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ABSTRACT

Climate projections and their effects in the

San Francisco Estuary have been evaluated as
part of the US Geological Survey’s CASCaDE2
project. Understanding the ecological effects of
climate change can help manage and maintain
the ecological health and productivity of

the San Francisco Estuary. In this study, we
assessed downscaled air temperature data from
10 global climate models (GCMs) under two
representative concentration pathway (RCP)
trajectories for greenhouse gas concentrations
for three regions of the San Francisco Estuary:
Sacramento-San Joaquin Delta, Suisun and
Grizzly bays, and Suisun Marsh. We also used
previously derived regression models to estimate
future water temperatures at 16 locations in

the upper San Francisco Estuary. We used a
thermal regime approach to summarize water
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temperature projections to investigate changes to
the thermal regime of the upper San Francisco
Estuary, and used the Delta Smelt (Hypomesus
transpacificus) to demonstrate the effects that a
warming climate may have on the habitat needs
of this fish species. Our results suggested there
were no major differences in the extent of air-
temperature warming among the three regions.
Annual average air temperatures were projected
to increase approximately 2.0 °C and 4.7 °C by
the end of the century for the low and high

RCP scenarios, respectively. We found timing,
frequency, and magnitude metrics varied by
period and RCP scenario, while duration and
variability metrics varied by space for water-
temperature thermal regimes. For example,

the spawning window for Delta Smelt (thermal-
regime duration metric) is projected to expand
in the future, with spawning starting earlier

for both RCP scenarios for most sites. Although
our thermal-regime analysis focused on the life
history of Delta Smelt, similar approaches could
be used to assess climate-change threats to a
wide array of native and invasive terrestrial and
aquatic species found in San Francisco Estuary.
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INTRODUCTION

Climate change threatens many services that the
San Francisco Estuary (the estuary) provides.
For example, the upper estuary, which includes
the Sacramento-San Joaquin Delta (Delta) and
Suisun Bay (Figure 1), provides fresh water to
many Californians. Projected sea level rise and
increased salt intrusion into the upper estuary as
a result of climate change have caused concern
about the capacity of the upper estuary to supply
fresh water in the future (Cloern et al. 2011; Bush
et al. 2022; Herbold et al. 2022). Consequently,
efforts by the California state legislature to meet
the goals of providing a more reliable water
supply for California—and to protect, restore,
and enhance the Delta ecosystem—include
promoting options for new and improved water-
transport infrastructure (Sacramento-San
Joaquin Delta Reform Act 2009). However, altered
hydrodynamics is just one aspect of how climate
change may affect the services the estuary
provides.

Air and water temperatures are important to the
ecological functioning of the estuary, and climate
change is anticipated to considerably affect the
ecosystem’s thermal regime (see Cloern et al.
2011; Brown et al. 2013, 2016; Jeffries et al. 2016;
Davis et al. 2019; Bashevkin et al. 2022; Bashevkin
and Mahardja 2022). Like flow, temperature is a
master variable that affects community dynamics
of aquatic organisms (Olden and Naiman 2010;
Arismendi et al. 2013). Temperature is a major
driver of community structure and function
because temperature controls physiological
thresholds, food-web dynamics and productivity,
and behavior of organisms (Brown et al. 2004;
Daufresne et al. 2009; Sheridan and Bickford 2011;
Armstrong and Schindler 2013; Cross et al. 2015).
Thus, understanding current and future trends
in temperatures in the upper estuary could aid
development of proactive mitigation strategies to
combat the potentially deleterious effects created
by a changing climate.

Water-temperature patterns in the estuary
are controlled by several factors, including
atmospheric forcing, interacting effects of
tides and rivers, water residence time, and
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heat and water exchange with groundwater.

Air temperature is a major driver of water
temperatures and ecosystem services and
functions in the upper estuary (Kimmerer

2004; Wagner et al. 2011; Vroom et al. 2017).
Contributions from other drivers vary predictably
along a longitudinal gradient in the estuary,
dominated by tides at western seaward locations
and becoming more strongly affected by air
temperature and riverine flow at more landward
locations (Vroom et al. 2017).

Previous work on air temperature has focused
on the entire Sacramento-San Joaquin Delta
watershed (Knowles et al. 2018; Stern et al. 2020).
Water-temperature models have previously been
limited to a few emission scenarios derived from
global climate models (GCMs; Cloern et al. 2011,
Brown et al. 2013, 2016), or occur at a few fixed
stations with long-term data availability (Wagner
et al. 2011; Bashevkin et al. 2022; Bashevkin

and Mahardja 2022). The goal of this study is to
build on previous water-temperature modeling
methods (Wagner et al. 2011) and available air-
temperature projections for an ensemble of
future scenarios (Pierce et al. 2014; Knowles

