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Abstract: This work presents updated reconstructions of watershed runoff to San Francisco Estuary
from tree-ring data to AD 903, coupled with models relating runoff to freshwater flow to the estuary
and salinity intrusion. We characterize pre-development freshwater flow and salinity conditions in
the estuary over the past millennium and compare this characterization with contemporary condi-
tions to better understand the magnitude and seasonality of changes over this time. This work
shows that the instrumented flow record spans the range of runoff patterns over the past millen-
nium (averaged over 5, 10, 20 and 100 years), and thus serves as a reasonable basis for planning-
level evaluations of historical hydrologic conditions in the estuary. Over annual timescales we show
that, although median freshwater flow to the estuary has not changed significantly, it has been more
variable over the past century compared to pre-development flow conditions. We further show that
the contemporary period is generally associated with greater spring salinity intrusion and lesser
summer—fall salinity intrusion relative to the pre-development period. Thus, salinity intrusion in
summer and fall months was a common occurrence under pre-development conditions and has
been moderated in the contemporary period due to the operations of upstream reservoirs, which
were designed to hold winter and spring runoff for release in summer and fall. This work also con-
firms a dramatic decadal-scale hydrologic shift in the watershed from very wet to very dry condi-
tions during the late 19th and early 20th centuries; while not unprecedented, these shifts have been
seen only a few times in the past millennium. This shift resulted in an increase in salinity intrusion
in the first three decades of the 20th century, as documented through early records. Population
growth and extensive watershed modification during this period exacerbated this underlying hy-
drologic shift. Putting this shift in the context of other anthropogenic drivers is important in under-
standing the historical response of the estuary and in setting salinity targets for estuarine restora-
tion. By characterizing the long-term behavior of San Francisco Estuary, this work supports deci-
sion-making in the State of California related to flow and salinity management for restoration of the
estuarine ecosystem.
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1. Introduction

Populated estuarine regions worldwide have been subject to a variety of stressors,
including the introduction of invasive species, loss of tidal habitat, anthropogenic altera-
tions to the natural hydrologic cycle (including freshwater diversions), impacts to sedi-
ment transport resulting from upstream watershed land use modifications, and other wa-
ter quality impairments [1]. These stressors can adversely affect the estuarine habitat for
resident and anadromous aquatic species. Today, there is growing interest in many parts
of the world to restore estuaries to more pre-development or natural conditions [2-5].
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Although restoration planning must account for multiple interacting stressors, for estuar-
ies subjected to significant hydrologic alterations, restoration of a more natural hydrology
and salinity regime is key. To support such restoration planning, pre-development refer-
ence conditions may need to be defined, although no formal methodology is proposed in
current U.S. regulations. Directly observed data representing reference conditions in a de-
veloped estuary are difficult to obtain, especially when the development has occurred
over centuries. However, some pre-development characteristics can be inferred from
proxy data, notably estimates of precipitation in the estuary watershed through tree-ring
measurements of long-lived tree species.

This work seeks to support restoration planning in the San Francisco Estuary, the
largest estuary on the Pacific coasts of North and South America, by characterizing the
region’s pre-development hydrologic and salinity conditions over the past millennium.
The estuarine region includes a series of interconnected embayments, rivers, sloughs,
marshes as well as the delta formed by the Sacramento and San Joaquin Rivers (hereafter
referred to as the “Delta”), which together drain a watershed of 75,000 square miles, more
than 40% of the area bounded by the state of California [6,7]. Following European settle-
ment of California in the mid-18th century and the subsequent Gold Rush (circa 1850), the
estuary and its watershed have been subject to extensive changes, including land-use con-
version to agriculture and urbanization, construction of water storage and diversion facil-
ities on major rivers, channelization and modification of riparian and tidal habitats, and
out-of-basin exports of water [7-9]. The estuary is currently the focus of much scientific
attention because of its importance to aquatic ecosystems and because large parts of the
state’s urban and agricultural economies are dependent on water supplies from the Delta
[7,10,11].

Freshwater flow to the estuary (termed “Delta outflow”) has been identified as a vital
planning component for regional sustainability. Delta outflow and salinity have been
managed for several decades through the regulation of upstream reservoirs and out-of-
basin exports. Maximum salinity levels are prescribed at various locations in the Delta;
the broader salinity regime is regulated as the position of the 2 parts per thousand bottom
isohaline from Golden Gate (measured in km), commonly referred to as X2 [12-14]; see
Figure 1 for isohaline positions). Despite ongoing regulatory efforts, the abundance of
many Delta fish species continues to decline from the first formally recorded levels in the
1960s [7,15-17]. In response to these declines, additional freshwater flow and salinity reg-
ulations are being considered for future implementation [18]. An improved understand-
ing of the estuary’s hydrology and salinity characteristics prior to development, and dif-
ferences from contemporary conditions, will support decisions related to its future man-
agement.

The broader region delimited by the San Francisco Estuary and its upstream Central
Valley watershed benefits from the availability of extensive data to reconstruct past flow
and salinity conditions. These data include flow and salinity measurements, over a cen-
tury or more, that represent the intensification of development in the region (e.g., [14]).
These data also include tree-ring measurements to characterize watershed precipitation
over the past two millennia (e.g., [19-21]). The specific research objectives of this work are
to refine and update tree-ring-based reconstructions of Central Valley runoff over the past
millennium and reconstruct Delta outflow and salinity over similar millennial timeframes
using our runoff estimates within a modeling framework informed by previously pub-
lished work. This integrated evaluation provides a time-resolved characterization of the
estuary’s flow—salinity behavior that allows comparison between pre-development and
contemporary conditions.

This work builds on previous research that either (i) relies on a contemporary hydro-
logic sequence to estimate outflow and salinity changes using different modeled repre-
sentations of the region’s level of development [22] or (ii) relies on contemporary salinity
data to estimate salinity changes using a tree-ring based hydrologic sequence [23]. By us-
ing a tree-ring based hydrologic sequence in conjunction with a modeling approach that
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estimates pre-development estuarine flow and salinity responses, this work attempts to
represent the actual range of flow and salinity conditions over long time horizons and is
expected to better support regulatory decision making by providing a baseline to inform
future flow regulations and restoration actions in the estuary. Furthermore, this work
places the wet and dry flow patterns recorded in the estuary over the past 150 years in the

context of flow variations estimated over the past millennium from the tree-ring proxy
record.
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Figure 1. Study location map showing the locations of tree ring sites used in the analysis. Circles
mark sites contributing to the short (60 sites) and long (13 sites) reconstructions. Circles sized pro-
portional to percentage of variance explained in regression models for single site reconstructions
(SSRs). Sites contributing to long reconstruction marked with green; those as well sites marked with

red contribute to the short reconstructions. Nine sites (gray) were screened out and not used in later
reconstruction steps.
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2. Background

To provide background for this work, we present a brief overview of the study re-
gion’s geographic setting followed by a review of the region’s hydrologic and salinity
conditions over the past millennia. This review differentiates between three periods: a
“pre-development” period, a “contemporary” period, and an “early development” period
that bridges the pre-development and contemporary periods. We define the terminus of
the pre-development period as water year (WY) 1850, which roughly aligns with the Cal-
ifornia Gold Rush and follows previous work [24-26] California water years run from 1
October through 30 September. Furthermore, we define the start of the contemporary pe-
riod as WY 1912, a date that aligns with availability of Delta outflow estimates [27] but
pre-dates the availability of systematic estuarine salinity measurements by about a decade
[14]. By default, the intervening early development period spans six decades between
WYs 1851 and 1911.

2.1. Geographic Setting

The geographic focus of this paper is the upper portion of the San Francisco Estuary,
including Suisun Bay, the Delta, and the Central Valley watershed upstream of the estuary
(Figure 1). The Delta is the entry point of over 90% of the freshwater flow to the estuary
[28] and drains the Sierra Nevada mountain range and Central Valley —a watershed of
approximately 75,000 square miles. The configuration of the estuary formed approxi-
mately 5000 years ago when sea level rise stabilized [29]. Sea level rise maintained an av-
erage rate of 1.0-1.3 mm/yr [30] through the late Holocene until the late 19th century when
it shifted to an average rate of 2 mm/yr[31].

2.2. Pre-Development Conditions

Prior to development of the Central Valley and the San Francisco Estuary, the Sacra-
mento, San Joaquin, and other rivers that drain the region had insufficient capacity to
carry peak wet season flows generated by precipitation and snowmelt runoff. Rivers over-
flowed their natural levees in most years and discharged into adjacent low-lying basins,
thus attenuating runoff to the Delta. As these flood flows receded, the low-lying basins
would partially drain back to the rivers through smaller channels and sloughs; however,
the basins typically remained inundated through late summer [32,33] Seasonal overtop-
ping of the pre-development levees supported inland marshes [24,34-36], while riparian
forests existed on natural riverbanks [37] and grasslands interwoven with vernal pools
and valley oaks extended from the floodplains to the tree-covered foothills [38—40]. Water
use by natural vegetation [41], in combination with the annual cycle of flooding, reduced
the amount of precipitation and snowmelt runoff that reached the Delta. As natural levees
were raised and wetlands and riparian forests were drained and cleared, water use by
agriculture replaced water use by native vegetation in the Central Valley and the Delta.
Fox et al. [24] estimated that annual water use from the natural landscape was similar to
that of the highly altered contemporary landscape, such that freshwater flow reaching the
estuary (i.e., Delta outflow) was minimally changed. In contrast to the Central Valley and
Delta, land use changes in the surrounding foothill and mountain watersheds have been
relatively minor [24]. The remainder of this section reviews previous efforts to character-
ize pre-development conditions using tree-ring data and flow—salinity modeling ap-
proaches.

