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Abstract 

Anthropogenic climate change is altering global biogeochemical cycles and climate processes with 

critical implications for marine and terrestrial ecosystems and human communities. Investigation of 

climate records from the Holocene (11.75 ka to present) provides critical insights into contextualizing 

modern climate change and understanding biogeochemical and ecosystem responses to environmental 

change. Here, I investigated changes in marine oxygenation along the Southern California margin and 

explored Northeast Pacific marine-terrestrial interactions throughout the Holocene.  Through 

investigation of marine sediment archives, specifically benthic foraminifera, I quantitatively refined 

oxygenation proxies, examined changes in the oxygen minimum zone (OMZ) in past 1.5 ka, and 

reconstructed oxygenation of waters below 1000 m throughout the Holocene. In the first chapter, I 

conducted paired spatial and temporal analysis of benthic foraminiferal assemblages across a modern 

oxygen gradient on the San Diego margin. Results show that modern oxygenation gradients structure 

foraminiferal species distributions, shell size, and diversity. Centennial-scale variability in the upper 

margin of the OMZ occurred in the past 1.5 ka, while the core of the OMZ and below the OMZ remained 

stable. A recent expansion of the OMZ and decline in oxygenation at 528 m in the last 400 years on the 

San Diego margin is synchronous with regional records of deoxygenation. In the second chapter, I 

analyzed oxygen and carbon stable isotope records from planktic and benthic foraminifera and benthic 

foraminiferal assemblages from three silled basins in the Southern California Borderlands through the 

Holocene to constrain timing and implications of oxygenation and ventilation change across depth. 

Reconstructed oxygenation at depth (from 1100-1800m) was consistently within a range of intermediate 

hypoxia (0.5-1.5 ml L-1 [O2]) through the Holocene and had reduced variability relative to shallower 

basins. To contextualize these marine changes within a linked marine-terrestrial system, in my third 

chapter I conducted a systematic review of Holocene climate and oceanography of Western North 

America and the Northeast Pacific. Findings reveal that the early Holocene is characterized by warming 

relative to pre-Holocene conditions, including warm sea surface conditions, a warm and dry Pacific 
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Northwest, a warm and wet Southwest, and overall spatial and temporal stability. In the mid Holocene, 

these patterns reverse; this interval is characterized by cool sea surface temperatures, a cool and wet 

Pacific Northwest and warm and dry Southwest. The late Holocene is the most variable interval spatially 

and temporally, and a new spatial trend appears characterized by warmer coastal areas and cooler inland 

areas. This synthesis of climate and oceanographic processes and resultant impacts on ecosystems and 

human communities provides a window into understanding modern patterns of climate and environmental 

change in Western North America. 
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Chapter 1 

Southern California margin benthic foraminiferal assemblages record recent 

centennial-scale changes in oxygen minimum zone 

 

Abstract 

Microfossil assemblages provide valuable records to investigate variability in continental margin 

biogeochemical cycles, including dynamics of the oxygen minimum zone (OMZ). Analyses of modern 

assemblages across environmental gradients are necessary to understand relationships between 

assemblage characteristics and environmental factors. Five cores were analyzed from the San Diego 

margin (32°42'00"N, 117°30'00"W, 300-1175 m water depth) for core top benthic foraminiferal 

assemblages to understand relationships between community assemblages and spatial hydrographic 

gradients and for down core benthic foraminiferal assemblages to identify changes in the OMZ through 

time. Comparisons of benthic foraminiferal assemblages from two size fractions (63-150 and >150 µm) 

exhibit similar trends across the spatial/environmental gradient, or in some cases exhibit more pronounced 

spatial trends in the >150 µm fraction. A range of species diversity exists within the modern OMZ (1.910-

2.586 H, Shannon Index), suggesting that diversity is not driven by oxygenation alone. We identify two 

hypoxic associated species (B. spissa and U. peregrina), one oxic associated species (G. subglobosa) and 

one OMZ edge-associated species (B. argentea). Down core analysis of indicator species reveal 

variability in the upper margin of the OMZ (528 m water depth) while the core of the OMZ (800 m) and 

below the OMZ (1175 m) remained stable in the last 1.5 ka. We document expansion of the upper margin 

of the OMZ beginning 400 ybp on the San Diego margin that is synchronous with other regional records 

of oxygenation. 
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1 Introduction 

Ocean oxygenation is declining globally; rising ocean temperatures decrease oxygen solubility at the sea 

surface and increased stratification inhibits ventilation, leading to decreased oxygen at depth (Breitburg et 

al., 2018; Levin et al., 2009; Stramma et al., 2010). Expansions of oxygen minimum zones (OMZ) have 

already been documented and further expansions are predicted (Bograd et al., 2008; Schmidtko et al., 

2017; Stramma et al., 2010). Within the California Current system, a decline in dissolved oxygen (DO) 

concentration, shoaling of the hypoxic boundary, and decreased pH have been documented (Bakun, 2017; 

Bograd et al., 2008). The intensity and geographic extent of the CA margin OMZ has oscillated in 

response to past changes in climate and ocean temperatures on millennial timescales – weakening during 

cool periods and strengthening during warm periods (Cannariato and Kennett, 1999; Jaccard et al., 2014; 

Moffitt et al., 2014, 2015a; Ohkushi et al., 2013). Determination of timing and drivers of past expansions 

and contractions of OMZs is critical to developing accurate predictions of future change (Jaccard et al., 

2014). 

 

Continental margin biogeochemical dynamics structure shelf ecosystems across space and time (Levin et 

al., 2009; Levin and Dayton, 2009). In particular, oxygenation is a key determinant of benthic zonation; 

seafloor ecosystems are subject to major turnover in response to relatively minor inferred changes in 

oxygenation (Levin, 2003; Levin and Dayton, 2009; Moffitt et al., 2015b). Areas of low oxygen 

availability typically contain low abundance and diversity of organisms (Levin, 2003; Levin and Dayton, 

2009). However, several species of benthic foraminifera are adapted to survive in low-oxygen conditions 

and are thus present, and often abundant, in such environments (Bernhard and Gupta, 1999; Gooday et al., 

2000; Kaiho, 1994, 1999; Keating-Bitonti and Payne, 2016). 

 

1.1 Benthic foraminifera record changes in coastal margin biogeochemistry  

Microfossil records from the Southern California Borderlands are a critical tool for understanding 

changes in productivity (Cannariato and Kennett, 1999; Emmer and Thunell, 2000; Stott et al., 2000), 
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orbital and millennial scale climate changes (Hendy, 2010; Hendy and Kennett, 2000; Taylor et al., 2015), 

and climate change through the Holocene (Balmaki et al., 2019; Fisler and Hendy, 2008; Friddell et al., 

2003; Roark et al., 2003). Benthic foraminiferal assemblages are widely used as a proxy for changes in 

oxygenation through time (Balestra et al., 2018; Bernhard et al., 1997; Bernhard and Gupta, 1999; 

Cannariato and Kennett, 1999; Gooday, 2003; Jorissen et al., 2007; Moffitt et al., 2014; Ohkushi et al., 

2013; Shibahara et al., 2007; Tetard et al., 2017). Previous work (through analysis of benthic foraminifera 

along environmental depth gradients and in laboratory culturing studies) documented relationships 

between benthic foraminiferal taxa and water depth, oxygen concentration, sediment substrate, position in 

the sediment matrix, nitrate availability, and organic matter availability (Bernhard et al., 1997; Bernhard 

and Bowser, 1999; Bernhard and Gupta, 1999; Cardich et al., 2019; Caulle et al., 2014; Douglas, 1981; 

Douglas and Heitman, 1979; Erdem et al., 2019; Jorissen et al., 2007; Kaiho, 1994, 1999; Mallon et al., 

2012; Mazumder and Nigam, 2014; Mullins et al., 1985).  

 

Generally, low oxygen environments contain high abundance and low diversity of benthic foraminifera; 

in these settings, infaunal, elongate, thin-walled species with high porosity dominate over porcelaneous 

and epifaunal taxa (Bernhard et al., 1997; Douglas, 1981; Jorissen et al., 1995, 2007; Kaiho, 1994, 1999; 

Mazumder and Nigam, 2014). Further work has explored the relationship between foraminiferal size and 

oxygenation; generally volume to surface area ratios of foraminiferal tests are positively correlated with 

dissolved oxygen, yet studies of individual taxa on the Southern California margin do not consistently 

show this relationship (Keating-Bitonti and Payne, 2016; Keating‐Bitonti and Payne, 2017; Rathburn et 

al., 2018). Often, individual taxa of foraminifera are classified into groups based on oxygen affinity or 

individually identified as oxygen indicator taxa (Jorissen et al., 1995; Kaiho, 1999; Moffitt et al., 2014). 

In particular, bolivinid taxa are noted as low oxygen indicator taxa (Cardich et al., 2015; Caulle et al., 

2014; Mallon et al., 2012; Mullins et al., 1985). However, these relationships between foraminiferal 

assemblages and environmental metrics are regionally defined and cannot be applied globally; regional 

calibrations of the benthic foraminifera oxygen proxy are required for accurate paleoceanographic 
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analyses (Bernhard et al., 1997; Caulle et al., 2014; Kaiho, 1999; Mallon et al., 2012; Mazumder and 

Nigam, 2014). Similarly, the classification of oxygenation levels varies among paleoceanographic studies 

(Balestra et al., 2018; Kaiho, 1994; Moffitt et al., 2015a). This study uses the following classification: 

oxic ([O2] >1.5 ml/L), intermediate hypoxia/suboxic ([O2] 1.5-0.5 ml/L), and severe hypoxia/dysoxic 

([O2] <0.5 ml/L) (Moffitt et al., 2015a). Although oxygenation is a dominant driver of ecosystem zonation 

in marginal environments, sediment substrate, organic matter availability, and nitrate availability also 

play important roles in structuring benthic foraminiferal assemblages.  Further analysis of the interacting 

environmental factors along depth/environmental gradients is needed (Jorissen et al., 1995, 2007; Mullins 

et al., 1985; Venturelli et al., 2018).  

 

Previous studies of oxygenation change over time from the Southern California margin focus largely on 

the Santa Barbara and Santa Monica Basins, due to their high sedimentation rates and regular laminations 

(Balestra et al., 2018; Cannariato and Kennett, 1999; Christensen et al., 1994; Kaiho, 1999; Moffitt et al., 

2014; Schimmelmann et al., 2013). Significantly fewer studies in the Northeast Pacific investigate 

sediments outside of those basin environments (McGann, 2002). Further analysis is therefore needed to 

constrain relationships between benthic foraminifera and environmental conditions in the open 

continental margin where biological and chemical gradients are more variable and to identify decadal to 

centennial changes in OMZ dynamics. 

 

1.2 Regional Setting 

The California margin is a well-studied system characterized by southward flow of the California Current, 

a strong seasonal upwelling regime bringing cold, nutrient rich waters to the surface, high coastal 

productivity, and a large OMZ occurring at intermediate water depths (Checkley and Barth, 2009). The 

San Diego margin is dominated by two surface currents: the southward flowing California Current and 

the seasonal, northward flowing surface Davidson Current (Checkley and Barth, 2009). 

 



 5 

An important feature of California margin coastal oceanography is the presence of a large, intermediate 

depth OMZ and carbon maximum zone (CMZ), from approximately 500 to 1000 m water depth (Helly 

and Levin, 2004; Stramma et al., 2010). The intensity and spatial extent of the modern California margin 

OMZ is driven by physical mixing of well-oxygenated surface water, biological activity at the surface and 

at depth, and intrusion of lower oxygen bottom waters (Gilly et al., 2013). Both physical processes 

(temperature-dependent diffusion from atmosphere, mixing, stratification, deep water circulation) and 

biological processes (primary productivity at the surface and respiration at depth) control the intensity and 

extent of OMZs (Gilly et al., 2013; Helly and Levin, 2004).  

 

Here we utilize the spatial variability of the continental margin as a natural laboratory to analyze 

relationships between core top, modern benthic foraminiferal assemblages and in situ measurements of 

environmental parameters (temperature, oxygenation, carbonate chemistry). We then quantify benthic 

foraminiferal assemblages down core to understand past environmental change. 

 

2 Methods 

2.1 Study site  

The San Diego margin is located in the Southern California Borderlands in the Eastern North Pacific (Fig. 

1). The margin slopes downward to a depth of approximately 1200 m at a distance of 30 km normal to 

shore (Fig. 1) and is bounded by a bathymetric rise (600 m water depth) to the west. All hydrographic 

data and sediment cores used in this study were collected by the San Diego Coastal Expedition aboard the 

R/V Melville in December 2012 by a team from the Scripps Institution of Oceanography.  

 

2.2 Oceanographic data collection 

Bottom water temperature, salinity, and dissolved oxygen concentration were collected at each coring 

location using a Seabird CTD (SBE9), with a dissolved oxygen probe (Seabird Electronics Sensor 

SBE43). Carbonate chemistry was completed using in situ bottle sampling for pH and total dissolved 
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inorganic carbon (DIC) and were previously published (Nam et al., 2015; Takeshita et al., 2015). Bottom 

depths were measured acoustically at each site. 

 

2.3 Sediment cores  

Five sediment cores collected along a depth transect from 300 to 1175 m depth were selected for use in 

this study (Figure 1; Table 1). Short (15-31cm) surface sediment cores were collected along the coastal 

margin using a deep-sea multicore with 9 cm diameter cores. Each core was divided into 1 cm intervals 

aboard the ship and immediately frozen. Sediments were not stained upon retrieval; thus, we could not 

carry out an analysis of live vs. dead or depth habitat of these species. Total organic matter of core top 

sediments was measured as percent ash-free dry weight and previously published in Grupe et al. 2015 

(Grupe et al., 2015). Subsamples were each disaggregated in deionized water, washed over a 63 µm sieve 

and oven dried at 50° C.  

 

2.3 Foraminiferal assemblages  

Assemblages were counted from the > 150 µm and 63 - 150 µm fraction for comparison between the size 

fractions. Sediments were split using a sediment splitter and dry sieved; a minimum of 300 foraminifera 

per sediment sample (in the >150 µm fraction) were identified and counted for all core top samples to 

provide a representative assemblage, unless fewer than 300 specimens were present in the entire sample.  

Identification of benthic foraminiferal taxa was based on previously published descriptions and images of 

benthic foraminifera (see Supplemental Figures, Figure S4 for images of dominant taxa and taxonomic 

reference list) (Balestra et al., 2018; Erdem and Schönfeld, 2017; Keating‐Bitonti and Payne, 2017; 

Moffitt et al., 2014; Setoyama and Kaminski, 2015). Assemblages in the 63-150 µm fraction were 

quantified from the same sediment fraction as the > 150 µm to allow for comparison of abundance 

between the two groups. Down core assemblages were quantified in the > 150 µm size fraction (see 

discussion below) and a minimum of 150 foraminifera per sediment sample were counted in all down 

core samples unless fewer than 150 specimens were present in the sample (Mallon et al., 2012). 
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Assemblage counts are standardized to the volume (63.62 cm3) of the sampled cylinder of the sediment 

(core). Core top sediment (0-1, 1-2 cm) calcareous benthic foraminiferal assemblages were described for 

all cores. Complete down-core records of benthic foraminiferal assemblages were examined at 1 or 2 cm 

intervals for cores MV1217-2-3 (0-18 cm, sampled at 1 cm interval, 528 m water depth), MV1217-1-3 (0-

10 cm, sampled at 1 cm interval; 10-20 cm, sampled at 2 cm interval, 800 m water depth). In order to 

build a longer temporal record at 1175 m we combine two multi cores; core MV1217-4-3 (0-10 cm, 

sampled at 1 cm interval) and MV1217-4-1 (sampled at 10-16 cm, 2 cm interval, 1175 m water depth).  

 

Shannon Index of diversity was used to describe foraminiferal diversity (Peet, 1974). Analysis of variance 

(ANOVA) was used to determine differences between assemblages in two size fractions > 150 µm and 63 

– 150 µm.  Distance-based redundancy analysis (dbRDA) with Bray–Curtis distances was used to 

ordinate core top assemblages and examine relationship to environmental variables. Non-metric 

multidimensional scaling ordination, using square root transformation of assemblage species counts and 

Bray-Curtis similarities, were completed to identify relatedness between assemblages through time.  All 

multivariate analyses were completed using the Vegan R package (Myhre et al., 2017; Oksanen et al., 

2013).  

 

2.4 Radiocarbon based chronology  

Cores from two sites (528 m water depth, MV1217-2-3, 1175 m water depth, MV1217-4-1 and MV1217-

4-3) were selected for radiocarbon (14C) dating using mixed planktonic foraminifera.  Core MV1217-2-3 

(528 m) was sampled at three 1-cm intervals (11-12 cm, 16-17 cm, 25-26 cm). To generate an age model 

for the multicores at 1175m water depth, core MV1217-4-3 (1175 m) was sampled at one 1-cm interval 

(5-6 cm) and core MV1217-4-1 (1175 m) was sampled at two 1-cm intervals (10-11 cm, 20-21 cm) 

(Table 2). Radiocarbon analysis was completed at the Lawrence Livermore National Laboratory using 

δ13C assumed values following the convention of Stuiver and Polach 1977 (Stuiver and Polach, 1977). 

The quoted age was given in radiocarbon years using the Libby half-life of 5568 years. The Calib7.1 
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calibration program was used to calibrate ages using a reservoir age of 220.0 +/- 40.0 (Ingram and 

Southon, 1996; Stuiver and Polach, 1977). 

 

3.0 Results 

3.1 Vertical profiles, sediment characterization of San Diego margin 

Across the depth profile, bottom water temperature decreased steadily with depth (300 m to 1175 m) 

ranging from 8.6oC (300 m) to 3.8oC (1175 m) (Figure 2, Table 1). Salinity (not plotted here) had a mean 

of 34.4 psu ranging from 34.1 to 34.5 psu. Water column DO measurements collected directly above each 

coring site show oxic conditions at 300 m (1.54 ml/L) above the OMZ, intermediate hypoxia at 1175 m 

(0.58 ml/L) below the OMZ, and severe hypoxia at 528 m (0.35 ml/L) at the upper edge of the OMZ, and 

within the OMZ at 700 m (0.26 ml/L) and 800 m (0.29 ml/L). Although not greatly variable, a pH 

minimum occurs at 700 m (7.55) and is higher at 300 m (7.65) and 1175 m, (7.59) (Figure 2, Table 1). 

Total organic matter increased with depth (6.8-14.7% AFDW, Table 1). These results are consistent with 

previous analyses of the California margin OMZ/CMZ (Helly and Levin, 2004).  

 

3.2 Benthic foraminiferal assemblage across modern environmental gradient  

Relative abundance of benthic foraminifera was quantified for all sites in the 0-1 and 1-2 cm intervals. 

We compared the 0-1 cm interval to the 1-2 cm interval to assess if depth habitat of any species 

determined their relative abundance in the core top assemblage. Specimens were not Rose Bengal stained, 

thus their presence in any interval does not indicate that they were living at the time of collection. We do 

not identify any significant relationship between relative abundance of a species and depth interval 

(ANOVA; in all cases p>0.05 or r2 is <0.001). Foraminiferal abundance is low (<100 individuals) in some 

of the samples from 0-1 cm. Thus, in order to utilize sufficient numbers of individuals and because there 

were no significant differences in abundance of species between 0-1 cm and 1-2 cm, for the rest of the 

discussion we refer to the 0-2 cm fraction as the core top material (Figure 2 and 3). Calcareous taxa 

dominated the assemblage at every site; agglutinated foraminifera made up 0 (300 m) to 21% (700 m) of 
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the assemblage. Due to their propensity for degradation and to remain consistent with other regional 

studies, we exclude agglutinated taxa and all values are reported as percent of total calcareous taxa for the 

remainder of the text (Balestra et al., 2018; Kaiho, 1994; Moffitt et al., 2014; Venturelli et al., 2018).  

 

Total abundance of foraminifera decreases with depth (Figure 2). Core top assemblages were dominated 

by Bolivina argentea, Epistominella sp., Uvigerina peregrina, Globocassidulina subglobosa, Cassidulina 

carinata, and Bolivina spissa, in order of decreasing abundance (see Figure S4 for images of dominant 

taxa). These dominant taxa make up 80% of all calcareous foraminifera counted across all core top 

samples. All other species each represent less than four percent of the total assemblage across all core 

tops. The following taxa are found at all five water depths: Bolivina argentea, Bolivina spissa, Bulimina 

spp., Cibicidoides sp., Epistominella sp., Globobulimina pacifica, Globocassidulina subglobosa, 

Globobulimina ovata, Nonionella stella, Quinqueloculina sp. and Uvigerina peregrina.  

 

First, we report the benthic foraminiferal assemblage from the >63 µm size fraction; we then report on a 

comparison between the 63 - 150 µm and >150 µm size fractions. The assemblage at 300 m is dominated 

by G. subglobosa (28%), B. argentea (25%), U. peregrina (10%), Epistominella sp. (8%), and Bolivina 

spissa (6%); species richness is 24 and diversity (H) is 2.133. The assemblage at 528 m is dominated by 

B. argentea (37%), U. peregrina (23%), Epistominella sp. (15%), C. carinata (6%) and G. subglobosa 

(5%); species richness is 25 and diversity (H) is 1.910. The assemblage at 700 m is dominated by 

Epistominella sp. (29%), C. carinata (15%), U. peregrina (13%), G. subglobosa (11%), B. argentea 

(10%), and B. spissa (7%); species richness is 23 and diversity (H) is 2.249.  The assemblage at 800 m is 

dominated by B. spissa (16%), U. peregrina (16%), Epistominella sp. (13%), C. carinata (10%), 

Cibicidoides sp. (10%), and Globobulimina ovata (13%); species richness is 25 and diversity (H) is 2.586. 

The assemblage at 1175 m is dominated by C. carinata (25%), Epistominella sp. (20%), G. subglobosa 

(8%), B. spissa (6%); species richness is 25 and diversity (H) is 2.389 (Figure 2).  
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3.3 Comparison of benthic foraminifera in two size fractions 

Comparison of foraminiferal abundance between the 63-150 µm and >150 µm shows higher abundance in 

the small fraction at 300 m, 700 m and 1175 m, and higher abundance in the large size fraction at 528 m 

and 800 m. Several taxa are found in both size fractions at all five water depths: Globocassidulina 

subglobosa and Epistominella sp. Four species have significantly different relative abundances between 

size classes; three are more likely to be found in the 63-150 µm (C. carinata, Epistominella sp. and G. 

subglobosa) and one species (U. peregrina ) is significantly more likely to be found in the 150 µm size 

fraction (ANOVA, p<0.05 for all, Figure 3).  

 

In the >150 µm size fraction, species diversity (H) ranges from 1.316–2.700; minimum diversity (H) is 

found at 528 m (1.316) and maximum diversity (H) is found at 1175 m (2.700). In comparison, in the 63-

150 µm size fraction, species diversity (H) ranges from 1.710–2.042; minimum diversity (H) is found at 

700 m (1.710) and maximum diversity (H) is found at 800 m (2.042) (Figure 2). Species diversity is 

greater in the >150 µm size fraction relative to the 63-150 µm size fraction at all sites except the site at 

528 m (Figure 2).  

 

When we consider the complete assemblage (>63µm) we can classify the most abundant species into four 

groups based on their trends relative to the OMZ (Figure 3). Two species are more abundant within the 

OMZ: B. spissa, and U. peregrina; we identify these species as dysoxic indicator species. One species is 

less abundant within the OMZ relative to sites outside of the range of the OMZ: G. subglobosa; we 

identify this species as an oxic indicator species (Kaiho, 1999). Two species increase in abundance with 

water depth: C. carinata and Epistominella sp. One species is most abundant near the uppermost edge of 

the OMZ: B. argentea; this species may be edge-associated (Mullins et al., 1985). Importantly, when we 

consider only the >150 µm size fraction, we observe the same trends: high abundance in OMZ (B. spissa, 

U. peregrina), low abundance in OMZ (G. subglobosa), increased abundance with depth (C. carinata and 

Epistominella sp.), and OMZ edge-associated (B. argentea) (Figure 3). Generally, we find that trends 
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across depth are similar between the complete (>63 µm) and large size fraction (>150 µm) or are more 

pronounced in the >150 µm size fraction compared to the 63-150 µm size fraction (Figure 3). In some 

taxa, trends in both size fractions are similar across depth (B. spissa, Epistominella sp., G. subglobosa, C. 

carinata) (Figure 3). For other taxa, we observe a low relative abundance of a species in the (63-150 µm) 

fraction throughout all water depths, while for the same species in the >150 µm size fraction, we observe 

a pronounced trend through depth (U. peregrina, B. argentea) (Figure 3).  

 

To further analyze these trends, we completed pairwise analysis of relative abundances of benthic 

foraminifera and environmental parameters. DO concentrations and pH are correlated at all water depths; 

here we chose to compare foraminiferal abundances to dissolved oxygen, yet we acknowledge that these 

affiliations may be driven by the combined effect of the OMZ/CMZ. When we analyze the complete 

assemblage (>63 µm) we identify a significant positive correlation between G. subglobosa and dissolved 

oxygen (r2=0.76, p<0.05) and temperature (r2=0.64, p<0.05) and a significant negative correlation 

between G. subglobosa and total organic matter (r2=-0.72, p<0.05). If we analyze the >150 µm size 

fraction only, we identify the same significant positive correlation between DO and G. subglobosa 

(r2=0.96, p<0.05) and also identify a positive correlation between C. carinata and water depth; abundance 

of this species increases with depth (r2=0.93, p<0.05). When we analyze the 63-150 µm size fraction 

alone, we identify the same trends as observed in the >150 µm fraction: a significant positive correlation 

between G. subglobosa and dissolved oxygen (r2=0.90, p<0.05). and a significant positive correlation 

between C. carinata and water depth (r2=0.88, p<0.05). In the 63-150 µm fraction we also identify a 

significant negative correlation between U. peregrina and water depth (r2=-0.95, p<0.05). We do not 

identify significant correlations between any other taxa and environmental parameter.  

