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Ancient Blue Oaks
Revea Human Impact

on San Francisco Bay SaAlinity

San Francisco Bay isone d the most impor-
tant estuarieson thewest coast d the Americas.
Itswater quality is controlled primarily by
streamflow from the Sacramento and San
Joaquin rivers. In fact,freshwater inflow from
the Sacramento-San Joaquin Deta explains
86%d thesalinity variability & the mouth o
the San Francisco Bay estuary [Peterson et al.,
1989]. The massvediverson d strearnflow
by the CdiforniaState Water Project and the
Central Valey Project,part d the largest man-
made water control sysem on Eath [Reisner,
1988], has raised dinity in the estuary on daily
seasonal,and annual timescales [Nichols et
al., 1986; Peterson et al., 1989].

Reduced freshwater inflow and increased
salinity are part & a larger syndrome o
anthropogeni c impacts that imperil water
quality and ecosystem function in thisimpor-
tant estuary Regional drought conditions not
only lead to high salinity, but also to increased
concentrationsd contaminantsand nutrients
in Sai Francisco Bay Biologicdly available
metal concentrationsand dissolved nutrients
reached record levelsduring the 1976-1977
drought and had serious consegquences on
the pelagic food web and fisheriesin the Bay
[Nicholset al., 1986].

Salinity variationsare also strongly linked
to total biological productivity in the estuary
especialy in response to changesin the geo-
graphic position d the null zone,the region
d convergence between fresh surfaceand
saline bottom currentsin the northern reach
d the Bay [Nicholset al., 1986, Jassby €t al.,
1995]. A nearbottom salinity threshold has
been used since 1995 as a sensitive indicator
d theecological response to changing fresh-
water inflow into the estuary (U.S. Environmen
td Protection Agency standards liged in the
Federal Register Part 11:4463-4709, 1995). During
the pog-World Wa Il erad risng salinity,many
populationsd aquatic organismsin the Bay
have declined, due in part to decreased fresh
water inflow higher salinity, and changesin
the geography and geometry d the null zone.
Because sdinity and freshwater inflow are so
tightly coupled, high salinity conditions are
aso synonymouswith low inflow, lower fresh-
water flushing, higher concentrationsd pollu-
tantsin the Bay,and salt water intrusion into
the agricultural complex d the Sacramento-
San Joaquin Ddta
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The degree to which freshwater diverson
has dtered thenatural varigbility d Sen Francisco
Bay sdlinity has been difficult to quantify
given the short period d sdlinity measurement
and the large natura variation in strearnflow
and estuarinesdinity A new tree ring recon-
struction d surfacesalinity for Fort Point on
thesouth shored the Golden Gate, using
extreme moisture-stressed blue oak trees
(Quercus douglasii; Figure 1), indicates that
the appropriation of freshwater by state
and federa water projects has led to unnatu-
rd salinity extremesand long-term trends
that are unprecedented in the Bay for over
400 years.

Precipitation-Sensitive Blue Oak
and Fort Point Salinity

Blue oak tree ring chronologies can provide
an accurate,long-term perspective on the nat-
ural variability of San Francisco Bay'ssalinity
because blue oak growth and estuarinesalinity
both tend to integrate precipitation and

temperature conditionsover the winterspring
season. Winterspring precipitation and tem-
perature then trandateinto river discharge
conditionsthat actually control flushing and
sdinity changesin the Bay Blue oak treering
chronologiesare highly and postively corre-
lated with winter-spring precipitation and
Sacramento-San Joaquin strearnflow and arc
negatively correl ated with spring temperature
and monthly, seasonal, and annual salinity
throughout the estuary:

Blue oak treesoften form the lower forest
border on the foothillsd the Coast Range
and Sierra Nevada a forest environment
where blue oak radia growth criticaly
depends on precipitation during the winter/
spring/earlysummer season. We have devel-
oped 12 new blue ogk chronologies throughout
the native range d thisspeciesin California,
and these chronologies record one oi the
strongest precipitationsignalsever detected
in tree ring data. All 12 blue oak chronologies
aresignificantly correlated with winter-spring
sdinity in San Francisco Bay but the highest
correlationsare recorded by the five chrono-
logiesclosest to the Bay in central Cdifornia
(Figure 2). This contrastssomewhat with
the spatia pattern d precipitation influence
on salinity,because mog d the freshwater
inflow that controlssalinity coniesfrom
more remotesectorsd the drainage basin
in the Sierra Nevada and Northern Coastal
Range [e.g., Dettinger and Cayan, 2001 ].