2.2.1. Estimates of Pre-Development Central Valley Runoff from Tree-Ring Data

Annually resolved variations in hydroclimate before the start of instrumented
weather records can be inferred from tree-ring records. For some tree species and climate
regimes, tree growth is limited by drought stress, such that tree-ring chronologies, or
standardized indices of ring width closely track the occurrence of wet and dry years [42-
44]. A drought atlas from 835 tree-ring chronologies in North America, which covers two
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millennia, underscores the shortcomings of a relatively short instrumented record for
characterizing extremes of hydroclimate [45]. An expanded network of 1285 chronologies
identifies unmatched severe, widespread, persistent Southwest droughts in the medieval
period [46], and independent tree-ring evidence from exposed stumps in lakes and rivers
suggests that two such droughts in the Sierra Nevada may have lasted more than two
centuries [47]. Paleo-simulations of Mono Lake from tree-ring data independently corrob-
orate the timing and magnitude of Stine’s drought-induced low stands and suggest cen-
tennial-average precipitation and river runoff in the central Sierra Nevada as low as 75%
of the 20th century values during the medieval period [48].

Most relevant to our characterization of pre-development San Francisco Estuary hy-
drology are quantitative tree-ring reconstructions of annual discharge or runoff for the
Sacramento and San Joaquin Rivers. Streamflow reconstructions from tree-rings are gen-
erally done by linear regression, in which a time series of unimpaired runoff is calibrated
with time series from a network of indices of annual tree-ring width. Regression ap-
proaches, which can vary greatly from one study to another, are reviewed elsewhere
[49,50]. Reconstructions for many basins in the western United States are available at
https://www.treeflow.info/ (accessed on 9 July 2021). The first such reconstruction, which
estimated flow in the Sacramento River at Bend Bridge (see Figure 1), utilized a network
of 17 tree-ring chronologies that dated back to 1560. This reconstruction indicated that the
wettest (1854-1916) and driest (1917-1950) periods overlapped with the historical period
for which gaged flows are available in Earle [51].

The accuracy of Sacramento River runoff reconstructions over the past 500 years was
improved by a network of blue oak (Quercus douglasii) chronologies whose collection be-
gan in the mid-1990s [52]. These blue oak chronologies, along with new collections of
western Juniper (Juniperus occidentalis), were utilized with other tree-ring chronologies to
reconstruct Sacramento River runoff back to 869; this work showed that the instrumented
flow record was deficient in representing long duration (e.g., decadal and longer)
droughts and wet periods [53]. A more recent effort reconstructed annual runoff for the
Sacramento and San Joaquin Rivers and their major tributaries for the interval 900-2012
[20]. In contrast to Earle [51], these reconstructions indicated that, while the instrumented
record does not reflect the extreme single-year Central Valley droughts, it does include
multi-year droughts of similar magnitude to the most extreme droughts of the long-term
record. The reconstructions further indicated exceptionally long multi-decadal swings be-
tween wet and dry conditions in the medieval period. More recent work applying the
Sacramento River reconstruction [20] underscores the spatial extent of medieval drought:
multi-basin coverage of hydrologic drought during the 1100s in the Sierra Nevada as well
as the Colorado Rockies [54].

2.2.2. Estimates of Pre-Development San Francisco Estuary Salinity from Tree-Ring Data

As discussed above, tree-ring data have been widely used to extend the instrumented
time series of river flow and runoff. Tree-ring data have also been used to extend time
series of measured salinity in the estuary, recognizing cause—effect relationships between
precipitation, runoff, river flows and estuarine salinity.

Extending an earlier reconstruction [52], Stahle [55] used three blue oak tree-ring
chronologies to reconstruct salinity in San Francisco Bay over the 673-year period from
1333 to 2005. The reconstruction was calibrated with near surface salinity (January
through July averages) at a stationary location measured near Golden Gate at Fort Point
over the period WYs 1922-1952. Based on their salinity reconstruction, the authors con-
cluded that the droughts of 1977 and 1986-1991 were among the most severe in the 673-
year record. They observed that their reconstruction systematically underestimated the
salinity during most of the verification period WYs 1952-2005, citing anthropogenic
changes to Delta outflow through increased water use in the watershed and Delta diver-
sions. Fox et al. [56], in a study of San Francisco Estuary salinity trends, provided an al-
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ternative explanation for the fixed location salinity behavior examined by Stahle [52]. Not-
ing that salinity at locations near the ocean are subject to additional drivers besides Delta
outflow, Fox et al. [56] concluded that trends at Fort Point (referring to the location as
“Presidio”) since 1946 were primarily affected by trends in coastal conditions rather than
trends in Delta outflow.

Stahle et al. [23] also applied Blue oak tree-ring chronologies to directly reconstruct
the longitudinal position of the X2 isohaline in San Francisco for the 625-year period from
1379 to 2003. The reconstruction was calibrated with spring X2 data (February through
June averages) that were estimated from instrumented salinity gages over the period
1956-2003. Reporting correlations between reconstructed X2 position, sea surface temper-
ature and atmospheric circulation regimes over the north Pacific, they concluded that X2
minima tended to occur during very strong El Nifio events but X2 maxima did not appear
to occur during La Nifia events. This salinity reconstruction does not represent pre-devel-
opment X2 conditions; rather, it represents how X2 may have fluctuated under the climatic
variability of the past six centuries given a behavior similar to the contemporary estuary.

2.2.3. Models of Pre-Development Central Valley Hydrology and Delta Hydrodynamics

Pre-development Central Valley hydrology and Delta outflow were characterized by
the California Department of Water Resources (CDWR) [25] utilizing two models to sim-
ulate watershed hydrology. They used the Soil Water Assessment Tool (SWAT) [57] to
model precipitation—runoff characteristics of the upper elevation Central Valley water-
sheds and the (California) Central Valley Simulation Model, or C2VSim [58], an integrated
hydrologic model, to simulate groundwater and surface water hydrology on the pre-de-
velopment Central Valley floor. Land use was based on prior characterizations of natural
vegetation [24,59]. Potential evapotranspiration from natural vegetation was estimated
using reference evapotranspiration from Orang et al. [60] and vegetation coefficients from
Howes et al. [41]. CDWR [25] estimated a long-term annual average pre-development
Delta outflow of 23.9 billion cubic meters (BCM) assuming a repeat of a 93-year contem-
porary climate sequence spanning WYs 1922-2014. Gross et al. [22] utilized these modeled
values to compare inter- and intra-annual variability of pre-development and contempo-
rary Delta outflow.

Pre-development salinity conditions in the San Francisco Estuary were investigated
and compared to contemporary salinity conditions by Andrews et al. [26] using a three-
dimensional hydrodynamic model [61]. Their pre-development model was based on a
planform developed by [62] and bathymetry from multiple sources. Their simulation used
observed inflow data from February 2006 to October 2008 to represent wet, dry, and crit-
ically dry water years. Andrews et al. [26] found the dramatic changes in estuary planform
and bathymetry, as well as differences in mean sea level between the pre-development
and contemporary conditions, to have limited influence on saltwater intrusion. The pre-
development estuary was found to have less saltwater intrusion for the same Delta out-
flow and a faster response of saltwater intrusion to changes in Delta outflow. Due to the
changes in seasonal distribution of Delta outflow, saltwater intrusion was found to be less
variable for their contemporary scenario than their pre-development scenario. Changes to
the seasonal timing of freshwater flows was reported to have a larger influence on salt-
water intrusion than the changes in estuarine planform and bathymetry. Gross et al. [22]
utilized this work to compare inter- and intra-annual variability of pre-development and
contemporary salinity intrusion in the Delta.

The aforementioned model studies of pre-development conditions used an analysis
method termed the “level-of-development” approach [63]. In this approach, landscape,
channel geometry, and anthropogenic flow modification through reservoirs or withdraw-
als are fixed to represent a specific era or scenario (e.g., pre-development conditions, con-
temporary conditions, planned future conditions) and hydrology is typically represented
by a sequence of historically observed precipitation or runoff. Thus, these model studies
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seek to describe how a pre-development or modern landscape and estuary would respond
given contemporary instrumentally derived climatic inputs.

As described later in this paper, our work adopts some level-of-development as-
sumptions to characterize pre-development Central Valley hydrology and Delta hydro-
dynamics. For example, we assume a stationary pre-development landscape consistent
with Fox et al. [24] and CDWR [25] and a stationary pre-development outflow—salinity
relationship consistent with Andrews et al. [26]. However, our work deviates from a typ-
ical level-of-development analysis in one crucial aspect—the driving hydrology is not
simply represented by repeating the sequence of observed runoff over the instrumented
period. Rather, it reflects the estimated runoff over a millennial time scale obtained from
the tree-ring proxy record from the watershed.

2.3. Early Development Conditions

The pre-development landscape has been radically modified over two centuries,
starting in the mid-18th century when Spanish settlers arrived, bringing livestock and
range management. The discovery of gold along the American River in 1848 spurred ag-
ricultural and urban development in the Central Valley. That same year, the federal gov-
ernment transferred ownership of “swamp and overflowed lands” to California on the
condition that they be drained and reclaimed. These permanent wetlands were largely
converted to agriculture by 1930.

Regular flooding on major rivers led to the formation of levees and reclamation dis-
tricts by 1860. Starting in the 1870s, studies were conducted to determine how to reduce
flooding and supply irrigation water. The Office of the State Engineer was established in
1878 to further these plans, and in 1880 the legislature approved the Drainage Act, pro-
posing valley-wide flood control. These studies culminated in the Central Valley Project
Act in 1933. Water resources were further reconfigured in response to voter approval of
the Burns-Porter Act in 1960, financing the State Water Project [64]. Ultimately, the Central
Valley was re-plumbed to move water throughout the state in a complex man-made water
system with some 1300 miles of aqueduct and 1350 surface reservoirs with 40 million acre-
feet (32.4 BCM) of storage [64].

