophyll values were below the RL and 
required replacement with simulated values. More 
information about reporting limits including 
the values used in our dataset is available in 
Appendix A. 

ANALYSIS METHODS
Drought Classification
To assess the effects of drought on water quality, 
dissolved inorganic nutrient, chlorophyll, and 
flow parameters, we classified each water year 
and adjusted water year as one of three drought 
classifications (drought, neutral, and wet periods) 
using CDWR's Sacramento Valley Water Year 
Hydrologic Index classifications (CDWR 2022a) 
(Figure 1). “Drought periods” were defined as 
two or more years in a row with a Sacramento 
Valley Water Year Hydrologic Index classification 
of “Below Normal,” “Dry,” or “Critical,” and “wet 
periods” were defined as two or more years in 
a row with a hydrologic index classification of 
“Wet” or “Above Normal.” “Neutral periods” 

Table 1 Surveys used for each water quality, nutrient, and chlorophyll parameter and their periods of record

Survey Abbreviation Operatora Parameters collected
Period of record  

(adjusted water years)

20-mm Survey 20 mm CDFW salinity, Secchi depth, water temperature 1995 – 2021

Bay Study Bay Study CDFW salinity, Secchi depth, water temperature 1980 – 2021

Fall Midwater Trawl FMWT CDFW salinity, Secchi depth, water temperature 1975 – 2021

Spring Kodiak Trawl SKT CDFW salinity, Secchi depth, water temperature 2002 – 2021

Summer Townet Survey STN CDFW salinity, Secchi depth, water temperature 1975 – 2021

Delta Juvenile Fish Monitoring 
Program DJFMP USFWS Secchi depth, water temperature 1976 – 2021

Environmental Monitoring 
Program EMP CDWR

chlorophyll, nitrate + nitrite, orthophosphate, 
salinity, Secchi depth, water temperature 1975 – 2021

ammonium 1979 – 2021

North Central Region Office 
monitoring program NCRO CDWR

chlorophyll, salinity, water temperature 1999 – 2021

ammonium 2001 – 2021

nitrate + nitrite, orthophosphate 2014 – 2021

Stockton Dissolved Oxygen 
monitoring SDO CDWR

water temperature 1997 – 2021
Secchi depth 2001 – 2021
salinity 2003 – 2021

Suisun Marsh Fish Studyb Suisun UCD
salinity, water temperature 1979 – 2021

Secchi depth 1980 – 2021

Sacramento River at Freeport, 
California (11447650) USGS CAWSC USGSc

salinity, water temperature 1975 – 2021
ammonium, nitrate + nitrite 1979 – 2021
orthophosphate 1981 – 2021

San Francisco Bay Water Quality 
Program USGS SFBS USGSc

ammonium, nitrate + nitrite, 
orthophosphate, salinity, water temperature 1975 – 2021

chlorophyll 1977 – 2021

a. CDFW: California Department of Fish and Wildlife; USFWS: US Fish and Wildlife Service; CDWR: California Department of Water 
Resources; UCD: University of California Davis; USGS: US Geological Survey. 

b. We only included sampling locations within the larger sloughs (Montezuma Slough, Suisun Slough, and Nurse Slough) from the Suisun 
Marsh study. 

c. USGS data from National Water Information System (USGS 2023). 

https://doi.org/10.15447/sfews.2024v22iss1art1
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comprised years that may be classified as Wet or 
Dry but were not comprised of a series of multiple 
Wet or Dry years (Figure 1). Velocity data were 
evaluated by the Sacramento Valley Water Year 
Hydrologic Index classifications because there 
were no consecutive Wet years within the short-
term record during which velocity data were 
available (water years 2008–2021). 

In hydrologically modified systems such as this 
estuary, there is a key human-controlled link 
between watershed supply and realized inflows. 
Inflows to the estuary are highly controlled by 
upstream dams and water diversions (Kimmerer 
2004; Brown and Bauer 2010). Water is stored 
above these dams in reservoirs and released 
over time depending on the season and year 
type. While precipitation-based drought indices, 
including the Sacramento Valley Water Year 
Hydrologic Index, relate to the amount of water 
available to reservoirs, the final determinant 
of inflows to the estuary are the management 
decisions dictating dam releases as well as 
water diversions and exports downstream of 
the dams. Therefore, any estimated effects of 
precipitation-based drought indices in the estuary 
are a combination of the effect of drought/wet 
period management as applied to the drought/wet 
period. 

Inflow and Outflow Analysis
To assess the effect of water management 
decisions on actual inflow into the upper 
estuary, the cumulative proportional inflow 
and outflow were calculated for each water 
year as the proportion of the water year total 
that had arrived by each day of the water year. 
After classifying each water year as one of three 
drought classifications (drought, neutral, and wet 
periods), we further assigned each water year a 
period-year according to the successive year of a 
drought period, neutral period, or wet period. For 
example, the second year of a drought, neutral, 
or wet period would be categorized with a period-
year value of 2, while the first year of a drought, 
neutral, or wet period would be categorized with 
a period-year value of 1. Because there were few 
periods greater than 3 years in length, all period-
years of 3 or greater were combined into one 

category (3+). The maximum number of period-
years was 6 (drought in 1992 and wet in 2000; 
Figure 1). The cumulative inflows and outflows 
for each drought classification and period-
year category were then visualized within each 
water year to examine how water management 
decisions altered seasonal inflow and outflow 
patterns through successive years of each drought 
classification. 

Water Quality, Nutrient, and Chlorophyll Analysis
Each water quality, dissolved inorganic nutrient, 
and chlorophyll variable was analyzed with a 
linear model designed to evaluate the drought 
classification and how that impact varies 
seasonally and regionally. Models were fit with 
fixed categorical predictors (i.e., ANOVAs) for 
drought classification, season, and region, as well 
as all two-way interactions. 