Fig. 1. A wind-sculpted 340-year-old blue oak (Quercus douglasii) at Paclieco State Fark,
California (view is toward the south). These moisture-stressed trees provide a superb ring-width
proxy ftor regional precipitation, streaniflow, and salinity in San Fraricisco Bay,



However, the five moisturestressed blue oak
chronol ogiesnearest the Bay are ssmply more
sendtive to precipitation than the available
blue oak chronologiesfram northern Cdifornia
In addition,some 10% d the freshwater inflow
to San Francisco Bay does come from local
tributaries [Conomos, 1979],so the strong
sdinity correlation d the Mt. Digblo chronology
nearest the Bay may, in part, reflect the precip-
itation and runoff from the immediate drain
age basin (r = 0.90; Figure2). Precipitation
over the central coast region wherethe five
chronologies are located isalso very wel
correlated with precipitation over theentire
Sacramento (r = 0.92) and San Joaquin
(r=0.89)river basnsfor the January-July season.

Monthly sdinity measurements are available
for Fart Point from 1922 to 1994, though values
aremissing for 1946 and 1948. The Fot Point
record is highly correlated with other sdlinity
gationsin the Bay.particularly when the data
areseasonaized or annualized.

For example, January-July salinity at Fort
Point and Alameda near the center d the
Bay are correlated & 1 = 0.86 (P < 0.0001) for
1939-1985. Blue oak growth and monthly
sdinity & Fort Point are most highly correlated
during and just after the wet season (January-
July) when much (50%)d the precipitation
that supportsgrowth and river dischargeoccurs.
and when most (82%) d the Sacramento-San
Joaquin streamflow that flushes the Bay also
occurs. Thesignificant correlation between
growth and salinity in June and July, following
the wet season, partly reflects variahility in the

San Francisco
Bay
Drainage Basin

fig.2.The five blue oak chronologies used to
reconstruct salinity are located by their corre-
lation coefficients with Fort Point salinity
(January-Jaly for 1922-1952). The five sites
(northsouth) are Clear Lake State Park,Ameri-
can Rive,; Mt. Diablo State Park, Pacheco State
Fark,and Pinnacles National Monament, The
seven other blue oak chronologies now avail-
able are indicated by triangles. The Fort Point
salinity station is located at the mouth of San
Francisco Bay, on the south shore of the
Golden Gate.
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Fig. 3. Observed and tree ring reconstructed.January-July surface salinity at Fort Point,[922-1997.
The reconstruction was calibrated with the salinity data frorn 1922-1952 (1946 and 1.948 are miss-
ing,and 1947 is hidden). The horizontal line is 11?2 mean of the observed salinity for 1922-1952
(27.87%). The rising trend line was fit to the instrumental salinity data for 1953-1994. Simulated
January-July salinity lor the 10 km? San Francisco Bay segment 49 is plotted from 1995 to 1999.
This simulation estirmates the freshening that occurred in the high runoff regime of the |ate 1990s,
but this freshening still did not achieve the low salinity values expected for such high strearnflow

under pre<diversion conditions.

timing and magnitude d spring snowmelt
Seasons.

A Tree Growth Proxy
for Estuarine Salinity

Water diversion from the Sacramento-San
Joaquin Ddta increased dramatically after
World Wa 1l [Reisner, 1988]. We use the Fort
Point winterspring salinity data from 1922 to
1952 to calibratethe tree ring reconstruction
d sdinity becausethesdlinity data arestation-
ary in mean and varianceover this period
and they are highly coherent with the natura
and undisturbed blue oak record d precipita-
tion over thisinterval. Serious modifications
to the estuary did, of course, occur before 1952
[Nicholset al., 1986], but they do nat appear
lo have dramatically altered the January-July
averagesalinity measured a Fort Point from
1922 to 1952.

A regiond averaged the five mog proximate
blue oak chronologieswas used asa predic-
lor in bivariate regression with salinity a Fort
Point for the 1922-1952 time interval:

Y,=3.455 — 6.509X, (0

where Y, is the estimated January-July sdinity
averagea Fort Point in parts per thousand
(%0) for year t,and X, isthe corresponding
ring-width vaue for the -egiond blue oak
chronology in year t. The regiona blue oak
chronology isa proxy for the combined effects
d regiond precipitation and streamflow and
explains81% d the January-July salinity vari-
ance during the 1922-1952 calibration period
(Readjusted = 0.81;FHgure 3). This transfer
function (equation |) was used to estimate

January-July salinity a Fort Point for dl years
from 1604 to 1997.