et al. 2018; Wulff et al. 2021) to develop water-
temperature projections at many locations in
the estuary. To accomplish this goal, we have
summarized projected air temperatures for
three major regions of the upper estuary (Delta,
Susuin and Grizzly bays, and Suisun Marsh;
Figure 1). We have also updated projected water
temperatures for 16 locations in the upper estuary
using previously available regression equations
(Wagner et al. 2011; Figure 1). We demonstrate
the potential usefulness of these data using case
studies to describe trends in air temperature,
and by illustrating spatial and temporal changes
in the thermal regime (Olden and Naiman 2010;
Arismendi et al. 2013; Maheu et al. 2016) of water
temperature based on climate projections. We
describe thermal regimes in reference to the
life-history requirements of the Delta Smelt
(Hypomesus transpacificus), an endemic fish
species listed as endangered under the California
State Endangered Species Act and threatened
under the Federal Endangered Species Act
(CNDDB 2023).
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Site names of the 16 water-temperature sites used for water-temperature predictions in the San Francisco Estuary, California. (A) Grid cells

for air-temperature projections in each region (B) and water-temperature sites (C) in the upper estuary are also provided. Symbol colors represent site

locations in the Sacramento River, the San Joaquin River, or the confluence of both rivers.
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METHODS

Data for this project were generated from

the US Geological Survey CASCaDE2 project
(Computational Assessments of Scenarios of
Change for the Delta Ecosystem), which uses

20 Coupled Model Intercomparison Project
Phase 5 (CMIP5) climate scenarios, consisting of
10 GCMs (Table 1) run with two representative
concentration pathways (RCPs; Knowles et al.
2018). These two RCP pathways included the
radiative forcing values of 4.5 and 8.5 W m~2 by
the year 2100, which represent a scenario to abate
greenhouse gas emissions (RCP 4.5) and a high-
end emissions scenario (RCP 8.5). Further details
on these scenarios can be found in Knowles et al.
(2018).

Air Temperature

We generated GCM-derived air temperatures for
each of the 20 climate scenarios for 1980-2099 at
daily time increments on a one-sixteenth-degree
grid (Pierce et al. 2014). We constrained GCM
projections to 2099 instead of 2100 because some
GCM projections end in 2099. We calculated daily
average air temperatures for three regions of the
upper estuary: the Delta, Suisun and Grizzly bays,
and Suisun Marsh (Figure 1B). Additionally, we
used an observation-based dataset on the same
one-sixteenth-degree grid (Livneh et al. 2015) to
provide a historical baseline from 1980-2009 to
compare with GCM-derived climate scenarios
(Knowles et al. 2018). The dataset included daily
minimum and daily maximum near-surface air
temperatures, and we calculated daily average
values from these daily minimums and daily
maximums.

We summarized daily air-temperature metrics
(daily averages, minimums, and maximums)
among the three regions of the upper estuary
(Delta, Suisun and Grizzy bays, and Suisun
Marsh) for each climate scenario by water year
(the period from October 1 through September
30; e.g., water year 2012 is October 1, 2011
through September 30, 2012) as monthly and
annual average temperatures. We estimated the
magnitude of temperature change for each of
the three air-temperature metrics summarized
by period (i.e., each month and annually) for
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Table 1 Global climate models (GCM) used for air- and water-temperature
predictions in the San Francisco Estuary, California (Source: Knowles et al.
2018; Stern et al. 2020)

GCM Modeling Center
ACCESS-1.0

Commonwealth Scientific and Industrial
Research Organization and Bureau of
Meteorology, Australia

CanESM2 Canadian Centre for Climate Modeling and

Analysis

CCSMm4 National Center for Atmospheric Research,

USA

National Science Foundation, Department of
Energy, and National Center for Atmospheric
Research, USA; Community Earth System
Model

Centro Euro-Mediterraneo per | Cambiamenti
Climatici

CESM1-BGC

CMCC-CMS

CNRM-CM5 Centre National de Recherches
Meteorologiques / Centre Europeen de
Recherche et Formation Avancee en Calcul

Scientifique, France

GFDL-CM3 National Oceanic and Atmospheric
Administration Geophysical Fluid Dynamics

Laboratory, USA
Met Office Hadley Centre, United Kingdom

Met Office Hadley Centre (Additional
realizations), United Kingdom

HadGEM2-CC
HadGEM2-ES

MIROC5 Atmosphere and Ocean Research Institute,
National Institute for Environmental Studies,
and Japan Agency for Marine-Earth Science

and Technology

each climate scenario and each region using
Sen’s slope estimator, which is a non-parametric
test that represents the median slope of all pairs
in the dataset (Sen 1968; Arismendi et al. 2013).
For simplicity, we summarized each future air
temperature metric (2010-2099) for all GCMs into
an ensemble mean for the 4.5 emission scenario
and an ensemble mean for the 8.5 emission
scenario (means among all GCMs). Lastly, we
estimated the magnitude of change with Sen’s
slope estimator for each air-temperature metric
summarized by period and region during baseline
conditions (1980-2009) using observations from
Livneh et al. (2015).

