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Abstract

Change in water availability is of great concern in the coastal southwest United States (cswUS).
Reconstructing the history of water pre—1800 AD requires the use of proxy data. Lakes provide
long-lived, high-resolution terrestrial archives of past hydrologic change, and their sediments
contain a variety of proxies. This study presents geochemical and sedimentological data from
Zaca Lake, CA (Santa Barbara County) used to reconstruct a 3000 year history of winter season
moisture source (ODy,x) and catchment run-off (125-2000 um sand) at decadal resolution. Here
we show that winter season moisture source and run-off are highly variable over the past 3000
years; superimposed are regime shifts between wetter or drier conditions that persist on average
over multiple centuries. Moisture source and run-off do not consistently covary indicating
multiple atmospheric circulation modes where wetter/drier conditions prevail. Grain-size
analysis reveals two intervals of multi-century drought with less run-off that pre-datethe® epic
droughtsasidentifiedbyCooketal.(2004).A well-defined wet period with more run-off is
identified during the Little Ice Age. Notably, the grain size data show strong coherence with
western North American percent drought area indices for the past 1000 years. As a result, our
data extend the history of drought and pluvials back to 3000 calendar years BP in the cswUS.
Comparison to tropical Pacific proxies confirms the long-term relationship between El Nifo and
enhanced run-off in the cswUS. Our results demonstrate the long-term importance of the tropical
Pacific to the cswUS winter season hydroclimate.
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1. Introduction and Background

California is enduring extreme drought conditions during 2013-2014. Although the
hydroclimate of the semi-arid region is inherently variable, with large interannual variability in
precipitation (Dettinger et al., 1998), there is considerable concern that the recent dry years may
be part of a drying trend (Williams et al., 2013). For the coastal southwest United States
(cswUS), future projections are for drier conditions with less frequent, but more intense
precipitation (e.g., more atmospheric river events) and subsequent flood events (Das et al., 2013;
Dettinger, 2011; Neelin et al., 2013; Pierce et al., 2013; Seager et al., 2013). This combination of
hydroclimatic change represents a formidable challenge to the water resource and management
infrastructure as well as to the ecology of the region (Loarie et al., 2008; Tanaka et al., 2006;
Williams et al., 2013).

Understanding past hydroclimatic variability and its forcings provides a baseline
understanding of the dynamics that drive the hydroclimatic system. This baseline is important for
examining present change and assessing future predictions. Today, the cswUS has an almost
exclusively winter-season precipitation regime. Interannual variations in precipitation amount
vary with the position of winter season storm tracks influenced by Pacific sea surface
temperature (SST) patterns (Fig. 1) (Cook et al., 2011; Gan and Wu, 2013; Graham et al., 2007;
Herweijer et al., 2006; Namias et al., 1988; Seager et al., 2005a) Variations in Pacific Ocean
SSTs, including those associated with El Nifio-Southern Oscillation (ENSO) as well as extra-
tropical conditions such as that in the Kuroshio Extension region (northwest Pacific), have been
shown to play important roles in driving precipitation amount variability, including both

droughts and pluvials, on interannual to multi-decadal timescales in the cswUS (Andrews et al.,
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2004; Castello and Shelton, 2004; Cook et al., 2011; DeFlorio et al., 2013; McCabe-Glynn et al.,
2013; Wang et al., 2013).

How the tropical Pacific will influence future hydroclimatic change in this region is of
particular interest. Research indicates that the frequency and perhaps intensity of El Nifio events
may increase with projected future warming (Ashok et al., 2012; Cai et al., 2014; Santoso et al.,
2013) ENSO plays a major role in modern winter climatology of the cswUS (Castello and
Shelton, 2004; Hanson et al., 2006; Schonher and Nicholson, 1989; Seager et al., 2005a). During
the instrumental era, E1 Nifio events are correlated with wetter than normal conditions in the
cswUS, which can produce extreme precipitation events and subsequent flooding (Cayan et al.,
1999; Dettinger, 2011; Fye et al., 2004; Seager et al., 2005a); La Nifia conditions are associated
with drier than normal conditions (Castello and Shelton, 2004; Graham et al., 2007; Herweijer et
al., 2006; Seager et al., 2005a). Paleoclimatic reconstructions can test the long-term relationship
between ENSO and winter precipitation variability. Moreover, because winter season
precipitation is the only significantcontributortotheregion’shydrologicbudget, there is
potential to study this unimodal climate regime without the noise associated with multi-season
precipitation (e.g., in monsoon influenced areas). Finding long-lived, high-resolution terrestrial
archives from the cswUS is a challenge. Most hydroclimatic reconstructions spanning the past
3,000 years from the cswUS are limited to multi-decadal to centennial scale resolution at best
(Bird et al., 2010; Davis, 1992; Kirby et al., 2010; Kirby et al., 2004; Kirby et al., 2012). Tree
ring networks provide a millennial view of variability particularly sensitive to drought conditions
(Herweijer et al., 2007); however, they are less useful for reconstructing pluvials, nor does the
tree ring network fully resolve spatial patterns across the cswUS, missing lowland areas below

the tree-line (Macdonald and Case, 2005; Meko et al., 1980).
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Here, we present sedimentological and geochemical results from Zaca Lake, CA to
reconstruct hydroclimatic variability over the past 3,000 calendar years (cal yrs BP) at ~decadal
resolution. This site fills an important geographical gap in knowledge representing the cswUS
region with large population centers and scarce water resources. We use leaf wax hydrogen
isotopes (0Dyax) and grain size (125-2000 um sand) to infer changes in moisture source and run-
off, respectively. Regime shift analysis is applied to variable proxy records to statistically discern
shifts in the mean state and to assess the coupling between moisture source and precipitation
amount through time. Hydroclimatic proxies from Zaca Lake are compared to ENSO-related
proxies to evaluate the role of the tropical Pacific on late-Holocene hydrologic variability in the

coastal southwest United States.
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2. Study Site and Methods
2.1 Study Site