The diversiondimpacted sdinity data from 1953
to 1994 were used to verify the high-frequency
interannual variability d this reconstruction.
Thetreering estimatesof dinity are highly
correlated with observed salinity & Fat Point
from 1953 to 1994 (r=0.70,P<0.0001). BEven
with the anthropogenic trend in salinity, the
reconstruction passes mog standard verifica
tion statisticsusad to evauate dendroclimatic
reconstruction fiddity (for example,the
reduction d error = 0.37,but the paired t-test on
observed and reconstructed meansand the
coefficient d efficiency both fail because
they aresenditiveto differencesin mean).

Thereisasignificant linear trend d +0.06%o
per year in the observed January-July average
sdinity data from 1953 to 194 (P=0.0679;
Figure 3), while the trend from 1922 to 1952 is
dightly negativeand not significant (—0.03%o
per year; P=0.5005). Some d this post-diver-
sion salinity trend might be linked to natural
variationsin atmosphericcirculation, changes
in the seasonal runoff maxima, and coastal
zone upwelling [Petersonet a.,1989]. Bu
mog appears to reflect the diverson d up to
50-60% d winterspring streamflow from the
Ddta [Nichols ¢ al., 1986].

The anthropogenic impact on sainity
extremesand trend after circa 1952 can be
detected through comparison with winter-
Spring precipitation over Cdiforniaor the tree
ring reconstruction d sdinity. The observed
precipitation and reconstructed salinity series
both lack a significant linear trend for the period
from 195310 1994.The 1953-1994 trend in
December-April precipitation for a regiond
averaged Cdiforniaclimatic divisons|1,2,4,



San Francisco Bay Salinity: 1604-1997
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Fig. 4. January-July surface salinity at Fort Point reconstructed from tree rings for 1604-1997 (light black
tirne series, rnean = 28.05%o, standard deviation = 1.79%a), and a smoothed version highlighting
decadal variability (heavy black curve). The observed salinity values ineasured at Fot Foint from 1922
to 1994 ac.shown in red. Note the unprecedented trend and increased frequency of high salinity
extrernes during the period of heavy streamflow diversion after World War Il. High salinity extrernes
occur during drought,and the extrernes witnessed during the 1976,1977,1988, and 1990 droughts
have not beernt matched ocer thepost 400years. Low salinity extremes occurred during certain COY
strong Bl Nirio events (for exarnple, 1789-179.3,1828, 1878, 1891, 1941, 1983, and 1998).There is signif-
icant spectral power in the ENSO frequency band (5.2 years, P< 0.05, 1604-1997) that is coherent
with the Southern Oscillation index (P< 0.05 for 1876~1997) in this reconstruction. After 1604, this
reconstruction generully confirras the long-term salinity fluctuations estimated frorn lower resolution hut

rmuch longer sedimentary data (Ingram et al., 1996.

and 5isonly —1.4 mm per year (P=0.582).
The regiona blue oak chronology is very high-
ly correlated with December-April precipitation
over these same four climaticdivisions (r =
0.81;P< 0.0001 for 1931-1994) and can there-
fore providea valuable historica perspective
on the magnitude of the anthropogenic impact
on estuarine salinity after 1952.

Observed salinities increasingly diverge
from reconstructed salinity after 1952, and
after 1969, all observed values exceed tree
ring estimated salinity except during the
strong H Ninoevent o 1982-1983. when
the Bay was temporarily freshened to pre-
diversion levels (Figure 3). However,the 1983
freshening still did not equal the low salinity
values observed during the 1941 H Nino
event,even though "unimpaired" January-

Jduly streamflow from the eight major Sierra
Nevada riversaveraged 1,983 cms in 1911,
compared with 2,913cms in 1983 [Dettinger
and Cayan,2001]. Note that the tree ring
data fail to fully reflect thisincredible high
discharge/low salinity event of 1983 (Figure
3). Heavy precipitation was concentrated in
March o 1983, and much d this rainfal in the
lower elevation blue oak zone must have run
of without sustaining tree growth over the
entire growing season.

This 1983 example highlightsa weakness in
the tree growth/salinity model. The tree ring
data are not ideal for estimating intense,short-
duration precipitation events. while flashy pre-

cipitation eventswhen stored assnowpack,can
moderate Bay salinity acrossthe entirespring-
summer snow melt season. However,when
heavy precipitation iswell distributed across
the winter-springseason, as it was in 1941,
the blue oak chronologies do a good job of
representing the high dischargellow salinity
conditions (Figure 3).