Although this period of early development between WYs 1851 and 1911 is poorly
understood hydrologically, limited availability of instrumented data facilitated previous
work. Arguably the most significant data set compiled during the latter part of this period
was published by the California Department of Public Works [65], the predecessor to
CDWR. This document, commonly referred to as Bulletin 5, reports a long-term record of
stream flows to the Central Valley beginning in WY 1872.

Moftakhari et al. [66] reconstructed a Delta outflow time series spanning the early
development period (beginning in 1858) through correlation with tide gauge data meas-
ured at San Francisco. Moftakhari et al. [67] reconstructed a Delta outflow time series be-
ginning in WY 1850 through correlation with Sacramento River stage data measured at
Sacramento. River stage data were unavailable over WYs 1863-1881; thus, the authors
augmented the reconstructed outflow time series using the work of Moftakhari et al. [66].
MacVean et al. [68] explored the hydrology of the early development period following
1850 by synthesizing reconstructed time series of precipitation, basin inflows, land use,
and levee construction in a semi-distributed hydrologic model. They concluded that, in
spite of significant anthropogenic modifications to the region’s hydrology, by the 1920s
Delta outflow remained similar to pre-development conditions, due in part to flow aug-
mentation provided by flood control infrastructure and enhanced channel conveyance.
MacVean et al. [68] concluded that levee construction, rather than land use change, had
the greatest impact on Delta hydrology during this early development period.
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2.4. Contemporary Conditions

Extensive salinity intrusion in the Delta in the early 20th century, caused by a com-
bination of hydrologic variation and upstream land use and hydrologic change, motivated
a series of Delta field investigations that led to a better understanding of the relationship
between sources of water flows and salinity patterns in the Delta [65]. These findings sup-
ported the development of reservoirs in the upstream watershed to store winter and
spring flows and supply irrigation water needs in the summer months. Among the vari-
ous reservoirs built in the Central Valley, the federal government completed construction
of the 4.5 million acre-feet (5.6 BCM) Lake Shasta in 1944 as part of the Central Valley
Project (CVP) and the state government completed construction of the 3.5 million acre-
feet (4.3 BCM) Lake Oroville in 1968 as part of the State Water Project (SWP) (see Figure
1). Over a period of roughly three decades, a complex network of reservoirs, aqueducts,
pumps and gates was constructed to facilitate transport of water to other parts of the state
for agricultural and municipal use.

Today, regulatory activity related to the management of estuarine flow and salinity
is led by the California State Water Resources Control Board (CSWRCB), an agency con-
cerned with both the water quality and water rights adjudication in California. In August
1978, the CSWRCB adopted its Delta Plan and Decision 1485 which set objectives for Delta
outflow [69]. CSWRCB updated its Delta Plan in 1995 and adopted Decision 1641 in 2000
[70], which is still in force. The position of the X2 isohaline is a particular focus of salinity
regulation in the estuary, and target ranges are defined by season and water year type.
The position of the X2 isohaline is managed through control of out-of-basin exports from
the Delta and reservoir outflows from major CVP and SWP reservoirs in the watershed.

Based on continued risk to certain endangered aquatic species, additional restrictions
were imposed on the system through biological opinions rendered by the U.S. Fish and
Wildlife Service in 2008 [71] and the National Marine Fisheries Service [72] under the U.S.
Endangered Species Act. Both biological opinions were recently updated [73,74]. Addi-
tional flow regulations are being considered as part of the CSWRCB’s Delta Plan periodic
review [18,75].

A variety of models have been developed to interpret flow and salinity intrusion in
the contemporary Delta; these models are used for research, regulatory planning and for
CVP and SWP operations support. Jassby et al. [12] is an example of a commonly used
empirical X2-outflow model; Rath et al. [76] provides a comprehensive review of this and
other published empirical X2-outflow models. Mechanistically based hydrodynamic
models of the estuary include the one-dimensional Delta Simulation Model 2 or DSM2
[77] and more complex three-dimensional models such as SCHISM [78], UnTRIM [61,79],
and Delft3D [80].

3. Methods
3.1. Data

Observed and synthetic hydrology data associated with the estuary and its contrib-
uting watershed were used in this work. Measured tree-ring data from available sites in
Northern California and Oregon (Figure 1) were used to develop synthetic annual runoff
sequences. These data are described below.

3.1.1. Hydrology Data

The hydrology data used in this work were drawn from California state data sources
and include secondary (i.e., processed) sources such as water balances and model simula-
tions. Table 1 presents a summary of the data used in our work, including sources.
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Table 1. Summary of model calibration and validation data.
Data Time Period Source and Description
Eight River Index (8RI) ® WYs 1872-2018 [65]; [81]
Tree-Ring Chronologies 903-2008 Supplemental Materials: A
(long record) and B
Tree-Ring Chronologies 1640-2001 Supplemental Materials: A
(short record) and B
Pre-Development Delta
WYs 1922-2014 25
Outflow (simulated) s 23]
Contemporary Delta WYs 1912-2018 [82]; [27]
Outflow
Generated as part of this
work using simulated
-devel t Delta out-
Pre-Development X2 WYs 1922-2014 pre-deveiopmeitt e ou
flow and an empirical
relationship developed by
Andrews et al. [26]
Generated as part of this
work using
Del fl
Contemporary X2 WYs 1920-2018 contemporary De'ta outtlow

and an empirical
relationship developed by
Andrews et al. [26]

() measure of Central Valley Runoff.

A widely used measure of Central Valley hydrology is the Eight River Index (8RI),
which constitutes the unimpaired Sierra Nevada runoff to the Sacramento, Feather, Yuba,
American, Stanislaus, Tuolumne, Merced, and San Joaquin Rivers. The 8RI represents a
theoretical quantity that removes anthropogenic influences such as reservoir impound-
ments and land use modifications and thus does not reflect actual runoff conditions. The
8RI data for WYs 1906-2018 were obtained from the website of the California Data Ex-
change Center [81] and served as the predictand (after transformation) in the tree-ring
reconstruction model described below. The previously described Bulletin 5 [65] stream-
flow data, which can be used to compute the 8RI beginning in WY 1872, was used for
additional validation of the tree-ring runoff reconstructions.

We adopted publicly available simulation output of the valley floor hydrology [25]
to calibrate a pre-development relationship between Central Valley unimpaired runoff
and Delta outflow on an annual basis. The simulation assumes pre-development land use
in the Central Valley and Delta as presented in Fox et al. [24] and associated natural veg-
etation evapotranspiration as presented in Howes et al. [41]. Furthermore, the simulation
uses historical flows from the surrounding upper-elevation watersheds as boundary in-
puts; these boundary inputs represent unimpaired runoff data corresponding to WYs
1922-2014, a 93-year period inclusive of widely varying hydrologic conditions.

We used historical estimates of freshwater flows to the San Francisco Estuary (i.e.,
Delta outflow) spanning WYs 1912-2018 to calibrate a contemporary relationship between
Central Valley unimpaired runoff and Delta outflow on an annual basis. Due to the com-
plexity of direct observation of Delta outflow, these estimates are not based on tidal flow
measurements. Rather, these estimates are computed from a budget of inflows and diver-
sions from the Delta [27,82] As discussed below under Modeling Approach, we used cal-
ibrated runoff-outflow relationships (rather than historical data) to reconstruct contem-
porary Delta outflow conditions. We decided to use reconstructed flows for the contem-
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porary period to provide a homogeneous time series for comparison with pre-develop-
ment conditions. Otherwise, flow differences between the two periods could be perceived
to be due to statistical artifacts, such as the compression of variance of reconstructed flows
relative to variance of observed flows over a common period [53,83].

3.1.2. Salinity Data

Several modeling steps were followed to generate salinity data necessary to calibrate
pre-development relationships between annual Delta outflow and seasonal average X2.
First, the daily outflow time series from the aforementioned 93-year simulation [25] was
transformed into a daily “antecedent outflow” time series to represent flow time-history
in the estuary [14,84]. This transformed outflow time series was used to generate a daily
X2 time series using a pre-development flow-salinity relationship reported by Andrews
et al. [26]. Finally, this synthetic daily X2 time series was averaged to develop seasonal
(February-June and July—October) average X2 calibration time series.

For internal consistency, rather than using historical data, we followed a similar
methodology to generate salinity data necessary to calibrate contemporary relationships
between annual Delta outflow and seasonal average X2. Specifically, we used a subset of
the daily contemporary Delta outflow time series [27,82] spanning WYs 19202018 and a
contemporary flow—salinity relationship reported by [26]. The initial years of the contem-
porary period (WYs 1912-1919) were excluded from model calibration due to lack of his-
torical Delta outflow data at a daily resolution.

3.1.3. Tree-Ring Data

Sixty-nine tree-ring site chronologies of total ring width were assembled as part of
our work (Figure 1). Each chronology typically represents many (e.g., 15 or more) trees at
a specific location. Initial screening criteria were a minimum time coverage of the period
1636-2003, and geographical location within a box delineated by latitudes 34.5 N to 44.0
N and longitudes 118 W to 125 W.