 

3.4 Multivariate analyses of benthic foraminiferal assemblage 

Multivariate statistical analysis (using distance-based redundancy analysis) of core top assemblages 

identifies several taxa that contribute most strongly to the ordination of the assemblages (G. subglobosa, 
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U. peregrina, B. argentea) (Figure S1). Oxygenation operates on an axis - separating sites at 300 m and 

1175 m from the three OMZ sites 528 m, 700 m, and 800 m.  Temperature operates on a second axis 

(Figure S1). Our findings support previous work that identify G. subglobosa with higher oxygen 

environments and B. argentea and U. peregrina with lower oxygen environments (Bernhard et al., 1997; 

Kaiho, 1994, 1999; Moffitt et al., 2014).  

 

3.5 Age model development 

Radiocarbon dating of two cores yielded variable sedimentation rates, from 6.1 to 42.2 cm/ka (error of +/- 

11.3, see Table 2). An age model was developed for each core based on linear interpolation between 

radiocarbon dates (Figure S2). Core MV1217-3-3 (800 m water depth) was not radiocarbon dated; for this 

core we apply an average sedimentation rate (19.6 cm/ka) generated from the core above (528 m) and 

below (1175 m) this core. All following results will be discussed in age (years before present). 

 

3.6 Temporal change in benthic foraminiferal assemblages  

Down core assemblages were quantified in three cores (from 528, 800, and 1175 m water depth) in the 

>150 µm size fraction only, following results from core top analysis (see section 4.1). Down core 

assemblages contained similar species to core tops. Down core assemblages were dominated by (in 

descending order) Uvigerina peregrina, Bolivina spissa, Bolivina argentea, Globobulimina sp., 

Cibicidoides sp., and Epistominella sp.. These dominant taxa make up more than 75% of all foraminifera 

counted across all cores and subsamples. All other species each account for less than 5% of total 

assemblage across all cores and depths. The total number of species in each sample ranged from 11 to 26, 

comparable to the number of species found in the core tops.  

 

Multivariate statistical analysis (using non-metric multidimensional scaling) of down core assemblages 

and core top assemblages shows that, through time, assemblage similarity within sites exceeds similarity 

to assemblages at any other site (Figure S3). In multivariate space, the difference between sites across 
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space is greater than within any one site through time. For this reason, we subsequently discuss change in 

assemblage through time at each site independently.  

 

At 528 m water depth, foraminiferal assemblages vary through time, with a notable shift occurring at 400 

ybp. Diversity decreases from 400 ybp to present, which is concurrent with a decrease in oxic indicator 

taxa G. subglobosa, an increase in dysoxic indicator U. peregrina, and a major increase in the proportion 

of B. argentea (Figure 4).  

 

At 800 m water depth, we do not document a significant shift in relative abundance of oxic indicators or 

dysoxic indicators over time, or a significant change in diversity over the interval examined (Figure 4). 

We interpret these assemblages to reflect environmental stability over the past 1.5ka (Figure 4). At 1175 

m water depth, we document little change in relative abundance of oxic and dysoxic indicator species 

from 200-800 ybp. Beginning at 200 ybp, we document an increase in B. spissa, but no change in U. 

peregrina (Figure 4).  

 

4 Discussion 

4.1 Benthic foraminiferal assemblages across modern environmental gradient 

Analysis of benthic foraminifera from two size fractions (63-150 µm and >150 µm) across a modern 

environmental gradient improves our understanding of benthic foraminifera as a proxy for past change. 

Total number of foraminifera in each size class varies with depth (Figure 2). A range of species diversity 

exists within the OMZ, suggesting that diversity is not driven by oxygenation alone (Figure 2).  

 

In most cases, trends of relative abundance of benthic foraminifera across space are either similar between 

the complete assemblage (>63µm) and the >150 µm size fraction or trends in the >150 µm size fraction 

are more pronounced than in the complete assemblage (Figure 3). Trends across the OMZ gradient are 

similar in both size fractions (63-150 µm and >150 µm) in G. subglobosa, Epistominella sp., and C. 
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carinata. If one were to interpret the combined assemblage or the >150 µm assemblage in these species, 

the results would be similar, despite these species being higher in abundance in the small size fraction. 

Two species (B. argentea and U. peregrina) are present in the 63-150 µm size fraction in all sites in 

similar (low) relative abundance, while in the >150 µm fraction, we document distinct trends in relative 

abundance of these two species across space (Figure 3). This is noteworthy as it may indicate that these 

species are able to tolerate a range of environmental conditions, and thus are present in small numbers and 

small shell sizes at all sites, but that in certain environments, these species are able to thrive and out-

compete other species, thus allowing them to grow to larger sizes (De Villiers, 2004; Gooday, 2003; 

Levin et al., 2010).  This is supported by previous work showing that environmental conditions do not 

play a role in determining volume of benthic foraminiferal proloculus (skeletal remains of initial cell), 

while volume and volume to surface area ratio of adult benthic foraminifera are controlled by dissolved 

oxygen within low oxygen environments (Keating-Bitonti and Payne, 2018).  

 

In the Southern California Borderlands, the disciplinary convention has largely been to focus on the >150 

µm size fraction, therefore quantifying this fraction is necessary for comparison to previously published 

studies (Balestra et al., 2018; Cannariato and Kennett, 1999; Moffitt et al., 2014). Our findings show that 

spatial trends in the >150 µm size fraction generally reflect those found in the >63 µm size fraction or are 

muted by the inclusion of the 63-150 µm (Figure 3). Results from a similar study in the Arabian Sea 

OMZ showed that assemblages were similar within the 63 – 125 µm fraction and >125 µm fraction and 

interpretation of the larger fraction was more useful to compare results to most paleoceanographic studies 

(Caulle et al., 2014). Thus, we recommend that workers utilize the >150 µm size fraction for analysis 

when targeting indicator taxa such as B. argentea, B. spissa, U. peregrina, G. subglobosa or when 

assessing trends across the OMZ gradient. However, it is useful to quantify the complete >63µm 

assemblage in a subset of samples to ascertain whether there are important species or trends being missed. 

If the target of a project is to quantify changes in the ecology of a site or in specific metrics such as 

diversity, shell size, or shell weight, we recommend the inclusion of the complete assemblage (>63 µm). 
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We acknowledge that the identification of microfossils as a tool for paleoceanographic interpretation 

contains inherent uncertainty due to variability in identification of species between observers and within 

single observers (Al-Sabouni et al., 2018; Fox et al., 2018; Hsiang et al., 2019). Further, it has been 

shown that there is a correlation between size of specimen and accuracy of identification, meaning that 

the inclusion of the smaller specimens in the >63 µm fraction may reduce the accuracy of identification 

(Fox et al., 2018). Given this uncertainty, in subsequent text we focus only on spatial/environmental 

trends that change by a minimum of 10% relative abundance across the depth transect or through time. 

 

In order to better compare to other similar studies from the Southern California Borderlands, for the 

remainder of the discussion we analyze the >150 µm fraction only. We identify two hypoxic-associated 

species (B. spissa and U. peregrina), one oxic-associated species (G. subglobosa) and one OMZ edge-

associated species (B. argentea). These trends are shown in both the >150 µm assemblage and in the 

complete assemblage (>63 µm) (Figure 3). Not surprisingly, these taxa are commonly used as indicator 

species in previous studies (Balestra et al., 2018; Cannariato and Kennett, 1999; Moffitt et al., 2014). The 

species we identify as dysoxic and edge-associated (B. spissa, U. peregrina, and B. argentea) are 

elongated in shape and are infaunal species. In comparison, G. subglobosa is more abundant in higher 

oxygen environments and is a spherical, epifaunal species. This supports previous findings that infaunal 

vs. epifaunal habitat preference impacts the species distribution across the oxygenation gradient and that 

species in low oxygen zones have lower volume to surface area ratios relative to those in well oxygenated 

areas (Kaiho, 1999; Keating-Bitonti and Payne, 2016, 2018; Venturelli et al., 2018). In general, infaunal 

species are more common within the OMZ, while epifaunal are more common in well-oxygenated areas 

(Kaiho, 1999).  

 

Previous studies have categorized benthic foraminifera into categories of oxygenation based upon similar 

work combining in situ environmental conditions and assemblage data (Cannariato and Kennett, 1999; 

Douglas and Heitman, 1979; Kaiho, 1994; Moffitt et al., 2014). Our findings indicate that region (or 
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environment) specific oxygen species associations may be necessary, as our findings do not align directly 

with previous categorization of species. Several species that were previously recognized as low-oxygen 

indicators (B. argentea, B. spissa, and U. peregrina) were found at all water depths in this study, but we 

find only very low abundances of two well-documented low-oxygen indicator species, Nonionella stella 

and Bolivina tumida (Bernhard et al., 1997; Bernhard and Gupta, 1999; Cannariato and Kennett, 1999; 

Moffitt et al., 2014). These taxa have documented adaptations to extreme environments; B. tumida is 

associated with methane seep environments (Hill et al., 2003) and N. stella is known to sequester 

symbionts or plastids in extreme conditions (Bernhard and Bowser, 1999). We hypothesize that the 

marginal environment studied here does not reach the extreme hypoxic to anoxic conditions that are 

suitable for B. tumida or N. stella. Several species of documented oxic indicators (Cibicidoides sp. and 

Quinqueloculina sp. are found across all depths (300-1175 m) and oxygenation environments (0.26-1.54 

ml/L) in the San Diego margin. Many past categorizations of these species were generated using species 

from very low oxygen basins (e.g., Santa Barbara Basin) where seasonal anoxia is present. The presence 

of oxic indicator species across all water depths on the San Diego margin may provide evidence for 

periodic flushing of high oxygen water or a selection for species that can tolerate a range of 

environmental conditions rather than a specific threshold of oxygenation. Alternatively, these species may 

be able to tolerate lower dissolved oxygen than previously thought if other environmental conditions 

(including substrate) are favorable or they may be able to tolerate short periods of low oxygen conditions 

(Burkett et al., 2016; Keating-Bitonti and Payne, 2018; Venturelli et al., 2018) (Figure 3). Further, habitat 

heterogeneity, including grain size (not measured here), may play a role in the determination of species 

assemblages at this site, particularly in low-oxygen areas in which the nature of the sediment matrix 

determines oxygenation of sediment porewater (Levin et al., 2010; Venturelli et al., 2018). 

 

We document the presence of members of the Bolivina genera at all water depths and in some intervals 

described here, bolivinids make up more than fifty percent of the total assemblage. Therefore, any 

changes in abundance of this genus alone can drive changes in the assemblages as a whole. Within-
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species variation of morphologic traits have been correlated with affinities for certain environmental 

conditions (Lutze, 1964), yet congeneric gradations such as those observed here in the bolivinid genera 

merit further investigation. While bolivinids are widely accepted as low-oxygen dwelling species, 

Bolivina argentea specifically has been utilized as a low-oxygen indicator taxon and analysis of their 

abundance and distribution requires careful scrutiny (Cardich et al., 2015; Caulle et al., 2014; Mallon et 

al., 2012).  

 

We identify an anomalous assemblage at 528 m water depth; this assemblage is the least diverse 

(H=1.316, in >150 µm size fraction). Importantly, the low diversity at this site is driven by the dominance 

of a single species, B. argentea. We observe the dominance of B. argentea at 528 m water depth, near the 

modern upper margin of the OMZ and a lower relative abundance of this species at 700 and 800 m water 

depth, in the heart of the OMZ (Figure 3). This pattern of B. argentea at high abundances near the upper 

margin of the OMZ has been previously observed (Douglas, 1981; Mullins et al., 1985) and these species 

are often used as indicators of dysoxic environments (Bernhard et al., 1997; Kaiho, 1999). We attribute 

some of the unexpected variability in benthic communities that does not correlate with bottom water 

oxygenation to “edge effects” of the OMZ. Specifically, there is more biologically available nitrate and 

nitrifying bacteria at the edges of the OMZ as compared to the center, and thus we expect greater nutrient 

concentrations and larger food availability in these zones (Mullins et al., 1985). Multiple species of 

benthic foraminifera respire nitrate in low oxygen environments; in particular, B. argentea is particularly 

effective in utilizing nitrate as an alternative electron acceptor and this may contribute to its dominance at 

the upper edge of the OMZ (Bernhard et al., 2012; Glock et al., 2019; Kuhnt et al., 2013). Additionally, 

seasonal or annual variability in oxygenation of the upper margin of the OMZ causing a variable 

oxygenation regime at 528 m may drive selection for species that can tolerate a range of environmental 

conditions rather than a specific threshold of oxygenation. Further, environmental and ecological factors 

may combine to drive assemblage diversity; the interactive effects of competition and environmental 

adaptation may promote habitat specialization at this water depth (Fine et al., 2004). While the sites 
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measured here document changes in the upper margin of the OMZ (528 m site), they may exclude the 

lower margin of the OMZ due to sampling depths of coring sites.  

 

4.2 Temporal change in benthic foraminiferal assemblages record environmental change through 

time 

Following results of analysis across modern core tops, all down core benthic foraminiferal assemblages 

were collected from the >150 µm size fraction. The combination of analysis from three distinct modern 

environments (upper margin of the OMZ (528 m), the center of the OMZ (800 m) and below the OMZ 

(1175 m)) allows for reconstruction of oceanographic change through the water column. We acknowledge 

that the environment is more variable than we can describe given the record available. Oxygenation varies 

on seasonal, annual, and decadal timescales - yet each interval of sediment analyzed represents >35 years, 

thus we are capturing a time-averaged signal. Further, several factors complicate our ability to interpret 

benthic assemblage records: relative preservation of various shell types, post-depositional changes in 

sediment, dominant fauna within some assemblages that dominate responses, and high frequency 

variability not captured in the record. Yet, we are still able to analyze benthic foraminiferal assemblages 

to identify environmental changes through the time interval described here. 

 

Integrating analysis of cores from multiple depths reveals decadal to centennial variability in oxygenation 

at the upper margin of the OMZ (528 m) during the last 1.5 ka, but little to no change in the oxygenation 

at the center of the OMZ (800 m) or below the OMZ (1175 m) (Figure 4). The change in assemblage at 

528 m beginning at 400 ybp indicates a transition to the OMZ ‘edge’ environment in which B. argentea 

and U. peregrina species dominate in the modern. The formation of an assemblage that is similar to 

modern at 400 ybp implies the onset of modern conditions at this site which would include relatively low 

oxygen with variable oxygenation on seasonal to yearly timescales. We interpret the transition in 

assemblage as a decrease in oxygenation at this depth and a shoaling of the upper margin of the OMZ 

beginning at 400 ybp and continuing to present. The combined suite of foraminiferal assemblages reveals 
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shoaling of the upper margin of the OMZ in the last 400 years, while the center of the OMZ and below 

the OMZ remained stable (Figure 4). As such, we document an expansion of the upper margin of the 

OMZ beginning ~ 1600 CE and continuing to the present.  

 

Our findings are consistent with observations from other regional records of oxygenation, including those 

from well-resolved records in nearby basins. Santa Monica Basin (SMB) and Santa Barbara Basin (SBB) 

are silled basins that experience periodic flushing; changes in the strength or oxygen content of North 

Pacific Intermediate Water, stratification or surface productivity can lead to changes in oxygenation 

within each basin (Balestra et al., 2018; Cannariato and Kennett, 1999; Schimmelmann et al., 2013). 

Marine sediment records from Santa Monica Basin show non-annual laminations (indicating a hypoxic to 

anoxic environment) beginning 400 ybp and document shoaling of the low-oxygen zone within the basin 

from 400 ybp to present (Christensen et al., 1994). Santa Barbara Basin has well-documented sediment 

laminations through most of the Holocene indicating persistent low oxygen, but also shows gradual 

intensification of the OMZ within SBB since 1850 CE (Wang et al., 2017).  

 

The synchronous decrease in oxygenation in Santa Monica Basin (Christensen et al., 1994) and San 

Diego margin (this study) from 400 ybp to present indicates that this deoxygenation is not driven by 

basinal changes alone; rather it is likely driven by regional scale phenomena. The decrease in oxygenation 

across the Southern California margin since 400 ybp could be attributed to 1) a change in oxygenation or 

strength of North Pacific Intermediate Water, 2) an increase in organic carbon flux from sea surface to 

depth driven by changes in surface productivity, or 3) decrease in bottom water mixing or ventilation as a 

result of changes in surface water temperatures. We note that within the San Diego margin and Santa 

Monica Basin records, deoxygenation trends begin ~400 ybp but continue or intensify in the last 200 

years.  In the last 150 years, deoxygenation is synchronous across SBB, SMB and SDM. In this interval, 

decreases in oxygenation may be due to an increase in organic carbon supply from terrestrial sources due 

to human land use change in the Southern CA region which has documented impacts on nearby benthic 
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ecosystems (Tomasovych and Kidwell, 2017; Wang et al., 2017). Investigation of oxygenation change 

over time requires further research to identify forcing mechanisms for changes in the upper margin of the 

OMZ and to discern the relative impact of human and natural forcing in changing oxygenation across the 

last few centuries. 

 

5 Conclusions 

This spatial and temporal analysis of benthic foraminifera assemblages across a modern oxygen gradient 

on the San Diego margin improves our understanding of the relationship between assemblages and their 

environment. Comparison of the relative abundance of benthic foraminifera in two size fractions (63-150 

and >150 µm) across the modern OMZ shows that trends are either similar in both size fractions or are 

more pronounced in the larger size fraction. As a result, we conclude that analysis of the >150 µm 

assemblage for this site provides the most useful record for interpreting benthic foraminifera as a proxy 

for past change. We identify two hypoxic associated species (B. spissa, and U. peregrina), one oxic 

associated species (G. subglobosa) and one OMZ edge-associated species (B. argentea). Down core 

analysis of indicator species reveals variability in the upper margin of the OMZ while the center of the 

OMZ remained stable in the last 1.5ka. At 528 m, benthic foraminiferal assemblages indicate a decrease 

in oxygenation at this depth and a shoaling of the upper margin of the OMZ beginning at 400 ybp and 

continuing to present. Expansion of the upper margin of OMZ beginning 400 ybp is synchronous with 

regional records of oxygenation. 
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6 Original publication and data availability 

This chapter is reproduced from the original publication: Palmer, H. M., Hill, T. M., Roopnarine, P. D., 

Myhre, S. E., Reyes, K. R., and Donnenfield, J. T.: Southern California margin benthic foraminiferal 

assemblages record recent centennial-scale changes in oxygen minimum zone, 17, 2923–2937, 

https://doi.org/10.5194/bg-17-2923-2020, 2020. All data collected for this paper is electronically archived 

by the NOAA Paleoclimatology Database as “San Diego Margin Benthic Foraminiferal Assemblages 

from Late Holocene” at www.ncdc.noaa.gov/paleo-search/study/28290 (Palmer et al., 2019).  
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8 Tables 

Core Name 

Water 
Depth 

(m) Latitude Longitude 

Core 
Length 

(cm) 
Temperature 

(oC) 

Dissolved 
Oxygen 
(mL/L) pH 

Salinity 
(psu) 

Total 
organic 
matter 
(% wt) 

MV1217-5-2 300 32.8100166 117.468100 16 8.614 1.54 7.65 34.145 6.8 

MV1217-2-3 528 32.8100333 117.416583 26 6.622 0.35 7.57 34.313 11.7 

MV1217-3-3 700 32.8099666 117.450966 20 5.898 0.26 7.56 34.348 13.9 

MV1217-1-3 800 32.8095166 117.506933 20 5.049 0.29 7.56 34.405 14.2 

MV1217-4-3/1 1175 32.6333333 117.499883 16 3.823 0.58 7.59 34.501 14.7 

Table 1: Data for cores used in this study. Temperature, dissolved oxygen, pH and salinity were 

measured in bottom water directly above each coring site.  

Core 
Sample 
Interval  

Age (14C 
years) ± 

1 Sigma 
Maximum 

Calendar Age 
Range 

1 Sigma 
Minimum 

Calendar Age 
Range 

Age in 
Calendar 

Years  
Sedimentation 
Rate (cm/ka) ± 

MV1217-2-3 11-12 cm 1230 30 1403 1319 1361 16.9 1.0 

MV1217-2-3 16-17 cm 2085 30 602 474 538 6.1 0.2 

MV1217-2-3 25-26 cm 2405 35 237 107 172 24.6 0.1 

MV1217-4-3 5-6 cm 670 35 1950 1837 1893.5 42.2 11.3 

MV1217-4-1 10-11 cm 960 30 1630 1518 1574 15.6 0.2 

MV1217-4-1 20-21 cm 1840 35 817 698 757.5 12.3 0.4 

Table 2. Radiocarbon ages of mixed planktonic foraminifera from MV1217-2-3 (528 m water depth), 

MV1217-4-3 (1175 m water depth) and MV1217-4-1 (1175 m water depth).  

Bolivina argentea Cushman 1926. (Figure S4) 
Bolivina spissa = Bolivina subadvaena Cushman var. spissa Cushman 1926. (Figure S4) 
Bulimina spp.* (includes Bulimina mexicana = Bulimina inflata Seguenza var. mexicana Cushman, 1922 and 

Bulimina exilis = Bulimina elegans d’Orbigny var. exilis Brady, 1884.) 
Cassidulina carinata = Cassidulina laevigata d'Orbigny var. carinata Silvestri, 1896. (Figure S4) 
Cibicidoides sp. ** 
Epistominella sp. (Figure S4) 
Globobulimina pacifica Cushman, 1927. 
Globobulimina ovata d’Orbigny 1846. 
Globocassidulina subglobosa = Cassidulina subglobosa Brady, 1881. (Figure S4) 
Nonionella stella = Nonionella miocenica Cushman var. stella Cushman and Moyer, 1930. 
Quinqueloculina sp.** 
Uvigerina peregrina (Figure S4) Cushman 1923.  

Table 3. Taxonomic reference list of benthic foraminifera species included in Chapter 1. * Individuals in 

this genus were identified to species but considered together for the interpretations of this paper. **Due to 

low abundance, individuals in this genus were not identified to species level.  
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9 Figures 

 

 

Figure 1. Map of cores used in this study. The cores were collected along a transect perpendicular to 

shore at the following water depths: 300, 528, 700, 800, 1175 m. Core top samples were analyzed for all 

cores. Cores MV1217-2-3, MV1217-1-3, and MV1217-4-3/MV1217-4-1 were analyzed down core. 
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Figure 2. Profiles of temperature (a), dissolved oxygen (b), pH (c), and total organic matter (% by 

weight) (d) across depth transect. Foraminiferal abundance (total calcareous foraminifera) (e) and 

diversity (Shannon Index, H) (f) are shown for two size fractions. In panels (e) and (f), large black dots 

are >150 µm size fraction, small black dots are 63-150 µm and black line on diversity plot represents 

trends from the complete assemblage (>63 µm). Assemblage counts are standardized to the volume 

(63.62 cm3) of the sampled cylinder of the sediment (core). Gray dashed line shows approximate 

boundaries of the oxygen minimum zone. 
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Figure 3: Relative abundance of foraminiferal species (percent of total calcareous taxa) in core top 

sample (0-2 cm) vs. water depth (m). Large black dots are >150 µm size fraction, small black dots are 63-

150 µm size fraction and black lines represent trends considering the complete assemblage (>63 µm). 
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Figure 4: Top 3 panels show relative abundance of two species of hypoxia indicator foraminifera (B. 

spissa and U. peregrina, gray lines) and one species of oxic indicator foraminifera (G. subglobosa, blue 

lines) from the >150 µm size fraction down core through time, in years before present for cores from 3 

water depths (528 m, 800 m, 1175 m). Top panel also includes relative abundance of B. argentea (edge-

associated). Bottom panel shows diversity (Shannon’s Index, H) through time for 3 cores. 
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10 Supplemental Figures 

 

 

 

Figure S1. Distance Based Redundance Analysis of core-top benthic foraminiferal assemblages including 

both size fractions (>63 µm). Species are listed in red – species discussed in manuscript are labeled. Sites 

are listed as water depth in meters. Blue arrows show ordination of environmental factors T= temperature, 

DO = dissolved oxygen, TOM= total organic matter). Eigenvalues for two axes are CAP1 (0.4575) and 

CAP2 (0.2024).   
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Figure S2.  Age model for two cores. Age shown in years before present. Linear interpolation between 

radiocarbon dates (+). MV1217-2-3 (528 m water depth) is black line. MV1217-4-3 and MV1217-4-1 

(1175 m) is blue line. Dashed lined represent +/- 1 sigma years.  
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Figure S3. Non-metric multidimensional scaling plot of all benthic foraminiferal assemblages through 

time. Species are plotted as small gray dots. All other points represent assemblages from 1 cm intervals 

through time at each of the 5 cores. Legend shows which dots represent each water depth/site (Red 

triangle = 300 m, blue square = 528 m, orange crosshair = 700 m, Grey box with x = 800 m, black circle 

= 1175 m). 

 



 30 

  

 

Figure S4: Light microscope images of benthic foraminifera (Bolivina spissa, Uvigerina peregrina, 

Bolivina argentea, Epistominella sp., Cassidulina carinata, Globocassidulina subglobosa) evaluated in 

this study. All scale bars are 100 µm. 
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Chapter 2 

Oxygenation of offshore Southern California marine basins through the Holocene  

 

Abstract 

In the face of global marine deoxygenation, understanding the timescales and drivers of past oxygenation 

change is of critical importance. Marine sediment cores from tiered silled basins, such as the Southern 

California Borderlands, provide a natural laboratory in which we can constrain timing and implications of 

changes in oxygenation and ventilation across multiple depths. Benthic foraminiferal assemblages can be 

utilized as a proxy for past change using known environmental associations, including oxygen affinity, 

and examined ecologically in conjunction with geochemical environmental reconstructions. Here, we 

quantified benthic foraminiferal assemblages in three sediment cores, EW 9504-09PC (Tanner Basin, 

1194 m water depth), EW 9504-08PC (San Nicolas Basin, 1442 m water depth), and EW 9504-05PC (San 

Clemente Basin, 1818 m water depth) to assess changes in oxygenation over time in each basin and across 

the Southern California Borderlands. We also generate new, higher resolution carbon and oxygen isotope 

records from planktonic foraminifera Globigerina bulloides and benthic foraminifera Cibicides mckannai 

from Tanner Basin. We combine analysis of indicator taxa, community ecological metrics, and an 

oxygenation transfer function to reconstruct past environmental conditions using benthic foraminiferal 

assemblages. Early to mid-Holocene (11.2-4.7 ka) assemblage records from San Clemente Basin (1815 

m) and San Nicolas Basin (1442 m) indicate oxygenation below 1400 m was constant in the Southern CA 

Borderlands and likely driven by a consistent source of intermediate waters. In the mid to late Holocene, 

San Nicolas experienced a multi-centennial oxygenation episode from 4.7-4.2 ka and oxygenation 

increased in Tanner Basin (1194 m) gradually from 5.5-1.9 ka. Ventilation and oxygenation of these 

offshore basins is synchronous with an increase in oxygenation in Santa Barbara Basin beginning around 

6 ka and may be due to the increasing oxygenation of North Pacific Intermediate Water. Yet across all 

three depths and time intervals studied, the seafloor environment is consistently within a range of 
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intermediate hypoxia, from 0.5-1.5 ml L-1 [O2], indicating stability in the environment through time. 