Zaca Lake is a closed lake (0.08 km? lake area, 12 m water depth in July 2009) contained
within a small (9 km?), steep sided catchment (7301320 masl) (Feakins et al., 2014; Norris and
Norris, 1994; Fig. 2). The lake has a spill-over elevation approximately 9 m above present lake
level to a second basin, Overflow Lake, which is currently dry. Zaca Lake sediments extend
deeper than the present core based on seismic profiling (Kirby and Simms, unpublished data).
Sedimentation history in the adjacent Overflow Lake basin has been dated to 7,500 cal yrs BP
with a charcoal sample from 450 cm depth (Padilla, 2010). The lake sits within the highly
fractured and steeply dipping Monterey Formation. Consequently, a strong geomorphic contrast
exists between the highly dissected, less vegetated south facing slopes and the more vegetated,
less dissected north facing slopes (Fig. 2). There is also evidence for relict mass movement in the
form of slumps and landslides as well as events documented within the historical record (Norris
and Norris, 1994). Zaca Lake is a eutrophic, oligomictic lake with spring/summer CaCOs
whiting events (Dickman, 1987; Sarnelle, 1992). Multi-month stratification produces
hypolimnion anoxia and the build-up of H,S, occasionally causing fish mortality during turnover
(Sarnelle, 1992). The hydrologic balance of the lake depends on direct precipitation, evaporation,
overland flow, and groundwater contributions from an up-valley spring (Feakins et al., 2014;
Ibarra et al., 2014). In the late 19 Century (Libeus family homestead est. 1891 AD), before
significant human modification, lake levels were observed to fluctuate approximately 0.5—1.0 m
on a seasonal basis (Norris and Norris, 1994).

2.2 Age Control and Sediment Analyses
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Zaca Lake sediment core USC-—ZACAQ09-1C (Z-1C) was obtained using a modified
Livingston square rod piston corer. An intact sediment-water interface was collected on the first
drive. The core was split, described, digitally photographed, and sub-sampled in the CSUF
Paleoclimatology and Paleotsunami Laboratory. An overlapping core (Z—1D) was also obtained
to confirm basin versus local sediment signals. The two cores have almost identical
sedimentology. Seismic reflection data confirm that the core was extracted from a basin wide
sediment unit (Kirby and Simms, unpublished data). All data presented in this paper come from
the master core, Z—1C.

A combination of radiocarbon dating (n = 21) and reference horizon methods (n = 4)
were used for age control. Discrete organic terrestrial macrofossils were picked under a binocular
scope after wet sieving at 74 um with deionized water (Table 1). Macrofossils were cleaned with
standard acid-base-acid treatment and measured by Accelerator Mass Spectrometry (AMS) at the
Lawrence Livermore National Laboratory. To build the chronology for the most recent
sediments, we used the reference horizon method including the first appearance of non-native
pollen types (Eucalyptus and Erodium), the'>’Cs peak, and the intact sediment-water interface.

Mass magnetic susceptibility, loss-on-ignition (LOI) 550°C (total organic matter %), and
LOI 950°C (total carbonate %) were determined for samples collected at 1 cm contiguous
intervals following the same protocol as Kirby et al. (2007).

Corg/Niotal Tatios were determined for every other sample, i.e. 2 cm resolution. For the
calculation of Core/Niota Tatios, it has been shown that the acidification of bulk sediments can
change the nitrogen content in an unpredictable way (Brodie et al., 2011). Therefore, every
sample was split and analyzed both untreated as well as treated (i.e., acidified) with 1 N HCI.

Niota1 and Ciora) Were determined on the untreated sample, and the acidified sample was used to
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determine Corg. Corg/Niotal ratios were measured using a Costech 4010 Elemental Analyzer and
calculated following McFadden et al. (2005).

Grain size was determined at 1 cm contiguous intervals. Sediments for grain size analysis
were treated with 30—50 mL of 30 % H,O; to remove organic matter, 10 mL 1 N HCI to remove
carbonates, and 10 mL 1 N NaOH to remove biogenic silica. Grain size was measured on a
Malvern Mastersizer 2000 laser diffraction grain size analyzer coupled to a Hydro 2000G large
volumesampledispersionunit. Astandardwasrunregularlytoverifytheequipment’saccuracy
and repeatability (Kirby tuff standard 2: n = 7831, mean = 4.6 um, ¢ = 0.15 pm). The 125-2000
pum sand sized fraction is reported raw and smoothed with a 9-point moving average.

Charcoal was analyzed every 5 cm and at 1 cm across intervals of interest. Charcoal
counts are based on the > 125 um size fraction using a modified LacCore methodology and
calculated as the number of pieces counted per 1 g dry sediment weight (Whitlock and Larsen,
2001).

The hydrogen isotopic composition of the Cyg n-alkanoic acids from plant leaf waxes
were analyzed every 1 to 2 cm intervals (as reported in Feakins et al., 2014). Hydrogen isotopic
(D/H) ratios are reported in standard dDnotationinpermil(%o)units.

Regime shift analysis was performed on the sand % (after smoothing with a 9 point
moving average to ~30 yr resolution to reduce noise) and oDy values using the method of
Rodionov (2004). The software parameters were set to identify p = < 0.05 significant changes in
the mean value based on a two-tailedStudent’st -test. A 50-year cut-off length was prescribed
withaHuber’sweightparameterof1.Norednoisewasincorporated.