We started with files of measured ring widths obtained from two studies conducted
for CDWR [20,85] and supplemented those with additional files from the International
Tree-ring Data Bank [86]. Ring widths were standardized uniformly into site chronologies
using Matlab functions following similar protocol to that in the ARSTAN standardization
package [87]. This includes fitting ring-width series with a cubic smoothing spline [88],
computing core indices as the ratio of ring-width to the smooth spline and averaging the
indices over cores to get the site chronology. Trend in variance indistinguishable from age
or size effects was removed using the method recommended by [89]. From an assessment
of the persistence in the standard chronologies and the annual flows, we decided to use
the residual version [90] of the site chronologies in the reconstruction modeling. The re-
sidual chronology is an average over core indices whose low-order autocorrelation has
been removed fitting the index to an autoregressive (AR) model. We used a modified
Akaike information criterion [91] to select the AR order. Site chronologies are averages
over fewer and fewer trees toward the early part of the tree-ring record. Adequacy of
sample size for each chronology was assessed by the expressed population signal [92].
Secondary screening eliminated any site chronology whose Pearson correlation with an-
nual flows over the available period of data overlap (subset of the WYs 19062018 period)
was either statistically insignificant or unstable over time at significance level a =0.05. The
temporal stability of correlation was tested using a difference-of-correlation test [93] of the
null hypothesis that the sample correlations for the first and second halves of the overlap
are from the same population.

Additional tree-ring data and processing information are included in the Supplemen-
tary Materials section. Sites and metadata are listed in Supplementary Material A. Chro-
nology development is described in more detail in Supplementary Material B. Additional
electronic data files are also included Supplementary Materials and identified in Supple-
mentary Material A: files of original tree-ring width measurements; a time series matrix
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of the residual site chronologies; a time series matrix of observed and reconstructed flows,
with confidence intervals on the reconstruction.

3.2. Modeling Approach

A composite modeling approach was employed to reconstruct time series of annually
varying Central Valley runoff, Delta outflow and salinity spanning more than 1000 years.
The modeling approach, as summarized below, consists of three components. The pur-
pose of the first component is to reconstruct a runoff time series from measured tree-ring
data. The purpose of the second and third components is to reconstruct time series of Delta
outflow and salinity from the modeled runoff time series representing the pre-develop-
ment and contemporary periods, respectively. The three model components draw from a
variety of measured and synthetic (i.e., simulated) calibration data. The model compo-
nents and time periods are summarized in Table 2.

Table 2. Summary of modeled time periods and key variables.

Central Valley X2 Position (S
Time Period WYs Runoff (Eight Delta Outflow osition {>a-
. linity)
River Index)
Predicted from
. Predicted from EquationDelta outflow us-
Predicted from ) L .
Predevel . 1850 tree-rine data (2) using runoff esti-  ing Equation (3)
redevelopment - Prior to .ee ll\f del 1 mates and parameters in and parameters
ustg Mode Table 5 (Model 2) in Table 7
(Model 2)
Predicted from
Predicted from EquationDelta outflow us-
Earl Predicted from (2) using runoff esti-  ing Equation (3)
devel Y t 1851-1911 tree-ring data  mates and parameters in and parameters
evelopmen using Model 1 Table 5 for pre-develop-  in Table 7 for
ment period (Model 2) pre-development
period (Model 2)
Predicted from Equa- Predicted from
. . . Delta outflow us-
Predicted from  tions (2) and (4) using . .
. . ing Equation (3)
Contemporary Post 1912 tree-ring data  runoff estimates and pa-
) ) and parameters
using Model 1 ~ rameters in Tables 5 )
46 (Model 3 in Table 7
and 6 (Model 3) (Model 3)

3.2.1. Selection of Modeled Time Periods

Our modeling approach differentiates between three eras described earlier: a “pre-
development” period, an “instrumented” or “contemporary” period, and an “early devel-
opment” period that bridges the pre-development and instrumented periods. Tree-ring
reconstructions of Central Valley runoff were developed spanning the three time periods.
A “long record” reconstruction represents the pre-development period back to WY 903
and a “short record” reconstruction represents the pre-development period back to WY
1640. Both runoff reconstructions cover the early development period spanning WYs
1851-1911; however, a unique Delta outflow and salinity model component was not gen-
erated for this period. While some literature is available to characterize the hydrology of
this early development period [65-68], associated Delta outflow trends and drivers of
change are poorly understood. In light of this uncertainty, we assumed that the early de-
velopment period was adequately represented by pre-development relationships be-
tween runoff, Delta outflow and salinity.

3.2.2. Model 1: Annual Central Valley Runoff Reconstruction from Tree-Ring Data
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Separate models were developed to reconstruct 8RI annual flows over the periods
903-2008 (long record) and 1640-2001 (short record). The long record prioritizes recon-
struction length by making use of a small set of long tree-ring chronologies. The short rec-
ord prioritizes reconstruction accuracy by taking advantage of a larger number of chronol-
ogies that, while not of great age, yield improved reconstruction accuracy and several
centuries extension of flow beyond the gage record. The procedure described below was
repeated for each of the two model periods.

A two-stage reconstruction method, introduced for reconstruction of river basin pre-
cipitation [94], and later extended for reconstruction of streamflow [53,95] was modified
for this study. The first stage is conversion, by regression, of each of the available N
chronologies into a separate single-site reconstruction (SSR) of y,, the square-root-trans-

formed annual 8RI flows. A square root transform was found adequate to correct prob-
lems with violation of assumptions about the regression residuals that occur when using
the untransformed flows as the regression predictand in the reconstruction models. The
second stage, called multi-site reconstruction (MSR) combines the signals from the indi-
vidual SSRs to get the final single time series of reconstructed flows. The two stages of
reconstruction are outlined below and are described in more detail in Supplementary Ma-
terial B.

In the first stage, y, is regressed stepwise on a pool of potential predictors that in-

., its square, xf , and lags -2 to t+2 on those two variables [96].

cludes a site chronology, x,
Preliminary stepwise modeling using cross-validation [97] is first applied to identify the
step, m, beyond which addition of another predictor fails to increase the validation skill
as measured by the reduction of error statistic (RE) [98]. The final SSR regression model
has only those predictors entered in the first m steps, and substitution of the full available
length of tree-ring predictors into the fitted equation gives the SSR reconstruction. Cali-
bration accuracy of the SSR model is summarized by regression R’. Significance of the
regression model is assessed by p;, the p-value of the overall-F of regression, and calibra-
tion uncertainty is summarized by the standard error of the estimate, or root-mean-square
error (RMSEc) of calibration [96]. Validation accuracy is summarized by the root-mean-
square error of cross-validation (RMSEv) which is computed from the cross-validation er-
rors (see Supplementary Material B).

The product of the first stage of reconstruction in this study is a separate SSR, y,,, of

transformed flow for each of the i=1,...,N tree-ring chronologies (N =69) mapped in
Figure 1. Those whose SSR calibration signal is not significant (p; >0.05) or whose SSR
has no skill of validation (RE<0) were eliminated from the study. Depending on the

time coverage (varies over SSRs), the remaining SSRs could contribute in the second stage
of reconstruction.

The second stage is a re-calibration of the arithmetic mean of a subset of the N indi-
vidual SSRs with acceptably strong signal and common time coverage into a final recon-
struction —long or short, depending on the particular subset. The regression model for the
MSR is

y=a+bx, +e, (1)

where x, is the arithmetic average of the SSRs covering either the long or short records,

», is the square-root-transformed 8RI WY flow, e, is the error term, and {a,b} are re-

gression coefficients. The arithmetic average of the SSRs was preferred as a predictor with
the assumption that the flow signal is best represented by the common variation in the
SSRs. Since, by definition, the SSRs have variance proportional to the strength of their flow
signals, a simple arithmetic average emphasizes chronologies with a strong flow signal.
Equation (1) applies to both the long and short reconstructions, but for each x, is an av-

erage over a different set of SSRs. The calibration period is defined by the overlap of 8RI
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flows (and y,) with the particular SSR subset: WYs 1906-2008 for the long record and

WYs 1906-2001 for the short record. Calibration and validation accuracy for the MSR
models were measured by the same statistics already described for the SSR models. Sub-
stitution of the full-length SSRs into the fitted equations gave long and short reconstruc-
tions covering 903-2008 and 1640-2001, respectively. The RMSEv of the model was used,
along with the assumption that the reconstruction residuals are normally distributed, to
place a 50% confidence interval on the annual reconstructed transformed flows, J,. Asa

final step, the MSR reconstructions were back-transformed to original flow units (BCM)
before interpretation.

As additional validation, time series plots and the Spearman correlation coefficient
[99] were used to check agreement of the long and short reconstructions of 8RI flows span-
ning WYs 1872-1900 and reported in Bulletin 5 [65]. This step serves as a completely in-
dependent verification, as the Bulletin 5 data precede the start of the period used for
screening tree-ring data and calibrating and cross-validating the reconstruction models.
Supplementary Material C provides the statistics of the SSR models.

Low-frequency features (decadal and longer) are of interest in understanding long-
term hydrologic patterns. Severity of droughts and wet periods is also summarized by
simple moving averages of reconstructed flows. Consistency of with other work was
checked by comparing reconstructions with the sum of separate reconstructions of annual
Sacramento River and San Joaquin River flow [20].

3.2.3. Model 2: Pre-Development Outflow and Salinity Reconstruction

The annual 8RI time series tree-ring reconstructions from Model 1 were used as the
basis for reconstructing annual Delta outflow volume and salinity in the estuary under
pre-development conditions. The modeling logic employed for the long- and short-period
reconstructions is presented as a flow chart in Figure 2.

Annual pre-development Delta outflow volume was estimated for both reconstruc-
tion periods assuming a power law relationship between Delta outflow volume and an-
nual Central Valley runoff volume:

Delta Outflow = a; X 8RI*2 )

where outflow and runoff volumes are in units of BCM per year and a1 and a: are fitting
parameters determined through least squares analysis. [25] simulated pre-development
conditions in the Central Valley and Delta assuming a historical runoff pattern measured
over the 93-year period spanning WYs 1922-2014. Annual Delta outflow volume from the
CDWR simulation, along with annual Central Valley runoff (as measured by the 8RI over
the same 93-year period), were used to calibrate Equation (2). Tree-ring reconstructions of
Central Valley runoff (i.e., the 8RI) were used in conjunction with Equation (2) to estimate
pre-development annual Delta outflow volumes through WY 1850.