For some variables, additional predictors were 
included to account for other factors that could 
influence the result. Secchi depth had an overall 
increasing pattern over time (Figure A1) with 
variable trends by season and region, so we 
accounted for this with an additional effect of a 
three-way interaction between numerical adjusted 
water year, season, and region. Chlorophyll 
concentrations highly depended on whether data 
were collected before or after the 1987 invasion 
of the clam, Potamocorbula amurensis, which has 
been identified as the cause of a regime shift in 
the estuary in previous studies (Kimmerer 2002b). 
Therefore, we included a categorical predictor 
for “regime” and the interaction of regime and 
region, with all data before 1987 categorized as 
“pre-clam” and data after 1987 categorized as 
“post-clam.” Changes to waste-water treatment 
plants (WWTP) have controlled the loading of 
ammonium in the system, in particular the 
Stockton Regional Wastewater Control Facility 
in the south Delta and the Sacramento Regional 
Wastewater Treatment Plant in the north Delta 
(Saleh and Domagalski 2021). The Stockton 
Wastewater Control Facility was upgraded to 
tertiary treatment in 2006 (Rinde et al. 2020), and 
the Sacramento Regional WWTP was upgraded in 
2021, both greatly reducing ammonium loading. 
Therefore, for the ammonium analysis, we 
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restricted the dataset to data prior to 2021 and 
included a categorical “treatment plant upgrade” 
term for the Stockton upgrade in 2006 and the 
interaction of treatment plant upgrade with 
region in the model. All data prior to 2006 were 
classified as “before upgrade” and data 2006–2020 
were “after upgrade.” 

Model assumptions were checked by inspecting 
residual histograms, plots of the residuals versus 
model predictions, and plots of the observed 
versus model-predicted data. When needed to 
satisfy the normality assumption, response 
variables were log transformed (this applied 
to salinity, Secchi depth, nitrate + nitrite, 
ammonium, ortho-phosphate, and chlorophyll).

To evaluate the effects of drought classification on 
each focal variable, we calculated the partial R2 
as:

 , Eq 1 

where SS = sum of squares and SSDroughtClassification 
represented the sum of the main effect and all 
interactions of the drought classification factor. 
We also conducted Tukey post-hoc tests with the 
'emmeans' R package (Lenth et al. 2022) to evaluate 
the region- and season-specific effects of each 
drought classification. Type III sum of squares were 
used to assess significance of ANOVA model terms. 

R code used for retrieval, preparation, and analysis 
of the hydrology, water quality, nutrient, and 
chlorophyll data used in this study are available in 
the WQ-LT-Publication GitHub repository archived 
on Zenodo (Bosworth et al. 2024).

RESULTS
Delta Inflow and Outflow
Delta inflow changed in response to water 
management throughout successive years of 
drought and wet periods. As droughts progressed, 
reservoir managers prioritized storage earlier in 
the water year. This was most clear for the third 
or later year of a drought period when inflow 
was lower during the beginning of the water year 

until it catches up with the other period-years 
in April (Figure 3). The cumulative proportional 
inflow curve was also more linear during drought 
periods than neutral or wet periods, indicating 
that inflow was more consistent throughout the 
year. Neutral periods did not have consistent 
patterns across period-years. As wet periods 
progressed, more water was released from 
reservoirs earlier in the water year. Wet periods 
had the strongest seasonal pattern to inflow, and 
this pattern became stronger with each successive 
year. More water was released earlier in the water 
year and less water released later in the water 
year for wet periods compared to drought and 
neutral periods (Figure 3). 

Delta outflow showed similar patterns as inflow 
except for a less pronounced difference in drought 
periods with less consistent separation among 
period-year classifications (Figure A2). Neutral 
periods had greater variability in outflow patterns 
among water years compared to inflow, while wet 
periods had almost identical outflow patterns as 
inflow. 

Net and Tidal Velocity 
While the relationship between Delta outflow and 
velocity was nuanced across seasons, there were 
generally higher net positive velocities, indicative 
of seaward flow, during high flow events in 
Wet years (Figure 4A). The maximum absolute 
tidal velocity was greatest at the Cache Slough 
(USGS station numbers 11455350 and 11455385) 
and San Joaquin River at Jersey Point (11337190) 
stations farther from the export pumps in the 
South Delta (Figure 4B). The maximum absolute 
tidal velocity did not appreciably change across 
Sacramento Valley Water Year Hydrologic Index 
classifications (Critical, Dry, Below Normal, and 
Wet) at all stations except during periods of high 
outflow that occurred during seasons with high 
precipitation (winter and spring) during Wet 
years. See Appendix A for further exploration of 
outflow, net velocity, and tidal velocity (Figures 
A3 and A4).

Water Temperature
Water temperature was significantly affected 
(p < 0.001) by all predictor variables except 
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region (p = 0.07305, Table 2). The partial R2 for 
the drought classification variable was 0.15. 
Regionally, the effect of drought classification 
increased from west (downstream) to east 
(upstream). The Tukey post-hoc test indicated no 
significant differences in temperature among 
drought classifications in the Suisun Marsh 
region, higher temperatures in drought periods 
than in wet periods in the Suisun Bay (0.4 °C 
difference between mean predictions, p = 0.0054) 
and confluence (0.5 °C difference, p < 0.001) 
regions, and higher temperatures in drought 
periods than in neutral and wet periods in the 
South-Central Delta (0.9 °C difference between wet 
and drought periods, p < 0.001) and North Delta 
(1.4 °C, p < 0.001) regions (Figure 5). Seasonally, 
there were no significant differences among 
drought classifications in the winter (p > 0.05), 
significantly higher temperatures in drought 
periods than neutral and wet periods in the 

spring (1.5 °C between wet and drought periods, 
p < 0.001) and fall (1 °C difference, p < 0.001), and 
significantly higher temperatures in drought 
periods than in wet periods in the summer (0.5 °C 
difference, p < 0.001) (Figure 6). 