Water Temperature
We modeled daily water temperatures at 16
monitoring sites in the upper estuary based on



previously established regression equations
(Wagner et al. 2011, http;//www.iep.ca.gov;

Figure 1). We report only daily average values

for water temperature from this point forward,
but modeled daily minimum and maximum
temperature values are available in Wulff et al.
(2021). Wagner et al. (2011) developed predictive
regression equations for water temperature at
these 16 sites of the upper estuary as a function
of air temperature and insolation (R, a measure
of the amount of the sun’s energy reaching earth)
on the same day (i), and the preceding day’s daily
average water temperature (W,_,):

W.=aA,+BpW  +VYR + 1 Eq1

where a, B, y, and T are regression coefficients for
the daily average air temperature, previous day’s
daily average water temperature, insolation effect,
and a constant offset, respectively (Table Al). We
downloaded insolation data from the California
Irrigation Management Information System
(CDWR 2020) for seven locations in the upper
estuary (Lodi, Brentwood, Manteca, Twitchell
Island, Lodi West, Tracy, and Concord; see Wagner
et al. 2011 for more detail), and we used the average
value (arithmetic mean) among locations for
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each day for all water-temperature predictions as
recommended by Wagner et al. (2011). We used
historical air temperatures (1980-2009, Livneh et
al. 2015) and projected air temperatures for both
RCPs of each GCM that were made available by
the CASCaDE2 project (Knowles et al. 2018) to
expand Wagner et al.’s (2011) water-temperature
predictions from two to 10 GCMs (see Brown et
al. 2016). We used projected air-temperature data
downscaled to a 12-km grid for the upper estuary
and averaged among grid cells to develop our
water-temperature regression models based on
Equation 1.

We explored spatial and temporal patterns in
baseline and forecasted water temperatures
using a thermal-regime analytical framework
(Olden and Naiman 2010; Arismendi et al. 2013;
Isaak et al. 2020). We summarized time-series of
daily average water temperatures for each water
year into metrics that were organized into five
discrete thermal-regime categories (magnitude,
frequency, timing, duration, and variability;
Table 2, Figure 2; Arismendi et al. 2013)—metrics
associated with spring (March-May), summer
(June-August), fall (September-November), and
winter (December-February) months. We used

Table 2  Definition of thermal-regime metrics used for water temperature at 16 locations in the San Francisco Estuary, California

Thermal regime | Metric Units Definition
o Maximum weekly maximum temperature estimated as the maximum of the 7-day
MWMT © . . :
moving average of the maximum daily temperature.
Magnitude MWAT °c Maximum weekly average temperature estimated as the maximum of the 7-daily
moving average of the mean daily temperature.
Degree-Days %C Accumulation of temperature over time.
MeanRange °C Difference between the highest and lowest daily mean temperature.
Variabilit MaxRange °C Difference between the highest and lowest maximum daily temperature.
ariabili
Y CVmax None Coefficient of variation among daily maximum temperatures.
CVmean None Coefficient of variation among daily mean temperatures.
CTD50 Day Date of attaining 50% of the degree days for a year.
CTD75 Day Date of attaining 75% of the degree days for a year.
Timing SpawnMedian Day Median date of the spawning window for Delta Smelt (See SpawnDays).
SpawnStart Da Start of the spawning window for Delta Smelt, initiated after 5 consecutive days at
P y or above 15 °C following the first of February each year (See SpawnDays).
Number of days within the spawning window for Delta Smelt. The spawning
Duration SpawnDays Number of days | window starts after 5 consecutive days at or above 15 °C following the first of
February and ends after 5 consecutive days at or above 20 °C.
Frequency | AboveThreshold | Number of days | Number of days that exceed the acute lethal temperature for Delta Smelt, 25 °C.
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Figure 2 Predicted daily average water temperatures at three sites under the RCP 4.5 and RCP 8.5 ensemble scenarios in the San Francisco Estuary,
California. The gray polygon represents the daily average minimum and daily average maximum predicted water temperatures for each day during the
historical record (1980-2009). /Individual lines are summarized mean temperatures by decade (2010-2019, 2020-2039, etc.).

similar definitions for thermal-regime metrics
as described by Olden and Naiman (2010) for
this study, where thermal regimes describe the
magnitude of water temperatures, frequency
of occurrence of a given temperature, the time

at which a given temperature occurs (day), the

duration of time in which a given te

mperature

occurs (number of days), and how quickly a
temperature metric changes or how variable that

metric is over a period of days.