2.3 Climatological Data
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Zaca Creek monthly mean discharge data (m® sec™') were obtained from the USGS
National Water Information System. Two sites, separated by 3.9 km distance, were used to
develop a complete record spanning 1941-2013 AD. Site one covered the period 1941-1963 AD
(25.9 km downstream from Zaca Lake) and Site 2 1963-2013 AD (22 km downstream from
Zaca Lake). This small difference in distance from source results in a change in the area drained
by 17 km? between Site 1 (102 km?) and Site 2 (85 km?). Despite this difference, the two records
are linked and interpreted as representative data for winter season (November to May) discharge
for the Zaca Lake drainage basin over the period 1941-2013 AD.

Winter precipitation data (November through March) were obtained from the Western
Regional Climate Center NOAA Cooperative Stations for Southern California. Five sites
spanning 1915 to 2010 AD were selected based on the completeness of data as well as their
proximity to Zaca Lake (Fig. 1). These sites include: Los Alamos (1915 to 1998 AD), Cuyama
(1943 to 1971 AD), Santa Barbara (1940 to 2010 AD), Lompoc (1949 to 2010 AD), and Santa
Maria (1947 to 2010 AD). The data were averaged for the five sites and smoothed with a 5-point
moving average to reduce inter-site noise. Although the absolute values vary from site to site, the
direction of change is similar. We use these averaged data as a reliable measure of winter

precipitation across the study region over the past 90 years.
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3. Results
3.1 Age Control

The sediments of Z—1C are dated with historical markers and AMS radiocarbon
measurements on organic macrofossils. Starting at the top of the core, the modern sediment-
water interface was captured intact and defined as 2008 AD, the year of deposition prior to
coring. The first appearance of Erodium pollen in the core was assigned an age of 1755-1760
AD based on timing of its appearance in the region (Mensing and Byrne, 1998). The first
appearance of Eucalyptus was dated based on the time of planting and maturation and estimated
at 1917 AD (Norris and Norris, 1994). The "*’Cs peak in the sediments was dated to the time of
peak atmospheric concentrations in 1963 AD following nuclear weapons testing. Radiocarbon
dates were obtained for a total of 21 organic macrofossil samples collected from the core (Table
1). '*C dates were calibrated using the IntCall3 calibration curve (Reimer et al., 2009) with the
Bacon v2.2 program (Blaauw and Christen, 2011). A Bayesian age model was constructed using
the R-based statistical program Bacon v2.2 (Blaauw and Christen, 2011), based on 4 historical
dates and 16 radiocarbon dates (Fig. 3). Overall, sedimentation rates average 0.3 cm yr.

Of the 21 radiocarbon dates obtained, 16 are used for age control and 5 were excluded as
discussed below. Two dates were discounted as they appear to represent incorporation of pre-
aged material (by ca. 5000 and 1000 *C yrs; CAMS# 147070 and 147074 respectively); these
outliers are not discussed further. In addition we discount three dates on very fine and delicate
organic fragments from 778.5, 800.5, and 806.5 cm depths each yielding identical ages 100 '*C
yrs younger than the overlying date at 642 cm depth which shows no evidence of reworking
(Table 1). This sequence of dates raises the question of instantaneous deposition of sediment

from 808 to 648 cm in the core, for which we find no stratigraphic evidence briefly described as

10
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follows. The base of the unit is not erosional and contains sub-cm scale laminae that are
concordant across the basal section. The grain size data lack a sharp basal contact and indicate a
gradual change in sediment texture across the base of the sediment unit. Geochemistry is
inconsistent with a terrestrial input: we find low LOI 550°C, low Corg/Niotal, low magnetic
susceptibility, and low LOI 950°C. Each of these suggesting diminished terrestrial inputs
including reduced transport of terrestrial organics and magnetic minerals into the lake. Analysis
of littoral cores spanning the past 600 cal yrs BP indicate LOI 950°C values in excess of 70%,
littered with abundant charaphytic stems and gastropod shells (Rubi, 2013). We find no evidence
for this material having been transported in an event to the profundal zone. Finally, variable 6D
values suggest that leaf waxes were transferred into the lake over time, reflecting changes in
water source. From these various structural and sedimentological data, we conclude that the three
dates (778.5, 800.5 and 806.5 cm) are unreliable and thus are not included in the age model.
3.2 Sediment Analyses

The core consists of sections of dark grey, black or brown alternating colored layers; light
brownhomogenousunitsofvaryingthickness;occasionallayers(1 —3 cm thick) of sandy silts or
terrestrial organic material, including small twigs, grasses and charcoal; and, infrequent packets
of carbonate laminae (~1 mm) (Fig. 4). Based on whole core sedimentological averages, the lake
is dominated by inorganic, non-carbonate clastic sedimentation (mean 81.0 %, o = 12.7 %) with
contributions from chemical and biogenic carbonates (mean = 9.3 %, ¢ = 11.0 %) and
allochthonous and autochthonous organic matter (mean = 10.1 %, o = 3.3 %).

Magnetic susceptibility, LOI 550°C, LOI 950°C, Cro/Niotal ratios are characterized by
large amplitude, multi-cm scale variability throughout the core, except between 2,700 and 2,000

cal yr BP where all of the above are uniformly low (Fig. 5).



218 The grain size data indicate the sediments are dominantly clayey silts with variable sand
219  contributions. We find expected correlations between grain size categories (e.g., clay vs. sand, r
220  =-0.78), and we focus on the sand sized fraction 125-2000 pum (hereafter*sand”) for

221  hydroclimatic interpretations as discussed in Section 4.1. In general, the grain size data are

222 characterized by moderate amplitude, multi-cm scale variability throughout the core (Fig. 5).