Salinity
Salinity was significantly affected (p < 0.001) 
by all predictor variables (Table 2). The partial 
R2 for the drought classification variable 
was 0.27. Regionally, the effect of drought 
classification increased from east (upstream) to 
west (downstream), which we expected because 
salinity variability follows the same pattern. The 
Tukey post-hoc test indicated significantly higher 
salinities in drought periods than neutral and wet 
periods in the Suisun Marsh (3.5 PSU difference 
between wet and drought periods, p < 0.001), 
Suisun Bay (6.4 PSU difference, p < 0.001), 
confluence (1.0 PSU difference, p < 0.001), and 

Figure 3 Seasonal patterns of cumulative proportional inflow throughout successive water years (period-year) of drought, neutral, and wet periods. 
Separate lines are plotted for each water year. The first water year of a drought, neutral, or wet period was categorized with a period-year value of 1, while 
the second water year of a drought, neutral, or wet period was categorized with a period-year value of 2. Because there were few periods greater than 3 
years in length, all period-years of 3 or greater were combined into one category (3+).
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Figure 4 The relationship of log-transformed Delta outflow and weekly mean net velocity (A) and weekly maximum absolute tidal velocity (B) for unique 
US Geological Survey stream gages. Color corresponds to the Sacramento Valley Water Year Hydrologic Classification and the sign indicates negative 
(landward) and positive (seaward) direction. 

https://doi.org/10.15447/sfews.2024v22iss1art1


SAN FRANCISCO ESTUARY & WATERSHED SCIENCE

12

VOLUME 22 ISSUE 1, ARTICLE 1

South-Central Delta (0.12 PSU difference, 
p < 0.001) regions. Salinities were not significantly 
different (p > 0.05) among drought classifications 
in the North Delta region (Figure 5). Seasonally, 
differences were similar in magnitude year-
round, and salinities were higher in drought 
periods than neutral and wet periods in all 
seasons (winter = 0.62 PSU difference between wet 
and drought periods, spring = 0.51 PSU difference, 
summer = 0.69 PSU difference, fall = 0.75 PSU 
difference, p < 0.001) (Figure 6). 

Secchi Depth
Secchi depth was significantly affected (p < 0.05) 
by all predictor variables except season 
(p = 0.2973), adjusted water year (p = 0.5636), and 
the interaction term for season and adjusted 
water year (p = 0.3185, Table 2). The partial R2 
for the drought Classification variable was 0.13. 
Regionally, the Tukey post-hoc test indicated 
significantly higher Secchi depths in drought 
periods than wet periods in the confluence region 
(6 cm difference, p = 0.026), and higher Secchi 
depths in drought periods than neutral and wet 
periods in the Suisun Marsh (9 cm difference 

Table 2 Summary ANOVA outputs for the water temperature, salinity, and Secchi depth models. Interactions are specified with a “:” between interacting 
variables. 

Model Parameter Sum Sq Df F value Pr(>F)

Temperature (Intercept) 3034 1 4799 < 0.001

Temperature Drought 10.61 2 8.389 < 0.001

Temperature Season 2583 3 1362 < 0.001

Temperature Region 5.432 4 2.148 0.07305

Temperature Drought:Season 60.77 6 16.02 < 0.001

Temperature Drought:Region 31.80 8 6.288 < 0.001

Temperature Season:Region 178.0 12 23.47 < 0.001

Temperature Residuals 569.0 900

Salinity (Intercept) 61.12 1 238.5 < 0.001

Salinity Drought 30.41 2 59.34 < 0.001

Salinity Season 24.91 3 32.40 < 0.001

Salinity Region 536.1 4 523.0 < 0.001

Salinity Drought:Season 8.414 6 5.473 < 0.001

Salinity Drought:Region 46.45 8 22.66 < 0.001

Salinity Season:Region 45.49 12 14.79 < 0.001

Salinity Residuals 230.6 900

Secchi depth (Intercept) 0.001320 1 0.02856 0.8658

Secchi depth Drought 3.551 2 38.42 < 0.001

Secchi depth Season 0.1706 3 1.231 0.2973

Secchi depth Region 0.8432 4 4.561 0.001192

Secchi depth YearAdj 0.01543 1 0.3338 0.5636

Secchi depth Drought:Season 1.001 6 3.611 0.001523

Secchi depth Drought:Region 1.272 8 3.440 < 0.001

Secchi depth Season:Region 1.207 12 2.176 0.01119

Secchi depth Season:YearAdj 0.1628 3 1.174 0.3185

Secchi depth Region:YearAdj 0.8953 4 4.844 < 0.001

Secchi depth Season:Region:YearAdj 1.213 12 2.187 0.01072

Secchi depth Residuals 40.20 870
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Figure 5 Observed values (boxplots) and model results (model means as red points ±95% confidence intervals as gray boxes) for the drought 
classification comparisons (drought period [D], neutral  [N], and wet period [W]) by region for the water quality parameters. Different letters above boxplots 
identify statistically significant (p < 0.05) differences from a Tukey post-hoc test.
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Figure 6 Observed values (boxplots) and model results (model means as red points ±95% confidence intervals as gray boxes) for the drought 
classification comparisons (drought period [D], neutral period [N], and wet period [W]) by season for the water quality parameters. Different letters above 
boxplots identify statistically significant (p < 0.05) differences from a Tukey post-hoc test.
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between wet and drought periods, p < 0.001), 
Suisun Bay (10 cm difference, p < 0.001), South-
Central Delta (16 cm difference, p < 0.001), and 
North Delta (30 cm difference, p < 0.001) (Figure 5). 
Seasonally, Secchi depths were significantly 
higher in drought periods than neutral and wet 
periods in all seasons (winter = 19 cm difference 
between wet and drought periods, spring = 9 cm 
difference, summer = 10 cm, fall = 14 cm 
difference, p < 0.001) (Figure 6). 

Dissolved Ammonium
Dissolved ammonium concentrations were 
significantly affected by all predictor variables 
(p < 0.05; Table 3). Importantly, there were 
significant interactions between drought 
classification and both region and season, 
with a partial R2 for the drought classification 
variable of 0.16. Ammonium concentrations 
were significantly higher during drought periods 
than wet periods in the North Delta (0.11 mg L– 1 
difference, p < 0.001), confluence (0.016 mg L– 1 
difference, p = 0.028), and Suisun Bay 
(0.015 mg L– 1 difference, p = 0.025) regions, while 
concentrations were not significantly different 
(p > 0.05) among drought classifications in the 
South-Central Delta region (Figure 7). Ammonium 
concentrations were significantly higher in 
drought periods than wet periods in winter 
(0.060 mg L– 1 difference, p < 0.001) and in spring 
(0.052 mg L– 1 difference, p < 0.001) but were not 
significantly different (p > 0.05) among drought 
classifications in summer or fall (Figure 8). 