We focused on calculating thermal-regime
metrics relative to physiological thresholds
relevant to important life-history events for Delta
Smelt (Hypomesus transpacificus), a pelagic fish
native to the estuary that has been the focus of
much conservation effort (Brown et al. 2013, 2016;
Table 2). The spawning window of Delta Smelt
was defined as the date when water temperatures
reached 15 °C during spring months for 5
consecutive days and ends when temperatures
exceed 20 °C for 5 consecutive days (Bennett 2005;
Brown et al. 2016). The spawning window was
used to define thermal-regime metrics specific to
timing (start, median, and end of the spawning
window based on date), and the duration of the
spawning window (total number of days in the
window). We also calculated a metric for the
number of days above the acute lethal thermal
limit for Delta Smelt (25 °C) as described by Brown
et al. (2013). All other metrics used to describe the
thermal regime of the upper estuary are defined
in Table 2.

We used non-metric multidimensional scaling
(nMDS) ordination in program R (Oksanen et
al. 2020; R Core Team 2021) to describe how the
thermal regime among locations in the upper
estuary may change under various climate
scenarios (baseline, RCP 4.5, RCP 8.5). We
estimated the magnitude of change in each
thermal-regime metric among all locations
using the Sen’s slope estimator from the “trend”
package (Pohlert 2020) in program R, similar to
methods described for air-temperature analyses.
Lastly, we used the Sen’s slope estimator to
describe the magnitude of change for monthly
average water temperature (average of daily
average temperatures for a month) and annual
average water temperature (average of daily
average temperatures for a full year), similar to
our air-temperature analysis.

RESULTS

Air Temperature

Trends in air-temperature metrics (daily
minimum, average, and maximum) either
increased or decreased based on temperature
summaries at monthly or annual time-scales
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under historical baseline conditions (1980-2009).
Annual average air temperatures for baseline
conditions increased for all three regions (Delta,
Suisun and Grizzly bays, and Suisun Marsh,;
Table 3), with annual average air temperatures
increasing by 0.025 °C per year for the Suisun
and Grizzly bays and Suisun Marsh, and by

0.021 °C per year for the Delta (Figure 3; Table 3).
Monthly average air temperatures for baseline
conditions demonstrated an increasing trend

for all months and regions except that monthly
average temperatures (1) decreased in the Delta
during May (-0.011 °C per year) and July (- 0.015 °C
per year), (2) decreased in Suisun and Grizzly
bays during December (- 0.003 °C per year),

and (3) decreased in Suisun Marsh during July
(-0.003 °C per year) and December (-0.002 °C per
year; Table 3). Similar decreasing trends in air
temperature were observed for monthly average
minimum and maximum temperatures during
May and July for the Delta (Table 3). However,
monthly average maximum temperatures
decreased in May and July through November

in Suisun and Grizzly bays and in Suisun Marsh
(Table 3). Lastly, monthly average maximum
temperatures also decreased during March in
Suisun Marsh (-0.007 °C per year; Table 3).

Unlike historical baseline conditions, all
monthly and annual temperature metrics for
future emission scenarios increased (Table 3).
Consequently, we only describe patterns in daily
average air-temperature metrics for simplicity
from this point forward. Sen’s slope estimates
indicated that the magnitude of warming air
temperatures was lowest during the summer
months (June-August Sen’s slopes = 0.009-
0.017 °C per year among regions), while late fall
and early winter months (October, November,
and December) demonstrated the highest
air-temperature warming trends for the RCP
4.5 emission scenarios (Table 3; Sen’s slope =
0.028-0.032 °C per year among regions). Similar
warming trends by month were observed for the
RCP 8.5 emission scenarios, although the Sen’s
slope indicated a greater magnitude in change
(summer months Sen’s slope = 0.032-0.042 °C
per year, late fall and early winter months Sen’s
slope = 0.063-0.075 °C per year; Table 3).
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Table 3 Trend analysis for daily air temperature metrics under baseline, RCP 4.5, and RCP 8.5 ensemble scenarios in the San Francisco Estuary,
California. Values are the Sen’s slope (°C per year). Period represents monthly and annual average air- temperature metrics for each location.