Reconstructed Holocene-scale changes in marine oxygenation below 1000 m are within the range of 

modern decadal variability and exhibit reduced variability relative to shallower basins.  

 

1. Introduction 

1.1 Marine oxygenation in the past and present 

At present, global marine oxygenation is declining due to anthropogenic climate change, with important 

implications for benthic and pelagic ecosystems (Schmidtko et al., 2017; Breitburg et al., 2018; Oschlies 

et al., 2018). Ocean oxygenation, particularly at depth, is an important driver of ecosystem zonation, and 

expansion of oxygen minimum zones (OMZ) is a current threat to global marine ecosystems (Helly and 

Levin, 2004; Stramma et al., 2010b; Breitburg et al., 2018). Deoxygenation at depth can be driven by 

several processes: increased export of organic matter from surface to depth leading to increased 

respiration below the photic zone, increased stratification (often due to surface warming) reducing 

ventilation at depth, warming surface temperatures reducing rates of diffusion of atmospheric oxygen into 

surface waters, and changes in the source, current velocity, or oxygenation of intermediate waters (Levin 

et al., 2009; Stramma et al., 2010b; Oschlies et al., 2018). 

 

Understanding drivers and timescales of changes to marine oxygenation is critical for understanding and 

predicting future change (Jaccard et al., 2014). Paleorecords provide an important archive to investigate 

temporal and spatial scales of changes to marine oxygenation. In general, warm intervals during the late 

Quaternary are associated with decreased global ocean oxygenation and cool intervals are associated with 

increased oxygenation (Cannariato and Kennett, 1999; Jaccard et al., 2014; Praetorius et al., 2015; 

Cardich et al., 2019; Erdem et al., 2019). The Holocene is an ideal epoch to investigate changes in marine 

oxygenation because it has well documented intervals of oceanographic change and provides an 

opportunity to investigate ecological response to stress, including changes to temperature, oxygenation, 

carbon cycling and ocean circulation (Barron et al., 2003; Fisler and Hendy, 2008; Moffitt et al., 2015; 
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Praetorius et al., 2015; Addison et al., 2017). Significant work has documented paleoceanographic change 

over millennial timescales in coastal basins and within the bounds of the modern OMZ (Cannariato and 

Kennett, 1999; Moffitt et al., 2014; Taylor et al., 2015; Balestra et al., 2018), yet additional work is 

needed to constrain the timing and extent of oxygenation change below 1000 m, the relative impacts of 

surface processes and source waters on seafloor oxygenation, and how oxygenation at these depths 

responds to global and regional environmental change. 

 

1.2 Southern California modern and paleoceanography 

In the modern Northeast Pacific eastern boundary upwelling system, an OMZ exists at approximately 500 

– 1000 m water depth and is an important driver of ecosystem zonation (Helly and Levin, 2004; Stramma 

et al., 2010a). The combination of high productivity, high export of organic matter, and the age of water 

masses entering the North Pacific at depth make this a particularly thick and laterally extensive OMZ 

(Bograd et al., 2008, 2019; Evans et al., 2020). The California Margin OMZ is expanding in intensity 

(decreases in dissolved oxygen), horizontal extent, and vertical thickness (shoaling) (Stramma et al., 

2010a; Schmidtko et al., 2017) due to reduction in oxygenation of source water and decreased vertical 

ventilation due to surface warming and stratification (Bograd et al., 2008; Evans et al., 2020). Off the 

coast of California, dissolved oxygen decreased at a rate of up to 2.1 μmol/kg/year from 1984-2006 in the 

upper 500 m of the water column and continues to decrease (Bograd et al., 2008), and 81% of 

deoxygenation in the Southern California Current System observed from 1993-2018 can be attributed to 

changes in oxygenation of source waters even within the upper 400 m of the water column (Evans et al., 

2020). 

 

In the modern system, Southern California Borderlands surface water flow is driven by the southward 

flowing California Current and the Southern California Eddy that moves water northward via the 

California Countercurrent and Davidson Current. At depth, the California Undercurrent flows south to 

north and is comprised of a mix of Southern Component Intermediate Water from the eastern tropical 
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Pacific and northerly sourced North Pacific Intermediate Water (Talley, 1993; Stott et al., 2000; Checkley 

and Barth, 2009; Balestra et al., 2018; Bograd et al., 2019). Offshore Southern California, a series of 

submarine basins, generally deepening from north to south, structure intermediate and deep-water flow 

(Berelson, 1991; Berelson and Stott, 2003). Oxygenation in basinal environments such as these is 

impacted by the export of organic matter from overlying surface waters, advection of intermediate and 

deep waters that spill into the basin, and within basin processes, including sediment and pelagic 

biogeochemical cycles.   

 

The California margin OMZ fluctuated throughout the Holocene (Christensen et al., 1994; McGann, 

2011; Moffitt et al., 2014; Balestra et al., 2018; Palmer et al., 2020). Previous analyses of marine 

sediment cores from the Santa Barbara Basin (SBB) document intervals of hypoxia in the early Holocene 

(11.5-10 ka) followed by oscillations in the strength of the OMZ from 10-6 ka with several intervals of 

hypoxia (less than 0.5 ml L-1 [O2]) and an increase in oxygenation in the last 6 ka within SBB (Ohkushi et 

al., 2013; Moffitt et al., 2014; Wang et al., 2020). In Santa Monica Basin (SMB), severe hypoxia (less 

than 0.3 ml L-1 [O2]) was present from the start of the Holocene to 9 ka, and the mid to late Holocene (9-0 

ka) had weaker hypoxia (0.3-1.5 ml L-1 [O2]) than the early Holocene (Balestra et al., 2018). The modern 

OMZ developed in the mid to late Holocene (by 6-4 ka) across the broader North Pacific (McGann, 2011; 

Ohkushi et al., 2013; Praetorius et al., 2015; Addison et al., 2017). Previous analysis of ecosystem 

responses (benthic foraminiferal and invertebrate) to change through the Holocene from SBB indicate that 

intervals within the Holocene exhibit distinct phases of ecosystems that do not repeat or overlap, as the 

oxygen minimum zone and carbon maximum zone fluctuate (Moffitt et al., 2015; Myhre et al., 2017). 

  

Here, we utilize records from three offshore basins to constrain changes in ocean oxygenation through the 

Holocene and resultant impacts on benthic ecosystems. Silled basins provide a unique opportunity to 

examine both local changes within each basin and to compare oxygenation history across depths when 

records overlap temporally. Combining a series of silled basins allows for the examination of change 
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through time at multiple water depths and sill depths to investigate the relative impact of surface 

processes and intermediate water changes in determining oxygenation at depth (Moffitt et al., 2014; 

Balestra et al., 2018; Wang et al., 2020). 

 

1.3 Benthic foraminiferal assemblages as a metric of past oxygenation and organic matter export 

Benthic foraminiferal assemblages are an effective and established metric to quantify past changes in 

marine oxygenation (Kaiho, 1994; Bernhard and Gupta, 1999; Murgese and De Deckker, 2005; De and 

Gupta, 2010; Ohkushi et al., 2013; Caulle et al., 2014; Moffitt et al., 2014; Cardich et al., 2015, 2019; 

Praetorius et al., 2015; Balestra et al., 2018; Belanger et al., 2020). Benthic foraminiferal assemblages are 

sensitive to changes in oxygenation in the North Pacific, even in suboxic environments, not only across 

biological threshold anoxic or sulfidic conditions (Sharon et al., 2021). Multiple methodologies are used 

to interpret past environmental change from benthic foraminiferal assemblages, which we introduce and 

review below.  

 

Quantifying absolute and relative abundance of benthic foraminiferal species is an established and 

foundational method; typically, studies quantify species downcore and interpret trends through time using 

observational or statistical approaches (e.g. Moffitt et al., 2014; McGann, 2011; Gardner et al., 1988). 

Studies of modern benthic foraminifera from multiple depositional environments and oxygenation 

regimes have identified oxygenation affinity of benthic foraminiferal species that can be used as indicator 

species of change through time; this method is most useful to reconstruct relative oxygenation or to 

identify past oxygenation thresholds (e.g. Cannariato and Kennett, 1999; Palmer et al., 2020; Balestra et 

al., 2018; Bernhard and Gupta, 1999).  

 

While these approaches provide relative oxygenation history, transfer functions are used to translate 

whole or partial benthic species assemblages into absolute oxygenation values (Kaiho, 1994, 1999; Behl 

and Kennett, 1996; McGann, 2011; Ohkushi et al., 2013; Moffitt et al., 2014; Sharon et al., 2021). Multi-
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species transfer functions including the Kaiho Benthic Foraminiferal Oxygenation Index, Behl Dissolved 

Oxygen Index, Schmidel Dissolved Oxygen Index, and Sharon-Behl Dissolved Oxygen Index are used to 

generate absolute values of past oxygenation by transforming the relative abundance of species into ml L-1 

[O2] (Kaiho, 1994; Ohkushi et al., 2013; Sharon et al., 2021). Transfer functions have typically been 

constructed using case studies from very low oxygen environments (such as Santa Barbara Basin) or by 

using the lowest known oxygen tolerance for a species (Kaiho, 1994; Ohkushi et al., 2013; Sharon et al., 

2021). This approach generates inherently conservative predictions of oxygenation. Categorization of 

species into oxic, intermediate hypoxic, and anoxic environments used in both transfer functions and as 

indicator species varies by author (Kaiho, 1994; Cannariato and Kennett, 1999; Moffitt et al., 2014; 

Praetorius et al., 2015; Palmer et al., 2020). Here we follow the convention: oxic ([O2] >1.5 ml L-1), 

intermediate hypoxic/suboxic ([O2] 1.5-0.5 ml L-1), and severe hypoxic/dysoxic ([O2] <0.5 ml L-1) 

(Moffitt et al., 2014; Palmer et al., 2020; Tetard et al., 2021). 

 

Recent work on paleoecological assemblages, including benthic foraminiferal assemblages, incorporating 

methodology from community ecology, including analysis of diversity, richness, and multidimensional 

statistical analysis, has expanded our breadth of understanding of how oxygenation impacts seafloor 

ecosystems (Myhre et al., 2017; Belanger et al., 2020; Sharon et al., 2021). Ecological analysis provides 

community-scale assessments of environmental change over time and often complements analysis of 

indicator taxa or transfer function calculations (Myhre et al., 2017; Belanger et al., 2020; Sharon et al., 

2021). In addition to taxonomic evaluation of benthic foraminifera, studies are increasingly relying on 

morphometrics to assess past environments. These studies are predicated on biological morphological 

response or adaptation to oxygenation such as pore density, size, and shape (i.e., roundedness) and are 

used in both taxon-specific and taxon-independent analyses (Keating-Bitonti and Payne, 2016, 2018; 

Keating‐Bitonti and Payne, 2017; Rathburn et al., 2018; Tetard et al., 2021). Typically, smaller, thin-

walled, elongate species are indicative of low oxygen environments in which high-surface area to volume 
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ratio is advantageous to absorb oxygen and while in well oxygenated environments, larger, thick-walled 

and porcelaneous taxa with rounded shapes are dominant (Tetard et al., 2021).  

 

Food availability, driven by the timing (pulsed vs. constant) and amount of export of organic matter, and 

water depth play an important role in structuring seafloor ecosystems, including benthic foraminiferal 

assemblages (Kaiho, 1999; Belanger et al., 2012, 2020; Venturelli et al., 2018). Here we employ multiple 

assemblage analyses to investigate cores from three silled basins in the Southern California Borderlands. 

By combining approaches listed above, we quantify changes in oxygenation below 1000 m, deconstruct 

surface vs. advective processes as drivers of change, and investigate changes in source waters. This multi-

site, multi-faceted approach allows us to reconstruct change over time in each basin and to assess regional 

scale oxygenation and ventilation history of the Southern California Borderlands through the Holocene. 

 

2 Methods 

2.1 Study site 

Cores were collected from three silled basins within the Southern California Borderlands (Figure 1). 

Tanner Basin is located west of the Channel Islands and is the farthest offshore. The basin has a sill depth 

of 1160 m and a bottom depth of approximately 1500 m (Figure 1). San Nicolas Island is located south of 

San Nicolas Island and west of San Clemente Island. The basin has a sill depth of 1100 m and a bottom 

depth of approximately 1800 m (Figure 1). San Clemente Basin is located south of San Clemente Island 

and is the deepest site explored here. The basin has a sill depth of 1815 m and a bottom depth of 

approximately 1950 m (Figure 1). The water depth of each core was assessed at time of core collection 

and bottom depths of each basin were measured using GeoMapApp. 

 

2.2 Sediment cores 

We investigate three piston cores collected from the Southern California Borderlands on the Maurice 

Ewing Cruise 9504 in May - June 1995: EW 9504-09PC from Tanner Basin at 1194 m water depth, EW 
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9504-08PC from San Nicolas Basin at 1442 m water depth, and EW 9504-05 from San Clemente Basin at 

1818 m water depth. All cores have 10.16 cm inner diameter. Cores were split on board the ship and were 

sampled at 2 cm intervals. All intervals here describe sediments with initial volume of 162.15 cm3. 

Sediments from the working half of the core were disaggregated in sodium hexametaphosphate washed 

over a 63 µm sieve (see Stott et al. 2000). Sediments were dried and stored in glass vials at the University 

of Southern California until they were processed for this study. EW 9504-09PC (Tanner Basin) was 

examined from 0-40 cm at 2 cm intervals; intervals below 40 cm were not available for analysis. EW 

9504-08PC (San Nicolas Basin) was examined at 2 cm intervals from 0-22 cm and every 6 cm from 24-64 

cm.  EW 9504-05 (San Clemente Basin) was examined at 2 cm intervals from 30-52 cm; intervals from 0-

30 cm in EW9504-05 did not have sufficient foraminifera for robust analysis (see below) and were thus 

excluded from analysis.  

 

2.3 Radiocarbon dating and age model development  

Radiocarbon based age models were developed for each core using a combination of previously published 

and newly generated planktic radiocarbon ages (Table 1, Supplemental Figure 1). Five age dates within 

the Holocene (1 San Clemente, 1 Tanner, 2 San Nicolas) were previously measured (Stott et al., 2000). 

These AMS 14C ages were completed using bulk planktonic foraminifera (weight ~3-5 mg) analyzed at 

the Lawrence Livermore National Laboratory (Stott et al., 2000). Three additional radiocarbon dates (1 

San Clemente, 2 Tanner, 1 San Nicolas) from bulk planktic foraminifera were analyzed in this study. All 

samples for radiocarbon analysis were prepared by picking shell material from the >150 µm fraction, 

rinsing shells in methanol, sonicating in methanol for 5-10 seconds, and rinsing twice with deionized 

water. Shells were then dried in a 60OC drying oven. Radiocarbon analysis was completed at the 

Lawrence Livermore National Laboratory using δ13C assumed values following the convention of Stuiver 

and Polach (1977). The reported age is given in radiocarbon years using the Libby half-life of 5568 years. 

The Calib7.1 calibration program was used to calibrate ages using a reservoir age of 220.0 +/- 40.0 
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(Stuiver and Polach, 1977; Ingram and Southon, 1996). The age model for each core was generated using 

liner interpolation between radiocarbon age dates (Table 1, Supplemental Figure 1). 

 

2.4 Stable Isotope Analysis 

Stable isotope analyses from planktic and benthic foraminifera from EW9504-09 (Tanner Basin) were 

conducted on Globigerina bulloides planktic foraminifera and Cibicides mckannai benthic foraminifera 

from 0-40 cm at 2 cm intervals. Samples were prepared by picking from the >150 µm size fraction (2-5 

individual C. mckannai per interval, 15-25 G. bulloides per interval), rinsing in methanol, sonicating in 

methanol for 5-10 seconds, and rinsing twice with deionized water. Planktic foraminifera were analyzed 

for δ18O and δ13C at the UC Davis Stable Isotope Laboratory and benthic foraminifera were analyzed at 

the UC Santa Cruz Stable Isotope Laboratory.  

 

Planktic carbon and oxygen isotope samples were analyzed using a GasBench II system interfaced with a 

Delta V Plus Isotope Ratio Mass Spectrometer at the UC Davis Stable Isotope Laboratory using standard 

UCD-SM92 (-1.94 for δ18O and 2.08‰ δ13C) (Ostermann 2000). Values for δ13C and δ18O are expressed 

in per mil (‰) relative to Vienna Pee Dee Belemnite, and values are corrected for changes in linearity and 

instrumental drift. Benthic carbon and oxygen isotope samples were analyzed at the UC Santa Cruz Stable 

Isotope Laboratory by acid digestion using an individual vial acid drop Themo Scientific Kiel IV 

carbonate device interfaced to Thermo Scientific MAT 253 dual-inlet isotope ratio mass spectrometer 

(iRMS). All samples were measured with several replicates of the externally calibrated Carrera Marble in-

house standard reference material 'CM12' and the NBS-18 limestone international standard reference 

material. Values for δ13C and δ18O are expressed in per mil (‰) relative to Vienna Pee Dee Belemnite, 

and values are corrected for changes in linearity and instrumental drift. Data were combined with 

previously published records of planktic oxygen isotopes and benthic oxygen and carbon isotopes from 

the same core examined here (EW9504-09) to increase replicates in the late Holocene and to extend the 
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record through the entire Holocene (Stott et al., 2000). As such, isotope records reflect analyses from 

three different laboratories. 

 

2.5 Benthic Foraminiferal Assemblages 

Samples were dry sieved over a 150 µm sieve and picked for benthic foraminiferal microfossils. 

Foraminifera greater than 150 µm have been documented to capture the range of environmental 

variability in paleoceanographic reconstructions as well as assemblages containing smaller foraminifera 

and the use of larger specimens results in reduced error in identification (Cannariato and Kennett, 1999; 

Caulle et al., 2014; Fenton et al., 2018; Palmer et al., 2020; Sharon et al., 2021). Individual foraminifera 

were picked and identified from each interval to obtain >100 individuals per sample (Kemp et al., 2020), 

yet two samples with 90 and 93 individuals available were included, as sample sizes as low as 58 have 

been shown to have stable assemblages (Forcino et al., 2015; Belanger et al., 2020).  The average number 

of individual foraminifera identified in each interval was 230, with a range of 90-665.  Samples were 

mounted on micropaleontology slides using gum tragacanth at time of identification and are archived in 

the Ocean Climate Laboratory at the UC Davis Bodega Marine Laboratory. Cores were not laminated; 

thus, bioturbation is expected and may have had an averaging effect on assemblages. 

 

2.6 Foraminiferal morphometrics 

Morphometrics of benthic foraminifera, including length, width, and surface area were measured using 

ImageJ software. Length and width of each individual was measured to the longest and widest margins of 

the shell. Three species were selected for analysis to represent a gradient of oxygenation affinity: 

Quinqueloculina sp. is weakly hypoxic to oxic and B. spissa and U. peregrina are categorized as suboxic 

(Supplemental Table 1). Measurements of Quinqueloculina sp. and B. spissa were quantified in Tanner 

Basin at 2 cm intervals from 0-40 cm, measurements of Quinqueloculina sp. and U. peregrina were 

quantified in San Clemente Basin at 2 cm intervals from 30-44 cm. From each interval, 5-25 individual 

shells were measured (based on availability of taxa). Results of morphometric analysis were compared to 
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morphometric data (collected using the same methodology) from five open coastal margin sites (300-

1175m) near San Diego (Palmer unpublished data), see Palmer et al., 2020 for further explanation of the 

open margin study site.  

 

2.7 Metazoan microfossil assemblages  

In addition to picking and identifying benthic foraminifera, ostracods (Arthropoda - Ostracoda) and 

urchin spines (Echinodermata) were picked from the 150 µm sediment fraction at all intervals examined. 

Samples were mounted on micropaleontology slides using gum tragacanth at time of identification and 

are archived in the Ocean Climate Laboratory at the UC Davis Bodega Marine Laboratory. Due to low 

abundances, presence/absence is recorded, rather than relative abundance.  

 

2.8 Benthic foraminiferal oxygenation index 

Oxygenation was reconstructed using two modified benthic foraminiferal oxygenation indices: Sharon-

Behl and Schmidel. Using a combination of paleo and modern samples, Sharon et al., 2021 modified the 

Behl Dissolved Oxygen Index to allow for the inclusion of more species, thus allowing for its application 

in a broader range of seafloor environments (Sharon et al., 2021). Here we further modified each by 

adding ten additional species to the Sharon-Behl Dissolved Oxygen Index list of species using previously 

published oxygenation affiliations and morphometric/taxonomic similarities (Supplemental Table 1).  

Oxygenation reconstructions were calculated using two equations: Sharon-Behl DO index = ((dysoxic % 

* 0.1) + (suboxic % * 0.5) + (weakly suboxic/oxic % * 1.5) )/100 and Schmidel index = ((weakly 

suboxic/oxic %)/(weakly suboxic/oxic % + hypoxic %) + diversity (H`)) * 0.5 (Ohkushi et al., 2013). 

 

2.9 Statistical analysis  

Diversity of each interval of each core was calculated using Shannon Index (H). Richness was calculated 

by tabulating the number of distinct species present in an interval. Non-metric multidimensional scaling 

ordination, using square root transformation of assemblage species counts and Bray-Curtis similarities, 
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and cluster analysis were completed to identify relatedness between assemblages through time. All 

multivariate analyses were completed using the Vegan R package (Oksanen et al., 2013; Myhre et al., 

2017). We used a single factor ANOVA to determine if there were significant differences among mean 

morphometrics (length, width, surface area) and diversity between basins. If results of ANOVA were 

significant, we performed Tukey’s Test to determine where differences in means occurred. 

 

2.10 Modern oxygenation data  

Modern oxygen data were sourced from the California Cooperative Oceanic Fisheries Investigations for 

the years 1986-2019. Data were included from all sites in the CalCOFI sampling grid with oxygenation 

data below 1000 m to maximize data availability. Oxygenation was calculated using Winkler Titration of 

bottle samples at the Scripps Institution of Oceanography (Bograd and Lynn, 2003; Bograd et al., 2003). 

 

3 Results  

3.1 Age Model Development 

An age model was developed for each core based on linear interpolation between radiocarbon dates. 

Sedimentation rates were similar between basins and remained relatively constant through the Holocene: 

Tanner Basin sedimentation rate was 10.7 cm/kyr from 5.5 ka-1.9 ka, San Nicolas sedimentation rate was 

10.3 cm/kyr from 11.9 ka- 5.4 ka and 8.9 cm/kyr from 5.4-2.9 ka, and San Clemente sedimentation rate 

was 5.3 cm/kyr from 12.7-1.4 ka (see Table 1 for radiocarbon ages and error and Supplemental Figure 1). 

Sedimentation rate decreased with water depth, as expected. Coherence of age model within each core 

and between cores supports use of this age model (Supplemental Figure 1). All following results will be 

discussed as age in thousands of years before present (ka). 

 

3.2 Stable isotope record 

Stable isotope records from Tanner Basin varied slightly through time (Figure 3). Analysis of planktic 

oxygen and carbon isotopes from G. bulloides yielded the following: δ13C mean is -0.59 (± 1σ = 0.25), 
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range -0.92 to -0.05, δ18O mean is 0.22 (±  1σ = 0.31), range is -0.15 to 1.08 (Figure 3). Analysis of 

benthic oxygen and carbon isotopes from C. mckannai yielded the following: δ13C mean is -0.03 (± 1σ 

=0.07), range -0.13 to 0.10, δ18O mean is 2.53 (± 1σ = 0.17), range is 2.29 to 2.73 (Figure 3).  

 

3.3 Benthic foraminiferal assemblages 

Benthic foraminiferal assemblages were quantified down core on each core in which sufficient benthic 

foraminifera were present (Tanner Basin 0-40 cm at 2 cm intervals, San Nicolas Basin 0-22 cm at 2 cm 

intervals, 24-66 at 6 cm intervals, San Clemente Basin 30-54 cm at 2 cm intervals). The total number of 

species (richness) in each sample ranged from 15 to 24 and species diversity (Shannon Index, H) ranged 

from 2.12 to 2.68, with a mean of 2.40 (± 1σ = 0.15) across all three basins. Species diversity (H) is 

significantly higher in Tanner Basin (mean=2.51, ± 0.11), relative to San Nicolas Basin (mean=2.30, ± 1σ 

= 0.11) and San Clemente Basin (mean=2.37, ± 1σ = 0.10) (ANOVA, Tukey Test p<0.05) (Supplemental 

Figure 4).  Comparison of diversity through time in individual basins using 0.5 or 1 ka time bins shows 

that diversity (H) is not statistically different through time in Tanner (p>0.05), San Nicolas (p>0.05), and 

San Clemente (p>0.05) basins. Multivariate statistical analysis (using nonmetric multidimensional 

scaling) of down-core assemblages shows that, through time, assemblage similarity within sites exceeds 

similarity to assemblages at any other site (Supplemental Figure 2).  

 

In Tanner Basin, the most common species (in descending order) are B. spissa, G. subglobosa, H. 

soldanii, Quinqueloculina sp., and P. murrhina (Figure 2). Species diversity (H) ranged from 2.12-2.68 

with a mean of 2.51 (± 1σ = 0.11) (Supplemental Figure 4); diversity did not change significantly through 

time when considered at 0.5 or 1 ka time intervals (ANOVA, p>0.05). The benthic foraminiferal 

assemblage gradually changed from 5.5 – 1.9 ka. Cluster analysis with 50% similarity identifies two 

cohorts of benthic assemblages in Tanner Basin separated in time from 5.5 – 4.0 ka and 4.0 – 1.9 ka 

(Supplemental Figure 2). Comparison of NMDS with cluster analysis and individual species plot shows 

this shift is largely driven by a gradual increase in Hansenisca soldanii (previously Gyroidina soldanii) 
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and decrease in B. spissa and U. peregrina from 5.5 to 1.9 ka (Figure 2 and Supplemental Figure 2). G. 

subglobosa and Quinqueloculina sp consistently make up 10-20% of the assemblage through time (Figure 

2).   