Ammonium concentrations before and after 
the 2006 Stockton Treatment Plant upgrade 
were significantly different (p < 0.001; Table 3). 
Ammonium concentrations significantly 
decreased in the South-Central Delta (decrease 
of 0.060 mg L– 1, p < 0.001) and North Delta 
(0.039 mg L– 1, p < 0.001) regions, while 
concentrations significantly increased in the 
confluence (0.021 mg L– 1, p < 0.001) and Suisun 
Bay (0.012 mg L– 1, p = 0.017) regions. 

Dissolved Nitrate + Nitrite
Nitrate + nitrite concentrations were significantly 
affected by all predictor variables (p < 0.05; 
Table 3), with a partial R2 for the drought 

classification variable of 0.10. Nitrate + nitrite 
concentrations were significantly higher 
during drought periods than wet periods in the 
confluence (0.12 mg L– 1 difference, p < 0.001) 
and Suisun Bay (0.13 mg L– 1 difference, 
p < 0.001) regions, while concentrations were 
not significantly different (p > 0.05) between 
drought and wet periods in the South-Central 
Delta region (Figure 7). Additionally, nitrate + 
nitrite concentrations were not significantly 
different (p > 0.05) among drought classifications 
in the North Delta region. Seasonally, nitrate 
+ nitrite concentrations were significantly 
higher during drought periods than wet periods 
in fall (0.068 mg L– 1 difference, p < 0.001), 
spring (0.12 mg L– 1 difference, p < 0.001), and 
summer (0.051 mg L– 1 difference, p < 0.001), but 
concentrations were not significantly different 
(p > 0.05) among drought classifications in winter 
(Figure 8). 

Dissolved Ortho-phosphate
Ortho-phosphate concentrations were 
significantly affected by all predictor variables 
(p < 0.05; Table 3). The partial R2 for the drought 
classification variable was 0.065. All regions 
had higher ortho-phosphate concentrations 
during drought periods than wet periods by 
approximately 0.02 mg L– 1 (p < 0.001; Figure 7). 
Ortho-phosphate concentrations were also 
significantly higher during drought periods than 
wet periods for all seasons, with differences 
ranging from 0.017 mg L– 1 in the winter (p < 0.001) 
to 0.028 mg L– 1 in the fall (p < 0.001) (Figure 8). 

Chlorophyll
Chlorophyll was significantly affected (p < 0.001) 
by all predictor variables except the main effect 
of drought classification (p = 0.1059, Table 3). 
However, interactions were significant between 
drought classification and region (p < 0.001) 
and between drought classification and season 
(p < 0.001). The partial R2 for the drought 
classification variable was 0.090. Chlorophyll 
concentrations were significantly higher during 
drought periods than wet periods only in the 
confluence and South-Central Delta regions 
(p = 0.028 and p < 0.001, respectively) (Figure 7). 
The effects of drought classification were 
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Table 3 Summary ANOVA outputs for the nutrient and chlorophyll models

Model Parameter Sum Sq Df F value Pr(>F)

Ammonium (Intercept) 74.97 1 502.8 < 0.001

Ammonium Drought 1.779 2 5.968 0.002700

Ammonium Region 1.656 3 3.702 0.01160

Ammonium Season 23.03 3 51.48 < 0.001

Ammonium StocktonUpgrade 0.8526 1 5.719 0.01706

Ammonium Drought:Region 9.670 6 10.81 < 0.001

Ammonium Drought:Season 7.447 6 8.325 < 0.001

Ammonium Region:Season 46.16 9 34.40 < 0.001

Ammonium Region:StocktonUpgrade 22.85 3 51.09 < 0.001

Ammonium Residuals 98.55 661

Nitrate + Nitrite (Intercept) 16.83 1 196.2 < 0.001

Nitrate + Nitrite Drought 1.099 2 6.409 0.001742

Nitrate + Nitrite Region 40.84 3 158.7 < 0.001

Nitrate + Nitrite Season 1.315 3 5.112 0.001665

Nitrate + Nitrite Drought:Region 3.374 6 6.557 < 0.001

Nitrate + Nitrite Drought:Season 2.380 6 4.626 < 0.001

Nitrate + Nitrite Region:Season 6.875 9 8.906 < 0.001

Nitrate + Nitrite Residuals 61.58 718

Ortho-phosphate (Intercept) 195.7 1 2101. < 0.001

Ortho-phosphate Drought 1.298 2 6.968 0.001007

Ortho-phosphate Region 11.07 3 39.60 < 0.001

Ortho-phosphate Season 2.329 3 8.333 < 0.001

Ortho-phosphate Drought:Region 1.814 6 3.246 0.003731

Ortho-phosphate Drought:Season 1.550 6 2.773 0.01132

Ortho-phosphate Region:Season 7.531 9 8.983 < 0.001

Ortho-phosphate Residuals 67.07 720

Chlorophyll (Intercept) 2.067 1 8.185 0.004347

Chlorophyll Drought 1.138 2 2.252 0.1059

Chlorophyll Region 34.55 3 45.60 < 0.001

Chlorophyll Season 13.18 3 17.39 < 0.001

Chlorophyll Regime 30.42 1 120.4 < 0.001

Chlorophyll Drought:Region 9.933 6 6.555 < 0.001

Chlorophyll Drought:Season 6.877 6 4.538 < 0.001

Chlorophyll Region:Season 30.34 9 13.35 < 0.001

Chlorophyll Region:Regime 10.46 3 13.81 < 0.001

Chlorophyll Residuals 181.1 717
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Figure 7 Observed values (boxplots) and model results (model means as red points ±95% confidence intervals as gray boxes) for the drought 
classification comparisons (drought period [D], neutral period [N], and wet period [W]) by region for the nutrient and chlorophyll parameters. Different 
letters above boxplots identify statistically significant (p < 0.05) differences from a Tukey post-hoc test.
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Figure 8 Observed values (boxplots) and model results (model means as red points ±95% confidence intervals as gray boxes) for the drought 
classification comparisons (drought period [D], neutral period [N], and wet period [W]) by season for the nutrient and chlorophyll parameters. Different 
letters above boxplots identify statistically significant (p < 0.05) differences from a Tukey post-hoc test.
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greatest in the South-Central Delta region, with 
chlorophyll concentrations that were 4.8 µg L– 1 
higher during drought periods compared to wet 
periods (Figure 7). In the confluence region, 
chlorophyll concentrations were 0.77 µg L– 1 
higher during drought periods compared to wet 
periods. Comparing drought and wet periods 
across seasons, chlorophyll concentrations 
were significantly higher in winter (1.1 µg L– 1 
difference, p < 0.001) and spring (1.3 µg L– 1 
difference, p = 0.012) seasons during drought 
periods (Figure 8). Drought, wet, and neutral 
periods were not significantly different (p > 0.05) 
in the North Delta or Suisun Bay regions nor 
during fall and summer seasons. 