Baseline RCP 4.5 RCP 8.5
Location Period Minimum Mean Maximum Minimum Mean Maximum Minimum Mean Maximum
Sacramento- | Jan 0.005 0.009 0.005 0026 0024 0027 0055 0054 0057
gi?t ;an“i” Feb 0053 0045 0055 0023 0.020 0026 0056 0.050 0061
Mar 0012 0008 0013 0019 0017 0022 0045 0042 0047
Apr 0031 0044 0027 0020 0022 0018 0044 0042 0045
May -0029 | -0011 -0.035 0022 0021 0024 0041 0.041 0.040
Jun 0048 0018 0076 0018 0017 0019 0038 0035 0039
Jul -0013 -0015 -0.017 0016 0013 0018 0041 0036 0046
Aug 0034 0038 0.039 0021 0016 0024 0.049 0.041 0057
Sep 0025 0021 0034 0029 0.024 0034 0.059 0055 0064
Oct 0046 0041 0046 0030 0029 0032 0061 0063 0058
Nov 0039 0.050 0.031 0028 0028 0027 0066 0.070 0.062
Dec 0055 0035 0063 0032 0031 0032 0068 0.069 0.066
Annual 0026 0021 0026 0024 0022 0025 0052 0.050 0054
Suisunand | Jan 0.000 0.005 0.007 0028 0026 0028 0058 0.056 0.059
Grizzly bays | gey, 0,064 0,060 0,060 0021 0018 0024 0053 0047 0,060
Mar 0.008 0016 0.001 0020 0017 0022 0046 0043 0048
Apr 0024 0031 0012 0022 0.024 0019 0047 0046 0048
May -0021 001 -0.040 0025 0024 0027 0046 0.047 0046
Jun 0044 0014 0072 0015 0014 0017 0034 0032 0035
Jul -0021 0000 | -0.011 0012 0010 0014 0039 0033 0043
Aug 0036 0037 | -0002 0020 0016 0023 0050 0042 0058
Sep 0013 0036 | -0014 0030 0026 0034 0063 0.059 0067
Oct 0.006 0030 | -0013 0032 0031 0034 0.065 0068 0062
Nov 001 0033 | -0012 0032 0032 0031 0070 0075 0.066
Dec 0018 -0.003 0026 0033 0032 0033 0067 0.069 0065
Annual 0017 0025 0.009 0024 0022 0026 0053 0052 0055
Suisun Marsh | Jan 0.000 0.001 0.008 0027 0025 0027 0057 0055 0058
Feb 0.062 0064 0055 0021 0017 0024 0053 0046 0059
Mar 0.007 0018 -0.007 0019 0017 0022 0045 0042 0047
Apr 0025 0034 0013 0022 0.024 0019 0.047 0.046 0047
May -0.019 0014 -0.040 0025 0024 0026 0046 0046 0045
Jun 0045 0012 0072 0015 0014 0017 0034 0032 0035
Jul -0023 | -0003 | -00M1 0012 0.009 0014 0.039 0033 0043
Aug 0.030 0034 | -0002 0020 0015 0023 0049 0042 0057
Sep 0.008 0032 | -0016 0029 0025 0034 0063 0.059 0.066
Oct 0.001 0024 | -0017 0032 0031 0034 0.065 0.068 0062
Nov 0.006 0030 | -0012 0032 0032 0031 0070 0075 0066
Dec 0019 -0.002 0033 0033 0032 0033 0067 0.069 0.065
Annual 0017 0025 0.006 0024 0022 0025 0053 0.051 0054




JUNE 2024

22
@ Sacramento-San Joaquin Delta
@ Suisun and Grizzly bays
@ Suisun Marsh
@® Baseline
@® RCP45
O RCP85
20
O
<
Q
2
©
[}
a
£
2
=
©
)
)}
Q
g 18
©
=
8
o ¢
' [ I J
[J
g on%’
o] Ce® &
$° o
o3

1975 2000 2025

2050 2075 2100

Water year

Figure 3 Predicted daily average air temperature for three regions of the San Francisco Estuary, California, during baseline historical conditions (before

2010) and projected under two emission scenarios (RCP 4.5 and RCP 8.5).

Water Temperature

Water temperatures under baseline and future
emission scenarios varied by month and location
in the upper estuary (Figure 4). Temperatures
were consistently warmest in the San Joaquin
River water-temperature sites (Burns Cut,
Mossdale, and Prisoners Point sites), intermediate
in the Sacramento River water-temperature sites
(Hood, Miners Slough, and lower and upper Cache
Slough sites), and coolest in the confluence water-
temperature sites (Martinez, Mallard Island sites)
during all but the winter months (December-
February; Figure 1). For example, the Burns Cut
(26.2 °C), Mossdale (25.6 °C), and Prisoners Point
(24.4 °C) sites had the three warmest monthly

average water temperatures predicted for July
under baseline conditions (Figure 4), while

three of the four warmest sites predicted for
January were sites near the confluence of the

San Joaquin and Sacramento rivers (Martinez =
10.5 °C, Antioch = 10.4 °C, Mallard Island = 10.2 °C;
Figure 4). Most sites in the Sacramento River were
predicted to be relatively cool compared to sites
in the San Joaquin River at similar distances from
the Golden Gate Bridge for nearly all months and
were slightly warmer than sites downstream of
the confluence (Martinez and Mallard Island,
Figure 4).
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Figure 4 Predicted daily average water temperature by season and distance (km) from the Golden Gate Bridge (see Figure 1) for 2000, 2040, and 2080
under the baseline and ensemble RCP 4.5 and RCP 8.5 scenarios for 16 sites in the San Francisco Estuary, California. Each season has three points: one for
each month of that season (summer = June through August, fall = September through November, winter = December through February, and spring = March
through May). Colors represent the location of a site, being the Sacramento River, San Joaquin River, or the confluence of both rivers (see Figure 1).