223 Using regime shift analysis on the 9-point averaged data we identify breakpoints demarcating
224 intervals of lower and higher sand inputs. High input intervalsareidentifiedfrom2790 —2520,
225  2000—1560,920— 460(withanincreaseafter650),  370—240 and since 50 cal yrs BP (or 1900
226  AD, corresponding to most of the period of human occupation) (Fig. 6). Low input intervals

227  include persistent lows between 2520—2000and 1560— 920 as well as brief interludes from

228  460—370and240 —50 cal yrs BP (Fig. 6).

229 ODyax values range between —100 and —175 %o, for the C,g n-alkanoic acid (Fig. 5).

230  Details of molecular abundance distribution and isotopic composition of these results are

231  provided by Feakins et al. (2014). Using regime shift analysis, we identified periods of on

232 average more negative oDy, values from 2690—1990 and since 990 cal yrs BP and more positive
233 ODyax values between 3000—2690 and 1990—990 cal yrs BP, including a shift within this interval
234 at 1420 cal yrs BP associated with one of the largest positive excursions of the entire record (Fig.
235  06).

236
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4. Discussion
4.1 Zaca Lake sand evidence for run-off

For hydroclimatic interpretations we focus on the sand record as a proxy for run-off,
which has a demonstrable link to wet/dry climatic shifts in the region. Changes in sediment grain
size in profundal lake sediments, particularly sand sized material, have often been interpreted in
terms of run-off dynamics and/or climate wetness (Anderson, 2001; Conroy et al., 2008; Kirby et
al., 2010; Sun et al., 2002). In the winter-dominated precipitation regime of coastal central and
southern California, changes in river sediment load and flux show a positive correlation to
climate wetness (Farnsworth and Milliman, 2003; Gray et al., 2014; Inman and Jenkins, 1999;
Warrick and Mertes, 2009). Research on rivers that drain from the larger geographical region in
which Zaca is located have shown that heavy rains, discharge and the mobilization of sand-sized
sediments are associated with El Nifio events in instrumental records between 1930 AD and 2000
AD (Gray et al., 2014). At Lake Elsinore, 275 km southeast of Zaca Lake, lake sediment grain
size analysis reveals sand proportions rise with known 20" Century increases in the discharge of
the San Jacinto River linked to the positive phase of the Pacific Decadal Oscillation (Kirby et al.,
2010). Paleoclimatic reconstructions of wetness/run-off have been extended into the last glacial
at Lake Elsinore and indicate wetter conditions during the last glacial from 19,000-12,600 cal yrs
BP and comparatively drier conditions into the Holocene (~12,600 cal yrs BP) through modern,
associated with higher and lower sand proportions, respectively (Kirby et al., 2010; Kirby et al.,
2013).

Zaca Lake has similar climatic, geomorphic, and limnologic conditions to Lake Elsinore;
both are in a ~semi-arid environment with winter-dominated precipitation, a steep drainage basin

and clastic-dominated sedimentation. As with Lake Elsinore, based on the precipitation-sediment
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discharge studies discussed above, we interpret changes in the contribution of sand to the

profundal zone of Zaca Lake over time as a proxy for run-off caused by changes in winter season

precipitation. Because the bulk of the sand is in the very fine sand size fraction ( L'~ 89 9% of

total sand 1is between 62.5-124.99 um), we use 125 to 2000 pm sand ( L' 210.7 % of total sand)
as a conservative proxy of the requisite high energy run-off required to transport the larger sand
size fractions. Because of this, our interpretation is likely skewed towards larger hydroclimatic
changes; however, the omission of the very fine sand portion also reduces non-climatic noise
associated with processes that mobilize smaller grain sizes (e.g., wave action winnowing and
other resuspension processes).

To evaluate this proxy, we compare the 20™ Century sand data to historical events
documented from 1900 to 1993 AD at Zaca Lake including floods, fires, and observed lake
status (Norris and Norris, 1994) (Fig. 7). Because these data are based on human memory and
occasional diary/newspaper postings, they are possibly incomplete and subjective. We use also
Google Earth historical imagery — although irregularly spaced — for the period between 1994 and
2010 AD. We use winter season monthly mean discharge from Zaca Creek to quantify run-off.
Finally, we use a five-site winter season precipitation composite to examine precipitation
variability since 1915 AD.

Within age model uncertainty, sand increases during documented lake highstands, floods,
heavy precipitation events, and/or high Zaca Creek discharge years (Fig. 7). For example, the
broad peak in sand between 1910 and 1923 AD is approximately coeval to noted highstands in
both Zaca Lake and Overflow Lake as well as above average winter precipitation. This peak may
correspond to the well-documented early 20 century pluvial (1905-1917 AD), known as

possibly the wettest 13-year period in the past 1000 years in the western United States (Cook et

14
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al., 2011). A peak in sand centered on 1935 AD follows a general increase in winter precipitation
beginning in 1930 AD. A small peak in sand in 1943 AD is more likely associated with human
disturbance (trail construction) in the drainage basin; although, there is a small peak in discharge
centered on 1943 AD as well. Sand is high, but variable between 1948 and 1958 AD. This 10-
year interval is associated with a period of intense construction and developmentinthelake’s
drainage basin; however, discharge and winter precipitation are generally below average. A
small peak in sand ca. 1966 AD and a larger peak in 1972 AD are very close to peaks in
discharge in 1967 AD and 1976 AD, respectively. The late 1990s show a strong relationship
between run-off, lake status, winter precipitation amount, and sand. Finally, the largest sand peak
occurs ca. 2004-2005 and is correlative with known highstands in both Zaca and Overflow Lake.
In all, of the eight major increases in sand between 1900 and 2009 AD, six are most likely
associated with documented hydrologic phenomena. Human disturbance is likely associated with
two of the eight events (ca. 1943 and 1948 to 1958 AD).