A 400-Year Per spective
on San Francisco Bay Salinity

The Californiadrought of 1976-1977 was
the most severe of the 20th century and one
d the worst o the past 400 years [Haston and
Michaelsen, 1997] (Figure4). In 1977,the
salinity at Fort Point exceeded the average
salinity of the coastal Pacific Ocean, 34.24%.
versus 33.00%o, respectively [Peterson et al.,
1989] (Figure3). The reconstructionindicates
that the extreme salinity values witnessed
tluring both 1976 and 1977 have not been
equaled in 400 years (Figure4). These extreme
salinity conditions were certainly aggravated by
water diversion from the Delta, with observed
salinity exceeding what would have been
expected due to the drought alone by an
estimated 1.54 and 2.00% in 1976 and 1977,
respectively (Figure 3). The salinity extremes
measured in 1988 and 1990 also exceeded dll
previous estimates since 1604 (Figure4).

The increased frequency o high-salinity
extremes and the persistent above-average

salinity regimes measured after 1952 are both
unparalleled over the past 400 years. For
example,reconstructed January-July salinity
a Fort Point exceeded 31%o. during just 23 out
d 349 years before 1953 (6.6%), but salinities
above this threshold increased fivefold for

14 d 42 years from 1953 to 1994 (33%) (Fig-
ures3and 4). The prolonged drought o
1987-1992 was similar in magnitude and
duration to the drought of 1929-1934, based
on the unimpaired January-July streamflow
estimated for eight Sierra Nevadarivers
[Dettinger and Cayan,2001]. However, the
resulting salinity was much higher in the
recent event (Figure 3;mean = 32.56%. for
1987-1992 versus29.87%o for 1929-1934).The
reconstruction indicates that the persistent
1987-1992 episode d high salinity was
unmatched over the past 400 years (Figure4).
The previous highest 6-year average salinity
estimated for the pre-diversion era from 1604
to 1952 was only 30.65% during 18/11-1846.

Some of the 19%salinity variance not
explained by our model (see Equation 1)
might be due to differencesin the distribution
of precipitation over the Sacramento and San
Joaquin drainage basins. which appears to be
modulated in part by the North Pacific Oscil-
lation (NPO). Heavy snowpack in the higher
elevations d the San Joaquin system tends to
melt slowly and depress Bay salinity over the
January-July season. Simulations of San Fran-
cisco Bay salinity near Fort Point tluring high
and low phasesof the NPO suggest that changes
in runoff timing between the Sacramento and
San Joaquin basins might account for as much
as 1%o of January-Jduly salinity [Knowles,2000].
However,if 1%, isadded to al tree ring recon-
structed values from 1604 to 1997,the high
sdinity extremeswitnessed at Fort Point during
1977 and 1988 were gtill unmatched over the
entire400-year reconstruction.

The long Fort Point salinity recording station
was unfortunately discontinued in 1994, but
the Bay was subsequently freshened by well-
above-average precipitation and streamflow
in the mid- to late-1990s. The three highest
January-July unimpaired streamflowssince
1906 for the eight Sierra Nevada riverswere
estimated for 1983.1995,and 1998, respectively
[Dettinger and Cayan,2001]. However,this
recent freshening again did not equal the low
salinities expected from similar high runoff
events in the prediversion era. Simulated Jan-
uary-July surface salinity for San Francisco
Bay segment 49 is plotted from 1995 to 1999
in Figure 3. Thissimulation is based on fresh-
water inflow and tidal mixing (Uricles and
Peterson, 1995]. Because the simulation cov-
ersa 10 kmz segment of the Bay extending
east from the Golden Gate Bridge,it averages
0.67%- lower salinity than thesingle Fort Point
record (29.29%. versus 30.31 %o, respectively
for 1953-1994). This underestimation increases
t0 0.78% after 1958 (29.53%o versus 30.31%o.
respectively).

In spite of this difference in mean salinity
the fresheningsimulated during the very strong
B Nino of 19984till did not approach the low
salinity recorded during the pre-diversionera



B Nino o 1941 (Figure 3),even though the
unimpaired eight-river January-July streamflow
was 2,535cms in 1998, compared with only
1.983c¢ms in 1941,

The tree ring reconstruction demonstrates
that severe drought and high salinity extremes
are part o the natural variability of the San
Francisco Bay hydrologic system and are
certain to recur,even if the diversions of
Sacramento-San Joaquin streamflow were to
end. Therefore, the future health of thisgreat
estuary vitally depends on California's water
conservation and pollution control practices
and on the management policies o the federal
and state water projects.
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