 

In San Nicolas Basin, the most common species (in descending order) are U. peregrina, E. pacifica, C. 

mckannai, B. spissa, and Uvigerina sp (Figure 2). Species diversity (H) ranges from 2.12-2.56 with a 

mean of 2.30 (± 0.11) (Supplemental Figure 4); diversity did not change significantly through time when 

considered at 0.5 or 1 ka time intervals (ANOVA, p>0.05). The assemblage in San Nicolas Basin exhibits 

little change through time from 10.1-4.7 ka, and U. peregrina makes up 15-45% of the assemblage at this 

time. From 4.7-4.2 ka, there is a sharp decline in U. peregrina and a sharp increase in C. mckannai 

(Figure 2). From 4.0-1.9 ka, the trend reverses, and the assemblage is very similar to the assemblage from 

10.1-4.7 ka. NMDS and cluster analysis (with 50% similarity) identify an anomalous period in San 

Nicolas Basin from 4.7-4.2 ka that is different from the time points before and after this period (Figure 2 

and Supplemental Figure 2).  

 

In San Clemente Basin, the most common species (in descending order) are U. peregrina, C. mckannai, 

E. pacifica, Quinqueloculina sp., and Uvigerina sp (Figure 2). Species diversity (H) ranges from 2.17-

2.51 with a mean of 2.37 (± 0.10) (Supplemental Figure 4); diversity did not change significantly through 

time when considered at 0.5 or 1 ka time intervals (ANOVA, p>0.05). In San Clemente Basin, relative 

abundance of benthic foraminifera exhibits little change over time from 11.2-7.1 ka as shown by both 

individual species analysis and NMDS. Cluster analysis shows the assemblage is 50% similar through all 

time intervals examined (Figure 2 and Supplemental Figure 2).  

 

3.4 Metazoan microfossil analysis 

Urchin spines and ostracods were present in the Tanner Basin core, but do not present a coeval trend; 

urchins are present in 13 of 19 intervals, ostracods are present in 5 of 19 samples. Urchin spines and 
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ostracods were scarce in sediments from San Nicolas Basin: urchin spines are present in 6 of 17 and 

ostracods are present in 2 of 17 intervals. Ostracods and urchin spines were nearly ubiquitous (present in 

every interval except one) in San Clemente Basin (Supplemental Figure 5). 

 

3.5 Shell morphometrics 

Shell size, measured as length, width, and surface area of three taxa (U. peregrina, Quinqueloculina sp., 

and B. spissa) was compared across the three cores examined here and compared to unpublished size data 

from a suite of cores from the San Diego Margin. Shell size of U. peregrina is statistically significantly 

larger in coastal sites (p<0.05) relative to San Clemente basin. Shell size of B. spissa is statistically 

significantly larger in coastal sites (p<0.05) relative to Tanner basin (Supplemental Figure 3). Shell size 

of B. spissa and Quinqueloculina from Tanner Basin show relatively little variability through time (5.5-

1.9 ka) (Supplemental Figure 3). As all metrics of shell size (length, width, and surface area) show the 

same trends, further discussion uses only shell surface area as a metric of whole shell size.   

 

3.6 Modern oxygenation in the Southern California Borderlands 

Modern oxygenation decreases linearly with depth from 1000 to 2000 m in this region, from 

approximately 0.5 ml L-1 to 1.78 ml L-1 [O2]. Modern values near 1194 m (depth of Tanner Basin core) 

are approximately 0.75 ml L-1 [O2]; modern values near 1442 m (depth of San Nicolas Basin core) are 

approximately 1 ml L-1 [O2]; modern values near 1818 m (depth of San Clemente Basin core) are 

approximately 1.5 ml L-1 [O2] (Figure 4).  

 

4 Discussion 

4.1 Benthic foraminiferal assemblages as paleo-oxygenation proxy 

By analyzing the complete assemblage from each basin, we interpret a gradual shift in relative abundance 

of taxa in Tanner Basin, multi-centennial shifts in the assemblage at San Nicolas Basin, and stability in 

the assemblage in San Clemente Basin.  Examining indicator taxa, we identify a decrease in hypoxic 
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taxon B. spissa and a decrease in U. peregrina coeval with an increase in oxic indicator Hansenisca sp. in 

Tanner Basin from 5.5 to 1.9 ka. In San Nicolas Basin, we observe a short period of divergence from the 

mean assemblage driven by an increase in the oxic-associated taxon C. mckannai and a sharp decline in 

U. peregrina from 4.7-4.2 ka. We observe little change over time in the relative abundance of these 

indicator taxa in San Clemente Basin.  

 

Reconstructed oxygen concentration differs between the two transfer functions compared here.  

Reconstructed dissolved oxygen using Sharon-Behl Index for all three cores yields values (0.59-1.12 ml 

L-1 [O2]) within “intermediate hypoxia” as defined by Moffitt et al., 2014 and “suboxic” as defined by 

Cannariato and Kennett 1999 and Kaiho 1994. Reconstructed values using the Sharon-Behl Index are 

similar to the range of modern values for bottom water oxygenation with notable exceptions discussed 

below (Figure 4).  In comparison, the Schmidel Index output is higher (1.37-1.83 ml L-1 [O2]) than the 

Sharon-Behl Index by approximately 0.5 ml L-1 [O2], and it does not capture the variability seen in the full 

assemblage (Supplemental Figure 4). We posit that this is due to the fact that diversity and oxygenation 

are not necessarily inversely correlated, particularly in intermediate hypoxia environments, yet the 

Schmidel Index is based on diversity. Across taxa and faunal size, diversity is typically low within 

oxygen minimum zones (Levin, 2003). For benthic foraminifera in dysoxic basins specifically, typically 

density is high, and diversity is low (Levin, 2003; Moffitt et al., 2014). Yet, other parameters such as 

proximity to the margin of the OMZ, sediment grain size, and organic matter availability also play 

important roles in structuring foraminiferal diversity. Further, oxygenation plays a more dominant role in 

structuring diversity across biological thresholds (such as below 0.5 ml L-1 [O2]) than across oxygen 

gradients that do not cross biological thresholds (McGann, 2011; Venturelli et al., 2018; Palmer et al., 

2020; Sharon et al., 2021). Thus, we utilize the modified Sharon-Behl Index to reconstruct absolute 

values of paleo-oxygenation (Figure 3).  
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Community-level changes are tracked by diversity and multi-dimensional community metrics. Diversity 

varied little between basins and through time within each basin. Shannon Index of diversity (H) ranged 

from 2.12 to 2.68 across all sites and points in time, and diversity did not significantly change through 

time at any site across this interval (ANOVA, p>0.05) (Supplemental Figure 4). We hypothesize that the 

stability in diversity indicates that environmental conditions were also relatively stable through this 

interval. This evidence aligns with results of oxygenation reconstruction in the suboxic/intermediate 

hypoxic category from the Sharon-Behl Index throughout all records examined here (Figure 3). Results of 

multi-dimensional analysis show species assemblages are distinct in each basin; non-metric multi-

dimensional scaling and 50% similarity analysis demonstrates that at any time point, assemblages are 

more similar to other time points from the same basin than to any other time point from an adjacent basin 

(Supplemental Figure 2). This demonstrates that each basinal environment is unique and the analysis of 

benthic foraminifera as environmental indicators must consider local factors.  

 

Changes in benthic foraminifera morphology can reflect environmental variations that are missed by 

community-based analyses. Comparison of two species (U. peregrina, B. spissa) between basins (studied 

here) and open margin sediments (San Diego Margin, see Palmer et al., 2020) shows that both species are 

larger in the nearshore environment relative to offshore basins (Supplemental Figure 3). At this scale, we 

interpret the size difference to be representative of higher relative organic matter input at coastal margin 

sites in comparison to offshore basins.  

 

4.2 Oxygenation and ventilation change in individual basins through the Holocene 

4.2.1 Assemblage and environmental change through time in Tanner Basin 

Planktic δ18O records from Tanner Basin indicate constant sea surface conditions (salinity/temperature) 

through most of the Holocene (11.75 – 2.3 ka) and a decrease in sea surface temperature or increase in 

salinity from 2.3 – 1.9 ka relative to the rest of the Holocene (Figure 3). Benthic δ18O and δ13C exhibit 

little change through the Holocene (Figure 4). In contrast, the benthic foraminiferal assemblage gradually 
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shifts from more hypoxic to more oxic associated taxa from 5.5ka to 1.9 ka (Figures 2, 3). Cluster 

analysis indicates two distinct cohorts (each with 50% similarity in species) at 5.5-3.6 ka and 3.6-1.9 ka. 

This shift is largely driven by the increase in Hansenisca soldanii (previously Gyroidina soldanii) and 

decrease in B. spissa and U. peregrina (Figure 2). Hansenisca soldanii has been documented in well 

oxygenated, oligotrophic, cold deep water with pulsed food supply (De and Gupta, 2010), and both B. 

spissa and U. peregrina are well documented indicators of low oxygen. Using the modified Sharon-Behl 

Index, reconstructed oxygenation increases from 0.58 to 1.12 ml L-1  [O2]across this interval (Figure 3). 

Thus, we interpret this assemblage shift as an indication of a gradual increase in oxygenation of this site 

from 5.5 to 1.9 ka.  

 

Downcore morphometric analysis shows that neither relative abundance nor surface area of 

Quinqueloculina sp. (an oxic indicator species) changes through time. Although B. spissa decreases in 

relative abundance from 5.5-1.9 ka, shell size (surface area) does not change through time (Supplemental 

Figure 3). Stability in shell size concurrent with changes in relative abundance may indicate an interaction 

of factors including oxygen and organic matter influx in determining lethal vs. sublethal effects on B. 

spissa. Further, the lack of changes in shell size of B. spissa and Quinqueloculina across this interval may 

indicate a consistent supply of surface -exported organic matter, the main food resource for these benthic 

foraminifera.  

 

Ostracod and echinoderm presence are not correlated with increase in dissolved oxygen at this site 

(Supplemental Figure 5). We hypothesize that the shift identified in the benthic foraminiferal assemblage 

is in response to a relatively small change in oxygenation (less than 1 ml L-1 [O2]) and does not represent 

fluctuations across biologically important thresholds for metazoan taxa (oxygenation was never below 0.4 

ml L-1[O2], Figure 3). When compared to modern CalCOFI data, reconstructed oxygenation (using the 

Sharon-Behl Index) is equal to modern (Figure 4), except for the interval from 3 – 1.9 ka in which 

reconstructed oxygen is higher than modern by 0.3 ml L-1[O2] (Figure 4). Combining assemblage, 
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oxygenation index, and isotopic history of Tanner Basin, we identify a gradual increase in oxygenation in 

the basin from 5.5-1.9 ka that is not correlated with changes in the oxygen or carbon isotope records and 

that is largely within the modern range of dissolved oxygen. This increase in oxygenation is coeval with a 

decrease in the strength of the OMZ in the last 6 ka in Santa Barbara Basin, which has been shown to be 

driven by an increase in the oxygenation of North Pacific Intermediate Water formation and ventilation 

relative to the early Holocene (Wang et al., 2020). We hypothesize that the increase in oxygenation in 

Tanner Basin during the late Holocene is driven by an increase in oxygenation of North Pacific 

Intermediate Water. Further, our data show that the changes in Tanner Basin dissolved oxygen are minor 

when compared to changes in oxygenation in nearby shallow basins still within the OMZ (Moffitt et al., 

2014; Balestra et al., 2018; Palmer et al., 2020; Wang et al., 2020).  

 

4.2.2 Assemblage and environmental change through time in San Nicolas Basin 

In San Nicolas Basin, low oxygen associated benthic foraminiferal taxa dominate from 10.0 to 4.7 ka. A 

short period of anomalous assemblage driven by an increase in C. mckannai, an oxic-associated taxon, 

and a sharp decline in U. peregrina, an intermediate hypoxia-associated taxon, occurs at 4.7-4.2 ka and is 

interpreted as an interval of increased oxygenation. This interval is clear in both species-specific records 

as well as through cluster analysis of the complete assemblage. Using the modified Sharon-Behl Index, 

reconstructed oxygenation increases from 0.59 ml L-1 [O2] before the interval to a maximum of 1.03 ml L-

1 [O2] during the oxygenation interval (Figure 3). Oxygenation returned to pre-event levels of dissolved 

oxygen after 4.2 ka and pre and post event assemblages are similar, indicating an absence of a legacy 

effect of the event on the community (Figure 2). Metazoan invertebrate microfossils (ostracods and urchin 

spines) are scarce in this core and changes in presence/absence of metazoans do not correlate with shifts 

in benthic foraminiferal assemblages (Supplemental Figure 5). Modern studies of circulation in San 

Nicolas Basin indicate that residence time for bottom waters in the basin are 9 ± 2 months (Berelson, 

1991). As such, we hypothesize that the assemblage response recorded here represents persistent 

oxygenation or repeated ventilation on a decadal-to centennial scale, rather than a single episode of 
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ventilation. Yet, the absolute change in oxygenation is relatively minor and still within a threshold of 

intermediate hypoxia and within the range of modern values (Figure 3, 4).  

 

When compared to modern CalCOFI data, reconstructed oxygenation in San Nicolas Basin is slightly 

lower than modern through most of the Holocene, yet reconstructed oxygenation during the oxygenation 

interval is equal to modern oxygenation. Further, reconstructed oxygenation in periods outside the event 

is similar to modern oxygenation at the sill depth of San Nicolas Basin (1100m, see Figure 4). The scale 

of change in reconstructed dissolved oxygen, relative abundance of species, and species diversity in San 

Nicolas Basin across this interval of change is minor when compared to intervals of change in nearby 

basins across the deglacial and in comparison to Holocene changes within basins that experienced shifts 

between anoxic and oxic conditions, such as the Macoma Event in the Santa Barbara Basin (Cannariato 

and Kennett, 1999; Schimmelmann et al., 2013; Moffitt et al., 2015; Praetorius et al., 2015; Balestra et al., 

2018).  

 

4.2.3 Assemblage and environmental change through time in San Clemente Basin 

Environmental conditions remained relatively constant in San Clemente Basin from 11.2-7.1 ka ka as 

demonstrated by the lack of variability in the benthic foraminiferal assemblages. Species diversity does 

not change significantly through time (Supplemental Figure 5). Reconstructed oxygenation from the 

modified Sharon-Behl Index ranges from 0.67 to 0.96 ml L-1 [O2] across this interval; this variability is 

reduced relative to Tanner and San Nicolas Basins (Figure 3). The assemblage at this depth is distinct 

from coastal margin environments and other, shallower basins (Moffitt et al., 2014; Balestra et al., 2018; 

Palmer et al., 2020). Ostracods and urchin spines are present in every interval (except one) examined 

here, indicating a well-oxygenated seafloor environment that supported metazoan life and motile 

organisms (Supplemental Figure 5) (Moffitt et al., 2015). Ecological differences between the shallow sill 

basins (San Nicolas and Tanner) vs. the deep sill basin (San Clemente) documented here are mirrored in 

previously documented seafloor metazoan assemblages (France, 1994). We hypothesize that at 1815 m 
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water depth, this site was not impacted by changes in the oxygen minimum zone during the Holocene and 

that intermediate and deep water reaching this site had a consistent source from 11.2-7.1 ka.  

 

In comparison to modern CalCOFI data, reconstructed dissolved oxygen in the early and mid-Holocene is 

0.5 ml L-1 [O2] less than modern (Figure 4). We propose three potentially overlapping hypotheses for this 

difference. First, this may be an artifact of the Sharon-Behl Index, which uses lowest known thresholds of 

oxygenation and thus may predict the minima of dissolved oxygen concentrations. Second, in the early 

Holocene, sea level was lower than modern (by approximately 70 m) thus, this site may have been less 

well oxygenated simply due to being at a shallower depth, but this would not explain the entire difference 

from modern (Figure 4) (Fleming et al., 1998; Moffitt et al., 2014). Finally, the lower oxygenation may 

have been lower than modern, a pattern that is reflected in Santa Monica and Santa Barbara Basins at this 

time (Balestra et al., 2018; Wang et al., 2020). 

 

4.3 Intermediate water change and basinal processes in Southern California Borderlands  

In the early to mid-Holocene (11.2-4.7 ka), seafloor oxygenation below 1400 m was stable in the 

Southern CA Borderlands, evidenced by stability in assemblage records from San Clemente Basin (1815 

m) and San Nicolas Basin (1442 m), and was likely driven by consistent source and composition of 

intermediate waters. Benthic foraminiferal assemblage records from the Santa Lucia Slope (ODP 1017, 

955 m) offshore Point Conception indicate a stable suboxic environment through the early and mid-

Holocene and are similar in taxonomic composition to our records from San Nicolas and San Clemente 

Basins (Cannariato and Kennett, 1999). Synchrony in stability and assemblages across San Nicolas Basin 

(1442 m), San Clemente Basin (1818 m), and the Santa Lucia Slope (955 m) contrasts with evidence of 

fluctuations in age of North Pacific Intermediate Water entering SBB (as recorded by benthic-planktic 

radiocarbon age differences) at 9 ka (Roark et al., 2003), expansion of the OMZ in SBB in the early 

Holocene (Wang et al., 2020), and a turning point from hypoxic to suboxic conditions at 9 ka in Santa 

Monica Basin (indicated by benthic foraminiferal assemblages and geochemical records) (Balestra et al., 
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2018). Differences between sites can be explained by differences across water depth. We propose that 

changes in the source and strength of NPIW impacted sites at 400-1000m water depth (SBB, SMB) 

(Roark et al., 2003; Balestra et al., 2018; Wang et al., 2020), but had less of an effect on the water column 

below 1000 m.  

 

In the mid to late Holocene, San Nicolas Basin experienced a multi-centennial oxygenation interval from 

4.7-4.2 ka and oxygenation increased in Tanner Basin gradually from 5.0-1.9 ka. The interval of increased 

oxygen in San Nicolas Basin and the increasing oxygenation in Tanner Basin from 5.0-4.0 ka may be due 

to the same driver because their sill depths of each are similar, 1100 m and 1160 m respectively. 

Ventilation and oxygenation of these offshore basins is coeval with an increase in oxygenation in Santa 

Barbara Basin beginning around 6 ka that is attributed to the increasing strength and oxygenation of North 

Pacific Intermediate Water (Wang et al., 2020). Wang et al., 2020 identify sea ice formation and brine 

rejection in the North Pacific as the driver of increased oxygenation after 6 ka. We posit that the slight 

increase in oxygenation in both San Nicolas and Tanner basins may be due to increased oxygenation of 

North Pacific Intermediate Water entering both basins. After 4.0 ka, the trends diverge, and San Nicolas 

Basin returns to lower oxygenation levels. The difference in the two basins can be explained by basinal 

processes occurring at depth, a change in source or strength of influx of intermediate waters to San 

Nicolas Basin, or differences in surface water productivity due distinct overlying surface current 

processes. We present two hypotheses: first, both basins may have experienced “indirect” ventilation 

through diffusion of dissolved oxygen from overlying waters, rather than “direct” ventilation due to 

advection, thus explaining why increased oxygen is persistent in Tanner Basin but not San Nicolas Basin 

(Talley, 1993), or basinal processes due to the different shapes and depths of each basin may have 

impacted the oxygenation of each.  

 

Although oxygenation does vary across the Holocene in Tanner, San Nicolas, and San Clemente basins, 

all variability is within 1 ml L-1 [O2]and does not cross critical biological thresholds below 0.5 ml L-1 [O2] 



 58 

or above 1.5 ml L-1 [O2] in any basin. As such, variability in oxygenation and ventilation of San Nicolas, 

Tanner, and San Clemente basins is reduced relative to shallower sites, including Santa Barbara Basin and 

Santa Monica Basin, across the entire Holocene (Ohkushi et al., 2013; Moffitt et al., 2014; Balestra et al., 

2018). Additionally, Holocene-scale oxygenation changes (presented here) are reduced relative to 

glacial/interglacial changes in oxygenation in the basins examined here and in the nearby Santa Lucia 

Slope (Cannariato and Kennett, 1999; Stott et al., 2000). This indicates that Holocene-scale climate 

changes driving oxygenation change shallower than 1000 m are not impacting waters below 1000 m and 

that climate changes within the Holocene do not significantly impact oxygenation below 1000 m, despite 

changes in the intensity and extent of the OMZ shallower than 1000 m. As such, we hypothesize that 

deoxygenation due to anthropogenic climate change will also have a greater impact on the water column 

above 1000 m and that source water oxygenation is a dominant driver of oxygenation at depth and must 

be considered when predicting future oxygenation change.     

 

5 Conclusions 

Reconstruction of past oxygenation using analysis of benthic microfaunal communities (foraminiferal and 

metazoan) is optimized by combining multiple approaches including analysis of indicator taxa, 

reconstruction of oxygenation using multi-taxa indices, and community scale-analysis such as 

multidimensional analysis and diversity. Here we demonstrate the utility of combined approaches, and we 

expand the use of the Sharon-Behl Index for paleo-oxygenation reconstruction. Analysis of benthic 

foraminiferal assemblages from three silled basins (Tanner, San Nicolas, San Clemente) in the Southern 

California Borderlands combined with benthic and planktic stable isotope analysis from Tanner Basin 

show a gradual increase (0.5 ml L-1 [O2]) in oxygenation in Tanner Basin from 5.5-1.9 ka, multi-

centennial variability in oxygenation (on the scale of 0.5 ml L-1 [O2]) in San Nicolas Basin, and stability 

in the seafloor environment in San Clemente Basin. Holocene scale climate changes did not drive 

significant changes (> 1 ml L-1 [O2]) in marine oxygenation below 1000 m in the Southern California 

Borderlands. In the context of modern oxygenation changes, findings from this analysis show that 
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Holocene-scale changes in seafloor oxygenation of the Southern California Borderlands below 1000 m 

has remined relatively stable and is similar to modern throughout the Holocene. As such, we expect that 

future changes to marine oxygenation will be greater at depths above 1000 m relative to deeper waters 

and note that if anthropogenic climate change induced changes in oxygenation do cause shifts in 

dissolved oxygen greater than > 1 ml L-1 [O2] below 1000 m, it will represent a divergence from scales of 

variability over the last 11 ka.  
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6 Tables 

 

Basin Core Sample 
Interval 

Source Age 
(14C 
years) 

± 1σ 
minimum 
calendar 
age 

 

1σ 
maximum 
calendar 
age 

 

Age 
(years 
before 
present)  

Sed 

rate 
(cm 
kyr-1) 

Tanner EW95
04-09 

8-10 cm Stott et 
al., 2000 

1950 50 2619 2712 2666 10.67 

Tanner  EW95
04-09 

38- 40 
cm 

This 
paper 

5290 30 5433 5521 5477 10.25 

Tanner  EW95
05-09 

104-106 
cm 

Stott et 
al., 2000 

10790 60 11778 12051 11915  

San 
Nicolas 

EW95
04-08 

38-40 cm Stott et 
al., 2000 

6780 50 7062 7198 7130 8.89 

San 
Nicolas 

EW95
04-08 

74-76 cm This 
paper 

10330 35 11130 11225 11178 16.48 

San 
Nicolas 

EW95
04-08 

76-78 cm Stott et 
al., 2000 

10460 70 11200 11359 11280 16.48 

San 
Nicolas 

EW95
04-08 

120-122 
cm 

Stott et 
al., 2000 

12870 160 13193 14603 13898  

San 
Clemente 

EW95
04-08 

40-42 cm Stott et 
al., 2000 

8550 60 8882 9039 8960 5.29 

San 
Clemente 

EW95
04-08 

60-62 cm Stott et 
al., 2000 

11430 40 12690 12789 12739 7.21 

San 
Clemente 

EW95
04-08 

108-110 
cm 

Stott et 
al., 2000 

16650 50 19575 19207 19391  

 

Table 1. Radiocarbon ages and age model for all three cores examined here. 
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7 Figures 

 

Figure 1: Map of the locations of the three cores used in this study. The sill depth and core collection 

depth for each core is reported in meters. 

Tanner Basin
Sill Depth: 1160 m

Core Depth: 1194 m

San Nicolas Basin
Sill Depth: 1100 m

Core Depth: 1442 m

San Clemente Basin
Sill Depth: 1815 m

Core Depth: 1815 m

Figure 1
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Figure 2: Relative abundance of benthic foraminifera vs. age in thousands of years before present for 

three cores examine here: Tanner (top), San Nicolas (middle), and San Clemente (bottom). Ten most 

abundant species are shown; all other species grouped as “other.” Each color represents a taxonomic 

group (species, genus, or other). See legend at top of plot for color of each. Taxa colors are ordered (A-

M) from oxic indicator taxa (blue, top of plot) to dysoxic indicator taxa (yellow, bottom of plot). Color 

bars across bottom of each plot represent cohorts with 50% similarity following NMDS and cluster 

analysis for each individual basin (see Supplemental Figure 2). 
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Figure 3: Oxygen isotopes of planktic foraminifera G. bulloides from this study and Stott et al., 2000 

indicated as triangles (top). Oxygen and carbon isotopes of benthic foraminifera C. mckannai from this 

study and Stott et al., 2000 indicated as + (middle). In both isotope figures, data from 5.5-1.9 ka includes 

both data from Stott et al., 2000 and this study, data from 11.7-5.5 from Stott et al., 2000. Reconstructed 

dissolved oxygen content in each basin (Tanner, San Nicolas, San Clemente) using modified Sharon-Behl 

Dissolved Oxygen Index (bottom). Oxygen in ml L-1 [O2].  
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Figure 4: Reconstructed dissolved oxygen concentration (ml L-1 [O2]) from Tanner, San Nicolas, and San 

Clemente Basin (black dots) compared with modern dissolved oxygen concentration (ml L-1 [O2]) from 

CALCOFI bottle sampling (1986-2019) (gray dots). Depth of sill of each basin is labeled. 
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8 Supplemental Figures  

 

Supplemental Figure 1: Radiocarbon-based age model for three cores. Age shown in thousands of years 

before present. Linear interpolation between radiocarbon dates (black dots). Line color indicates basin: 

Tanner= dark blue, San Nicolas = medium blue, San Clemente=light blue. Dashed lined represent +/- 1 

sigma years. 
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Supplemental Figure 2: Non-metric multidimensional scaling plot of all benthic foraminiferal 

assemblages through time from three cores. Species are plotted as small gray dots. All other points 

represent assemblages from 2 cm intervals through time at each of the three cores, label is age in 

thousands of years before present. Colored dots represent each basin: Tanner= dark blue, San Nicolas = 

medium blue, San Clemente=light blue. Clusters show assemblages with 50% similarity, calculated using 

cluster analysis; five clusters are represented. 
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Supplemental Figure 3: Shell surface area (mm2) vs. water depth (m) at all points in time (A). Data 

shown here indicate all points in time from each water depth. Colors represent species: U. peregrina = 

purple, Quinqueloculina sp. = green, B. spissa = yellow. Surface area of Quinqueloculina sp. (B.) and B. 

spissa (C.) vs. time in years before present from Tanner Basin. 
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Supplemental Figure 4:  Diversity (Shannon Index, top), reconstructed dissolved oxygen concentration 

using Sharon-Behl (middle), reconstructed dissolved oxygen concentration using Schmidel Index 

(bottom) for three cores: Tanner= dark blue, San Nicolas = medium blue, San Clemente = light blue vs. 

age in thousands of years before present. 
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Supplemental Figure 5: Presence and absence of metazoan microfossils: urchin spines and ostracods. 