Seasonal (February—June and July—October) average pre-development X2 positions
were estimated for the reconstruction periods assuming power law relationships between
X2 position and annual Delta outflow volume:

X2 = az X Delta Outflow®s 3)

where X2 position is in units of km from Golden Gate and as and au are fitting parameters
determined through least squares analysis. The 93-year simulated pre-development Delta
outflow time series, as described above, was utilized to calibrate Equation (3). Several
modeling steps were followed to generate 93-year X2 calibration data sets. First, daily out-
flow from the aforementioned CDWR [25] simulation was transformed into a daily “an-
tecedent outflow” time series to represent flow time-history in the estuary [14,84]. This
transformed outflow time series was used to generate a daily X2 time series using a pre-
development flow—salinity relationship reported by [26]. Finally, this synthetic daily X2
time series was averaged to develop seasonal average X2 calibration time series. Time
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series of annual pre-development outflow volume, estimated from the tree-ring recon-
structions (Model 1), were used in conjunction with Equation (3) to estimate seasonal av-
erage X2 positions through WY 1850.

3.2.4. Model 3: Contemporary Outflow and Salinity Reconstruction

Following the methods reported above for pre-development conditions, the annual
8RI time series tree-ring reconstructions from Model 1 were used as the basis for recon-
structing annual Delta outflow volume and salinity in the estuary under contemporary
conditions. The modeling logic employed for the reconstructions is presented as a flow
chart in Figure 2. This logic was applied to both the long- and short-period reconstructions
spanning WYs 1912-2008 and WYs 1912-2001, respectively.

x’f r’f
/ Seasonal |
I i
!
/ X2/
i Il
i s

r/ﬁ\1 ‘ Seasonal X2 — Outflow

| Eg.3
a Relationships !

ff/ z\\.‘ Annual Qutflow — Runoff

 Relationship ?

’/ Annual Runoff ?
I (Central Valley

\Eight River Index]/,a"

Figure 2. Flow chart for pre-development (Model 2) and contemporary (Model 3) models. ' Model 2
calibration based on pre-development daily outflow (DWR, 2016) and daily X2-outflow relationship;
Model 3 calibration based on historical daily and contemporary daily X2-outflow relationship; 2Model 2
calibration based on pre-development annual outflow and historical Eight River Index (WYs 1922—
2014); Model 3 calibration based on historical annual outflow and historical Eight River Index (WYs
1912-2018); 3 Tree-Ring reconstruction from Model 1 for long record and short record through WY 1850

Contemporary Delta outflow was estimated for both reconstruction periods assum-
ing the power law relationship provided in (Equation (2)). This relationship, which was
calibrated with historical annual runoff and Delta outflow data, does not represent the
full contemporary period; rather, it is limited to a relatively stationary period prior to sig-
nificant increases in water use in the Central Valley and Delta following construction of



Water 2021, 13, 2139

15 of 35

Shasta Dam in WY 1944. A residual analysis was conducted to address the observed time
series trend. Tree-ring reconstructions of Central Valley runoff (from Model 1) were used
in conjunction with Equation (2) to estimate contemporary annual Delta outflow volumes
for the WYs 1912-1944 period; a modified form of Equation (2), presented later in this text,
was used to estimate Delta outflow volumes for the post 1944 period.

Contemporary X2 position was estimated for the long- and short-period reconstruc-
tion periods assuming power law relationships between annual Delta outflow volume
and seasonal (February-June and July-October) average X2 position. Equation (3) was
calibrated for the contemporary period using a data subset spanning WYs 1920-2018. The
initial years of the contemporary period (WYs 1912-1919) were excluded from model cal-
ibration due to lack of historical Delta outflow data at a daily resolution. Following the
methodology used for pre-development model calibration, daily outflow was trans-
formed into a daily antecedent outflow time series and this daily antecedent outflow time
series was then transformed into a daily X2 time series using a contemporary flow-salinity
relationship reported by Andrews et al. [26]. Finally, this daily X2 time series was aver-
aged to develop seasonal average X2 time series for purposes of model calibration. The
time series of annual contemporary outflow volume, estimated from the tree-ring recon-
structions, were then used in conjunction with Equation (3) to estimate seasonal average
X2 positions for each time series beginning in WY 1912.

4. Results

Following the methods presented in the previous section, we developed multi-cen-
tury reconstructions of watershed runoff, freshwater flows to the estuary, and the estu-
ary’s salinity regime as expressed by intrusion length. Below we summarize the recon-
structions, following the logic sequence provided in the flow chart depicted in Figure 2.

4.1. Annual Central Valley Runoff Reconstructions

A total of 60 of the 69 initial chronologies passed screening tests for temporal stability
of the runoff signal and significant SSR regression model (Supplementary Material C).
Most of these lagged models resulting from stepwise regression have a simple structure.
All 60 models include a lag-0 (current year predictor) and 28 models have just one predic-
tor. The median number of predictors is 2 and the maximum is 5. The minimum, median
and maximum percentage of calibration-period variance explained by the models are 8%,
29% and 73%, respectively. All models are significant as judged by p < 0.05 for the overall
F of regression. Blue oak chronologies from the Central Valley or the coastal region tend
to have the strongest signal (Figure 1).

Time coverage by SSRs varies according to the coverage of the chronologies them-
selves. Thirteen of the SSRs have uniform coverage for 903-2008 and comprise the subset
for the long reconstruction; all 60 SSRs, with a common period 1640-2001, are available
for the short reconstruction. As in previous studies (e.g., Meko et al. [53]), long tree-ring
chronologies of western juniper from south-central Oregon are important contributors to
the long network (Figure 1).

Regression of y, on the 13-site-mean and 60-site-mean SSRs yields long and short re-
construction models accounting for 66% and 77% of the calibration-period variance of y, af-
ter adjustment for loss of degrees of freedom (adjusted R?) (Table 3). Both models have strong
validation, as indicated by high positive RE values from cross-validation, and by highly sig-
nificant correlation of cross-validation predictions with observed flow. Both reconstructions
also closely track and have significant correlation with earlier flows (spanning WYs 1872
1900) from gages on the Sacramento, San Joaquin, and other Central Valley rivers that com-
prise the Bulletin 5 8RI flows (Figure 3) [65]; these earlier data had also been used, with less
success, for validation of the first Sacramento River runoff reconstruction [51]. Both models
greatly underestimate the flow in WY 1890. Tree-ring reconstruction calibrated by regression
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with gaged flows tend to be conservative (biased toward the mean) because the variance ex-
plained by regression is always less than 100%. This compression of variance theoretically
would lead to underestimation of both wet extremes and dry extremes and complicates direct
comparison of observed and reconstructed magnitudes of extreme flow events [83]. Moreover,
as seen in Figure 3, the magnitude of extreme high flows may be especially difficult to capture
because growth of drought-sensitive trees beyond some high level of soil moisture is logically
expected to benefit less and less from additional moisture.

Table 3. Statistics for long record and short record tree-ring reconstructions (Model 1). Statistics are
for regression models whose predictand is transformed 8RI flow (square root billion cubic meters).

Tree-Ring Calibra- Cross-Vali-
Record tion b dation ¢
2
WYs Eiij RMSE RMSE RE r

Long rec-
ord 903- 13 1906-2008  0.66 0.697 0.712 0.65 0.82

2008
Short rec-
ord 1640- 60 1906-2001  0.77 0.585 0.592 0.77 0.88

2001

aNumber of contributing tree-ring chronologies. ? Overall F (not listed) for both models is highly
significant (p < 1E-25). <RE = reduction-of-error statistic; r = correlation of cross-validation predic-
tions with observed flows. The two correlations listed are both larger than any of the correlations
for the 1000 simulated reconstructed flow series (p < 0.001)

Long Record Reconstruction

r=0.427, p = 0.0210 (a)

Short Record Reconstruction

r=0.730, p = < 0.001 (b)

1875 1880 1885 1890 1895 1900
Water year

Flow source =e= Bulletin 5 (instrumented) =e= Reconstructed

Figure 3. Time series plots (WYs 1872-1900) comparing reconstruction of Central Valley runoff (Model 1) with instru-
mented flows for (a) long record reconstruction and (b) short record reconstruction. Spearman correlations and signifi-
cance annotated. Significance not adjusted for autocorrelation because none of the series are positively autocorrelated.
This period, as documented in Bulletin 5 [65], precedes years used for calibrating and validating reconstruction models.

Both the short and long record reconstructions strongly track the sum of individual re-

constructions generated previously for the Sacramento and San Joaquin Rivers by Meko et al.
[20]. For the 1640-2001 period common to these reconstructions, the Pearson correlation is r =
0.83 for the long record reconstruction and r = 0.95 for the short record reconstruction. For the
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earlier 903-1639 period in common with the long reconstruction only, the correlation remains
high (r=0.82). While agreement between reconstructions is limited by differences in tree-ring
networks and statistical reconstruction methods, the reconstructions are reasonably consistent
in their characterization of droughts and wet periods. The long record reconstruction, for ex-
ample, includes a period of low runoff values in the mid-1100s that aligns with a period of
notable persistent drought in both the Colorado and Sacramento Basins [95,100].