Fire and its denudation of the landscape may also be important in preconditioning the
landscape for run-off events (Lane et al., 2006; Reneau et al., 2007). For example there were
major fires in the region in 1973 AD and 1996 AD. However, a comparison between sand and
charcoal over the 20™ Century reveals no consistent relationship (r =-0.09; p < 0.486) (Fig. 7);
lagging the sand to the charcoal at 1 through 4 years made no difference in the relationship.
Extending this comparison to the past 3,000 years also reveals no statistically significant
relationship (r = 0.03; p < 0.608). Our observation may reflect the temporal difference in the
response of sedimentation to fire versus its response to climatic affects. For example, fire is more
comparable to a short-livedperturbationtoalake’scatchmentwith ~  a strong immediate, but

rapidly diminishing, response as vegetation recovers and stabilizes the hillslopes (Inbar et al.,



306 1998; Moody et al., 2013). Climatic change, on the other hand, generates decadal or longer

307  preferred “states” such as pluvials or droughts (Fye et al., 2004; Cook et al., 2011). The impact
308 of these long term changes in climate, especially in arid regions, on sedimentation is well

309  documented: more precipitation = more run-off = more sediment transport (Farnsworth and

310 Milliman, 2003; Gray et al., 2014; Inman and Jenkins, 1999; Warrick and Mertes, 2009). The
311 latter studies illustrate the temporal differences between long-lived and persistent climate forced
312  changes in run-off and short-lived fire-related perturbations. We conclude therefore that fire does
313  not play a consistent or dominant role in explaining the sand-sized material transported into Zaca
314 Lake at decadal to centennial timescales. Consequently, prior to significant human disturbance
315  through construction (1900 AD), we interpret the sand proportion as primarily an indicator of
316  precipitation driven run-off.

317 4.2 Zaca Lake hydrogen isotopic evidence for moisture source

318 Plant leaf wax hydrogen isotopic compositions (dDwax) are considered valuable archives
319  of hydroclimatic information (Sachse et al., 2012). The plant leaf wax proxy records the 6D of
320 precipitation via a biological filter, which may modulate the nature of the recorded signal

321  (Sachse et al., 2012). dDyax Values may be related to the D values of precipitation (SDwater) by

322  an appropriate apparent fractionations (Ewax/water):
323 Shaxtw 7 m

324  Several of the dominant species in the catchment have been characterized in terms of the 5D
325  wvalues of the n-alkanoic acids by Feakins et al. (2014), as well as the 6D values of n-alkanes in
326  multiple species from sites across California (Feakins and Sessions, 2010). Of these, Quercus

327  agrifolia, co-dominant in the catchment today, 1s of most interest as the other co-dominant

16
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species today, Pinus coulteri does not produce C,g n-alkanoic acids (Feakins et al., 2014). An
Ewaxw 0f —94%0(1compound & =22%o, n = 10) has been determined from Q. agrifolia growing
in the catchment today (Feakins et al., 2014). This provides the basis for interpreting oDyax in
terms of ODyater, Yielding reasonable values from modern sediments (Feakins et al., 2014).
However, we do not convert downcore measured values to precipitation isotope estimates given
the potential for species change in the catchment (Dingemans et al., 2014), which may
reasonably be expected to modulate catchment mean &y,,x over time (Feakins, 2013). We do
however interpret relative shifts in 0Dy, as a semi-quantitative proxy for shifts in precipitation
isotopes.

Hydrogen isotopes in precipitation represent useful yet complex tracers of hydrological
processes recording information about the history of a moisture parcel in terms of source region,
storm track, condensation temperature, antecedent rainout, and finally post-condensation
evaporation of the raindrop during descent (Buenning et al., 2013; Gat and Airey, 20006).
Downcore 6D values are interpreted as principally responding to changes in moisture source
region, with low oD values reflecting midlatitude N Pacific moisture sources (often associated
with colder condensation temperatures and less post-condensation evaporation) and high 6D
values reflecting subtropical N Pacific moisture sources (often associated with warmer
condensation temperatures and more post-condensation evaporation) (Buenning et al., 2013;
Friedman et al., 2002; McCabe-Glynn et al., 2013). The only exception to this rule is that intense
rainout in Atmospheric River events (AR; also known as “pineapple express type storms”) can
cause low oD values (Coplen et al., 2008) that may be indistinguishable from low oD values
brought by intense storms originating from the midlatitude N Pacific (McCabe-Glynn et al.,

2013). While these AR events do not dominate the storm tracks for the region, they do bring
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disproportionate amounts of rainfall, perhaps 30—50% of precipitation in the region (Dettinger,
2013). Therefore low oD values are normally associated with intense precipitation whether from
subtropical or midlatitude moisture sources, but low oD values can also be associated with
modest precipitation totals from the midlatitude North Pacific, and vice versa for cold and wet
conditions. In addition, wetter conditions, specifically with more antecedent rainout lead to more
D-depleted precipitation, the“amounteffect” (Lee and Fung, 2008); however, this is suggested
to be a secondary isotope effect in observational and model studies of temporal variations in
isotopes in this region (Buenning et al., 2013; McCabe-Glynn et al., 2013). High 6D values are
normally associated with weaker precipitation amounts from subtropical moisture sources as
well as warm and dry conditions due to the temperature of condensation and post-condensation
evaporative processes (Buenning et al., 2013). We therefore interpret changes in dDy.x with
these observations in mind, i.e., that the primary isotope effects are expected to be associated
with moisture source changes between subtropical and midlatitude N Pacific moisture source,
but additional isotope effects may exert secondary controls. We view the 3,000 yr oDy record
as a valuable temporal record of how precipitation isotopes may vary over time, but given that
there is not a unique solution to explain oD precipitation Variations, we attempt to not oversimplify
the possible interpretations of this complex hydrological tracer in our discussions of the climatic
interpretations that follow.
4.2 Comparison of sand and leaf wax proxies