Chlorophyll concentrations were significantly 
higher before the invasion of P. amurensis across 
the upper estuary (p < 0.001; Table 3) with effects 
that varied by region. The decrease in chlorophyll 
concentrations after the invasion of P. amurensis 
was smaller in the North Delta region (0.48 µg L– 1 
difference, p = 0.0060) than in the Suisun Bay 
(3.3 µg L– 1 difference, p < 0.001), confluence 
(2.3 µg L– 1 difference, p < 0.001) and South-Central 
Delta (2.8 µg L– 1 difference, p < 0.001) regions. 

DISCUSSION
Throughout the period studied (adjusted 
water years 1975–2021), water temperature, 
salinity, water clarity, and dissolved inorganic 
nutrient concentrations were higher in the 
upper estuary during droughts. This trend was 
consistent across regions and seasons with few 
exceptions. Increases in these physical and 
chemical parameters during drought periods 
are likely caused by reduced Delta inflows 
because of both reduced precipitation and altered 
reservoir releases during droughts. While Delta 
inflows and outflows are strongly influenced 
by drought periods, tidal velocities within the 
upper estuary remained mostly consistent 
across Sacramento Valley Water Year Hydrologic 
Index classifications. Trends in chlorophyll 
concentrations during drought periods were 
more nuanced, with higher concentrations 
occurring in the South-Central Delta region and 
during winter and spring seasons. Together, 

these results show that during drought periods, 
aquatic habitat in the upper estuary is warmer, 
clearer, and higher in nutrients, leading to patchy 
increases in chlorophyll. All these conditions have 
implications for higher trophic levels. 

Patterns in Flow
The historical trends of freshwater inflow, and the 
resulting Delta outflow exhibiting inter- and intra-
annual variability have been well documented 
(Enright and Culberson 2009; Monismith 2016; 
Hutton et al. 2017a, 2017b and references therein). 
Delta outflow is regulated by the California State 
Water Resources Control Board (SWRCB) to meet 
water quality objectives and by the biological 
opinions and incidental take permits for the 
operation of the state and federal water projects to 
protect endangered fishes (USFWS 2019; SWRCB 
2000; CDFW 2020). Water management activities 
that control freshwater outflow are intended to 
maintain salinity standards for beneficial uses, 
but these standards have been relaxed during 
prolonged drought periods (Durand et al. 2020). 
The effect of water management activities can 
be seen in our inflow (Figure 3) and outflow 
(Figure A2) analyses. As multi-year drought 
periods progress, increasingly more water is 
stored earlier in the year as reservoir refill is 
prioritized. During multi-year wet periods, the 
reverse pattern is seen in which increasingly 
more water is released earlier in the year, so that 
full reservoirs can be emptied enough to be useful 
for flood control. 

Our comparisons of velocity to Delta outflow 
demonstrate that mean net velocity increased 
considerably during periods of elevated outflow, 
but tidal velocity, explored using the maximum 
absolute value, remained relatively constant 
during drier years in the short-term record 
(Figure 4). Only during periods of high outflow in 
Wet years did maximum absolute tidal velocity 
noticeably vary with Delta outflow (Figure 4), 
and the difference between the maximum 
and minimum outflow were usually less than 
0.3 m s– 1. Delta Smelt (Hypomesus transpacificus) 
prefer lower current speeds, generally less than 
1 m s– 1; however, this relationship is relatively 
weak (Bever et al. 2016), so a change of 0.3 m s– 1 
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may not impact Delta Smelt when other habitat 
conditions are favorable. Flow patterns in the 
Delta are complex (Moftakhari et al. 2013), and 
tidal cycles have periods from hours to years 
(Hoitink and Jay 2016). While we used a weekly 
time step to summarize the velocity data, using 
different time scales to further explore effects 
of drought on velocity may be informative. For 
example, water velocity across flood-ebb and 
spring-neap scales may be more relevant to fish 
entrainment and migration (Bennett and Burau 
2015; Perry et al. 2015; Romine et al. 2021).

Water Temperature and Salinity
Water temperatures were significantly higher 
during drought periods than wet periods in all 
regions except the Suisun Marsh region (Figure 5) 
and in all seasons except winter (Figure 6). 
Temperatures were as much as 1.5 °C higher 
during droughts in some regions and seasons, 
which may push temperatures above physiological 
limits for some species. In particular, Delta Smelt 
experience behavioral changes and lower growth 
and survival with water temperatures above 22 °C 
(Davis et al. 2022), and summer temperatures 
surpassed 22 °C more frequently during droughts 
(Figure 6). While water temperatures are strongly 
influenced by atmospheric conditions, including 
air temperature (van Vliet et al. 2011; Vroom et al. 
2017; Wagner et al. 2011), prior studies have also 
demonstrated a significant negative relationship 
between inflows and water temperature in 
the Delta (Nobriga et al. 2021; Bashevkin and 
Mahardja 2022). This negative relationship, where 
reduced inflow was correlated with higher water 
temperatures, was strongest in the eastern and 
northern Delta during the spring and fall months 
(Bashevkin and Mahardja 2022). The results of our 
water temperature analysis showed similar spatial 
and temporal patterns with significantly higher 
water temperatures during drought periods than 
wet periods in the South-Central Delta and North 
Delta regions and during the spring and fall. 
However, the extent to which inflow causally 
drives changes in water temperature have not yet 
been quantified (Bashevkin and Mahardja 2022). 