The long and short record 8RI reconstructions are shown in Figure 4, indicating an-
nual and 5-, 10-, 20-, and 100-year center-averaged values. When the late-19th to early
20th century reconstructed flows are compared with reconstructed flows in the preceding
centuries, it is apparent that single-year wet and dry extremes are more variable, however,
time averaged flows are more consistent over the different periods. This is also summa-
rized in Table 4, which shows that for all of the averaging periods presented, from 5 to
100 years, the range of flows are essentially similar for the full reconstruction and the more
recent 1872-2001 period. Importantly, the entirety of the instrumented period, 1872-2018,
generally shows a wider range in flows that the reconstructed values. Additionally, low
flows over different averaging periods are lower in the instrumental record than in the
longer reconstruction period. This comparison suggests that the instrumental flow record
is a reasonable representation of the conditions over the past millennium and captures
extremes in the low flow periods.

Table 4. Range of reconstructed and instrumented Central Valley Runoff (8RI) for different averaging periods. Units are

reported as BCM.
Center Averag- .
8RI Record WYs . . Min Max Range 5% 10% 25% 50% 75% 90%  95%
ing Period (yr)

Long Record 903-2008 5 16.6 414 247 230 243 265 288 310 327 339
Reconstruction
Short Record 1640-2001 5 187 39.9 212 221 233 260 287 313 340 354
Reconstruction
Long Record Re-

) 1872-2001 5 195 414 21.8 20 244 267 297 323 346 363
Construction
Short Record Re- 07 o001 5 19.7 39.9 20.1 23 234 263 295 319 353 370
Construction
In“;‘f;n;;ted 1872-2018 5 16.0 45 285 191 223 254 312 345 390 414
Long Record Re- 903-2008 10 213 382 16.9 248 257 272 287 302 316 324
Construction
Short Record Re- 01y 0601 10 219 363 143 243 253 272 288 304 323 331
Construction
Long Record Re- 07 5001 10 213 382 16.8 230 256 274 301 315 327 341
Construction
Short Record Re- 07 o001 10 219 362 143 241 257 274 294 311 329 334
Construction
In“;‘f;n;;ted 1872-2018 10 202 403 202 217 239 272 311 338 363 375
Long Record Re- 903-2008 20 237 33.9 10.2 259 266 276 287 298 307 313
Construction
Short Record Re- 01y 0601 20 241 326 8.55 259 266 277 290 300 307 312
Construction
Long Record Re-

_ 18722001 20 23.9 33.9 9.94 250 257 274 302 314 323 327
Construction
Short Record Re- 107 501 20 24.1 326 8.55 253 263 279 295 306 313 318
Construction
I“StrF‘ll;ne;‘ted 1872-2018 20 24 38.4 160 247 258 281 299 338 354 362

W
Long Record Re- 903-2008 100 27.2 29.8 258 276 278 281 287 291 293 294
Construction
Short Record Re- 01y 601 100 27.9 29.4 1.50 282 284 286 288 290 292 292
Construction

Long Record Re- 1872-2001 100 28.8 29.5 0.734 289 290 290 291 293 294 294
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Construction
Short Record Re-
Construction

1872-2001 100 28.6 29.4 0.763 287 287 288 289 291 293 294

Ins“F‘l‘:v‘::ted 1872-2018 100 28.0 312 3.20 284 286 294 299 307 309 310
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Figure 4. Time series plots of long and short tree-ring reconstructions of Central Valley runoff (Model 1) for (a) long record
reconstruction, spanning 903-2008 and (b) short record reconstruction, spanning 1640-2001. Smooth lines represent 20-
year average flows. Other averaging periods, as summarized in Table 4, are excluded from the figure for clarity.

Another way to look at the flow reconstructions is to examine the sequence of wet and
dry periods in the record, in comparison to the contemporary period. The long record recon-
struction was reviewed to highlight patterns of low and high flows that are of interest for wa-
ter resources management. Figure 5 shows 20-year center averages associated with four 121-
year periods with the greatest variations (970-1090; 1100-1220; 1570-1690; 1850-1970). This
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figure illustrates that shifts between wet and dry periods have occurred several times in the
past millennium, but in most of these instances, the range of flow variation is not greater than
the reconstructed flows for late 19th and early 20th century. Actual observed flows during
high flow periods are higher that the reconstructed flows, a bias expected from the variance
compression inherent in regression, and possibly also to lower sensitivity of tree-growth to
soil moisture beyond a threshold level. However, if only reconstructed flows are considered
for comparison over different time periods, as done throughout this study, it may be inferred
that flow patterns in the instrumental period after the 1870s, especially over decadal time
scales, are a reasonable representation of the overall variability seen in the past millennium.
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Figure 5. Selected flow periods over the long reconstruction compared with instrumented flow from
(20-year centered average for both flow terms).

4.2. Delta Outflow: Model Calibration and Reconstructions
4.2.1. Model Calibration
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The resulting pre-development relationship between Delta outflow and Central Val-
ley runoff, both expressed in terms of annual flows, is displayed in Figure 6. Equation (2)
fitting parameters and regression statistics are summarized in Table 5.

Table 5. Model fitting parameters and regression statistics for Equation (2): relationships between
Delta outflow and Central Valley runoff under pre-development (Model 2) and contemporary
(Model 3) conditions. Flow units are in BCM per year.

Model a1 a2 12 Std. Error (BCM)
Pre-development
(Model 2)
Contemporary
WYs 1912-1944 0.285 1.38 0.991 1.5
(Model 3)

Contemporary

WYs 1945-2018 @ @ @ @
(Model 3)

0.380 1.23 0.956 2.7

M The contemporary outflow—runoff relationship for WYs 1945-2018 was adjusted using Equation
(4) to reflect significant increases in water use in the Central Valley and Delta following construc-
tion of Shasta Dam in WY 1944. See Table 6.

70
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0 10 20 30 40 50 60 70
Eight River Index (Billion Cubic Meters)

Figure 6. Pre-development annual outflow—runoff relationship (Model 2). See Equation (2) and Table 4 for model fitting
parameters.

Historical annual Delta outflow was correlated with annual Central Valley runoff (as
measured by the 8RI) over a subset of the contemporary period spanning WYs 1912-1944;
the resulting model fit is displayed in Supplementary Material D (see Figure D-1). Equa-
tion (2) fitting parameters and regression statistics are summarized in Table 5. Model re-
siduals, reported as predicted minus observed, are plotted as a time series in Figure 7a for
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the full contemporary period spanning WYs 1912-2018. This figure clearly shows that
Equation (2) increasingly over-estimates Delta outflow over time following WY 1944, sig-
nifying a decreasing trend in Delta outflow relative to the 8RI. Equation (2) residuals were
de-trended through the following re-formulation (see Figure D-2):

Delta Outflow = a; X 8RI*z X {1 — [ag X (Water Yr — 1944)? + ag X (Water Yr — 1944) + a;,]} 4)

where as, a9y, and oo are dimensionless fitting parameters. Hutton et al. [101] observed
that Delta outflow trends, when normalized to the 8RI, were different between low and
high runoff years. In high runoff years, they observed a decreasing trend in normalized
outflow. However, they reported that:

In drier years, the downward trend in normalized Delta outflow appears to have
been curbed (and possibly reversed) over the last few decades due to more restrictive wa-
ter management (i.e., lower normalized Delta exports) in the estuary and a leveling of
water use in the upstream watershed.

Following the observations of [101], Equation (4) was independently calibrated for
low runoff years (8RI < 24.6 BCM/yr) and high runoff years (8RI > 24.6 BCM/yr) with a
combined standard error of 3.0 BCM. Fitting parameters and regression statistics are pro-
vided in Table 6. Model residuals, reported as predicted minus observed, are plotted as a
time series in Figure 7b. This figure shows no apparent time trend in the de-trended model
residuals. The tree-ring reconstructions of Central Valley runoff (i.e., the 8RI) were used
in conjunction with Equations (2) and (4) to estimate contemporary annual Delta outflow
volumes for each time series beginning in WY 1912.

Table 6. Model fitting parameters and regression statistics for Equation (4): adjusted relationships
between Delta outflow and Central Valley runoff under WYs 1945-2018 contemporary (Model 3)

conditions.
Fitting Parameter / Low Runoff Years High Runoff Years
Regression Statistic 8RI < 24.6 BCM/yr 8RI > 24.6 BCM/yr
al 0.285 0.285
a2 1.38 1.38
a8 -0.000137 0
a9 0.0148 0.00426
al0 0 0.0863

R? 0.474 0.482




Water 2021, 13, 2139

22 of 35

[
o

¢ el .=..|.||||||III i||||||||||l | I| |I||||||I‘ ’“'“I“I"II“III.. |

Meodel Residuals (Billion Cubic Meters)
n

-10

1912 1922 1932 1842 1952 1962 1972 1982 1992 2002 2012
Water Year
I Annua 5-Y¥r Center-Weighted Average

30
v 25
@
@
=
= 20
£
3
L=
c 15
R
]
= 10
w
m
=
o
@ 5
O
2 | | I I |
RN N ||| . ANTA |||I||| ALy, l,
k) LI TR b "I | v I\ l'
= i
B
3 s | |
=
@
B
@ -10
(]

1912 1921 1932 1942 1952 1962 1972 1982 1992 2002 2012
Water Year
-l 5-Yr Canter-Weighted Average

Figure 7. Time series of model residuals associated with contemporary annual runoff-outflow rela-
tionship (Model 3). Residuals from Equation (2) applied to the entire WYs 1912-2018 contemporary
period are shown in (a). De-trended model residuals from Equation (4) applied to WYs 19452018
are shown in (b).