From the sediments of Zaca Lake we present two hydroclimatic proxies: we propose to
track run-off using sand and precipitation moisture sources using oDy.x (Fig. 6). Both proxies
relate exclusively to the winter-season. The unimodal precipitation regime generates run-off

almost exclusively in winter. Likewise studies of plant water uptake suggest that plants are
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recording the isotopic composition of winter-season precipitation, with no recorded signal during
the summer dry season (Feakins and Sessions, 2010; Tipple et al., 2013). Because both analyses
are determined on the same sediment core, we have a unique opportunity to directly compare two
hydroclimatic proxies (Fig. 6). Intriguingly, we find no significant correlation between oD,y and
sand. Furthermore, while some regime shifts are concordant, many are not (Fig. 6). Our data
therefore eschews a simple linkage of wetter conditions (high run-off) with any particular
atmospheric circulation (as recorded by 0Dy.x) and instead it appears that wetter winters can be
created either with enhanced moisture delivery from midlatitude (more D-depleted) or
subtropical N Pacific (usually, but not always, less D-depleted) moisture sources. However,
while both proxies have uncertainties as quantitative proxies of hydrological conditions we have
reason to believe that both carry important hydroclimatic information. We therefore consider the
details of the record across the last 3,000 cal yrs BP to see what complementary information can
be extracted from evaluation of both proxies (Fig. 6).
4.3 Hydroclimate reconstructions spanning 3,000 years

We begin with the highest (pre-settlement) sand proportions from 370-240 cal yrs BP,
which we infer to be the wettest interval of the past 3000 years at Zaca Lake. We find an earlier
high pulse from 500450 cal yrs BP. Together, these two pulses, overlap with the Little Ice Age
(LIA), a time of generally cold and wet conditions around the North Atlantic and perhaps
throughout the Northern Hemisphere (Larsen et al., 2013; Mann et al., 2009). Stocker (2013)
identifies the span of the LIA as 500—-100 cal yrs BP, and it is also known to have multiple pulses
from glacier advance records (Larsen et al., 2013; Schimmelpfennig et al., 2012). Peak run-off
from 370-240 cal yrs BP is also associated with an abrupt decrease in 0Dy.x data, suggesting a

rapid shift to more N Pacific sourced moisture and/or a more significant “amounteffect”
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associated with higher intensity storms. This century long shift in dDy.x data is not detected as a
regime break by our methods, but falls within a 1000 yr regime with more D-depleted
precipitation on average. The timing of this peak wet climate at Zaca Lake is approximately
coeval to peak wet conditions at Lake Elsinore (350-265 cal yrs BP), located 275 km south of
Zaca Lake (Kirby et al., 2010). We note also an abrupt drying at the end of the wet event as
recorded at both Zaca Lake and Lake Elsinore.

Our data also identifies a dry interval between 1560 and 900 cal yrs BP, followed by
moderately dry oscillating conditions until 650 cal yrs BP, overlapping with the timing of the
MCA (1050-600 cal yrs BP; Fig. 6; (Stocker, 2013)). Some of these droughts may correspond to
the*“‘epicdroughts”identified between 650—1050 cal yrs BP (Cook et al., 2004) from the tree
ring records across the southwest (Fig. 8). Multi-proxy comparison here reveals that the multi-
centennial scale dry period from 1560 and 920 cal yrs BP is associated with a high Dy, regime
from 1420 to 990 cal yrs BP, which suggests a dominantly subtropical moisture source. In
particular, peak oDy,x values ca. 1400 cal yrs BP, as well as at 1300 and 1000 cal yrs BP, each
corresponds to low run-off. Multi-century droughts from 900 to 600 cal yrs BP all have low
0Dy values suggesting a midlatitude N Pacific source and thus a different atmospheric cause
for drought. These multi-decadal droughts correspond to the “epic”tree -ring droughts (Cook et
al., 2004), in particular the severe drought of 1050 cal yrs BP (Fig. 8). However, we note that
these droughts are not as persistent as the multi-centennial droughts deeper in the Zaca Lake
sediments spanning 920—1560 cal yrs BP (interrupted by pluvials of <100yrs) and 2000-2500 cal
yrs BP (uniformly dry) (Fig. 8).

The most extreme and persistent drought in the 3000 yr Zaca Lake record occurs between

2500 and 2000 cal yrs BP, following several hundred years of high run-off (Dingemans et al.,
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2014). The Zaca Lake sand data are uniformly low between 2500 to 2000 cal yrs BP indicating
limited run-off. The 0D,y indicate a systematic change in moisture source 200 years earlier
(~2700 cal yrs BP) than the sand data. This persistent drought corresponds to a drought identified
in the central Great Basin as period of aridity between 2800 and 1850 cal yrs BP and referred to
as the Late-Holocene Dry Period (LHDP) by Mensing et al. (2013) (Fig. 6). ODya.x values
average —154%o during this time period. Based on €yaxn 0f —94%0(1compound & =22%o, n =
10) for Q. agrifolia (Feakins et al., 2014), we might infer precipitation isotopes during this time
interval were around —73%o,whichismoredepletedthanmodernvaluesaveragingca. —50%o
(Feakins et al., 2014). Low oD values during warm and dry conditions suggest on average a
more northerly Pacific moisture source than today. Intriguingly there are signs that this long
drought coincided with less intense La Nifia and El Nifio conditions in the tropical Pacific (see
Section 4.4), and this would be entirely consistent with the interpretation of low precipitation
totals with a northerly moisture source for this multi-centennial drought.