Presence represented as 1, absence represented as 0.  
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9 Supplemental Tables 

Species Oxygen Classification 
Modified from 
Sharon-Behl Citation for oxygenation affinity 

Bolivina argentea Suboxic   Sharon et al., 2021 
Bolivina pseudoberyethes Dysoxic   Sharon et al., 2021 
Bolivina spissa Suboxic   Sharon et al., 2021 
Bulimina tenuata Dysoxic   Sharon et al., 2021 
Cassidulina sp. Suboxic   Sharon et al., 2021 
Chlistomella ovoidea Suboxic   Sharon et al., 2021 
Cibicides mckannai Weakly hypoxic to oxic * Kaiho 1994 
Cibicides sp. Weakly hypoxic to oxic * Kaiho 1994 
Elphidium sp. Weakly hypoxic to oxic   Sharon et al., 2021 
Epistominella exigua Suboxic   Sharon et al., 2021 
Epistominella pacifica Weakly hypoxic to oxic * Cannarito and Kennett 1999 
Fursenkoina sp. Suboxic * Kaiho 1994 
Globobulimina barbata Suboxic * Ohkushi et al., 2013 
Globobulimina ovata1 Suboxic * Ohkushi et al., 2013 
Globobulimina ovata2 Suboxic * Ohkushi et al., 2013 
Globobulimina pacifica Suboxic * Ohkushi et al., 2013 
Globocassidulina sp. Suboxic   Sharon et al., 2021 
Globocassidulina subglobosa Suboxic   Sharon et al., 2021 
Hansenisca soldanii Weakly hypoxic to oxic * De and Gupta 2010 
Hansenisca sp. Weakly hypoxic to oxic   Sharon et al., 2021 
Melonis affinis Suboxic * Kaiho 1994 
Nonionella stella Dysoxic   Sharon et al., 2021 
Oridorsalis umbonatus Suboxic   Sharon et al., 2021 
Other       
Pyrgo murrhina Weakly hypoxic to oxic   Sharon et al., 2021 
Quinqueloculina sp. Weakly hypoxic to oxic   Sharon et al., 2021 
Quinqueloculina sp2. Weakly hypoxic to oxic   Sharon et al., 2021 
Uvigerina peregrina Suboxic   Sharon et al., 2021 
Uvigerina proboscoidea  Suboxic   Sharon et al., 2021 
Uvigerina sp. Suboxic   Sharon et al., 2021 
 

Supplemental Table 1: Oxygen affinity for all species examined here and utilized in oxygen transfer 

functions.   
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Chapter 3 

A systematic review of Holocene climate and oceanography of the coastal Western 

United States and Northeast Pacific 

 

Abstract 

To understand and contextualize modern climate change, we must improve our understanding of climatic 

and oceanographic changes in the Holocene (11.75 ka-present). Climate records of the Holocene can be 

utilized as a “baseline” from which to compare modern climate and can also provide insights into how 

environments and ecosystems (that are climatically and tectonically similar to present) experience and 

recover from environmental change. However, individual studies on Holocene climate in the literature 

tend to focus on a distinct geographic location, a specific proxy record, or a certain aspect of climate (e.g., 

upwelling or precipitation), resulting in localized, record-specific trends rather than a comprehensive view 

of climate variability through the Holocene. Here we synthesize the major oceanographic and terrestrial 

changes that have occurred in the coastal Western United States (bounded by 30°N to 52°N and 115°W to 

130°W) through the most recent 11.75 ka and explore the impacts of these changes on marine and 

terrestrial ecosystems and human populations. This three-tiered systematic review combines 

interpretations from over 100 published studies, codes and geospatially analyzes temperature, 

hydroclimate, and fire history from over 50 published studies, and interprets nine representative time 

series through the Holocene. We find that the early Holocene is characterized by warming relative to pre-

Holocene conditions, including warm sea surface conditions, a warm and dry Pacific Northwest, a warm 

and wet Southwest, and overall spatial and temporal stability. In the mid Holocene, these patterns reverse; 

this interval is characterized by cool sea surface temperatures, a cool and wet Pacific Northwest and warm 

and dry Southwest. The late Holocene is the most variable interval, both spatially and temporally, and a 

new spatial trend appears in terrestrial climate with warmer coastal areas and cooler inland areas relative 

to coastal. Human communities interacted with the environment throughout the entire Holocene, as 
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evidenced in archaeological and paleoenvironmental records, yet the recent era of colonization (1850-

present) represents an unprecedented environmental interval in many records. Overall, our analysis shows 

linkages between terrestrial and oceanographic conditions, distinct environmental phases through time, 

and emphasizes the importance of local factors in controlling climate through the dynamic Holocene.  

 

1 Introduction 

1.1 Overview of Holocene Climate 

In contrast to past intervals of glacial/interglacial variability, the Holocene has largely been regarded as a 

climatically stable interval. However, local and global changes in Holocene climate merit further 

investigation. Meta-analysis of global temperatures and patterns through the Holocene show a globally 

warm period from 11 to 5 ka, termed the Holocene Climatic Optimum, largely driven by a concurrent 

peak in solar insolation in the Northern Hemisphere (Mayewski et al., 2004; Wanner et al., 2008; Renssen 

et al., 2012; Marcott et al., 2013; Bader et al., 2020). Following this period of global warmth, competing 

lines of evidence show divergent global temperature regimes in the last 5ka, some records show global 

warming and others global cooling, this phenomenon is termed the Holocene Conundrum (Wanner et al., 

2008; Marcott et al., 2013; Liu et al., 2014; Marsicek et al., 2018; Bader et al., 2020). Yet, these global 

reconstructions typically under-sample records from the North Pacific and Western North America, 

motivating the need for further analysis of Holocene change over time in this region (Marcott et al., 2013; 

Kaufman et al., 2020; Praetorius et al., 2020; Walczak et al., 2020). 

 

General trends in global temperature are interrupted by multiple shifts of rapid climate change intervals 

between climate modes (marked changes in aridity and temperature) (Mayewski et al., 2004; Wanner et 

al., 2008). Holocene climate variability on various timescales has been attributed to multiple climate 

forcing mechanisms, including: changes in solar insolation, volcanic activity, land-use change, variations 

in atmospheric greenhouse gas concentrations, and resultant ocean-climate feedbacks (Crowley, 2000; 

Bradley, 2003; Atwood et al., 2016). Specifically, Northern Hemisphere solar insolation peaked at 9 ka 
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and decreased towards the present with important implications for global and regional climate (Renssen et 

al., 2012; Marcott et al., 2013; Marsicek et al., 2018; Bader et al., 2020). Peak summer insolation in the 

early Holocene contributed to a warmer Arctic and continued melting of northern hemisphere ice sheets at 

this time (Renssen et al., 2012; Bader et al., 2020). Globally, episodes of high fire activity were relatively 

common in the early Holocene with a globally observed increase in fire activity between 3-2 ka, likely 

due to a change in climate (Marlon et al., 2013). 

 

In North America broadly, mean summer temperatures increased from the last glacial maximum (26-19 

ka) (Clark et al., 2009; Waelbroeck et al., 2009) until between 6 and 3 ka by ~4OC and subsequently 

decreased; variations are documented at 1100 year frequency (Viau et al., 2006). Across the continent, 

millennial-scale climate variability on the order of 0.2OC occurs across the entire Holocene (Viau et al., 

2006). In the early Holocene, solar insolation and ice-sheet dynamics are dominant drivers of North 

American climate; following the collapse of the Laurentide Ice Sheet, the impact of ice sheet feedbacks 

on climate is reduced (Viau et al., 2006). Analysis of global and continental trends show a high degree of 

temporal and spatial climate variability highlighting the need to assess region-specific changes through 

time. Understanding regional Holocene variability is particularly relevant in order to contextualize biotic 

and environmental responses to anthropogenic climate change. 

 

1.2 Modern climate and oceanography of Western North America  

Western North America currently experiences impacts of drought, fire, fisheries and agricultural changes, 

heatwaves, and ecological shifts due to climate change (Ainsworth et al., 2011; Westerling et al., 2011; 

Mann and Gleick, 2015; Wise, 2016). Quantifying climatic and environmental changes over time in this 

region is of particular importance as it hosts a large modern human population, a multitude of natural 

resources, and highly biodiverse and productive ecosystems. By investigating climate and environmental 

change through the Holocene, we can better understand how environments and ecosystems that are 

climatically and tectonically similar to present experience and recover from environmental change 
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(Finnegan et al., 2015; Barnosky et al., 2017). We consider integrated physical processes, ecological 

responses, and human connections in this review and outline modern climate conditions below.  

 

We divide the region into the Pacific Northwest (abbreviated as PNW; including the US states 

Washington, Oregon, and northern California) and Southwest (abbreviated as SW; including the US states 

Nevada, Arizona and central/southern California).  The interaction between the Aleutian Low-pressure 

system, North Pacific High-pressure system, and Continental Thermal Low-pressure system drive 

temperature and hydrographic gradients (Fig. 1). Modern terrestrial climate of the Western United States 

varies latitudinally with cooler temperatures and wintertime precipitation in the PNW and warmer 

temperatures, general aridity, and summer precipitation driven by the North American Monsoon (NAM) 

in the SW(Fig. 1) (Adams and Comrie, 1997; Barlow et al., 1998; Sheppard et al., 2002). Additionally, 

hydroclimate varies across topographic gradients from West to East with precipitation along the coast and 

increased aridity in the interior of coastal mountain ranges.  Drought is a recurrent and salient feature of 

climate in the West, particularly in the context of anthropogenic climate change (Fig. 1) (Cook, 2004; 

Wise, 2016).   

 

Wildfire is a dominant feature of the landscape of the Western United States with climate, vegetation, and 

human activity all contributing to fire activity (Westerling et al., 2003, 2011; Marlon et al., 2012; Higuera 

et al., 2021). In areas with sufficient vegetation productivity, high temperatures and drought are 

consistently linked with greater area burned (Westerling et al., 2003; Marlon et al., 2012; Dennison et al., 

2014). In grasslands and shrublands, fire is linked to both antecedent precipitation that drives fuel 

development and duration of high temperatures. As high temperatures extend into spring and fall, the fire 

seasons coeval lengthen (Westerling et al., 2003; Marlon et al., 2012; Dennison et al., 2014). As such, the 

investigation of changes in the fire regime within the paleorecord is useful in identifying the relative 

importance of temperature, precipitation, vegetation, and human activity on wildfire. 
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Marine and terrestrial climates are linked in this region; Westerly winds influenced by North Pacific 

ocean-atmosphere dynamics result in high correlation between North Pacific sea surface temperatures 

(SST) and coastal air temperatures and hydrography (LaDochy et al., 2007; Barron and Anderson, 2011). 

The westerly winds generated by the Aleutian Low pressure system and North Pacific High pressure 

system fuel the California Current System (CCS), which flows southward from ~50° N to ~15°N (Fig. 1) 

(Hickey, 1979; Checkley and Barth, 2009). The CCS is characterized by strong seasonal wind-driven 

upwelling that drives high surface productivity along Western North America (Hickey, 1979; Checkley 

and Barth, 2009; Siedlecki et al., 2015). Respiration, remineralization, and decomposition lead to high 

organic carbon export and oxygen-depleted (CO2-rich) bottom waters (Chelton et al., 1982; Checkley and 

Barth, 2009; Siedlecki et al., 2015). Point Conception is a major oceanographic and biogeographic 

boundary, with differing conditions and relative impacts of the CCS to the north and south of this point. 

The interaction of the equatorward California Current, the poleward Davidson Current, and the sub-

surface, poleward California Undercurrent drive oceanographic conditions south of Point Conception 

(Bray et al., 1999). Seasonal, annual, and decadal events, including the Pacific Decadal Oscillation 

(PDO), North Pacific Gyre Oscillation, and El Niño Southern Oscillation (ENSO) play a significant role 

in driving Eastern North Pacific SST and productivity across multiple timescales (Lluch-Cota et al., 2001; 

Batchelder and Powell, 2002; Mantua et al., 2002; Chavez et al., 2003; Di Lorenzo et al., 2008). 

 

Changes to climate and oceanographic conditions have important implications for ecological systems. 

The Northeast Pacific is a highly productive eastern boundary, upwelling system supporting diverse and 

productive coastal ecosystems. Changes in marine currents, upwelling regime, and temperature impact 

primary production, with cascading implications for the entire marine food web (Barron et al., 2003b; 

Yati et al., 2020). In terrestrial systems, variability in precipitation, air temperature, and fire regime exert 

strong control over plant and animal communities (Marlon et al., 2006; Beaty and Taylor, 2009; Clark et 

al., 2012; Kirby et al., 2015; Shuman et al., 2018).  
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Climate and environmental change through time impact human communities that have been present in 

Western North America throughout the Holocene. Evidence from over 40 archaeological sites in North 

America shows humans were likely present before, during, and after the Last Glacial Maximum (26.5-19 

ka) (Becerra-Valdivia and Higham, 2020). Additional evidence for human presence and societal 

expansion within the geographic (Washington through Baja California) and temporal (Holocene) range of 

this review includes archaeological evidence from shell middens as well as Indigenous oral histories 

(Erlandson et al., 2007, 2009; Kennett et al., 2007; Rick, 2011; Braje et al., 2012; McKechnie, 2015; 

Becerra-Valdivia and Higham, 2020). Previous work has investigated linkages between climate and 

human communities on a local scale through the Holocene (Erlandson et al., 2007; Kennett et al., 2007; 

Rick, 2011; Braje et al., 2012; Glassow et al., 2012; McKechnie, 2015); these relationships will be further 

explored in this review.  

 

Here, we summarize and synthesize over 100 published records of both marine and terrestrial systems 

from the Western US and Northeast Pacific (See Appendix) resulting in the most comprehensive multi-

proxy Holocene climate reconstruction for this region to date. This systematic review addresses the 

following linked research questions:   

- What are the major patterns and climatic phases during the Holocene for the Western United 

States?  

- How do marine and terrestrial environments interact in this region during the Holocene? 

- How do climate and oceanographic changes impact ecological and human communities in the 

Holocene?  

 

2 Methodology 

For the purposes of this paper we follow the standard convention formally recognized by the International 

Commission on Stratigraphy (Walker et al., 2018); early Holocene (Greenlandian, 11.75-8.2 ka), mid 

Holocene (Northgrippian, 8.2-4.2 ka), and late Holocene (Meghalayan, 4.2-0 ka). We do include 
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interpretations that span across these sub-epoch time intervals. We constrain our study to the geographic 

region bounded by 30°N to 52°N and 115°W to 130°W as this region has an abundance and variety of 

long-term records and well-documented human-environment interactions through the Holocene.  

 

A multi-step systematic review was conducted to select previous studies for inclusion in this review. In 

the first step, we identified studies that met the following criteria: records from Western North America 

and the Northeast Pacific and that represented Holocene aged reconstructions. Records were initially 

found using the following topics as search terms: marine temperature, ocean circulation, marine 

productivity, terrestrial hydroclimate, drought, floods, terrestrial temperature, fire, archaeology, marine 

ecology, and terrestrial ecology. Each paper was then evaluated with a second set of criteria for inclusion 

in the paper. Records with a published age model and scope of the study within the defined geographic 

region (30°N to 52°N and 115°W to 130°W) were selected for inclusion.  

 

A total of 101 papers matched these criteria and were categorized as providing constraints on: marine 

temperature, circulation, and productivity; terrestrial hydroclimate; terrestrial temperature and fire; 

archaeology, marine ecology, and terrestrial ecology. A wide range of archive types are represented here: 

archaeology (8 papers), dendrochronology (2), speleothem (3), lacustrine sediments (36), marine 

sediments (31), and other records including geomorphology, animal midden, and lichen archives (7). This 

paper makes no attempt to evaluate the effectiveness of each proxy or to re-examine the primary data; 

rather, interpretations of data from original work are maintained. Interpretations in original papers are 

based on a variety of well-established proxies: alkenones (2 papers), carbon and nitrogen isotopes of bulk 

sediments (3), charcoal (14), diatom and silicoflagellate assemblage (7), foraminiferal assemblage (9), 

geomorphology (3), hydrogen isotopes from leaf wax (4), oxygen and carbon isotopes of nearshore 

marine organisms (7), oxygen and carbon isotopes of biogenic and non-biogenic calcite (marine and 

terrestrial, 10), macrofossil abundance (6), pollen assemblage (25), radiocarbon dating (as a proxy, not 
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only for age model development 3), sedimentology, including grain size analysis, lithology, organic 

content, carbon content analysis (29), and tree ring/tree stump analysis (4).  

 

In the second step of the systematic review process, we identified papers that met a second set of criteria, 

coded results through time, and conducted a spatial and temporal analysis of the synthesis. We selected all 

studies that span an interval of the Holocene, exceeding 3000 years, and in which the authors identified a 

clear climatic pattern for an entire Holocene interval. Results from each paper were binned into time 

intervals: early, mid, and late Holocene, and coded using the following categories: hydroclimate (wet or 

dry), temperature (warm or cold), and fire activity (high or low). Results were coded using keywords 

from the original authors’ description of climate conditions at each point in time: temperature keywords: 

warm, cold, cool; hydroclimate keywords: wet, dry, moisture, arid(ity), pluvial, fluvial, precipitation; fire 

keywords: high, low, activity, frequency, return interval, intensity. We generated a database that contains 

paper (author, date), latitude, longitude (of all sites within each paper), region (PNW or SW), archive 

type, and coded results for each category (hydroclimate, temperature, fire activity) in each interval (early, 

mid, late). Primary data were not reevaluated; rather, interpretations of data from original work are 

maintained (Appendices 4-6). For example, changes in SST may be inferred from alkenones, 

foraminiferal assemblages, or foraminiferal isotope records in previously published studies, but all are 

represented as temperature in the coded database.  We utilize the term “fire activity” to be inclusive of 

multiple paleofire proxy types including fire return intervals, CHAR, charcoal accumulation, and others. 

Some papers contributed multiple data points to this step, for example, some records included 

interpretations of multiple processes (e.g., temperature and hydroclimate) and some include 

interpretations across multiple time intervals (early, mid, late). Yet, papers that only included one 

interpretation in one interval are also included. For the papers analyzed here, the SW (30° - 40° N, 32 

papers) is more data rich than the PNW (40°- 47°N, 17 papers) and data are fairly well distributed across 

all three time periods (Figs. 2,3). Results of coded analysis were plotted in space through the three time 

intervals (early, mid, late Holocene) (Figs. 2,3). Base maps with elevation were generated using the R 
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package marmap (Pante and Simon-Bouhet, 2013) accessing bathymetric and elevation data from the 

NOAA ETOPO1 global relief model (Amante and Eakins, 2009). 

 

Following the spatial and temporal analysis, we highlight a subset of regionally representative time series 

records from the PNW (Fig. 4) and SW (Fig. 5). We prioritized records with high temporal resolution, 

continuous records, and records that span at least two intervals of the Holocene (Kaufman et al., 2020). 

Further, we selected records that represent temperature, hydroclimate, and fire activity for each region 

(PNW and SW). For these purposes, data was accessed through original papers, supplemental 

information, or through the NOAA Paleoclimate Database.  

 

3 Results and discussion 

3.1 Early Holocene (11.75-8.2 ka) 

Thirty-seven papers encompassing 60 sites fit the criteria for inclusion in the spatial analysis. Archives 

included lake sediments (17 papers), marine sediments (15 papers), and three others (archaeological, 

geomorphology, speleothem) (Appendix 5).  

 

3.1.1 Regional synthesis 

Spatial analysis of coded hydroclimate, temperature, and fire history indicate that the early Holocene was 

generally characterized by a dry and warm PNW and a wet and warm SW (Fig. 2). These trends are also 

observed in time series data from both regions (Figs. 4, 5). In the PNW, sea surface temperatures were 

warm, winters were dry, and fire activity was high (Fig. 4). In the SW, sea surface temperatures were 

warm, terrestrial temperatures were cold, fire activity was low, and hydroclimate was generally wet (Fig. 

5).  

 

Generalized warming in the early Holocene relative to pre-Holocene conditions follows two abrupt 

Northern hemisphere climate transitions, characterized by rapid warming during the Bølling–Allerød 
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(14.7-12.9 ka) and rapid cooling associated with the Younger Dryas (12.9-11.7 ka) (Barron et al., 2003b; 

McGann, 2015). Sea surface temperatures were warm across the entire coastal Northeast Pacific during 

the early Holocene (Fig. 2), likely driven by high summer insolation (insolation maximum at 9 ka) and 

warming following deglaciation. Despite warm SST across the region, terrestrial hydroclimate and 

temperatures varied latitudinally, indicating regional differences in marine-terrestrial climate linkages and 

impacts of the insolation maximum (Fig. 3). In the PNW, warm SSTs co-occured with warm and dry 

terrestrial conditions (Heusser, 1998; Barron et al., 2003b; Steinman et al., 2016), while in the SW, wet 

conditions were driven by the evolution of the North American Monsoon (NAM) and the resultant 

increase in summertime precipitation in the early Holocene relative to pre-Holocene (Fig. 2) (Bird and 

Kirby, 2006; Kirby et al., 2015; Metcalfe, 2015).  

 

3.1.2 Terrestrial climate 

In the PNW, multiple records show warm and dry conditions in the early Holocene (Mohr et al., 2000; 

Hallett et al., 2003; Briles et al., 2005; Malamud-Roam et al., 2006; Marlon et al., 2006; Gavin et al., 

2007; Long et al., 2011; Steinman et al., 2019). Drier than modern conditions existed in locations 

dominated by winter precipitation (largely PNW) (McGann, 2011; Hermann et al., 2018). An East-West 

precipitation gradient was established with warm and drier conditions in the East and wet conditions in 

the West (Brown and Hebda, 2002), fire activity was high at multiple locations (Hallett et al., 2003; 

Marlon et al., 2006; Gavin et al., 2007; Steinman et al., 2019), and the amount of biomass burning and the 

extent of tree cover increased during this time (Figs. 2, 3) (Marlon et al., 2006; Gavin et al., 2007). The 

early Holocene increase in fire activity in the PNW relative to pre-Holocene conditions may have been 

caused by warmer/drier conditions resulting from amplified seasonality due to increased insolation 

relative to pre-Holocene (Walsh et al., 2017; Steinman et al., 2019). In some locations (i.e., Scanlon and 

Castor Lake), fire frequency increased relative to glacial, but remained lower relative to the mid or late 

Holocene (Walsh et al., 2017). Few records show wet conditions in the PNW during the early Holocene 

(McQuoid and Hobson, 2001). 
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In California’s Central Valley and Sierra Nevada, the early Holocene was wet with low or variable fire 

frequency (Figs. 2, 3) (Benson et al., 2002; Bacon et al., 2006; Negrini et al., 2006; Hallett and Anderson, 

2010). Fuel abundance exerted a stronger control on fire than regional climate (Hallett and Anderson, 

2010). In the Eastern Sierra Nevada (i.e., Lower Gaylor Lake and Barrett Lake near Mono Lake), low 

biomass (sparse pine dominated forests and chaparral shrubs) reinforced by low snowpack persistence 

due to the insolation maximum, led to low fire frequency (Hallett and Anderson, 2010). In the Lake 

Tahoe Basin, precipitation was high in the early Holocene and fire frequency was low in the very early 

Holocene (11-9 ka) and transitioned to higher fire frequency than modern from 9 ka through mid 

Holocene (Lindstrom, 1990; Benson et al., 2002; Beaty and Taylor, 2009). 

 

In comparison to the arid PNW, early Holocene conditions in the SW were largely wetter than modern 

(Fig. 2). Lacustrine records from across the SW show heavy precipitation in the early Holocene (Bird and 

Kirby, 2006; Kirby et al., 2007, 2010, 2012, 2014, 2015; Bird et al., 2010; Du et al., 2018). Wet 

conditions at this time were driven by the development of the NAM (Bird and Kirby, 2006; Kirby et al., 

2007; Marcott et al., 2013; Hermann et al., 2018). The enhancement of the NAM is attributed to warm 

SSTs in the Gulf of California and to the early Holocene winter insolation minimum and summer 

insolation maximum leading to an increased frequency of both winter storms and of tropical cyclones 

making landfall in southern California (Bird and Kirby, 2006; Kirby et al., 2007; Marcott et al., 2013; 

Hermann et al., 2018). A pluvial episode was synchronous across multiple sites in southern California 

from 9.1 to 8.25 ka and may have been driven by atmospheric river-like winter storms (Kirby et al., 

2012). High moisture/precipitation is shown in both inland (desert) and coastal sites, including increased 

runoff into the Santa Barbara Basin from 9 to 8.5 ka (Kirby et al., 2007, 2010, 2012, 2014; Du et al., 

2018). In contrast, lake sediment records from southern California that resolve summer evaporation show 

high evaporation and multiple intervals of drought in the early Holocene; high winter precipitation and 
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high summer evaporation may explain the differences between multiple records in this region (Kirby et 

al., 2019). 