4.2.2. Delta Outflow Reconstructions

The annual Central Valley runoff reconstructions (long record and short record) were
used as the basis for reconstructing Delta outflow volume under pre-development and
contemporary conditions using Models 2 and 3 described above. The results are shown in
the form of exceedance frequencies in Figure 8. Through WY 1850, the plot shows little
difference between the long and short record reconstructions to estimate pre-development
annual Delta outflow volumes. Annual outflow volumes for this period are approxi-
mately 35-37 BCM, 24 BCM and 11-13 BCM at the 10th, 50th and 90th percentiles, respec-
tively. For the contemporary period beginning in WY 1912, the plot shows small differ-
ences between the long and short record reconstructions. Annual outflow volumes for this
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period are approximately 40-44 BCM, 24 BCM and 9-11 BCM at the 10th, 50th and 90th
percentiles, respectively.

60
50 |
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30

20

Delta Outflow (Billion Cubic Meters)

10

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
Exceedance Frequency

——WY903-1850  ----- WY 1640-1850 ——WY 1912-2008  ----- WY 1912 - 2001

Figure 8. Reconstructed delta outflow exceedance frequency under pre-development (Model 2) and
contemporary (Model 3) conditions, for the long and short record reconstructions.

Differences between pre-development and contemporary Delta outflow conditions
reflect differences observed in the Central Valley runoff reconstructions as well as differ-
ences in water use on the valley floor and in the Delta. For example, assuming a common
historical runoff sequence from WYs 1922-2003, Gross et al. [22] reported mean annual
Delta outflows of 24.5 BCM and 19.4 BCM under pre-development and contemporary
conditions, with the difference approximately equal to CVP and SWP exports from the
south Delta, which together average approximately 6.1 BCM [22]. Our work shows similar
mean annual Delta outflow conditions (24 BCM) for the pre-development and contempo-
rary periods. However, the contemporary period is associated with a more variable out-
flow regime relative to the pre-development period, with higher outflows in the low end
of the exceedance frequency domain and lower outflows in the high end of the exceedance
frequency domain.

Contemporary outflow model residuals associated with Equations (2) and (4) are
highly correlated (R?=0.94) with reconstructed Central Valley runoff residuals. Residuals
are computed as the difference between reconstructed values and historical values. Figure
9 shows scatter plots and regression lines for long record (WYs 1912-2008) and short rec-
ord (WYs 1912-2001) relationships, with residuals shown as 5-year center weighted aver-
ages.
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Figure 9. Relationship between reconstructed annual delta outflow residuals and reconstructed cen-
tral valley runoff residuals for the contemporary period. Residuals are presented as 5-yr center
weighted averages. The long record (WYs 1912-2008) and short record (WYs 1912-2001) relation-
ships are shown in (a) and (b), respectively.

4.3. X2: Model Calibration and Reconstructions
4.3.1. Model Calibration

The resulting pre-development relationships between seasonal average X2 and an-
nual average Delta outflow are displayed in Figure 10. Equation (3) fitting parameters and
regression statistics are summarized in Table 7. Step changes in contemporary relation-
ships between annual Delta outflow volume and seasonal average X2 position were ob-
served following construction of Shasta Dam in 1944. Hutton et al. [101] observed statis-
tically significant trends in seasonal outflows, with decreasing trends observed in four
months (February, April, May and November) and increasing trends observed in two
months (July and August). The authors discussed linkages between outflow trends and
changes in upstream flows and coincident developments such as reservoir construction
and operation, out-of-basin imports and exports, and expansion of irrigated agriculture.
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The resulting contemporary pre- and post-WY 1945 relationships between seasonal aver-
age X2 and annual Delta outflow volume are shown in Supplementary Material D (Fig-
ures D-3 and D-4) and regression statistics are summarized in Table 7. Although a physical
basis exists for developing independent correlations for the pre- and post-1945 February—
June relationships, we note that the derived fitting parameters are not statistically differ-
ent from one another.
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Figure 10. Pre-development seasonal X2—-outflow relationships (Model 2). See Equation (3) and Ta-
ble 5 for model fitting parameters.

Table 7. Model fitting parameters and regression statistics for Equation (3): relationships between
X2 position and Delta outflow under pre-development (Model 2) and contemporary (Model 3) con-
ditions X2 is in units of km from Golden Gate and outflow units are in BCM per year.

Model Season a3 a4 r? Std. Error (km)
Pre-develop-
ment (Model 2)
Pre-develop-
ment (Model 2)
Contemporary
WYs 1912-1944 February-June 120 -0.242 0.974 1.5
(Model 3)

Contemporary

WYs 1912-1944  July—October 142 -0.137 0.760 4.8
(Model 3)

Contemporary

WYs 1945-2018 February-June 122 -0.228 0.886 3.6
(Model 3)

Contemporary

WYs 1945-2018 July—October 113 -0.106 0.709 4.0
(Model 3)

February-June 107 -0.223 0.943 1.7

July—-October 130 -0.128 0.763 37

4.3.2. X2 Reconstructions

The annual Delta outflow reconstructions (long record and short record) were used
as the basis for reconstructing seasonal (February—June and July—October) average X2 po-
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sition under pre-development and contemporary conditions, using Models 2 and 3 de-
scribed above. Figure 11 shows pre-development seasonal average X2 exceedance fre-
quencies for each reconstruction. Little difference is observed between the pre-develop-
ment long and short period reconstructions except in the 10th—20th percentile range. As
shown in the top panel, February—June average X2 positions are approximately 60-63, 53
and 48 km at the 10th, 50th and 90th percentiles, respectively. X2 is further downstream
(smaller values) in the spring, indicative of relatively higher flow conditions. As shown in
the bottom panel, July—-October average X2 positions are approximately 94-96, 86-87 and
82-83 km at the 10th, 50th and 90th percentiles, respectively. X2 is further upstream (larger
values) in the summer and fall, indicative of relatively lower flow conditions.

This same figure shows small differences between the reconstructions throughout
the exceedance frequency domain for the contemporary period beginning in WY 1912.
February—-June average X2 positions are approximately 70-73, 58-59 and 50-51 km at the
10th, 50th and 90th percentiles, respectively. July—October average X2 positions are ap-
proximately 94-96, 84-86 and 7677 km at the 10th, 50th and 90th percentiles, respectively.
As under pre-development conditions, contemporary X2 is further downstream (smaller
values) in the spring and further upstream (larger values) in the summer and fall.

Differences between pre-development and contemporary X2 conditions reflect dif-
ferences observed in the Delta outflow reconstructions and differences in interannual pat-
tern of water use. Differences in X2 also reflect natural and anthropogenic drivers that
modified the estuary’s flow—salinity regime, resulting in greater outflow requirements
under contemporary conditions to repel salinity intrusion [22,26] The contemporary pe-
riod is generally associated with greater spring (February—June) salinity intrusion and
lesser summer—fall (July-October) salinity intrusion relative to the pre-development pe-
riod. Seasonal differences between pre-development and contemporary X2 conditions are
indicative of upstream reservoir operations that store water in winter and spring months
and release water in summer and fall months.
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Figure 11. Reconstructed seasonal X2 exceedance frequency under pre-development (Model 2) and
contemporary (Model 3) conditions. Feb-Jun and Jul-Oct X2 exceedance curves are shown in (a)
and (b), respectively. Exceedance curves are provided for long and short record reconstructions.

5. Discussion

Flow and salinity have been the subject of scientific observation in San Francisco Es-
tuary over more than a century [14,65]. These observations, which have provided a rea-
sonable understanding of contemporary conditions and associated trends in the estuary
over the past century, have also supported decision-making related to freshwater flow
management in the estuary. However, important knowledge gaps exist that cannot be ad-
dressed solely by the available observations. These gaps relate to the fact that large-scale
changes in the estuary and its watershed pre-date the observational record by several dec-
ades; these gaps also relate to the fact that California is known to have been subject to
highly variable climatic conditions over the past millennium. Additional data collection
is thus insufficient to provide an understanding of how the system behaved prior to the
initiation of large-scale disturbances after the mid-19th century. This work is an attempt
to fill these gaps by i) using an updated set of tree-ring chronologies to represent annual
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runoff into the Central Valley from the surrounding higher-elevation watersheds over the
past millennium and ii) utilizing a modeling approach to relate runoff to freshwater flow
to the estuary and to salinity intrusion in the Delta. This integration of tree-ring based
estimates of runoff with models of flow and salinity representing different configurations
of the system (pre-development and contemporary) allows for a more nuanced explora-
tion of flow and salinity changes over periods much longer than covered by the instru-
mented record. This information is of scientific and practical importance because it can
help guide decisions related to the restoration of the estuarine ecosystem. These decisions
have recently focused on potential changes to flow and salinity management in the estu-
ary [18], decisions with major environmental and economic consequences for California.

The updated tree-ring-based reconstruction shows a mean annual Central Valley
runoff (8RI) of approximately 29 BCM, a quantity that is similar to that observed in the
contemporary system. The reconstruction also shows large single-year anomalies from the
mean, although multi-year anomalies over averaging periods of 5-100 years are minimal.
An important observation is that, while high runoff extremes overlap with the instru-
mented record, their magnitudes are lower than observed. The reconstruction indicates
the occurrence of individual years with runoff significantly lower than seen in the gauged
record; however, over longer averaging periods, pre-development runoff variations are
of similar magnitude to those in the instrumented period and represent broadly similar
patterns of wet and dry periods. Our findings are contrary to some prior reconstructions —
notably Stine [47] based on the position of tree stumps at Mono Lake and Graham and
Hughes [48] focused on Merced River runoff and the Mono Lake Basin inflow —that indi-
cate evidence of more severe droughts over the past millennium than any seen in the in-
strumented period. However, our findings are broadly consistent with the work of Meko
et al. [20] that focused on a smaller set of tree-ring data from the Sacramento and San
Joaquin River basins. Our work confirms that major long-term deviations from the mean
runoff in California’s Central Valley are often seen in the tree ring record, but the extended
drought of the late 1920s and early 1930s compares with the most extreme in the past
millennium.