In summary, the Zaca Lake record reveals several multi-centennial pluvials, including
those associated with the widespread climatic anomaly at the time of the LIA, documenting the
geographic spread of this event to include the cswUS. We provide compelling evidence for 2
droughts, lasting half a millennia each, within the last 3000 years. These severe, long-lasting
droughts, beyond the extent of the tree ring reconstructions, add new information to the timing,
duration and severity of multi-centennial droughts in the cswUS.

4.4 Tropical Pacific forcing of cswUS Winter hydroclimates over 3,000 years

It is well-known that Pacific Ocean SSTs play an important role in winter season

hydroclimates along the cswUS at interannual to multi-decadal timescales (Herweijer et al.,

2007; Namias et al., 1988; Ren et al., 2008; Seager et al., 2005b). Figure 1 illustrates this
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relationship with a comparison of November to March (1949-2008 AD) surface precipitation
rates (Hoerling et al., 2001) to tropical Pacific SST 1* EOF values (Kalnay et al., 1996). To
assess this role in the past, we compare the Zaca Lake sand evidence for run-off to various lines
of evidence from ENSO-related proxies. Zaca sand shows some coherent variations with sand
evidence for run-off from the Galapagos Islands in the eastern equatorial Pacific (Conroy et al.,
2008), demonstrating that precipitation and run-off amounts over the eastern equatorial Pacific
(EEP) and over cswUS are linked (Fig. 9A and B). The two records are less similar between 600
and 100 cal yrs BP indicating a more complex response to the dynamics of the LIA and its
respective forcings between the tropical Pacific and the cswUS. We also compare to molecular
proxies for general (cholesterol) and specific (dinosterol) productivity changes from the Peruvian
margin used to infer La Nifia and El Nifo activity, respectively (Makou et al., 2010) (Fig. 9C).
This lower resolution record shows periods of higher ENSO variability (both La Nifia and El
Nifio), which correspond to times of high sand run-off in both Galapagos and Zaca. However,
between 3000 and 2100 cal yrs BP, the lower resolution cholesterol and dinosterol data (only 4
data points) make the comparison to Zaca less robust. Nonetheless, the cholesterol and dinosterol
data during this interval are characterized by low values indicative of fewer intense La Nifias and
El Nifios (Makou et al., 2010) (Fig. 9C). There are no cholesterol and dinosterol data younger
than 550 cal yrs BP for comparison to the Galapagos or Zaca.

Our comparison indicates that oceanic conditions in the tropical Pacific have played an
important role in modulating winter season precipitation, and thus run-off, in the cswUS over the
past 3000 years (Fig. 9). We find that evidence for more intense, or more frequent, El Nifio
corresponds with more run-off driven sand inputs into Zaca Lake across most of the past 3000

years. This new, well-dated record and coherent regional comparison supports the persistence of
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the modern observations of ENSO controls on hydroclimate in the cswUS (EI Nifilo = more run-
off).

Intriguingly, we do not find a predictable relationship between the Dy, proxy for
precipitation isotopes and ENSO-related records. While there are different modes of El Nifio (Yu
and Kim, 2013) it is perhaps surprising that there is not a consistent isotopic pattern associated
with ENSO modulation of winter-season atmospheric circulation and precipitation in the cswUS.
If the leaf wax proxy record is a consistent recorder of precipitation isotopes in this lake then the
ODyax record implies multiple mean state differences of atmospheric circulation and moisture
supply even during mean state shifts of ENSO. While much progress has been made in
untangling the isotopic signatures of modern precipitation, we need more observational data of
temporal variability in precipitation isotopes and isotope-enabled model experiments to better
understand the processes that may lead to precipitation isotope variations associated with ENSO
mean state changes, in order to fully access the diagnostic information embedded within these

complex hydrological tracers.
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5. Summary

We present a multi-proxy paleoclimatic record from Zaca Lake revealing a highly
variable winter hydroclimate over the past 3000 years. Sand inputs record large amplitude
variability in run-off in the Zaca catchment, with more sand associated with wetter conditions.
The LIA corresponds to byfarthewettestintervalinourrecordpeakingbetween370 —240 cal
yrs BP. This event is coeval with a wet period identified in Lake Elsinore run-off (Kirby et al.,
2010), indicating a coherent wet signal across cswUS during the LIA. At the other extreme, low
sand inputs into Zaca Lake from2570—2000 cal yrs BP, corroborates evidence for a sustained
drought in the southwest, the LHDP (Mensing et al., 2013). TheLHDP’s exceptionally long
duration dwarfs the “epicdroughts”identifiedinthetreeringarchivesfromtheinterior
southwest during the MCA (Cook et al., 2004). During the MCA we do find a series of multi-
decadal to centennial droughts recorded in Zaca Lake, interrupted by multi-decadal to centennial
pluvials, however on average and in the extremes, conditions are not as severe as during the
LHDP.