Salinities were significantly higher during 
drought periods compared to wet periods in 

all but the North region (Figure 5) and in all 
seasons (Figure 6). This result was expected 
because less freshwater inflow was available to 
displace seawater from the upper estuary during 
drought periods. The effect of drought periods 
was strongest in the westernmost regions (as 
much as 6 PSU in Suisun Bay and Suisun Marsh), 
which was also expected because these are the 
most seaward regions and are more subject 
to salinity increases. Salinity increases of 6 
PSU could completely shift phytoplankton and 
zooplankton communities in Suisun Bay (Cloern 
and Jassby 2012), limit Delta Smelt habitat (Bever 
et al. 2016), reduce nesting habitat for birds in 
Suisun Marsh (Schacter et al. 2021), and could 
increase the upstream distribution of invasive 
clams and jellyfish (Hartman et al., this issue). 
Increasing salinity is one of the most immediately 
noticeable effects of reduced outflow, and 
combating increases in salinity will be one of the 
most challenging aspects of adapting to increased 
frequencies of droughts (Ghalambor et al. 2021). 

Secchi Depth
Water clarity (as indexed by Secchi depth) was 
significantly higher during drought periods 
compared to wet periods in all regions and 
seasons, with increases of up to 16 cm (Figures 5 
and 6). Similar increases in Secchi depth are 
expected to increase zooplankton vertical 
migration (Kimmerer et al. 2002), increase 
predation pressure on pelagic fishes (Ferrari 
et al. 2014), and increase Delta Smelt stress and 
food limitation (Hasenbein et al. 2016). Secchi 
depth is driven primarily by sediment loading, 
vegetation, and re-suspension of sediment from 
the riverbed (through tidal action and wind-wave 
resuspension). During years with lower inflow, 
including drought periods, less sediment is 
transported to the Delta (Stern et al. 2020; Livsey 
et al. 2021), with most of the sediment transport 
occurring during episodic, large storms during 
the winter and early spring (Schoellhamer 2002). 
The changes to sediment loads caused by these 
climatic events are also impacted by changes to 
water management, including operation of dams 
and diversions (Schoellhamer et al. 2012), which 
also change during droughts (Figure 3) (Durand 
et al. 2020). The increasing Secchi depth over the 
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past 40 years has been tied to decreased sediment 
loading combined with increased aquatic 
vegetation (Hestir et al. 2016; Schoellhamer 2011). 
Based on the lack of changes to tidal velocity 
during droughts, resuspension from water 
currents within the Delta is not likely to change 
during droughts, so changes to water clarity 
during drought periods are most likely driven by 
changes in sediment loading.

Nutrients
All the dissolved inorganic nutrients analyzed 
tended to have higher concentrations during 
drought years, but this varied seasonally and 
regionally (Figures 7 and 8). Ortho-phosphate 
concentrations were significantly higher during 
drought periods than wet periods across all 
seasons and regions; however, nitrate + nitrite 
and ammonium concentrations in drought and 
wet periods were not consistently different across 
regions and seasons, which indicates different 
drivers may be controlling the relationships for 
these nutrients. A similar trend was observed by 
Glibert (2010), who saw greater fluctuations of 
ammonium with changes in flow in Suisun Bay 
than in the lower San Joaquin River. The reverse 
trend, where nutrients decreased during periods 
of drought, has been observed in other estuaries 
including the Mission River estuary in Texas 
(Wetz et al. 2011; Bruesewitz et al. 2017) and the 
Neuse River estuary in North Carolina (Wetz et 
al. 2011). Nutrients decreased during droughts 
in these other estuaries in response to reduced 
storm flows and decreased runoff.

Concentrations of dissolved nutrients in the Delta 
are generally driven by three main processes – 
inputs from runoff and point sources, dilution 
from precipitation/inflow, and use/transformation 
by primary producers or bacteria (Novick et al. 
2015). The decreased inflow and runoff during 
droughts result in decreased loading of nutrients 
from riverine sources, particularly agriculture, 
which contributes approximately 47% of total 
nitrogen and 65% of total phosphorus in the 
Delta (Saleh and Domagalski 2015), but decreased 
inflow also decreases dilution of nutrients (Dahm 
et al. 2016). Wastewater treatment plants provide 
a steadier supply of nutrients that occur at 

roughly constant rates during all flow conditions 
(Glibert 2010; Dahm et al. 2016) and may provide 
as much as 25% of the total nitrogen and 20% of 
total phosphorus load to the Delta (Domagalski 
and Saleh 2015; Saleh and Domagalski 2015). 
While loadings increase with increased flow, 
concentrations may decrease due to dilution, 
and steady inputs from wastewater treatment 
plants during droughts may lead to higher 
concentrations in the water column, particularly 
when phytoplankton biomass is low. A similar 
pattern was found in the Aransas River estuary in 
Texas, where wastewater treatment plants provide 
high inputs of nutrients even in periods of low 
flow (Bruesewitz et al. 2017).

Uptake and transformation of nutrients 
by primary producers can significantly 
decrease concentrations in the water column. 
While nutrients are not usually limiting to 
phytoplankton production in the upper estuary 
(Jassby et al. 2002), large phytoplankton blooms 
can reduce concentrations of nitrogen to levels 
where they become limiting (Bouma-Gregson 
et al., this issue). During drought periods in the 
South-Central Delta region, ammonium and 
nitrate + nitrite did not increase, but chlorophyll 
concentrations increased. Increased rates of 
nitrogen consumption by phytoplankton growth 
during droughts may lead to lower steady-state 
concentrations of nitrate + nitrite despite more 
concentrated nutrient inputs into the system.

In our study area, the North Delta region 
demonstrated the most variability in the effects 
of drought classification on ammonium and 
nitrate + nitrite concentrations. Ammonium 
concentrations were significantly higher during 
drought periods than wet periods in the North 
Delta region, but nitrate + nitrite concentrations 
were not significantly different between drought 
and wet periods (Figure 7). Droughts affected 
the dominant form of nitrogen in this region 
considering nitrogen has been loaded primarily 
as ammonium into the Sacramento River from the 
Sacramento Regional WWTP (Kraus et al. 2017). 
In contrast, nitrogen has been loaded mostly as 
nitrate from the Stockton WWTP in the South-
Central Delta region since its upgrade in 2006 
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(Rinde et al. 2020; Saleh and Domagalski 2021), 
but nitrate + nitrite concentrations were not 
significantly different between drought and wet 
periods in the South-Central Delta region. Longer 
residence times in the South-Central Delta region 
during dry years may have resulted in increased 
biological uptake, or relatively lower flows along 
the San Joaquin River (when compared to the 
Sacramento River) may have led to lower dilution 
of nutrients in wet years. In 2023, the Sacramento 
EchoWater Resource Recovery WWTP finished 
its upgrade, and the Stockton WWTP is in the 
process of upgrading its treatment processes as 
well. These WWTP upgrades will greatly reduce 
nitrogen loading of both ammonium and nitrate 
+ nitrite to the Delta (Robertson-Bryan Inc. and 
Ascent Environmental Inc. 2019; Senn et al. 2020). 