Consistent with the historical pattern of flow variability, California at the end of WY
2020 appears to be in the midst of another severe long-term drought. The Eight River In-
dex, averaged over the preceding 20-years from WY 2020, stands at 25.6 BCM; long-term
average runoff of lower magnitude was last seen in the severe drought of the 1920s and
1930s, when 20-year average flows from WY 1931 to 1939 ranged from 22.4 to 25.1 BCM.

Integration of the tree-ring based runoff with downstream flow models shows that,
although median freshwater flows into the estuary have not changed significantly, Delta
outflow has been more variable in the contemporary period compared to pre-develop-
ment conditions. Extending to salinity, the contemporary period is associated with greater
spring (February—June) salinity intrusion and lesser summer—fall (July-October) salinity
intrusion relative to the pre-development period. Both outflow and salinity intrusion are
directly affected by contemporary reservoir storage and release patterns, which tends to
smoothen the intra-annual extremes that are seen in the pre-development system.

Our work can also be compared with similar research by Stahle et al. [23] who used
tree-ring chronologies to relate to salinity intrusion in the Delta. Using a 625-year (1379-
2003) tree ring chronology to reconstruct the February—June average X2 position in San
Francisco Estuary, the authors were able to explain 73% of the variance in the observed
X2 data over a 19562003 calibration period. The authors used their reconstructed salinity
record to examine return intervals between single-year X2 extremes and to quantify the
frequency of consecutive seasonal maxima and minima over the period of record. [23]
recognized that their reconstruction does not mimic pre-development salinity conditions
in the estuary. Rather, the authors concede that their X2 time series:
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... provides an estimate for variability in the salinity gradient on interannual-to-decadal time
scales, given the present land cover, stream morphology, and regulated flow environment, in re-
sponse to the range of modern and prehistoric seasonal precipitation totals registered in the tree-
ring record over the past 625 years.

In other words, the authors employed a “level-of-development” methodological ap-
proach [22,24,63] and their 625-year X2 reconstruction represents salinity variability under
a contemporary level of development. Stahle et al. [23] found the hydroclimatic signal
from tree growth to be approximately stationary over the past six centuries; thus, we ex-
pect that their estimate would be consistent with the contemporary level X2 time series
presented by Gross et al. [22] that utilized a shorter, more recent climate sequence span-
ning WYs 1922-2003.

In contrast with [23], our work explicitly attempts to reconstruct an extended record
of historic salinity conditions in the estuary. Our work relies on modeled relationships
between Central Valley runoff, Delta outflow and estuarine salinity under natural and
anthropogenically altered hydrologic conditions as they occurred over the period span-
ning 903-2008 (long record) and 1640-2001 (short record). We expect that our pre-1850
estimates would be consistent with the pre-development level X2 time series presented
by Gross et al. [22] similarly, we expect that our post-1944 estimates (following construc-
tion of Shasta Dam) would be consistent with the contemporary level X2 time series pre-
sented by [22]. Consistent with Gross et al. [22], our work shows that, in spite of a rela-
tively stationary hydroclimatic signal from tree growth (a proxy for Central Valley run-
off), the San Francisco Estuary’s seasonal salinity pattern has changed due to anthropo-
genic alterations. Specifically, both studies suggest that the estuary is now more saline in
the late winter and spring than it was under pre-development conditions because of con-
temporary water management. Both studies also show that the contemporary estuary is
less saline in the late summer and fall than it was under pre-development conditions be-
cause of water management.

Flows in the observed record from WY 1872 onwards display significant change, with
a wet period from the late 19th century to the first decade of the 20th century, followed by
a severe drought in the late 1920s and early 1930s. As noted earlier, these were drivers of
the early water resources engineering activities in California, with a focus on flood control
in the late 19th century to be followed by a focus on regulation and storage by the 1920s
and beyond. The longer flow reconstruction in this work highlights that this period in the
observed record captures the types of extreme shifts that have occurred over the past mil-
lennium. These reconstructed data therefore show that widely used level-of-development
modeling approaches, that repeat the instrumental sequence of flows for different estuary
and watershed configurations, appear to be an appropriate methodology for representing
a range of pre-development conditions.

The agreement between the tree-ring record with the earliest hydrologic observations
confirms and draws attention to a period of dramatic hydrologic change during the late
19th and early 20th centuries, a shift driven by natural factors coupled with rapid regional
development. Thus, population growth and extensive watershed modification was over-
laid on the underlying hydrologic shift from very wet to very dry conditions, which com-
plicates the task of inferring estuarine changes in the early development period (WYs
1850-1911). Putting this hydrologic shift in the context of other anthropogenic drivers is
important in understanding how the estuary responded during this early period and in
setting salinity targets for estuarine restoration.

Although tree-ring proxies from long-lived species with high sensitivity to drought
are a powerful tool for water resources planning in California, some important caveats are
noteworthy. As indicated by the reconstruction statistics, tree-ring width is an imperfect
proxy for Central Valley precipitation. In our work, uncertainty is greatest in the early
part of the tree-ring record because the data network thins. In particular, the tree-ring
record suffers from limited blue oak data, a tree which is shorter-lived than several other
less moisture-sensitive species. Our Central Valley runoff reconstructions are especially
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uncertain in extremely wet years, likely due to a weakening in response of tree growth to
changes in precipitation in very wet years [19]. The gaged flows themselves may also be
more uncertain under high-flow conditions. The phenomenon can lead to problems with
non-normality and non-constant variance (as a function of predicted values) or regression
residuals. Transformation of flow before regression (employed in this work) can partly
help fix such problems with residuals. Despite these efforts, however, error bars are gen-
erally wider in wet years than in dry years [53]).

Another aspect of uncertainty in our Central Valley runoff reconstructions that is not
necessarily summarized by calibration and validation statistics is the possible lack of de-
tection of runoff variations at very low frequencies (e.g., wavelengths > 200 years); this
results from detrending techniques used to standardize ring widths into annual indices of
growth. Specifically, climate trends that span periods longer than the time series of ring
width from longest-lived individual trees are removed by detrending. Uncertainty asso-
ciated with reconstructed flows at very low frequencies could be addressed with alterna-
tive detrending methods, such as regional curve standardization or age-banding, which
rely on estimation of the curve of expected ring width as a function of tree-ring age
[102,103]. Such methods require intensive sampling, demand representative age classes
over the entire tree-ring records, and may be possible for a small number of tree species
in the study area. The tree-ring data set could be extended in the medieval period (and
possibly earlier). Such an extension may be possible if remnant preserved wood can be
found for species with strong moisture signals—e.g., Quercus douglasii, Psuedotsuga macro-
carpa, and Pinus balfouriana.

The flow—salinity models used in this reconstruction generally assume stationary sea
level conditions, although sea level and thus salinity intrusion is expected to have changed
over the reconstruction periods. An exception is Andrews et al. [26] in which the pre-
development model used a (single) lower sea level value than the contemporary model.
Additional detailed mechanistic salinity intrusion modeling may help resolve the impact
of continuous sea level changes in the past millennium and allow refinement of the em-
pirical models employed in this work. Although technically feasible, this is generally lim-
ited by the cost and computational complexity of running the mechanistic models under
a range of observed sea level values.

In conclusion, this work is an important step in integrating tree-ring data with mod-
els of flow and salinity in the San Francisco Estuary and its watershed to develop millen-
nial-scale ranges of pre-development conditions. Even though refinements are possible,
we believe that our findings support regulatory decision making by providing a baseline
to inform future flow regulations and restoration activity in the estuary. While it is helpful
to have a target reference range, attainment in future years will continue to be a challenge:
much in the system remains highly dynamic and will continue to evolve over time, in-
cluding sea level, precipitation, snowmelt, and runoff patterns, all of which are expected
to be affected by climate change, with limited predictability at present.

Supplementary Materials: The following are available online at www.mdpi.com/2073-
4441/13/15/2139/s1, Supplementary Material A. Metadata of tree-ring chronologies (xIsx file) used
in development of Model 1. Two sheets—a table followed by key to columns. Supplementary Ma-
terial B. Tree-ring Standardization and Flow Reconstruction (pdf file). Descriptions of how tree-ring
widths were standardized into site chronologies and how those chronologies were converted to
estimated WY flow related to Model 1. Supplementary Material C. Statistics of Single Site Recon-
structions (SSRs) (pdf file). Statistics apply to the regression models as calibrated by regression of
square-root-transformed annual flow on lagged residual tree-ring chronologies and their squares.
Identifies which chronologies are used in Model 1 long record and short record runoff reconstruc-
tions. Supplementary Material D. Supplemental figures on outflow and salinity modeling related to
Model 3. Supplementary Material E (Referenced in Supplementary Material A). Listing of Annual
Reconstructed Flow (tab-separated ASCII text file). Listing of annual observed and reconstructed
Central Valley runoff (8RI), along with 50% confidence interval for Model 1 long record and short
record runoff reconstructions. Supplementary Material F (Referenced in Supplementary Material
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A). Compressed tree-ring measurement files. These are compressed ASCII text files of the measured
ring widths used to develop the tree-ring chronologies considered for use in the Model 1 annual
runoff reconstructions. Individual file names are linked to the site information (metadata in Supple-
mentary Material A) through column "FilePrefix." Supplementary Material G (Referenced in Sup-
plementary Material A). Listing of annual values of residual site tree-ring chronologies. Tab-sepa-
rated ascii time series matrix of tree-ring chronologies listed in Supplementary Material A. Data
columns in same order as chronologies are listed in Supplementary Material A. Row 1 is header that
is the column number followed by the SiteCode field from Supplementary Material A. First column
is the year. Following rows correspond to tree-ring residual chronologies data for years 899-2016 at
each of the 69 sites.
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