 

3.1.3 Marine conditions 

Offshore of southern Oregon through Central California, the early Holocene was characterized by warm 

SSTs resulting from subtropical waters transported by currents comparable to the modern-day Davidson 

Current (Figs. 1, 2) (Mix et al., 1999; Barron et al., 2003b; Barron and Bukry, 2007a). In this area, the 

oceanographic regime was characterized by overall warm conditions, moderate to high export 

productivity, ventilation of deeper waters, and the development of the oxygen minimum zone (Barron et 

al., 2003b; McGann, 2011; Addison et al., 2017). During this time, the California Current was weaker 

than present allowing a strong northward Davidson-like current (Barron and Bukry, 2007a). Though 

upwelling was weaker than modern in the early Holocene, records from offshore Oregon show moderate 

marine productivity and multiple records indicate an increase in coastal upwelling beginning at 9 ka 

(Gardner et al., 1988; Barron et al., 2003b; Addison et al., 2017; Barron et al., 2017).  

 

Offshore southern California (in Santa Barbara Basin), high productivity and overall warm SSTs occurred 

during the early Holocene (Kennett et al., 2007; Fisler and Hendy, 2008). Records extending from 

northern California south to the Baja California (Sur) peninsula indicate that in many locations, the onset 

of poorly oxygenated conditions in subsurface and intermediate waters occurred in the early Holocene, 

indicating changes in surface water productivity, intermediate water ventilation, or both relative to pre-

Holocene conditions (Kennett and Ingram, 1995; Mix et al., 1999; Roark et al., 2003; van Geen et al., 

2006; Moffitt et al., 2014). Changes in the strength or source of North Pacific Intermediate Water and the 

incursion of lower oxygen intermediate waters in Santa Barbara Basin (SBB) are also indicated (Roark et 

al., 2003; Moffitt et al., 2014).  
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3.1.4 8.2 ka Event 

The end of the early Holocene is marked by a large-scale Northern Hemisphere cooling event initiated by 

an abrupt drainage of Lake Agassiz into the North Atlantic that weakened Atlantic Meridional 

Overturning Circulation, and is well documented in many records (Thomas et al., 2007; Matero et al., 

2017; Estrella-Martínez et al., 2019; Voarintsoa et al., 2019). Although this is a globally well described 

event, relatively few records (fewer than 10 records reviewed in this paper) from the Northeastern Pacific 

and Western United States record impacts of this event. In central California (White Moon Cave), 

speleothem records show increased effective moisture at 8.2 ka which is attributed to intensification of the 

Pacific storm track that is synchronous on Eastern and Western sides of the Pacific (Oster et al., 2017). A 

lake record from Dry Lake in the SW (San Bernardino Mountains) shows a cooler, dryer and enhanced 

erosional period during the 8.2 ka event (Bird and Kirby, 2006). Marine records from off the coast of 

northern California (near the California-Oregon border) show a cold event at 8.2 ka, but this is not noted 

in other nearby marine records (Barron et al., 2003b). We hypothesize that the 8.2 ka event has a limited 

impact in this region, apart from the teleconnected impact of changes to the Pacific storm track impacting 

local hydroclimate.   

 

3.1.5 Ecological responses to change 

In the early Holocene, terrestrial plant communities generally indicate warm conditions, but show a 

process of succession out of glacial-associated ecosystems (Heusser, 1998). In the PNW, expansion of 

alder (Alnus) and ferns (Pteridium) began at the start of the Holocene, and Douglas fir (Pseudotsuga 

menziessii), western hemlock, grasses (Poaceae), and bracken fern (Pteridium) forests emerged by the 

end of the interval (Heusser, 1983; Pellatt et al., 2001). Southern Oregon cave records demonstrate 

taxonomic stability in plant communities through the early Holocene with communities dominated by 

pine (Pinus) and sagebrushes (Amaranthaceae, Artemisia) (Beck et al., 2018). In the Klamath mountains, 

pine and oak (Quercus) dominated the pollen record during the warm dry early Holocene; similarly, pine, 

oak, and juniper dominated the record in the Siskiyou Mountains (Mohr et al., 2000; Briles et al., 2005). 
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In northern California, pollen assemblages indicate warm winters, including an expansion of coastal 

redwoods, and declining alder (Alnus) forests (Barron et al., 2003b; Lyle et al., 2012). The increasing 

upwelling during the Holocene led to enhanced coastal fog and as a result, increasing dominance of 

coastal redwood (Sequoia sempervirens) (Gardner et al., 1988; Barron et al., 2003b; McGann, 2015; 

Addison et al., 2017). In Central California, increases in redwoods, oaks, Nepenthes densiflora, and 

Asteraceae indicate warmer and wetter conditions relative to glacial (McGann, 2015). In southern 

California, the early Holocene maintained a forest ecosystem distinct from the modern with more pines 

and conifers than in the late Holocene and modern (Heusser, 1978).  

 

In marine systems off the coast of northern California (Farallon Escarpment and offshore of the Russian 

River) transitions in planktic and benthic fauna occurred during the early Holocene as environmental 

conditions transition out of the glacial (Gardner et al., 1988; McGann, 2011).  From 11.75 to 10 ka marine 

sediment records show low abundance of the upwelling-associated diatoms Thalassionema nitzschioides 

and Thalassionema longissimi, and the dominance of a cool, subpolar foraminiferal assemblage (Gardner 

et al., 1988). By 10.5-9 ka, carbonate productivity and total carbon peaked and warm water morphotypes 

of foraminifera were dominant across two northern California marine sediment records during this spike 

in productivity (Gardner et al., 1988; McGann, 2011).  In coastal systems, kelp forests were present along 

the entire coastline from the SW to the PNW and increased in both size and range during the early 

Holocene (Erlandson et al., 2007; Graham et al., 2010). In deeper waters, the gradual development of the 

oxygen minimum zone in the early Holocene led to a transformation of seafloor ecosystems to a low 

oxygen-adapted assemblage (Cannariato and Kennett, 1999; Moffitt et al., 2014). Off the coast of Point 

Conception, seafloor fauna (e.g., benthic foraminifera) were variable in the early Holocene, with the 

establishment of the modern fauna by 9ka (McGann, 2015). In Northern (Farallon Escarpment) and 

southern California (SBB), low oxygen conditions developed during the early Holocene and caused a 

shift in benthic fauna during this interval (Cannariato and Kennett, 1999; McGann, 2015). 
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3.1.6 Human-environment interactions 

Evidence for human presence and settlement along the North American Pacific coast throughout the 

Holocene is well documented in Indigenous ethno-history and archaeological records, yet these records 

are geographically disparate (Erlandson et al., 2007; McKechnie, 2015; Edinborough et al., 2017). In the 

PNW, archaeological evidence for human presence is documented prior to the start of the Holocene 

(Kaufman et al., 2016; Beck et al., 2018; Becerra-Valdivia and Higham, 2020). One hypothesis for human 

migration across this region suggests that the southward migration of people just prior to the Holocene 

was correlated with the availability of marine resources (Erlandson et al., 2007). Abundant early 

Holocene archaeological records from the Channel Islands show evidence of a diversified maritime 

economy, consumption of shellfish, marine mammals, and fin fish, yet a relatively small population size 

relative to later in the Holocene (Erlandson et al., 2007, 2009; Braje et al., 2012). Additional localized 

studies of human responses to environmental and ecological variability on the Channel Islands capture 

snapshots of human-environment interaction in the early Holocene, but do not capture the full time 

interval and thus are not included here.   

 

3.2 Mid-Holocene (8.2-4.2 ka) 

Thirty-five papers encompassing 60 sites met the criteria for spatial analysis and were coded and plotted 

in Figs. 2 and 3. Archives included lake sediments (n=19), marine sediments (n=14), and two others 

(terrestrial midden, tree stump) (Appendix 5).  

 

3.2.1 Regional synthesis 

Spatial analysis of coded hydroclimate, temperature, and fire history indicates that the mid Holocene was 

characterized by a wet and cool PNW and a dry and warm SW relative to modern conditions (Fig. 2). Fire 

activity was high in the Sierra Nevada mountains and variable and transitional in the PNW (Fig. 3). Time 

series analyses supports these findings: offshore of the PNW, sea surface temperatures were cool, 

upwelling activity was moderate and terrestrial PNW winters were wet, fire activity was low and variable, 



 91 

and the overall hydroclimate was wet relative to the early Holocene (Fig. 4). In the SW, sea surface 

temperatures were warm, fire activity was high, hydroclimate was generally dry, and human-environment 

interactions increased as populations in this region increased relative to the early Holocene (Fig. 5).  

 

Hydroclimate and temperature trends functionally reversed in the mid Holocene relative to the early 

Holocene, and the mid Holocene was a time of transition and variability in many records (Figs. 4, 5). In 

the PNW, SST transitions from warm to cool temperatures coeval with a shift from warm and dry to cool 

and wet terrestrial conditions. These coincident transitions suggest that the mechanisms for marine-

terrestrial climate linkages persisted through the early and mid Holocene, namely a negative correlation 

between marine temperatures and terrestrial moisture/precipitation (Fig. 2). Yet nuanced changes 

occurring on shorter timescales may play an important role in determining hydroclimate of the region. A 

previously published review of hydroclimate records in Western North America (PNW, northern Rockies 

and most of California) at 6 ka shows aridity in areas that are dominated by winter precipitation, including 

multi-decadal to centuries-long ‘mega droughts’ due to reduced winter water vapor transport (Hermann et 

al., 2018). However, our findings reveal that when evaluated at a broader timescale (8.2-4.2 ka), the mid 

Holocene PNW is cool and wet (Fig. 2). We posit two hypotheses to reconcile these differences. First, we 

propose that the coastal PNW was wet and cool whereas interior areas may have been dry (Hermann et 

al., 2018). Alternatively, in the PNW, this time period may have been characterized by seasonal 

hydroclimate extremes, multiple records identify high winter precipitation and warm summers with high 

evaporation (Marlon et al., 2006; Whitlock et al., 2008; Steinman et al., 2016), thus exhibiting both wet 

and dry phases on short timescales. As such, seasonally resolved proxies are particularly advantageous to 

fully capture climate in the past.  

 

The shift in SW terrestrial hydroclimate from wet in the early Holocene to dry in the mid Holocene (Fig. 

2) may be due to several processes. A southward shift in NAM occurred between 9 and 6 ka, resulting in 

Mexico, rather than California, receiving a higher amount of precipitation (Metcalfe, 2015). Further, 
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pluvial episodes driven by atmospheric river-type storms are rare in the mid Holocene, with the exception 

of one pluvial episode from 7.0-6.4 ka that is synchronous across several southern California records 

(Kirby et al., 2012). Both phenomena (atmospheric rivers and NAM) are linked to changes in eastern 

tropical Pacific SSTs, rather than adjacent marine conditions in the Northeast Pacific (Fisler and Hendy, 

2008; Kirby et al., 2012; Metcalfe, 2015). Thus, the lack of precipitation, driven by a local reduction in 

the NAM, a southward shift in the NAM, or absence of atmospheric river-like storms or the combination 

of all three led to overall aridity in the Southwest in the mid Holocene, and may not have been driven by 

local changes in SST of adjacent marine systems (Fig. 2).  

 

3.2.2 Terrestrial climate 

Between 8.2 to 4.2 ka, terrestrial conditions were generally cool and wet in the PNW and warm and dry in 

the SW, while marine systems were generally cool (Fig. 2), yet the mid Holocene was a time of transition 

and variability in terrestrial climate. A transition to cooler, wetter conditions during the mid Holocene 

occurred across several sites in the PNW (Nederbragt and Thurow, 2001; Marlon et al., 2006; Long et al., 

2011; Walsh et al., 2017). For example, lake sediment records from north-central Washington (Scanlon 

and Castor Lake) demonstrate the variability in mid Holocene hydroclimate including low lake stand at 7 

ka and high lake stand at 5 ka (Steinman et al., 2019). 

 

Fire records from the PNW indicate a transition in hydroclimate and vegetation (Fig. 3). Fire activity 

increased on Vancouver Island, in the Oregon coast range, and in the Klamath and Siskiyou mountains 

through this interval (Brown and Hebda, 2002; Briles et al., 2005; Whitlock et al., 2008; Long et al., 

2011). In Oregon and the northern Rocky Mountains, the combination of cooler, wetter conditions 

increased fuels and hot, dry summers led to more severe and larger fires relative to the early Holocene 

(Marlon et al., 2006; Whitlock et al., 2008). In coastal areas, increases in fire activity were linked to 

increased summer drought over time (Briles et al., 2005; Whitlock et al., 2008). Yet, in other nearby 

regions, fire activity was variable: on Mount Rainier, fire activity increased from 8 to 6.6 ka and 
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decreased from 6.6 to 4 ka (Walsh et al., 2017), in northern Washington, fire frequency decreased at the 

start of the mid Holocene with the development of cooler, wetter summers, yet increased again at 4.5 ka 

(Gavin et al., 2007).  

 

In the mid Holocene, the Sierra Nevada was dry relative to the early and late Holocene (Lindstrom, 1990; 

Benson et al., 2002; Hallett and Anderson, 2010; MacDonald et al., 2016). A northerly shift in the 

Intertropical Convergence Zone (ITCZ) in the mid Holocene led to reduced winter precipitation 

(including snowpack), which led to drier summers and increased fire frequency relative to early Holocene 

(Hallett and Anderson, 2010). Previous work investigating paired marine-terrestrial records from the 

Sierra Nevada (Kirman Lake) and eastern tropical Pacific highlight the connection between SST cooling 

(in the eastern tropical Pacific) and increased aridity (MacDonald et al., 2016). The marine-terrestrial link 

driving precipitation patterns was strongest throughout the mid Holocene, particularly from ~ 8 to 3 ka 

(MacDonald et al., 2016). The combination of aridity and increased biomass, led to control of fire by 

climate in the Sierra Nevada Mountains (Fig. 3) (Hallett and Anderson, 2010). Increased fire activity was 

synchronous with warming in the Eastern Sierra beginning at 5 ka (Hallett and Anderson, 2010). 

Additionally, high fire frequency in Lake Tahoe Basin in the mid Holocene (peak at 6.5 ka) was 

synchronous with high fire frequency in N. California and Oregon and is attributed to warm dry climate in 

the Lake Tahoe Basin at this time (Beaty and Taylor, 2009). 

 

In the SW, the mid Holocene is characterized by generalized arid conditions. Lake records from the 

Mojave Desert (Silver Lake, California) indicate a distinct dry period from ~4.2-7.8ka (Kirby et al., 

2015). Vegetation traces (macrofossils and pollen) from packrat middens in the Mojave Desert indicate 

increased aridity compared to modern with a particularly arid period from 6.8 to 5.0 ka (Spaulding, 1991). 

Pollen records from marine sediments offshore Central California identify a “mid Holocene dry period” 

from 8-6.4 ka (McGann, 2015). On the Channel Islands, hydroclimate conditions shifted from dry to wet 

at ~6.9 ka, coincident with an increase in fire activity (Anderson et al., 2010). Despite aridity in the desert 
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SW, marine sediment records from SBB show extreme precipitation events with increased flooding 

occurring between 7.3-6.6 ka and 5.5-3.0 ka (Du et al., 2018). Finally, lake sediment records from Lake 

Elsinore show multiple pluvial episodes and lower relative evaporation in the mid Holocene (Kirby et al., 

2019). 

 

3.2.3 Marine conditions 

In the mid Holocene, records indicate that off the coast of Oregon and California, sea surface 

temperatures were cool, while the Santa Barbara Basin was warm (Fig. 2) (Mix et al., 1999; Fisler and 

Hendy, 2008; Barron and Anderson, 2011; Barron et al., 2019). Generally, the North Pacific was 

experiencing negative PDO or La Niña-like conditions, with a weak/west-shifted winter Aleutian Low 

and strong/northward summer North Pacific High (Barron and Anderson, 2011). A dominant feature of 

mid Holocene Eastern North Pacific oceanography was an increase in coastal upwelling. Marine sediment 

records from offshore of northern California (40.9°N, 124.6°W) suggests a two-fold increase in upwelling 

and coastal fog beginning at 5.4 ka and a decrease in SST at 5 ka (Barron et al., 2003b; Addison et al., 

2017). Coastal upwelling off California was enhanced during the summer and fall but suppressed during 

the spring as a result of a strong North Pacific High driven by orbital forcing (Diffenbaugh et al., 2003; 

Diffenbaugh and Ashfaq, 2007; Barron and Anderson, 2011). The increase in upwelling is due to a 

strengthening of the California Current and is documented as far south as Point Conception but is not 

documented in Santa Barbara Basin (Barron and Bukry, 2007a). Despite a cooling trend seen in multiple 

records from off the coast of Oregon and northern California, records from offshore Central California 

(Farallon Escarpment) show a slight warming trend through time, but at a decreased rate relative to the 

early Holocene, a decrease in carbonate productivity and total carbon export, relative to the early 

Holocene and continued low oxygen at depth (McGann, 2011). Warming conditions through the mid 

Holocene observed offshore Central California conflict with studies from further north showing a cooling 

trend, but compare favorably with records of warming from farther south (McGann, 2011).    
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Sea surface temperatures during the mid Holocene were generally warm in SBB and periodically 

punctuated by short cool periods at 8.2, 7.6, 5, 4.2 ka (Fisler and Hendy, 2008) and an interval of cold, 

high productivity from 5.8-6.3 ka (Kennett et al., 2007). Additional evidence from SBB shows that the 

mid Holocene was warmer and more variable than the early Holocene which may have been due to 

increased decadal scale variability (Friddell et al., 2003; Fisler and Hendy, 2008). SSTs in SBB initially 

rose by 3-4OC followed by an abrupt increase of > 2OC in less than 40 years at 7.5 ka (Friddell et al., 

2003). Nearshore conditions on the Channel Islands were variable with an interval of cooler than modern 

SST during 6.3-5.3 ka preceded and followed by intervals of warmer than modern SSTs (Glassow et al., 

2012). Circulation and ventilation of relatively young North Pacific Intermediate Water into SBB was 

stable through the mid Holocene (Roark et al., 2003). When compared to global records, SST trends from 

the North Pacific (generalized warming in the North Pacific from 7 ka to present) are inversely correlated 

with the SST in the North Atlantic (Kim et al., 2004). 

 

3.2.4 Ecological responses to climate change 

In the PNW, ecosystems responded to increases in moisture in the mid Holocene. The establishment of 

rainforest taxa in northern Cascades forest occurred during wet conditions and a variable fire regime in 

the mid Holocene (Hallett et al., 2003). Lake sediment records from near Mount Rainier show a shift to 

cooler, wetter conditions and a transition to mesic forests, indicating an increase in effective moisture 

(Walsh et al., 2017). In British Columbia, mild winters led to an increase in oaks, hemlock, and grasses 

during this interval (Pellatt et al., 2001). In northern Washington, lodgepole pine-dominated forest 

transitioned to a forest with abundant western white pines and Douglas-fir trees (Gavin et al., 2003, 

2007). Near the end of the mid Holocene (~4.5 ka), fire frequency once again increased, despite the 

development of the modern western hemlock and redcedar forest that typically indicate cooler, wetter 

climate and mild summers (Gavin et al., 2003, 2007). In contrast, one record from the Saanich Inlet 

(British Columbia) shows that oak and Douglas fir increased during this time (Heusser, 1983, p.19). In 



 96 

northern California, terrestrial systems shifted from dominance by pine to an increased presence of 

Sequoia coastal redwoods, indicating an increase in fog (Barron et al., 2017) 

 

Farther south, pollen records from Santa Barbara Basin show numerous changes in terrestrial ecosystems 

during this interval, including a decrease in Pinus and conifers; a general decrease in all trees leads to a 

temporary peak in herbaceous plants (Asteraceae) (at 5 ka) followed by a transition to a chaparral, coastal 

sage scrub dominated ecosystem and an increase in oaks (Heusser, 1978, 1998). A brief period of dry 

conditions from 8-6.4 ka led to an increase in herbs (Asteraceae) and pines with a coincident decrease in 

oaks and tanoak (N. densiflora) in Central California (McGann, 2015). In southern California, salt marsh 

fauna peaks at 6 ka and riparian community plants generally decrease through the Holocene; changes that 

are linked to drying trends in the SW in the mid Holocene (Heusser, 1978).   

 

In marine systems offshore northern California, the increase in upwelling through the mid Holocene 

impacted both planktic and benthic ecosystems. For example, T. nitzschioides dominate the 

diatom/silicoflagellate assemblage, which indicates a shallow thermocline, high productivity within the 

California Current, and increased upwelling (Gardner et al., 1988; Barron et al., 2017). In SBB, an 

increase in warm water planktics and a Neogloboquadrina incompta dominated assemblage indicates a 

stable, warm, and stratified water column (Fisler and Hendy, 2008). The establishment of the modern low 

oxygen zone continues in this interval, with important implications for seafloor ecosystems including the 

development of a novel community between 7-5 ka, associated with sulfide-rich, anoxic chemosynthetic 

seafloor ecosystems in SBB (Moffitt et al., 2015).  

 

3.2.5 Human-environment interactions 

Similar to the early Holocene, much of the evidence of human activity and interaction with the 

environment during the mid Holocene is centered at the Channel Islands due to exceptional preservation 

of shell middens. In the mid Holocene, human population on the Channel Islands increased resulting in 
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enhanced marine harvesting pressure after 6 ka, as indicated by an increase in shell midden diversity (Fig. 

5) (Braje et al., 2012). Increased reliance on marine resources for food may have also been due to severe 

arid conditions (6.3 – 5.0 ka) that reduced terrestrial resources and availability of drinking water. This 

environmental shift facilitated an increase in fisheries as well as coastal shellfish harvesting (Kennett and 

Kennett, 2000; Kennett et al., 2007). Further, evidence of exchange between people on the Channel 

Islands with people in the Great Basin increased during this time and by the mid Holocene, semi-

permanent villages were established on the Channel Islands (Kennett and Kennett, 2000; Kennett et al., 

2007). As in the early Holocene, records of human community occupation and interactions with the 

environment are widespread in the mid Holocene, yet most represent snapshots in time and thus, are not 

included in the review.  

 

3.3 Late Holocene (4.2 ka-present) 

Twenty-eight papers encompassing 66 sites met the criteria for spatial analysis and were coded and 

plotted in Figs. 2 and 3. Archives included lake sediments (n=16) and marine sediments (n=12) 

(Appendix 5). 

 

3.3.1 Regional synthesis 

Analysis of coded hydroclimate, temperature, and fire history shows that the late Holocene was 

characterized by a wet PNW and wet and variable SW relative to the early and mid Holocene (Fig. 2). 

Marine temperatures were warm while terrestrial temperatures were cool and variable across both regions 

(Fig. 2). Fire activity was high and varied across both regions (Fig. 3). In the PNW, SSTs were warm, 

upwelling activity was high, coastal fog and moisture increased, fire activity was high, and the overall 

hydroclimate was variable (Fig. 4). In the SW, SSTs were variable, fire activity was high and variable, 

hydroclimate was generally wet, and human-environment interactions increased as populations in this 

region grew (Fig. 5).  Due to the accessibility of more recent records, late Holocene records are abundant, 

yet despite this, fewer late Holocene studies were included in the coded spatial analysis relative to the mid 
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or early Holocene as relatively few presented a coherent finding for the entire interval and intra-record 

variability was high in the late Holocene. Although for some records, temporal resolution increases 

towards the present, increased variability relative to the early and mid Holocene is persistent across 

multiple proxy types and temporal scale of record.  

 

In comparison to the early and mid Holocene, the late Holocene shows greater variability in hydroclimate, 

temperature, and fire history both within and among records. Marine-terrestrial linkages in the late 

Holocene also show high variability and an increase in dominance of decadal to annual phenomena (Fig. 

2). Coastal upwelling and precipitation are linked; intervals of stronger upwelling are linked to wetter 

conditions, and reduced upwelling is tied to aridity. In the late Holocene, upwelling and precipitation 

increased in magnitude and variability through this interval (Ingram, 1998; Addison et al., 2017). 

Changes in PDO exerted control on terrestrial hydroclimate. A period of negative PDO at 1.1-0.7 ka, with 

cooler North Pacific SST and higher upwelling, is coeval with prolonged drought in western North 

America (MacDonald and Case, 2005). Southwestern droughts in late Holocene co-occur with cooler than 

average SST in SBB. Similarly, nearshore records from Central California show high SST variability 

coincided with drought during the interval from 0.7-0.5 ka (Fig. 2) (Jones and Kennett, 1999; Barron et 

al., 2010). Late Holocene changes to PDO and ENSO progressed northward, with enhanced ENSO/PDO 

effects beginning at 4 ka in southern California and 3.4 ka in northern California (Barron and Anderson, 

2011). Further, the late Holocene exhibited alternating wet and dry cycles that may be linked oscillation 

of precipitation sources between tropical and North Pacific-sourced water (Feakins et al., 2014; Kirby et 

al., 2014). High variability within and between records (Figs. 2, 3) is a dominant trend across both the 

PNW and SW in the late Holocene.  

 

3.3.2 Terrestrial climate 

Hydroclimate varies spatially and temporally through the late Holocene with the highest and most 

variable fire activity relative to the early or mid Holocene (Figs. 2, 3).  In the PNW, multiple records 
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show a cool and wet climate, with pronounced wet periods (Mohr et al., 2000; Nederbragt and Thurow, 

2001; Reyes and Clague, 2004; Briles et al., 2005; Malamud-Roam et al., 2006). However, trends of 

increasing aridity towards the present and intervals of drought are also documented (Steinman et al., 

2016, 2019; Walsh et al., 2017; Shuman et al., 2018). In the San Francisco Bay region, hydroclimate was 

also variable, with intervals of aridity documented at 3.0-2.5 ka and 1.7-0.73 ka (Byrne et al., 2001; 

McGann, 2008). 