Trend analysis of monthly and annual average
water temperatures demonstrated differences
between baseline conditions (1980-2009) and
future scenarios (RCP 4.5 and 8.5, 2010-2099).
Similar to trends in air temperature, monthly and
annual average water temperatures demonstrated
an increasing trend in temperature for RCP 4.5
emission scenarios and a greater magnitude in
increasing temperature trends for the RCP 8.5
emission scenarios based on Sen’s slope values
(Table A2).

10

Non-metric multidimensional scaling ordination
of thermal-regime metrics converged in two
dimensions with a stress of 0.08, indicating
strong separation among thermal-regime metrics
in two dimensions (Figure 5). Thermal-regime
metrics separated along obvious gradients in two-
dimensional (2-D) space, with more seaward sites
depicted at the negative end of MDS 1 and 2 and
more landward sites found on the positive end of
both MDS axes (Figure 5C). An opposite pattern
in thermal-regime metrics was observed in 2-D
space along a temporal gradient, with baseline
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Figure 5 Non-metric multidimensional scaling plot of water-temperature metrics (see Table 3) representing the thermal regime of the San Francisco
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RCP 4.5 and (B) RCP 8.5 emission scenarios. The general spatial and temporal pattern in the thermal regime is summarized in biplot space for MDS 1 and 2
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conditions found in the top-left corner of the

biplot space (negative MDS 1 and positive MDS 2)

and future conditions (2099) under the highest
RCP emission scenarios found in the bottom-
right corner of biplot space (positive MSD 1 and
negative MDS 2; Figure 5C). Thermal-regime
metrics in biplot space indicated that metrics
representing magnitude of the thermal regime
more strongly loaded on the bottom-right of the
nMDS biplot, where future conditions at the

11

highest emission scenarios also loaded (Figure 5).
Thermal-regime metrics that represented
variability loaded more strongly on the positive
end of MDS 1 and MDS 2 of biplot space, where
more landward sites loaded (Figure 5). Thermal-
regime metrics that represented timing loaded
more strongly on the negative side of MDS 1 and
positive side of MDS 2 in biplot space, where
baseline conditions were located. Lastly, thermal-
regime metrics that represented duration more
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strongly loaded on the negative side of MDS 1
with conditions found at more seaward locations
(Figure 5).

Trend analysis of thermal-regime metrics
during baseline conditions demonstrated greater
variability in Sen’s slope estimates among sites
than for future scenarios (Figure 6). Magnitude
thermal-regime metrics increased for most sites
with a general pattern of a decreasing trend

for all other thermal-regime metrics during
baseline conditions (Figure 6). Trend analysis
indicated that under future emission scenarios,
metrics used to describe the magnitude, duration,
and frequency of the upper estuary’s thermal
regime increased, timing metrics decreased,
and variability metrics showed no discernable
patterns (Figure 6).

The number of days above the acute lethal
temperature limit for Delta Smelt of 25 °C
increased for all sites. The magnitude of increase
was lowest at the Martinez site (Sen’s slope = 0.04
days per year for RCP 4.5 emission scenarios

and 0.43 days per year for RCP 8.5 emission
scenarios) and highest at the Jersey Point site
(Sen’s slope = 0.64 days per year for RCP 4.5
emission scenarios and 1.20 days per year for RCP
8.5 emission scenarios; Table A2). The timing in
which spawning would occur was predicted to
start earlier under all future scenarios at all sites
(SpawnStart, SpawnMedian), and the duration of
the spawning window was predicted to increase
for all sites and future emission scenarios

other than at the lower Cache Slough and the
Sacramento River Deep Water Ship Channel
(SDWSC) sites (Figure 7).

DISCUSSION

We observed warming trends for air- and water-
temperature metrics that were similar to results
of previous studies (Cloern et al. 2011; Wagner et
al. 2011; Brown et al. 2013, 2016). We built on those
results by generating information from a greater
number of GCMs with more recent greenhouse
gas emission scenarios to provide more robust
projections, which may help guide restoration
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efforts in response to a changing climate (Palmer
et al. 2009; Cloern et al. 2011).

Temperature Change in the Estuary

Air-temperature projections from downscaled
GCMs for the three regions of the upper estuary
(Delta, Suisun and Grizzy bays, and Suisun Marsh)
showed little spatial variability under current

and projected climate scenarios, which may be a
result of the close proximity of these regions to
one another and their similar topography. Cayan
et al. (2008) showed that air temperatures in
California are projected to warm approximately
1.5 °C under low-emission scenarios and as high
as 4.5 °C under high- emission scenarios by 2100.
We found similar air-temperature trends among
the three regions of the upper estuary where
mean daily average air temperatures are projected
to increase approximately 2 °C under the low-
emission scenarios (RCP 4.5) and approximately
4.5 °C under the high-emission scenarios (RCP 8.5)
by the end of the century. Our air-temperature
values were downscaled to finer spatial scales

but were all within the same climate zone of
California (zone 12; Sherbakov et al. 2018).