Chlorophyll
The results showed a seasonal influence of 
drought periods on chlorophyll concentrations, 
particularly in winter and spring seasons 
(Figure 8). Increased water clarity and longer 
residence time in the upper estuary during drier 
springs and winters may have caused higher 
chlorophyll accrual, particularly in cases where 
nutrients are plentiful (Lucas and Thompson 2012; 
Glibert et al. 2014; Hammock et al. 2019). Although 
the modeled mean chlorophyll concentrations 
were similar in drought and wet periods in spring, 
the maximum concentration was approximately 
3-fold lower in wet periods compared to drought 
periods (Figure 8). Therefore, during spring in 
some drought periods, multiple environmental 
conditions may have aligned and resulted 
in greater phytoplankton abundance than 
occurred during wet periods. The strong negative 
relationship during spring between Delta inflow/
outflow and chlorophyll was observed previously 
(Arthur and Ball 1979; Lehman 1992; Jassby 2008). 

In winter, a negative relationship between flows 
and chlorophyll also occurred, but the lower 
irradiance levels and cooler temperatures likely 
limited chlorophyll concentrations from reaching 
the same absolute concentrations as in spring, 
although the relative differences were similar 
in magnitude (Figure 8). By summer, drought 
classification had less of a direct effect on 

chlorophyll concentrations. Although summer 
water temperatures increased during drought 
periods (0.5 °C) this increase may have minimally 
affected chlorophyll values given the already high 
summer water temperatures even in wet periods. 
These results contrast with other estuaries, where 
decreased nutrient import during droughts led 
to decreased chlorophyll (Bruesewitz et al. 2017; 
Wetz et al. 2011), though longer residence times 
during droughts have been shown to increase 
chlorophyll in other estuaries, including the 
Baffin Bay estuary in Texas (Cira et al. 2021).

Drought classification affected chlorophyll most 
strongly in the South-Central Delta region, where 
concentrations were higher during drought 
periods than wet and neutral periods (Figure 7). 
The South-Central Delta region had the highest 
chlorophyll concentrations of the four Delta 
regions (Figure 7) and has also experienced 
widespread blooms of toxic cyanobacteria since 
first being documented in 1999, particularly 
during dry years (Hayes and Waller 1999; Lehman 
et al. 2005). The shallow channels, longer 
residence time, and ample nutrients in the South-
Central Delta region offer favorable conditions for 
phytoplankton growth. Flow is heavily modified 
in this region, and the amount of water exported 
from the Delta during summer controls net flow 
direction and residence time. If export pumping 
is reduced during droughts, the water residence 
time increases in the South-Central Delta region 
(Hammock et al. 2019), which gives phytoplankton 
more time to accrue biomass. This area is also 
higher in nutrients (Figure 7), which come from 
the numerous WWTPs, island drains, agricultural 
and urban runoff, and regeneration from 
sediments (Dahm et al. 2016). The abundance 
of cyanobacteria in this region has also been 
associated with droughts (Lehman et al. 2017, 
2018, 2022). 

Drought classification had a modest effect on 
chlorophyll concentrations in the confluence and 
no significant effect in Suisun Bay (Figure 7). In 
these two regions, the influence of tidal mixing 
and benthic grazers exert a strong control on 
chlorophyll concentrations (Cloern et al. 1983; 
Kimmerer and Thompson 2014; Nichols 1985), and 
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values were often highest when the location of the 
turbidity maximum (and water clarity minimum) 
coincided with Suisun Bay and shallow channels 
(Cloern et al. 1983). While the mean chlorophyll 
concentration in Suisun Bay was not different 
among the drought classifications, the highest 
outliers and 75th percentile occurred in neutral 
periods. Beck et al. (2018) found that chlorophyll 
concentrations were higher in Suisun Bay when 
flows were higher, so the highest values in 
neutral periods may have been during years with 
higher flows. In addition, abundance and grazing 
rates of P. amurensis increased during dry years, 
potentially contributing to lower chlorophyll 
in Suisun Bay during droughts (Hartman et al. 
This Issue B). The complex interactions between 
grazers, tides, and flow management weaken the 
relationship between chlorophyll and water flow 
in the confluence and Suisun Bay (Lehman 1992).

Food Web Implications
The changes we observed in water quality and 
nutrients during drought periods may cascade 
up the food web to invertebrates and fishes. 
Many organisms in the estuary have strong 
relationships with freshwater inflow (Kimmerer 
2002b), but the mechanisms behind those 
relationships are not always clear. In this study, 
we show how the environment experienced 
by organisms in the upper estuary changes 
significantly, which may help identify drivers of 
changes at higher trophic levels. For example, 
zooplankton abundance increased in the South-
Central Delta region during droughts (Barros 
et al, this issue; Hartman et al., this issue), 
which mirrored the increase in chlorophyll 
concentrations in this region (Figure 7). 
Zooplankton could have taken advantage of 
the increased food supply made available by 
increased phytoplankton (Orsi and Mecum 1986; 
Owens et al. 2019); however, there is not always 
a direct relationship between zooplankton 
growth rates and chlorophyll concentrations 
because the taxa of phytoplankton that contribute 
to chlorophyll concentrations are not all 
equally available or preferred food sources for 
zooplankton (Jungbluth et al. 2021). 