 

In the PNW, fire activity was high and variable in the late Holocene, despite intra-regional differences in 

hydroclimate and vegetation. Fire activity on Mount Rainier was highest in the past 4 ka relative to the 

rest of the Holocene, and conditions became increasingly dry throughout the late Holocene (Steinman et 

al., 2016, 2019; Walsh et al., 2017).  Vegetation records show a surprising dominance of flora associated 

with cooler, wetter conditions despite the highest number of fire episodes and shortest fire return intervals 

during this period  (Walsh et al., 2017). In North Cascades National Park in northern Washington, high 

variability in fire frequency and lower synchrony among forest fire events occurred even within the same 

forest. A decrease in fire frequency from 3.5-2.4 ka corresponded with a cool, humid climate, while high 

fire frequency from 2.4-1.3 ka suggests more frequent prolonged summer drought (Hallett et al., 2003; 

Gavin et al., 2007). In this region, the present-day fire regime was established by 1.3 ka (Hallett et al., 

2003; Gavin et al., 2007). In the Oregon coast range, changes in vegetation led to a decrease in fire 

activity beginning at 2.75 ka. The increase in fire frequency and variability in the PNW may have been 

due to changes in forest composition, changes in temperature and precipitation, increased ENSO 

frequency leading to increased summer drought, or due to increases in human population and thus, 

human-induced fire (Walsh et al., 2017). Despite an increase in precipitation and a decrease in 

temperature, charcoal accumulation rates from the Oregon Coast Range and northern California 

(Klamath-Siskiyou Mountains) suggest that fires became larger and more severe in this region, with high 

variability during the latter part of the Holocene, likely due to increases in woody vegetation to fuel forest 

fires (Marlon et al., 2006, 2013; Whitlock et al., 2008).  
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Spatial and temporal variability in climate and fire history occurred across the Sierra Nevada mountains 

(Figs. 2, 3). In the eastern Sierras, hydroclimate varied throughout the late Holocene; Mono Lake water 

level fluctuated through this time (3.77 ka- highest in last 7 ka, 1.8 ka low stand, multiple rapid 

fluctuations in last 1.2 ka), Owens Lake exhibited three intervals of wetter and cooler climate at 3.6 ka, 

0.8 ka, and 0.35 ka (Bacon et al., 2018), and increased precipitation through the late Holocene at Pyramid 

Lake led to rising lake levels (Benson et al., 2002). Strong fire synchrony occurred in the Sierra Nevada 

since 2.5 ka which is linked to periods of drought (Hallett and Anderson, 2010). In the Lake Tahoe Basin, 

changes in vegetation from open forest to mesic forest drive a decline in fire frequency from the Mid-

Holocene to modern, with a particularly low fire interval from 4.0 to 3.5 ka (Beaty and Taylor, 2009). 

Records from the Sierra Nevada show glacial advancement linked to cooling beginning 3.9 ka (Konrad 

and Clark, 1998) 

 

In Central and southern California, multiple wet and dry phases occurred through the late Holocene (Fig. 

2) (Feakins et al., 2014; Kirby et al., 2014). In coastal Central California, marine records show that winter 

precipitation increased in the late Holocene (McGann, 2011). Several lake records from southern 

California (Lower Bear Lake, Lake Elsinore, Tulare Lake, and Owens Lake) all indicate a return to wetter 

conditions beginning between 4.0-3.35 ka (Kirby et al., 2010, 2014). Records from coastal lagoons on 

Santa Rosa Island and in southern California show multi-centennial fluctuations between wet and dry 

conditions (Davis, 1992; Anderson and Byrd, 1998; Cole and Wahl, 2000; Anderson et al., 2010).  

Similarly, records from Zaca Lake and Lake Elsinore indicate multiple wet and dry intervals, including 

multi-centennial drought from 2.0-2.7 ka (Dingemans et al., 2014; Kirby et al., 2014, 2019). This 

alternation of wet and dry cycles may be linked to alternation of precipitation source water between more 

tropical and more North Pacific source water (Feakins et al., 2014; Kirby et al., 2014). In some records, a 

late Holocene Dry Period (1 – 0.2 ka) is identified (Platzman and Lund, 2019), and persistent droughts 

and elevated aridity are dominant across the Western US from 1.1 to 0.7 ka (Cook, 2004). In the Mojave 
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Desert (Silver Lake, California) conditions returned to ephemeral, wet lake conditions beginning at 3.8 ka 

after a mid Holocene period of aridity (Fig. 5) (Kirby et al., 2015). Yet other records show increased 

aridity in the Mojave Desert compared to the mid Holocene (Spaulding, 1991).  

 

Across the study region, extreme events (rainfall, drought, flooding) become a dominant feature across  

multiple records over the past 2 ka (Cook, 2004; Malamud-Roam et al., 2006; Rasmussen et al., 2006; 

Kirby et al., 2015). A pronounced megadrought occurred in Western North America from 1.1 - 0.7 ka, 

that was previously linked to cool SST over the Eastern Tropical North Pacific (Cook, 2004). More 

variable conditions have been attributed to changes in insolation as well as shorter term processes 

including ENSO and PDO (Cook, 2004; Kirby et al., 2007, 2010; Barron and Anderson, 2011). Gradual 

decreases in summer insolation and increases in winter insolation contribute to maximum drying in the 

late Holocene relative to the early Holocene (Kirby et al., 2007). Enhanced PDO and ENSO variability in 

the last 4 ka contribute to increased terrestrial hydroclimate and temperature variability (Kirby et al., 

2010; Barron and Anderson, 2011). 

 

3.3.3 Marine Conditions 

In the late Holocene, SST increased and spring upwelling increased off the coast of Oregon and 

California and SST decreased in the Santa Barbara Basin relative to the mid Holocene (Figs. 2, 4, 5) 

(Barron et al., 2003a; Kennett et al., 2007; Barron and Anderson, 2011). Late Holocene marine conditions 

show increased variability in SST, intensification of the California Current System, and increased 

upwelling relative to the mid Holocene (Fig. 3) (Barron and Bukry, 2007a; Barron and Anderson, 2011). 

While global records suggest a shift in climate characteristics at 4.2 ka, several California and Oregon 

records experience a delayed mid to late Holocene shift (Barron and Bukry, 2007a; Addison et al., 2017; 

Barron et al., 2017). Modern seasonality within the California Current (strong spring-summer upwelling 

with cool SSTs, and relaxation with warmer SSTs during fall) was established between 3.5 and 3.2 ka 

(Barron and Bukry, 2007a). Diatom-based productivity increased at 2.9 ka offshore of northern California 
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and changes in relative abundance of diatom and pollen species suggest significantly increased upwelling 

and productivity at this time (Addison et al., 2017). Additional evidence from offshore of northern 

California shows cooler SSTs occurred from ~3.6 and 2.8 ka, accompanied by increased precipitation, an 

abrupt warming of winter SSTs at 2.8ka, and an intensification of spring upwelling beginning 2.6 ka 

(Barron et al., 2017). Since 2.6 ka, PDO-like warm-cool oscillations have dominated the SST regime 

(Barron et al., 2017).  

 

Further south, off the coast of Santa Cruz, California, upwelling and productivity increased steadily 

through the late Holocene (Barron et al., 2019). Additional records from offshore Central California 

indicate the late Holocene marked the onset of warm modern offshore conditions with high productivity 

(total and organic carbon export) relative to the mid and early Holocene (McGann, 2011; Barron et al., 

2019). Marine oxygenation off the coast of Central California declined through the late Holocene 

(McGann, 2011). Nearshore records from Central California show that SST was 1OC cooler than modern 

from 2-0.7 ka (Jones and Kennett, 1999).  

 

In southern California, late Holocene SST cooling with high SST variability (in Santa Barbara Basin) 

began at ~4 ka (Fig. 5) (Kennett et al., 2007; Fisler and Hendy, 2008). High amplitude changes in salinity 

due to variability of input of freshwater into the basin are documented within SBB (Kennett et al., 2007). 

Brief cold events occurred in SBB at ~4.2-3.8, 1.5-1.2, and 0.8-0.3 ka and correspond to glacial advances 

in the Sierras (Fisler and Hendy, 2008). Variable oceanographic conditions in the late Holocene may be 

due to increasing ENSO variability in the tropical Pacific (Barron and Bukry, 2007b). Intensification of 

the California Current and increased East-West seasonal gradients (driving increased winds that enhance 

upwelling) are documented offshore northern California (Barron et al., 2003b; Barron and Bukry, 2007b, 

b) and across the southern California Borderlands. Nearshore records from Santa Cruz Island show 

persistently cold SSTs and persistent upwelling on the west coast of Santa Cruz Island in late Holocene 

compared to a wider range of nearshore conditions on the south side of the island (Flores, 2017). In 
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deeper waters, a drastic change in the age of North Pacific Intermediate Water in SBB (shift to older 

water and lower bioturbation) at 2 ka with a subsequent stable age of water entering from 2 ka to present 

suggests changes in the North Pacific Intermediate Water circulation pattern (Roark et al., 2003). This 

shift is concurrent with a decrease in Greenland temperature and increase in ice accumulation rate 

suggesting trends in SBB relate to larger atmospheric circulation patterns (Roark et al., 2003). Further, the 

oxygen minimum zone persists in intermediate waters off the coast of southern California, but is reduced 

in intensity relative to the mid Holocene (Balestra et al., 2018; Wang et al., 2020). 

 

3.3.4 Ecological responses to change 

Forested ecosystems in the PNW and northern California transitioned to modern temperate, cool, wet, 

highly fire-adapted systems with increased fir and pine (Heusser, 1983; Mohr et al., 2000; Pellatt et al., 

2001; Barron et al., 2003b, 2019; Briles et al., 2005; Anderson et al., 2013) while SW systems became 

increasingly dominated by chaparral and sage scrub ecosystems (particularly since ~2.5 ka) (Heusser, 

1978; Anderson and Byrd, 1998; Cole and Wahl, 2000; Anderson et al., 2010; Dingemans et al., 2014). In 

the Siskiyou mountains, a shift in hydroclimate to wet, cool conditions at 2.1 ka led to the development of 

the modern forest dominated by firs (Abies) and cypress (Pseudotsuga) and moderated by a modern fire 

regime (Briles et al., 2005). In parallel with increases in hydroclimate and temperature variability, in 

northern California the amplitude and frequency of changes between pine and alder intensified in the late 

Holocene and coastal scrub expanded (Fig. 4) (Barron et al., 2003b; Anderson et al., 2013). In Central 

California, changes to forest assemblages occurred gradually through time, trending towards decreased 

dominance of pine in the modern (Fig. 5) (McGann, 2015; Barron et al., 2019). Finally, in southern 

California, ecological change varied locally, with transitions in pollen regimes occurring around 2 ka in 

multiple records (Anderson and Byrd, 1998; Cole and Wahl, 2000; Dingemans et al., 2014).  

 

Marine ecosystems reflect the establishment of modern levels of coastal upwelling and productivity in the 

late Holocene (Addison et al., 2017; Barron et al., 2017). Offshore northern California, the gyre-
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associated diatom species Pseudoeunntia doliolus increased threefold indicating the onset of modern 

oceanographic conditions in this region (Barron et al., 2003b). Offshore Central California, upwelling 

evolved gradually over time and the upwelling-indicator diatom species T. nitzschioides gradually 

increased through this interval (Barron et al., 2019). In SBB, late Holocene cooling led to an increase in 

the abundance of cold-associated (N. incompta) and upwelling-associated (Globigerina quinqueloba) 

planktic foraminifera (Fisler and Hendy, 2008). Oxygen deficient zones were well established by the late 

Holocene and persisted throughout the interval, structuring seafloor and pelagic ecosystems (Ohkushi et 

al., 2013; Moffitt et al., 2014, 2015). 

 

3.3.5 Human-environment interactions 

Human-environment interactions are well documented in the late Holocene relative to previous time 

intervals due to the increase in human population, the preservation bias in archaeological records, and the 

recency bias in oral histories. In multiple locations, a late Holocene drought was a destabilizing factor for 

societies. In the SW, a 26-year-long drought that occurred 0.8 ka is linked to social destabilization and 

abandonment of well-established Ancestral Puebloan villages (deMenocal, 2001). In northern California, 

the abandonment of shell mounds following four millennia of occupation (5 to ~1.2 ka) co-occurs with 

drought in this region revealing potential societal impacts of drought (Ingram, 1998). Human control of 

the fire regime led to land use and ecosystem changes across the Western US during this interval. In 

Washington, an increase in human artifacts in the subalpine zone beginning at 3.6 ka, combined with a 

change in climate and thus ranges of game species, provide some evidence for increased presence of 

people in subalpine terrain and potentially an increase in human-caused fire (Walsh et al., 2017). Across 

California, late Holocene increases in chaparral, grassland, and sage scrub ecosystems were reinforced by 

intentional burning and prescribed burning played an important role in structuring ecosystems (Heusser, 

1978; Anderson et al., 2010, 2013; Cowart and Byrne, 2013; Lightfoot and Cuthrell, 2015; Klimaszewski-

Patterson et al., 2021). 
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Human interactions with the marine environment were critical factors in structuring societies, and 

conversely, changes in ocean conditions impacted users of coastal resources. In Central California, marine 

resources including shellfish and fish, were harvested throughout the late Holocene (Jones and Kennett, 

1999). Occurrence of drought from 0.5-0.3 ka led to an increase in fish bone presence in middens, 

indicating enhanced use of fisheries as a resource during a time of drought, despite a documented 

decrease in marine productivity and high-amplitude marine seasonality coeval with the interval of drought 

(Jones and Kennett, 1999). Indigenous coastal populations were highly reliant on marine resources 

(largely Mytilus californianus) and even inland occupants of Central California traveled to the coast 

seasonally to harvest mussels (Jones et al., 2008). On the Channel Islands, human population and 

sociopolitical complexity increased in the late Holocene (Rick, 2011; Braje et al., 2012). As populations 

increased, diet breadth expanded and human harvesting pressure on marine ecosystems increased, 

including an expansion of consumption of finfish and pinnipeds and a diversification of taxa in middens 

(Erlandson et al., 2009; Rick, 2011; Braje et al., 2012). Expansion of sociological complexity, and 

competitive (including violent conflict) and cooperative strategies on the northern Channel Islands from 

1.3-0.7 ka is attributed to high climatic instability, cool marine conditions with relatively high 

productivity, low terrestrial productivity, and aridity (Kennett and Kennett, 2000). This climate instability 

led to conflicts over resources, but eventually resulted in more complex sociopolitical societies due to the 

need to cooperate, regulate, and manage resources (Kennett and Kennett, 2000). Human-environment 

interactions and Indigenous land stewardship were important environmental and ecological drivers 

throughout the late Holocene. The onset of colonization, genocide of Indigenous people, land-use change, 

urbanization, industrialization, and anthropogenic climate change in the last few hundred years 

dramatically impacted climate, ecosystems, and records used to interpret past change (see Sect. 3.5 on Era 

of Colonization below).  
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3.4 Medieval Climate Anomaly and Little Ice Age 

Specific investigation of the Medieval Climate Anomaly (MCA) and the Little Ice Age (LIA) are 

included in some of the papers reviewed here. Generally, the MCA was an anomalously warm event that 

is linked to pronounced drought conditions throughout the Western United States. Alternatively, the LIA 

was a brief period of cooling predominantly identified in Northern Hemisphere records (Cook, 2004). 

Evidence of dry conditions during the MCA is indicated in a breadth of records: from Mono Lake and 

Owens Lake in the Eastern Sierra Nevada (Stine, 1990; Bacon et al., 2018), freshwater input into San 

Francisco Bay, Abbot Lake and Zaca Lake in coastal Central California (Dingemans et al., 2014; Hiner et 

al., 2016; Platzman and Lund, 2019), Central California pollen history (McGann, 2015), flood events in 

SBB (Schimmelmann et al., 2013; Du et al., 2018), tree stump dating in the Sierra Nevada (Stine, 1994), 

and a synthesis of tree-ring records (Cook, 2004). Dry conditions were likely caused by anomalously 

warm terrestrial temperatures and are linked to cool SSTs over the Eastern Tropical Pacific (Cook, 2004) 

and in the adjacent Santa Barbara Basin (Kennett and Kennett, 2000; Fisler and Hendy, 2008; Barron et 

al., 2010; Asmerom et al., 2013). Fire activity increased in the MCA in the Eastern Sierra and Lake Tahoe 

Basin, which may be due to warm summer enhanced growth and decreased snowpack, but in Western 

North America more broadly, fire activity was reduced during the MCA and LIA relative to the past 3 ka 

(Beaty and Taylor, 2009; Hallett and Anderson, 2010). The LIA was characterized by warm SSTs in 

southern California, wetter conditions in the Sierra Nevada and southern California, and minimum fire 

frequency in Western North America (Reyes and Clague, 2004; Whitlock et al., 2008; Barron et al., 2010; 

Feakins et al., 2014; Kirby et al., 2019). Further investigation of the MCA and LIA are merited but are not 

within the scope of this paper. 

 

3.5 Era of Colonization 

Humans have been interacting with the environment in Western North America throughout the entirety of 

the Holocene. As described above, Indigenous peoples exerted control of fire and interacted with, 

managed, and cultivated marine and terrestrial plants and animals throughout the Holocene (Minnis, 
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2004; Braje et al., 2012; Taylor et al., 2016; Platzman and Lund, 2019; Ellis et al., 2021; Klimaszewski-

Patterson et al., 2021). Yet, the impacts of settler colonization, genocide of indigenous people, and 

conversion to Western, Euro-centric land and marine management practices are evident in many records 

examined here and represent an unprecedented environmental regime in multiple records (Ellis et al., 

2021).  

 

Impacts of land-use change and human control of fire at the time of colonization precede changes due to 

urbanization and anthropogenic climate change (Waters et al., 2016). Changes in the view and 

management of fire shaped the landscape and climate in the last several hundred years, beginning with a 

measurable increase in fire (relative to Indigenous prescribed burning) following settler colonization and 

a subsequent measurable decrease in fire in the last 100 years due to fire suppression (Gavin et al., 2007; 

Anderson et al., 2010, 2013; Dingemans et al., 2014; Taylor et al., 2016; Walsh et al., 2017; Platzman and 

Lund, 2019). Prior to 1860, fire activity in the Sierra Nevada was positively correlated with temperature, 

but in the last 150 years (after 1860 CE) fires are linked to human activity and socio-ecological change, 

rather than temperature or moisture (Anderson et al., 2013; Taylor et al., 2016). In the Sierra Nevada the 

highest fire activity in the last 400 years occurred following Spanish colonialism and the lowest fire 

activity occurred with the onset of fire suppression beginning in 1904 CE (Taylor et al., 2016). In coastal 

Central California recent increases in fire beginning in the mid nineteenth century are attributed to 

burning of logging slash (Cowart and Byrne, 2013).  

 

Increases in extractive processes and land-use conversions for ranching and agriculture have also 

contributed to changing fire regimes over the last several hundred years and led to changes in hydrology 

and landscape geomorphology (Heusser, 1983; Byrne et al., 2001; Cowart and Byrne, 2013; Platzman and 

Lund, 2019). Pollen records in British Columbia show the impacts of colonization, logging, farming, and 

urbanization on local terrestrial ecosystems (Heusser, 1983). Influx of freshwater to the San Francisco 

Bay decreased dramatically relative to the late Holocene at 1930 CE due to diversion of upstream water 
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flow (Byrne et al., 2001). The extractive processes of the Gold Rush Era (beginning at 1850) in northern 

California led to increased sedimentation and heavy metal pollution in the San Francisco Bay Delta; post-

colonization lead (Pb) levels are unprecedented throughout the rest of the Holocene and concentrations of 

Sr, Ti, Cu, Ni, and Zn also increased following colonization (Fard et al., 2021). The onset of logging and 

ranching caused land use change including transition of redwood forest to grasses and oak landscapes in 

coastal Central California (Cowart and Byrne, 2013). Further, the introduction of non-native species is 

well documented across the region (Anderson and Byrd, 1998; Cole and Wahl, 2000; Anderson et al., 

2010, 2013; Dingemans et al., 2014). The impact of both a changing fire regime and land use change 

resulted in shifts in terrestrial ecosystems (Cowart and Byrne, 2013; Dingemans et al., 2014; Platzman 

and Lund, 2019).  

 

Human impacts on nearshore marine ecosystems are documented throughout the Holocene (as discussed 

above). Yet widespread and detectable impacts of land use change and anthropogenic climate change on 

marine systems do not appear until the last several hundred years, following colonization and the 

Industrial Revolution, respectively. Land use change and the conversion of land to rangeland and 

cultivated agricultural land beginning around 1800 CE led to the collapse of benthic marine ecosystems 

and may have contributed to a decrease in oxygenation across the southern California Bight (Christensen 

et al., 1994; Tomasovych and Kidwell, 2017; Wang et al., 2017; Palmer et al., 2020). Impacts of 

anthropogenic climate change on marine systems in this region include species range shifts caused by 

rising SSTs and geochemical and structural changes to organisms due to ocean acidification; these 

changes represent a divergence from scales of past variability (Field et al., 2006; Pak et al., 2016; 

Osborne et al., 2020). Human activity, including intentional use and alteration of marine and terrestrial 

systems, has been a feature of Western North America throughout the Holocene that is detectable in 

multiple archives (lake sediments, marine sediments, archaeological records), yet colonization, 

urbanization, and industrialization led to a novel environmental interval.  
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4 Conclusions  

Understanding Holocene climate and oceanographic patterns in the Western United States and Northeast 

Pacific is critical for contextualizing and predicting modern changes. Relative to pre-Holocene conditions, 

the early Holocene was dry and warm in the PNW and wet and warm in the SW; sea surface temperature 

was warm along the coast (Fig. 2). The mid Holocene was characterized by a wet, cool PNW and dry, 

warm SW with generalized cool SST, except for Santa Barbara Basin (Fig. 2). The late Holocene is the 

most variable interval with a general pattern of warm marine conditions and cool terrestrial conditions 

(Fig. 2). Control of fire regime shifts throughout the Holocene; in the early Holocene, fire activity is 

linked to changes in vegetation following the deglacial, but in multiple locations shifts to control by 

climate in the mid Holocene and in most records is highest and most variable in the late Holocene (Fig. 

3). Human-environment interactions persist throughout the Holocene and impact the climate, landscape, 

and ecosystems of Western North America. Prior to settler colonization, marine harvesting, fishing 

pressure and prescribed burning shaped past ecosystems and landscapes, while intervals of drought and 

variability in marine productivity impacted sociological complexity and migration of Indigenous people. 

Impacts of settler colonization, urbanization, and industrialization in recent centuries are documented 

broadly and, in some cases, represent divergences from scales of expected variability as recorded 

throughout the rest of the Holocene.  

 

Multiple factors combine and interact to drive climate changes through the Holocene across timescales 

including orbital forcing, ice sheet dynamics, solar forcing, annual to decadal phenomena, and marine-

terrestrial interactions. Orbital forcing, including the northern hemisphere solar insolation peak in the 

early Holocene, drives climate change on millennial timescales. Annual to decadal phenomena such as 

ENSO and PDO become dominant drivers of climate in the late Holocene and lead to increased temporal 

variability. The relationship between marine and terrestrial systems evolves through time; notably, 

continental conditions in the Pacific Northwest and Southwest respond differently to changes in marine 

conditions. In the PNW broadly, marine temperatures are inversely correlated with precipitation. In the 



 110 

early Holocene, warm SSTs occur synchronously with warm, dry inland conditions. In the mid Holocene, 

the trend reverses. Yet, the increase in upwelling as a dominant oceanographic feature throughout the 

Holocene complicates this relationship, as upwelling in the PNW is positively correlated with 

precipitation yet characterized by cool SSTs. Thus, in the late Holocene, the interaction between an 

enhanced upwelling regime yet generalized warm SST patterns may both play a role in influencing 

terrestrial hydroclimate. In contrast, in the SW, marine temperatures are generally positively correlated 

with precipitation: warm intervals (such as the early Holocene) coeval with wet intervals and periods of 

drought coeval with cool SSTs offshore southern California. In addition to marine-terrestrial interactions 

on regional scales, changes in source and strength of precipitation sources impact hydroclimate of the 

region; for example, changes in the intensity or geographic extent of the North American Monsoon and 

occurrence of atmospheric-river storms are both linked to processes in the Eastern Tropical North Pacific 

and have implications for hydroclimate across the region studied here.     

 

Although general trends can be identified across broad regions (PNW and SW), local factors play a key 

role in determining the exact conditions for a particular location. Complete synchrony between records 

across an entire geologic sub-epoch for marine conditions, for terrestrial climate, or for fire activity is 

functionally absent; multiple anomalous or contradictory records exist (Figs. 2, 3). For example, fire 

activity in adjacent lake basins show different trends and nearshore vs. offshore records of marine 

conditions present apparently competing evidence (Fig. 3). Marine sediment records from Santa Barbara 

Basin are often utilized as records of the entire North Pacific, but here we find that trends in Santa 

Barbara Basin are not always synchronous with other records in this region (Fig. 2). We posit that these 

instances do not present competing evidence, but rather that local factors are critical in determining local 

climate. This is of critical importance for interpreting present and future climate change. This synthesis of 

climate and oceanographic processes and resultant impacts on ecosystems and human communities 

provides a window into understanding modern patterns of climate and climate change in the Western 

United States and Northeast Pacific and amplifies the need for future research investigating marine-
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terrestrial interactions, local and regional scale processes, and integrated physical-ecological-human 

systems.  
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6 Figures 

  

Figure 1: Map of locations of all studies reviewed in the paper with simplified schematic of modern 

oceanographic and hydrographic conditions. 
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Figure 2: Top panel shows hydroclimate records in early (11.7 - 8.2 ka, (c)), mid (8.2 - 4.2 ka, (b)), and 

late (4.2 - 0 ka, (a)) Holocene: yellow dots represent dry and light blue represents wet. Bottom panel 

shows temperature records from early (f), mid (e), and late (d) Holocene: dark blue squares represent cold 

temperatures and orange represents warm temperatures.  
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Figure 3: Fire activity as reconstructed by charcoal records through the early (11.7 - 8.2 ka, (c)), mid (8.2 

- 4.2 ka, (b)), and late (4.2 - 0 ka, (a)) Holocene; red indicates high fire activity, black indicates low fire 

activity. Multiple metrics for fire activity are used; interpretations of original authors are preserved.  
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Figure 4: Representative datasets from the Pacific Northwest. Panels from top to bottom Alkenone sea 

surface temperature from core ODP1019 ((a), Barron et al. 2003). Bulk sediment δ15N and opal regime 

index from core TN062-O550 ((b), Addison et al. 2017). Relative abundance of pollen: solid line is Alnus 

(alder) and dashed line is Sequoia (coastal redwood) from core ODP1019 ((c), Barron et al 2003). Log 

charcoal accumulation rate at Little Lake ((d), Long and Whitlock 1998). Lake sediment bulk calcite 

δ18O from Cleland Lake, Washington ((e), Steinman et al. 2016). 
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Figure 5: Representative datasets from the Southwest. Oxygen isotope record from planktonic 

foraminifera G. bulloides from Santa Barbara Basin core ODP 893 ((a), Kennett et al. 2007). Pollen 

assemblage (%) of Pinus and Sequoia from Central California marine sediment core ((b), McGann 2015). 