Seasonal patterns in projected water temperatures
were more spatially variable than seasonal
patterns in air temperatures. Monthly average
water temperatures were warmest during winter
months at more seaward sites and warmest during
summer months at the more landward sites,
specifically in the San Joaquin River watershed.
These observed spatial and seasonal patterns

in water temperatures in the upper estuary

are consistent with expectations that effects of

air temperature and riverine inputs increase

with increases in distance from marine inputs
(Vroom et al. 2017). Additionally, projected water
temperatures during summer months were higher
at sites in the San Joaquin River watershed than

in the Sacramento River watershed, a pattern

that may be influenced by outflow-temperature
relationships. Kimmerer (2004) showed that the
correlation between air and water temperatures
weakened during high flows, but this relationship
was stronger in the Sacramento River upstream
of the confluence of the Sacramento and San
Joaquin rivers (at Freeport, which is upstream of
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Hood) compared to near Antioch. The Sacramento Climate Change Effects on Delta Smelt in the Upper
River contributes approximately 85% of inflow to Estuary

the upper estuary compared to the San Joaquin Our results demonstrate that a changing climate
River’s approximately 11%; thus, warmer water is projected to spatially and temporally alter the
at sites in the smaller San Joaquin River may upper estuary’s thermal regime. Spatially, we
demonstrate that water temperatures equilibrate found that metrics representing variability and
faster with air temperatures during warmer duration in the thermal regime distinguished
months in less water (Kimmerer 2004; Bashevkin sites at more landward locations from sites at

et al. 2022). more seaward locations near the Sacramento-San

Joaquin confluence. These spatial patterns in the
thermal regime are not surprising because water
temperature in the upper estuary is closely linked
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to more variable air temperatures landward and
the influence of less-variable ocean temperatures
at more seaward locations (Kimmerer et al. 2004).
Metrics that represented timing, magnitude,

and frequency varied by emission scenarios

and temporally (by year), having implications

for future Delta Smelt life-history events (e.g.,
spawning) and demography (e.g., temperatures
that exceed critical thresholds).

Projected water temperatures in the upper
estuary indicate that the spawning window for
Delta Smelt may expand in the future. We found
earlier starting and ending dates for spawning

at most sites for both RCP emission scenarios,
but the trend was stronger for starting dates
than for ending dates. Bashevkin and Mahardja
(2022) found that historical water temperature
trends in the upper estuary varied spatially,

and the strength of trends depended on season.
Specifically, Bashevkin and Mahardja (2022) found
that warming trends in the upper estuary were
strongest during winter months (November-
February). Consequently, warmer temperatures
in late winter would allow for spawning to occur
earlier in the year, and the weaker warming
signal for early spring results in similar dates

at which spawning ends. We found evidence for
warming trends for all months and sites under the
RCP 8.5 emission scenarios. However, warming
trends during early spring months (March =
0.024-0.030 °C per year, April = 0.028-0.034 °C
per year) were slightly weaker than during the
winter months (December = 0.031-0.038 °C per
year, January = 0.029-0.035 °C per year), providing
some evidence for stronger warming trends
during future winter months than during spring
months. The warming temperatures may expand
the spawning window of Delta Smelt, potentially
benefitting their recruitment process as long as
other aspects of their early life-history are not
affected (e.g., match-mismatch hypothesis; Merz
et al. 2016).

One caveat to consider when interpreting the
patterns in spawning windows of Delta Smelt
observed in this study is that temperature is not
the only factor that influences spawning behavior
or spawning success. For example, early winter
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flows play an important role in triggering the
upstream (landward movement toward freshwater
spawning habitat) spawning movements of

Delta Smelt (Sommer et al. 2011). Consequently,
an earlier and expanded spawning window

from a projected future climate in the upper
estuary may not result in expanded spawning
investment by Delta Smelt if elevated flows do
not trigger upstream spawning movements.
Climate scenarios project highly variable future
precipitation patterns in the Central Valley of
California, with conditions anticipated to result
in more frequent and severe dry years (Knowles
et al. 2018; Stern et al. 2020). Furthermore, an
earlier spawning window would result in fewer
days for somatic growth and gamete production,
potentially resulting in lower per capita fecundity
from smaller Delta Smelt (Damon et al. 2016).
Lastly, the distribution of Delta Smelt throughout
the year would be important to consider in

the context of thermal-regime metrics like the
spawning window, where metrics that represent
life-history events such as spawning would be
most valuable if calculated in areas where these
events most commonly occur in the upper estuary
(more landward than seaward; Merz et al. 2011).