We also find large amplitude variability in plant leaf wax oDvaluesrangingfrom —100%o
to—170%0 (Feakins et al., 2014). Leaf wax based precipitation reconstructions indicate regime
shifts between preferred modes of atmospheric circulation tapping into midlatitude or subtropical
N Pacific moisture across multi-centennial timescales. High frequency variability is apparent
throughout the record sometimes between adjacent decadal samples and sometimes persisting for
a century or more (e.g., peak LIA conditions) or longer shifts in mean conditions lasting up to a
thousand years. The relationship between the 0Dy,.x and sand provides robust evidence spanning
3 ka that the isotopic composition of precipitation is not straightforward indicator of the amount

of precipitation in the region. Indeed the “amounteffect”’ha s been shown to be at most a second-
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order isotope effect in the region (Buenning et al., 2013). Instead precipitation isotopes have
been shown to inform upon moisture source regions (Friedman et al., 2002; McCabe-Glynn et
al., 2013). The Zaca Lake sand and 6D proxy records therefore demonstrate that wet or dry
conditions can be variably associated with subtropical or midlatitude N Pacific moisture sources.
This multiproxy finding highlights the variable nature of moisture supply with storm tracks in the
region, suggesting that isotopes provide a tracer of atmospheric processes that may be
deconvolved to allow for mechanistic insights into atmospheric causes of droughts and pluvials.
We find multiple atmospheric circulation modes where wetter/drier conditions prevail.

Regional comparisons of our 3000 yr hydroclimatic record support the hypothesis that
tropical Pacific forcing is an important control on winter season hydroclimatology in the cswUS.
In general, El Nifo-like conditions are associated with enhanced run-off in the Zaca catchment.
The Zaca Lake sand record extends the instrumental record and documents the existence of an
extreme pluvial during the LIA, which may be associated to warm EEP SSTs and an extended
duration multi-centennial drought from 2570 to 2000 cal yrs BP, which may be associated with
diminished ENSO (both La Nifia and El Nifio) variability and/or intensity. Hydrogen isotopes
embedded in plant leaf waxes provide promising insights into atmospheric circulation changes.
Further analysis of isotopic tracers may be able to reveal insights into how and why persistent
drought conditions or intense pluvials can be created, to provide new predictive power that is

neededtoaddressCalifornia’swaterchallengesahead.
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Figure Captions

Figure 1. Western United States showing correlation between November to March (1949-2008
AD) surface precipitation rates (Hoerling et al., 2001) to tropical Pacific SST 1* EOF (empirical
orthogonal function) values (Kalnay et al., 1996). Precipitation sites are numbered on figure: 1)

Los Alamos, 2) Lompoc, 3) Santa Maria, 4) Cuyama, 5) Santa Barbara. CA = California, NV =

Nevada, OR = Oregon, WA = Washington.

Figure 2. Map of Zaca Lake catchment. Inset map: bathymetry and location of core USC—

ZACA09-1C.
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548  Figure 3. Bayesian age model for USC-ZACA09-1C. Calibrated '*C dates (blue), and first
549  occurrence of exotic pollen and "*’Cs peak (green), all with their 2-sigma error range.

550

551  Figure 4. Sediment core photographs for USC-ZACA09-1C. Color change between 673 and
552 688 cm is a photographic artifact.

553

554  Figure 5. USC-ZACA09-1C sedimentological and geochemical data. A) Magnetic

555  susceptibility (x107 m’kg™). B) Percent loss on ignition 550°C (% total organic matter). C)
556  Percent loss on ignition 950°C (% total carbonate). D) Volume percent grain size (sand, silt,
557  clay). E) Percent sand >125 to 2000 um (thin line), 9-point smooth data (bold line). F) oDy.ax
558  wvalues, Cyg n-alkanoicacid(%o) . G) C/N ratios. H) Charcoal counts.

559

560  Figure 6. USC-ZACA09-1C sedimentological and geochemical data. A) 9—point smoothed sand
561 % (125-2000 pum). The thin overlying line shows the p < 0.05 regime shifts (Rodionov, 2004).
562  B) 0Dyax values(%o) (Feakins et al., 2014). The thin overlying line shows the p < 0.05 regime
563  shifts (Rodionov, 2004). Shading is based on sand regime shift data. Blue = more run-off, orange
564 = less run-off. Timing of LIA and MCA based on IPCC (2013). Timing for LHDP based on
565  Mensing et al. (2013).

566

567  Figure 7. 20" Century USC-ZACA09-1C sand and historical data comparison. A) Sand (%)
568  (125-2000 pm). 2003 AD sand peak at 24.7 % is cut-off at 15 % by the left y-axis. B) Zaca
569  Creek winter (Nov—Mar) discharge (m’ sec™). No data before 1941 A.D. Missing data: 2007,

570 2004, 1993-1992, 1988-1981, C) Winter (Nov—Mar) 5-site averaged total winter precipitation
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(cm). D) Charcoal counts. Red circles = documented fire in the Zaca Lake drainage basin; M =

documented mudflow.

Figure 8. USC-ZACA09-1C 9—point smoothed percent sand comparison (A) to Cook et al.
(2004) western North America drought percent (60—point smooth) (B). D/W = the four
driest/wettest epochs (p < 0.05, those with confident limits above/below the long term mean (text

taken from Cook et al., 2004; Figure 2)).

Figure 9. USC-—ZACA09-1C sand comparison to various equatorial and north Pacific ENSO/
SSTs indices. A) 9—point smoothed sand % (125-2000 pum). The thin overlying line shows the p
< 0.05 regime shifts (Rodionov, 2004). B) Sand-El Nifo proxy from the Galapagos Islands
(Conroy et al., 2008). C) Molecular organic geochemistry proxy from the Peruvian margin used
to infer El Nifio and La Nifia intensity/activity (Makou et al., 2010). Shading is based on sand
regime shift data. Blue = more run-off, orange = less run-off. Boxes demarcate span of LIA and
MCA (IPCC, 2014) and Late-Holocene Dry Period (LHDP) (Mensing et al., 2013). F = flood
layers identified in Santa Barbara Basin sediment cores over the past 2,000 cy BP (Hendy et al.,

2013; Schimmelmann et al., 2003).
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*Figure3
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*Figure5
Click here to download high resolution image
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