We found an increase in chlorophyll in the South-
Central Delta region during drought periods but 
did not analyze the type of phytoplankton seen 
during droughts due to limitations in long-term 
phytoplankton monitoring data in the upper 
estuary. However, other research has found a 
higher incidence of harmful algal blooms during 
dry years, particularly from cyanobacteria in 
the genus Microcystis (Bouma-Gregson et al. 
this issue; Hartman et al. 2022; Lehman et al. 
2022). Increases in nutrient concentrations, 
temperature, and water clarity, and decreases 
in flow are all implicated in causing Microcystis 
blooms (Lehman et al. 2013; Berg and Sutula 
2015; Hartman et al. 2022; Lehman et al. 2022) 
and are all characteristic of drought conditions 
described in this study. While ortho-phosphate 
concentrations increased during drought periods, 
ammonium and nitrate + nitrite concentrations 
were not affected by drought periods in the 
South-Central Delta region, where Microcystis 
blooms have been seen most frequently (Figure 7). 
Increased amounts of nitrogen consumption by 
Microcystis during droughts may have resulted in 
lower concentrations of nitrogen in the South-
Central Delta region. The use of nitrogen forms 
by cyanobacteria may be more complex than 
our current knowledge, but understanding how 
nutrients fuel the growth of Microcystis and other 
potentially harmful cyanobacterial species in the 
South-Central Delta region will have important 
food-web and human-health implications (Kudela 
et al. 2023). 

Trends in chlorophyll concentrations provide 
only a partial understanding of food web impacts 
from phytoplankton because not all chlorophyll-
containing organisms play the same role in the 
food web. Cryptophytes and diatoms produce 
polyunsaturated fatty acids that can influence 
zooplankton and invertebrate growth and fitness 
(Müller-Navarra et al. 2000; Ruess and Müller-
Navarra 2019; Thomas et al. 2022). Cyanobacteria, 
in contrast, contain minimal long-chain omega-3 
polyunsaturated fatty acids, do not produce sterols, 
and are an inefficient source of vitamin B12 (Ruess 
and Müller-Navarra 2019). Zooplankton growing in 
cyanobacterial blooms have been found to be sterol 
limited (Peltomaa et al. 2017). Additionally, some 
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phytoplankton have considerable defenses against 
grazing, which limits their energetic contribution 
to the food web. For example, a 2016 bloom of the 
filamentous diatom, Aulacoseira granulata, in the 
Delta did not result in higher population size or 
fecundity for the copepod Pseudodiaptomus forbesi 
(Jungbluth et al. 2021). The large cell size, thick 
silica cell wall, and filamentous morphology of 
A. granulata may have hindered consumption by
P. forbesi (Lürling 2021; Ryderheim et al. 2022).
While a full analysis of phytoplankton community
composition was outside the scope of this paper,
the analysis performed by Lehman (1996) found
more cryptophytes and cyanobacteria during
critically dry years. The impact of water quality
parameters on the food web will be largely
mediated by changes to the phytoplankton
community composition, which is shaped by
bottom up (water quality) and top-down (grazing)
factors.

Many pelagic fishes decline during droughts 
(Mahardja et al. 2021; Nelson et al., unpublished 
draft, see “Notes”), and their decline may be 
influenced by many of the water quality variables 
we evaluated. Clearer water can reduce feeding 
efficiency (Hasenbein et al. 2013) and make 
pelagic fishes more vulnerable to predators 
(Ferrari et al. 2014). Higher temperatures increase 
the metabolic demands of pelagic fishes and can 
also increase their susceptibility to predation 
(Davis et al. 2019; Nobriga et al. 2021). Reduced 
flows may slow movement of outmigrating 
juvenile salmon or cause them to become 
entrained in water project intakes (Romine et 
al. 2021). Changes to nutrient and chlorophyll 
concentrations are less likely to directly affect 
fishes; however, if chlorophyll concentrations 
increase in the form of harmful algal blooms, 
fish survival may be reduced through toxicity, 
reduced oxygen, or increased pH (Acuna et al. 
2012; Kurobe et al. 2018; Bouma-Gregson et al., 
this issue).

The interannual changes in water quality 
conditions could also lead to spatial or temporal 
mismatches between the life histories and traits 
of higher organisms and their optimal abiotic 
conditions. For example, Delta Smelt typically 

rear in the low salinity zone (0.5-6 PSU) during 
the fall (Sommer and Mejia 2013). However, in 
drought years, the region of optimal salinity 
is in the narrow, channelized Sacramento and 
San Joaquin Rivers. In wet years, the region of 
optimum salinity is in the comparably more 
hospitable shallow shoals and wetlands of Suisun 
Bay and Marsh where temperatures, turbidity, 
and phytoplankton production are more suitable 
(Sommer and Mejia 2013; FLOAT-MAST 2021). 
Similarly, lower flows and higher temperatures 
during droughts may mean that out-migrating 
juvenile salmonids do not reach the Delta until 
temperatures are too warm for survival (Nobriga 
et al. 2021). 

Future droughts will be more frequent and severe 
(Swain et al. 2018), so the already fragile food 
web may have difficulty coping with the changes 
to water quality we found by analyzing past 
droughts. Furthermore, sea level rise will cause 
landward salinities to increase (Ghalambor et al. 
2021), and climate change will further increase 
temperatures (Dettinger et al. 2016; Pierce et 
al. 2018). With the exception of ammonium, the 
impacts of drought described in this paper will 
help predict conditions in the future, but we can 
expect many of the patterns described here to be 
magnified and the impact intensified.

CONCLUSIONS
Drought is an ever-present and transformational 
feature of California’s Mediterranean climate. 
Looking at 46 years of data collected in the San 
Francisco Estuary, we found that droughts affected 
multiple physical and chemical parameters in 
the upper estuary. Extended periods of below-
average precipitation decreased water supply and 
resulted in reduced Delta inflow that intensified in 
each successive dry year. Reduced inflow during 
drought periods affected the upper estuary by 
making it warmer, saltier, and clearer, with higher 
nutrient concentrations and patchy increases in 
chlorophyll when compared to wet and neutral 
periods. These impacts of drought on water 
quality, nutrients, and chlorophyll can, in turn, 
affect the higher trophic levels within the upper 
estuary. While most of the water quality and lower 
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trophic level responses to drought periods found 
by our study were expected, our work reaffirms 
the existence of these trends across almost a half 
century spanning numerous multi-year droughts. 
Climate extremes, like drought and flooding, are 
expected to increase in frequency and intensity in 
California with climate change (Swain et al. 2018). 
Therefore, understanding how droughts influence 
the water quality conditions of the upper estuary 
can help inform water management decisions in 
the upper estuary, both currently and in the future.
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