The Delta Smelt is currently managed as a semi-
anadromous species for which reproduction
occurs in freshwater spawning areas during
spring months, and more seaward habitat
downstream of the Sacramento-San Joaquin
confluence is accessed as foraging habitat later
in the year (Moyle et al. 2016). However, Hobbs et
al. (2019) recently showed that three life-history
phenotypes exist in Delta Smelt: a freshwater
resident, brackish water resident, and semi-
anadromous. Consequently, water temperatures
in the freshwater extent of the upper estuary
indicate that the year-round freshwater strategy
may not be viable for future populations. For
example, our results indicate that the number

of days exceeding the acute lethal temperature
for Delta Smelt (25 °C; Brown et al. 2013) is
projected to be greater than 3 months in the San
Joaquin River and greater than 2 months in the
Sacramento River (upstream of the confluence of
the Sacramento and San Joaquin rivers) by 2080
under the high-emission scenario (RCP 8.5). Based
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on our current knowledge of Delta Smelt life-
history strategies (freshwater resident strategy;
Hobbs et al. 2019), 12% of the population would
be lost if suitable freshwater habitat could not
be accessed year-round because of a warming
climate.

Climate change literature supports three
universal responses by ectotherms to a warming
climate. Ectotherms can (1) show an altitudinal/
latitudinal shift in distributions, (2) adopt a
phenological response, or (3) become smaller in
size (Daufresne et al. 2009; Sheridan and Bickford
2011). Evidence for phenological shifts (Merz et al.
2016; Munsch et al. 2019; Goertler et al. 2021) have
already been documented for organisms found

in the upper estuary, and we have shown that the
timing of Delta Smelt spawning in the future is
projected to start earlier throughout most of the
upper estuary based purely on temperature cues
(e.g., other factors, such as flow, are believed to
play a role in Delta Smelt spawning behavior;
Sommer et al. 2011). Altitudinal/latitudinal shifts
are less relevant if considered within the upper
estuary boundary, but longitudinal shifts may be
important as cooler and more stable temperatures
are predicted for locations at more western
regions of the upper estuary as a result of greater
marine influence on temperatures.

Salinity is also projected to increase in the upper
estuary because climate models project rising
sea levels and reduced dry-season freshwater
outflow—two factors that control salt intrusion
into the upper estuary (Cloern et al. 2011,

Bush et al. 2022). Delta Smelt are relatively
resilient to elevated salinities (Komoroske et al.
2014; Kammerer et al. 2016; Hung et al. 2022),
suggesting that more seaward habitat may
provide the most hospitable habitat in the future.
However, the energetic costs associated with
enduring elevated salinities and temperatures
may have compounding sub-lethal effects

on Delta Smelt populations, such as poorer
condition, slower growth, and reduced fecundity
(Ghalambor et al. 2021). Potential sub-lethal
effects of increased salinities and temperatures
were not examined in this study, but improved
understanding of sub-lethal effects could further
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inform management strategies to maintain
populations of Delta Smelt in the upper estuary as
climate changes.

The metabolic theory of ecology predicts
shrinking ectotherm body size with increasing
temperatures because body size and temperature
affect the metabolic rate of ectotherms (Brown
et al. 2004). Evidence for shrinking body sizes in
the upper estuary with warming temperatures
has been limited to invertebrate communities
(Bouley and Kimmerer 2006; Avila and Hartman
2020) and a few fish species (Chinook Salmon
smolts, Oncorhynchus tshawytscha; Munsch et

al. 2019; Yanagitsuru et al. 2021), and warming
temperatures are expected to further reduce

the growth window of fishes like Delta Smelt
(Brown et al. 2016). However, a declining food
base for pelagic fishes, in part from the invasion
of non-native taxa (e.g., Potamocorbula amurensis,
Corbicula fluminea; Feyrer et al. 2003; Greene et al.
2011; Lucas and Thompson 2012), may exacerbate
the shrinking effects of a warmer climate in the
upper estuary as found for other ectothermic
communities (Crozier et al. 2010; Cross et al.
2015; O’Gorman et al. 2016; Nelson et al. 2017).
Further effort to identify the extent to which
contemporary patterns of warming thermal
conditions (see Bashevkin et al. 2022; Bashevkin
and Mahardja 2022) have affected the size and
productivity of ectotherms may provide valuable
insight into how to anticipate and ameliorate
climate change effects on the aquatic ectothermic
community of the upper estuary.

CONCLUSION

The goal of this study was to develop temperature
projections for the upper estuary using ten global
climate models from the CASCaDE2 project
(Brown et al. 2016) using two RCP scenarios

(4.5 and 8.5). We examined effects of projected
temperature increases on Delta Smelt to
demonstrate how a warming climate may affect
habitat needs of a fish species with significant
management implications in California.
However, multiple taxa of conservation interest
use the upper estuary (e.g., winter run Chinook
Salmon; Longfin Smelt, Spirinchus thaleichthys)



and are anticipated to be negatively affected by

a changing climate (Yates et al. 2008; Cloern et
al. 2011; Yanagitsuru et al. 2021). Consequently,
using projected temperatures from this study
and applying similar thermal-regime approaches
specific to the life-history and physiological
limitations for species of conservation interest
could help resource managers anticipate future
risks and inform the development of remediation
strategies.
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