Charcoal influx to Kirman Lake in the Sierra Nevada mountains ((c), Macdonald et al., 2016). 

Standardized percent clay as a proxy for relative lake status for Silver Lake ((d), Kirby et al., 2015). 

Diversity of shells from shell midden sites on Channel Islands ((e), Braje et al. 2012). 
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Appendices 
Appendix 1: Appendix to Chapter 2. Benthic foraminiferal assemblage raw faunal counts.  
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Tanner EW9504_09 2.10 2 4 1 22 14 21 19 16 7 0 28 34 

Tanner EW9504_09 2.29 4 4 2 28 11 23 23 18 11 0 42 62 

Tanner EW9504_09 2.48 6 4 0 24 4 26 15 10 12 0 35 63 

Tanner EW9504_09 2.67 8 4 0 20 10 19 16 9 5 1 30 30 

Tanner EW9504_09 2.85 10 4 1 20 2 20 21 4 5 1 31 40 

Tanner EW9504_09 3.04 12 4 0 26 6 7 7 11 33 1 39 39 

Tanner EW9504_09 3.23 14 4 1 66 27 9 24 61 69 2 60 45 

Tanner EW9504_09 3.42 16 8 0 23 8 8 8 20 22 1 22 19 

Tanner EW9504_09 3.60 18 8 2 25 13 4 1 24 21 0 32 21 

Tanner EW9504_09 3.98 22 4 1 56 16 2 4 23 19 0 22 11 

Tanner EW9504_09 4.16 24 4 2 21 14 1 6 9 12 0 29 10 

Tanner EW9504_09 4.35 26 2 0 58 13 14 10 8 14 1 47 45 

Tanner EW9504_09 4.54 28 4 0 48 8 3 1 10 4 0 30 3 
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Tanner EW9504_09 4.91 32 2 1 65 16 4 7 23 14 0 30 13 
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San Nicolas EW9504-08 7.35 40 4 6 23 3 10 11 26 3 2 3 1 

San Nicolas EW9504-08 8.03 46 1 9 0 2 3 10 14 1 2 0 0 

San Nicolas EW9504-08 8.70 52 4 2 9 10 9 17 19 5 2 11 0 

San Nicolas EW9504-08 9.38 58 4 0 17 4 2 6 9 3 0 7 0 

San Nicolas EW9504-08 10.05 64 4 0 37 13 0 21 20 2 3 0 0 
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Tanner EW9504_09 3.42 16 8 4 12 14 2 0 8 4 1 0 0 

Tanner EW9504_09 3.60 18 8 6 17 13 6 0 4 10 1 0 2 

Tanner EW9504_09 3.98 22 4 3 13 20 7 0 12 0 3 1 1 

Tanner EW9504_09 4.16 24 4 9 18 7 10 0 9 0 4 2 2 

Tanner EW9504_09 4.35 26 2 10 23 28 10 0 22 0 4 2 1 
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Tanner EW9504_09 5.48 38 4 7 7 11 14 0 11 2 2 0 1 
San 
Clemente EW9504-05 7.07 30 1 12 1 1 7 0 13 2 0 4 5 
San 
Clemente EW9504-05 7.45 32 1 1 2 5 8 0 29 14 0 1 6 
San 
Clemente EW9504-05 7.83 34 1 13 2 8 9 0 27 28 0 5 5 
San 
Clemente EW9504-05 8.20 36 1 9 0 6 8 0 20 10 0 3 4 
San 
Clemente EW9504-05 8.58 38 1 10 3 14 9 0 41 0 0 1 9 
San 
Clemente EW9504-05 9.34 42 1 1 2 6 4 0 28 0 0 0 10 
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San Nicolas EW9504-08 4.66 16 2 26 5 1 42 0 75 3 6 1 11 

San Nicolas EW9504-08 5.33 22 2 15 7 2 46 0 145 0 1 0 18 

San Nicolas EW9504-08 6.01 28 2 12 2 1 28 0 138 0 1 0 15 

San Nicolas EW9504-08 6.68 34 2 30 2 4 53 0 288 0 4 1 27 

San Nicolas EW9504-08 7.35 40 4 10 0 4 17 0 66 0 4 0 13 

San Nicolas EW9504-08 8.03 46 1 5 3 0 13 0 33 0 0 0 3 

San Nicolas EW9504-08 8.70 52 4 7 2 3 23 0 77 0 3 1 8 

San Nicolas EW9504-08 9.38 58 4 1 0 2 7 0 21 0 1 0 5 

San Nicolas EW9504-08 10.05 64 4 0 2 3 9 0 21 0 3 0 1 
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Tanner EW9504_09 1.92 0 4 0 0 0 0 0 0 0 0 0 0 

Tanner EW9504_09 2.10 2 4 1 0 0 0 0 0 0 0 0 0 

Tanner EW9504_09 2.29 4 4 0 2 0 0 0 0 0 0 0 0 

Tanner EW9504_09 2.48 6 4 0 2 0 1 0 0 0 0 0 0 

Tanner EW9504_09 2.67 8 4 3 0 0 0 0 0 0 0 0 0 

Tanner EW9504_09 2.85 10 4 4 0 0 0 0 0 0 0 0 0 

Tanner EW9504_09 3.04 12 4 1 0 0 0 0 0 0 0 0 0 

Tanner EW9504_09 3.23 14 4 5 3 0 0 0 0 0 0 0 0 

Tanner EW9504_09 3.42 16 8 1 1 0 2 0 0 0 0 0 0 

Tanner EW9504_09 3.60 18 8 8 1 1 2 0 0 0 0 0 0 

Tanner EW9504_09 3.98 22 4 5 1 5 1 0 0 0 0 0 0 

Tanner EW9504_09 4.16 24 4 0 2 1 0 0 0 0 0 0 0 

Tanner EW9504_09 4.35 26 2 3 1 7 2 0 0 0 0 0 0 

Tanner EW9504_09 4.54 28 4 4 2 2 2 0 0 0 0 0 0 

Tanner EW9504_09 4.73 30 2 2 0 3 4 0 0 0 0 0 0 

Tanner EW9504_09 4.91 32 2 3 1 12 8 0 0 0 0 0 0 

Tanner EW9504_09 5.10 34 4 2 0 5 5 0 0 0 0 0 0 

Tanner EW9504_09 5.29 36 4 0 2 4 5 0 0 0 0 0 0 
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San 
Clemente EW9504-05 11.23 52 1 2 0 0 0 4 8 5 3 0 0 
San 
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Nicolas EW9504-08 3.31 4 2 1 7 0 4 0 0 0 0 1 3 
San 
Nicolas EW9504-08 3.53 6 2 0 0 0 12 0 5 0 0 0 8 
San 
Nicolas EW9504-08 3.76 8 2 2 0 0 6 0 7 0 0 0 10 
San 
Nicolas EW9504-08 3.98 10 2 1 0 0 4 0 4 0 0 5 11 
San 
Nicolas EW9504-08 4.21 12 2 1 0 0 3 0 5 0 0 0 1 
San 
Nicolas EW9504-08 4.43 14 2 1 0 0 2 0 1 0 0 0 2 
San 
Nicolas EW9504-08 4.66 16 2 1 0 0 2 0 9 0 0 2 3 
San 
Nicolas EW9504-08 5.33 22 2 1 0 0 2 0 9 0 0 5 20 
San 
Nicolas EW9504-08 6.01 28 2 0 0 0 0 0 8 0 0 11 15 
San 
Nicolas EW9504-08 6.68 34 2 0 0 0 2 0 8 0 0 13 36 
San 
Nicolas EW9504-08 7.35 40 4 1 0 0 1 0 7 0 0 0 5 
San 
Nicolas EW9504-08 8.03 46 1 0 1 0 0 0 0 0 0 2 1 
San 
Nicolas EW9504-08 8.70 52 4 0 2 0 0 0 1 0 0 6 5 
San 
Nicolas EW9504-08 9.38 58 4 0 0 0 0 0 7 0 0 0 1 
San 
Nicolas EW9504-08 10.05 64 4 0 3 0 3 0 2 0 0 0 1 
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Appendix 2: Appendix to Chapter 2. Benthic and planktic δ13C and δ18O from Tanner Basin.  

Basin Core 

Water 
depth 
(m) Age (ka) 

Depth in 
core 
(top, 
cm) 

G. 
bulloides 
δ13C 

G. 
bulloides 
δ18O 

C. 
mckannai 
δ13C 

C. 
mckannai 
δ18O Publication 

Tanner EW9504_09 1194 1.92 0.00   0.98 -0.04 2.62 this study 

Tanner EW9504_09 1194 2.10 2.00 -0.72 0.65     this study 

Tanner EW9504_09 1194 2.29 4.00 -0.43 1.08 -0.01 2.53 this study 

Tanner EW9504_09 1194 2.48 6.00   -0.04 -0.06 2.31 
Stott et al., 
2000 

Tanner EW9504_09 1194 2.67 8.00 -0.05 0.41 -0.01 2.48 this study 

Tanner EW9504_09 1194 2.85 10.00 -0.25 0.39 -0.01 2.48 this study 

Tanner EW9504_09 1194 3.04 12.00 -0.40 -0.09 0.00 2.47 this study 

Tanner EW9504_09 1194 3.23 14.00   -0.15 0.00 2.41 
Stott et al., 
2000 

Tanner EW9504_09 1194 3.42 16.00 -0.53 0.30 -0.02 2.58 this study 

Tanner EW9504_09 1194 3.60 18.00 -0.63 0.41 0.04 2.45 this study 

Tanner EW9504_09 1194 3.79 20.00   0.20     this study 

Tanner EW9504_09 1194 3.98 22.00         this study 

Tanner EW9504_09 1194 4.16 24.00 -0.76 0.32 0.06 2.44 this study 

Tanner EW9504_09 1194 4.35 26.00 -0.92 0.03 0.00 2.53 this study 

Tanner EW9504_09 1194 4.54 28.00 -0.51 -0.08 0.04 2.55 this study 

Tanner EW9504_09 1194 4.73 30.00 -0.83 0.24     this study 

Tanner EW9504_09 1194 4.91 32.00 -0.90 -0.06 -0.02 2.57 this study 

Tanner EW9504_09 1194 5.10 34.00 -0.64 0.07 0.03 2.53 this study 

Tanner EW9504_09 1194 5.29 36.00 -0.72 0.30 -0.07 2.36 this study 

Tanner EW9504_09 1194 5.48 38.00   0.04 -0.04 2.39 
Stott et al., 
2000 

Tanner EW9504_09 1194 5.67 40.00     -0.04 2.39 
Stott et al., 
2000 

Tanner EW9504_09 1194 7.04 54.00   -0.02 -0.03 2.44 
Stott et al., 
2000 

Tanner EW9504_09 1194 7.82 62.00   0.17     
Stott et al., 
2000 

Tanner EW9504_09 1194 8.60 70.00   0.07 0.01 2.49 
Stott et al., 
2000 

Tanner EW9504_09 1194 9.38 78.00   0.05 -0.19 3.03 
Stott et al., 
2000 

Tanner EW9504_09 1194 9.77 82.00     -0.19 2.47 
Stott et al., 
2000 

Tanner EW9504_09 1194 10.16 86.00   0.06 -0.19 2.65 
Stott et al., 
2000 

Tanner EW9504_09 1194 10.94 94.00   0.19 -0.09 2.91 
Stott et al., 
2000 

Tanner EW9504_09 1194 11.72 102.00   0.33 -0.10 3.05 
Stott et al., 
2000 

Tanner EW9504_09 1194 1.92 0     0.04 2.51 this study 

Tanner EW9504_09 1194 2.29 4     0.02 2.53 this study 

Tanner EW9504_09 1194 2.48 6     -0.06 2.31 this study 

Tanner EW9504_09 1194 2.67 8     -0.01 2.51 this study 
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Tanner EW9504_09 1194 2.85 10     0.01 2.31 this study 

Tanner EW9504_09 1194 3.04 12     0.00 2.47 this study 

Tanner EW9504_09 1194 3.23 14     0.00 2.41 this study 

Tanner EW9504_09 1194 3.42 16     -0.02 2.58 this study 

Tanner EW9504_09 1194 3.60 18     0.05 2.33 this study 

Tanner EW9504_09 1194 4.16 24     0.06 2.44 this study 

Tanner EW9504_09 1194 4.35 26     0.02 2.52 this study 

Tanner EW9504_09 1194 4.54 28     0.03 2.64 this study 

Tanner EW9504_09 1194 4.73 30         this study 

Tanner EW9504_09 1194 4.91 32     0.08 2.65 this study 

Tanner EW9504_09 1194 5.10 34     0.04 2.55 this study 

Tanner EW9504_09 1194 5.29 36     -0.06 2.39 this study 

Tanner EW9504_09 1194 5.48 38     -0.04 2.39 this study 

Tanner EW9504_09 1194 1.92 0     -0.13 2.73 this study 

Tanner EW9504_09 1194 2.29 4     -0.04 2.53 this study 

Tanner EW9504_09 1194 2.67 8     -0.08 2.58 this study 

Tanner EW9504_09 1194 2.85 10     -0.04 2.65 this study 

Tanner EW9504_09 1194 3.60 18     0.02 2.57 this study 

Tanner EW9504_09 1194 4.35 26     0.03 2.54 this study 

Tanner EW9504_09 1194 4.54 28     0.05 2.47 this study 

Tanner EW9504_09 1194 4.91 32     -0.12 2.49 this study 

Tanner EW9504_09 1194 5.10 34     0.02 2.52 this study 

Tanner EW9504_09 1194 5.29 36     -0.07 2.33 this study 

Tanner EW9504_09 1194 1.92 0     -0.02 2.29 this study 

Tanner EW9504_09 1194 2.67 8     0.10 2.52 this study 

Tanner EW9504_09 1194 4.35 26     -0.04 2.56 this study 
San 
Clemente EW9504_05 1818 1.40 0.00     -0.45 2.51 

Stott et al., 
2000 

San 
Clemente EW9504_05 1818 2.54 6.00   0.46 -0.23 2.62 

Stott et al., 
2000 

San 
Clemente EW9504_05 1818 2.91 8.00     -0.10 2.50 

Stott et al., 
2000 

San 
Clemente EW9504_05 1818 4.05 14.00   0.96 -0.25 2.58 

Stott et al., 
2000 

San 
Clemente EW9504_05 1818 4.80 18.00     -0.17 2.83 

Stott et al., 
2000 

San 
Clemente EW9504_05 1818 6.32 26.00   0.37 -0.59 2.70 

Stott et al., 
2000 

San 
Clemente EW9504_05 1818 6.69 28.00     -0.40 2.43 

Stott et al., 
2000 

San 
Clemente EW9504_05 1818 7.07 30.00   0.18 -0.41 2.81 

Stott et al., 
2000 

San 
Clemente EW9504_05 1818 8.58 38.00   0.97     

Stott et al., 
2000 

San 
Clemente EW9504_05 1818 10.09 46.00   0.48 -0.59 3.04 

Stott et al., 
2000 

San 
Clemente EW9504_05 1818 10.47 48.00     -0.61 3.36 

Stott et al., 
2000 
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San 
Clemente EW9504_05 1818 11.61 54.00   0.74 -0.55 2.97 

Stott et al., 
2000 

San 
Nicolas EW9504_05 1442 2.86 0.00   0.95 0.13 2.33 

Stott et al., 
2000 

San 
Nicolas EW9504_05 1442 3.53 6.00   1.40 -0.30 2.31 

Stott et al., 
2000 

San 
Nicolas EW9504_05 1442 4.21 12.00   0.88 0.04 2.34 

Stott et al., 
2000 

San 
Nicolas EW9504_05 1442 5.11 20.00   1.52 -0.17 3.33 

Stott et al., 
2000 

San 
Nicolas EW9504_05 1442 6.01 28.00   1.22 -0.19 3.61 

Stott et al., 
2000 

San 
Nicolas EW9504_05 1442 6.91 36.00   0.76 -0.12 3.50 

Stott et al., 
2000 

San 
Nicolas EW9504_05 1442 7.80 44.00   0.35     

Stott et al., 
2000 

San 
Nicolas EW9504_05 1442 8.70 52.00   0.57 -0.22 2.95 

Stott et al., 
2000 

San 
Nicolas EW9504_05 1442 9.15 56.00     -0.20 3.59 

Stott et al., 
2000 

San 
Nicolas EW9504_05 1442 9.60 60.00   0.19 -0.09 2.26 

Stott et al., 
2000 

San 
Nicolas EW9504_05 1442 9.83 68.00   0.31 -0.62 3.41 

Stott et al., 
2000 
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Appendix 3: Appendix to Chapter 2. Microfossil metazoan faunal counts.  

Core Basin 
Age 
(ka) 

Depth 
in core 
(upper 
cm) 

Fraction 
Factor 

Urchin 
Spines 
Count 

Urchin 
Spines 
Presence/ 
Absence 

Ostracod 
Count 

Ostracod 
Presence/ 
Absence 

San Clemente EW9504-05 7.07 30 1 2 P 1 P 

San Clemente EW9504-05 7.45 32 1 5 P 0 A 

San Clemente EW9504-05 7.83 34 1 4 P 2 P 

San Clemente EW9504-05 8.20 36 1 1 P 7 P 

San Clemente EW9504-05 8.58 38 1 4 P 5 P 

San Clemente EW9504-05 9.34 42 1 4 P 5 P 

San Clemente EW9504-05 9.72 44 1 4 P 4 P 

San Clemente EW9504-05 10.09 46 1 4 P 2 P 

San Clemente EW9504-05 10.47 48 1 4 P 6 P 

San Clemente EW9504-05 10.85 50 1 6 P 12 P 

San Clemente EW9504-05 11.23 52 1 2 P 9 P 

San Nicolas EW9504-08 2.86 0 1 0 A 0 A 

San Nicolas EW9504-08 3.08 2 4 0 A 0 A 

San Nicolas EW9504-08 3.31 4 2 0 A 0 A 

San Nicolas EW9504-08 3.53 6 2 1 P 0 A 

San Nicolas EW9504-08 3.76 8 2 0 A 0 A 

San Nicolas EW9504-08 3.98 10 2 0 A 0 A 

San Nicolas EW9504-08 4.21 12 2 1 P 1 P 

San Nicolas EW9504-08 4.43 14 2 0 A 0 A 

San Nicolas EW9504-08 4.66 16 2 1 P 0 A 

San Nicolas EW9504-08 5.33 22 2 1 P 0 A 

San Nicolas EW9504-08 6.01 28 2 0 A 0 A 

San Nicolas EW9504-08 6.68 34 2 1 P 0 A 

San Nicolas EW9504-08 7.35 40 4 0 A 0 A 

San Nicolas EW9504-08 8.03 46 1 0 A 0 A 

San Nicolas EW9504-08 8.70 52 4 1 P 0 A 

San Nicolas EW9504-08 9.38 58 4 0 A 0 A 

San Nicolas EW9504-08 10.05 64 4 0 A 1 P 

Tanner EW9504_09 1.92 0 4 0 A 0 A 

Tanner EW9504_09 2.10 2 4 0 A 0 A 

Tanner EW9504_09 2.29 4 4 2 P 0 A 

Tanner EW9504_09 2.48 6 4 0 A 0 A 

Tanner EW9504_09 2.67 8 4 0 A 0 A 

Tanner EW9504_09 2.85 10 4 0 A 0 A 

Tanner EW9504_09 3.04 12 4 1 P 0 A 
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Tanner EW9504_09 3.23 14 4 2 P 0 A 

Tanner EW9504_09 3.42 16 8 2 P 0 A 

Tanner EW9504_09 3.60 18 8 2 P 1 P 

Tanner EW9504_09 3.98 22 4 6 P 2 P 

Tanner EW9504_09 4.16 24 4 0 A 1 P 

Tanner EW9504_09 4.35 26 2 4 P 3 P 

Tanner EW9504_09 4.54 28 4 1 P 0 A 

Tanner EW9504_09 4.73 30 2 5 P 1 P 

Tanner EW9504_09 4.91 32 2 4 P 0 A 

Tanner EW9504_09 5.10 34 4 1 P 0 A 

Tanner EW9504_09 5.29 36 4 2 P 0 A 

Tanner EW9504_09 5.48 38 4 2 P 0 A 
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Appendix 4: Appendix to Chapter 3. Table of papers used in literature review (step 1 of systematic 
review).  

Paper Paper Latitude Longitude Region Archive 
Addison et al., 2017 Addisson et al 2017 40.8656 -124.573 PNW Marine sediment 

Anderson and Byrd 1998 Anderson and Byrd 1998 33.291667 -117.341667 SW Lake sediment 

Anderson et al., 2010 Anderson et al., 2010 33.965278 -120.097222 SW Lake sediment 

  Anderson et al., 2010 33.955556 -119.095833 SW Marine sediment 

Asmerom et al., 2013 Asmerom et al 2013 32.163745 -104.517682 SW Speleothem 

Bacon et al 2018 Bacon et al 2018 36.542 -117.938 SW Geomorphology 

Bacon et al., 2006 Bacon et al., 2006 36.441174 -117.970433 SW Lake sediment 

Barron and Anderson 2011 Barron and Anderson 2011 review paper       

Barron and Burky 2007 Barron and Bukry, 2007 42.24 -125.89 PNW Marine sediment 

  Barron and Bukry, 2007 36.99 -123.268 SW Marine sediment 

  Barron and Bukry, 2007 41.68 -124.93 PNW Marine sediment 

Barron et al., 2003 Barron et al 2003 42.682 -124.93 PNW Marine sediment 

Barron et al., 2010 Barron et al., 2010 34.2875 -120.036667 SW Marine sediment 

  Barron et al., 2010 34.221667 -120.028333 SW Marine sediment 

Barron et al 2017 Barron et al., 2017 40.9 -124.6 PNW Marine sediment 

  Barron et al., 2017 40.9 -124.6 PNW Marine sediment 

Barron et al., 2019 Barron et al., 2019 37.3317 -123.3992 SW Marine sediment 

Beatty and Taylor 2009 Beatty and Taylor 2009 39.034637 -120.1624 SW Lake sediment 

Beck et al 2018 Beck et al 2018 42.730113 -120.517458 PNW Lake sediment 

Benson et al., 2002 Benson et al 2002 40.073646 -119.5969 PNW Lake sediment 

Bird and Kirby 2006 Bird & Kirby 2006 34.120426 -116.82766 SW Lake sediment 

Bird et al., 2010 Bird et al., 2010 34.121045 -116.828569 SW Lake sediment 

Braje et al., 2012 Braje et al 2012 34.038578 -120.37907 SW Archeological record 

  Braje et al 2012 34.016987 -119.765051 SW Archeological record 

  Braje et al 2012 33.955317 -120.1062 SW Archeological record 

Briles et al., 2005 Briles et al., 2005 42.025 -123.458333 PNW Lake sediment 

Brown and Hebda 2002 Brown and Hebda 2002 48.595278 -124.197325 PNW Lake sediment 

  Brown and Hebda 2002 48.547796 -123.475786 PNW Lake sediment 

Byrne et al., 2001 Byrne et al., 2001 38.098287 -122.02125 SW Marine sediment 

Cannariato and Kennett 1999 
Cannariato and Kennett 
1999 34.535 -121.107167 SW Marine sediment 

  
Cannariato and Kennett 
1999 34.5 -121.5 SW Marine sediment 

Cole and Liu 1994 Cole and Liu 1994 33.956389 -119.976667 SW Lake sediment 

Cole and Wahl 2000 Cole and Wahl 2000 32.929595 -117.256734 SW Lake sediment 

Cook et al., 2000 Cook et al., 2000 
review/modeling 
paper       

Cowart and Byrne 2013 Cowart and Byrne 2013 37.173889 -122.314444 SW Lake sediment 

Davis 1992 Davis 1992 33.660482 -117.840775 SW Marine sediment 
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Dingemans et al 2014 Dingemans et al 2014 34.76666667 
-

120.0333333 SW Lake sediment 

Du et al 2018 Du et al., 2018 34.281767 -119.963967 SW Marine sediment 

Erlandson et al., 2007 Erlandson et al., 2007         

Erlandson et al., 2009 Erlandson et al., 2009         

Feakins et al 2014 Feakins et al 2014 34.777634 -120.039859 SW Lake sediment 

Field et al 2006 Field et al., 2006 34.287133 -120.035583 SW Marine sediment 

Fisler and Hendy 2008 Fisler and Hendy 2008 34.2875 -120.036667 SW Marine sediment 

Flores et al., 2017 Flores et al., 2017 33.987079 -120.222156 SW Archeological record 

  Flores et al., 2017 33.914652 -120.053465 SW Archeological record 

Friddell et al 2003 Friddell et al 2003 34.271167 -120.072667 SW Marine sediment 

Gardener et al., 1988 Gardner et al., 1988 39.05 -122.835583 SW Lake sediment 

  Gardner et al., 1988 38.425167 -122.796167 SW Marine sediment 

Gavin et al. 2007 Gavin et al. 2007 review paper       

Gavin et al., 2003 Gavin et al., 2003 49.3911 -125.748781 PNW Tree stump 

Glassow et al., 2012 Glassow et al., 2012 33.960648 -119.817915 SW Archeological record 

Hallett and Anderson 2010 Hallett and Anderson 2010 37.90857222 -119.2864 SW Lake sediment 

  Hallett and Anderson 2010 37.59570278 -119.0067 SW Lake sediment 

Hallett et al., 2003 Hallett et al., 2003 49.36 
-

121.4666667 PNW Lake sediment 
  Hallett et al., 2003 49.266667 -121.516667 PNW Lake sediment 
Hermann et al 2018 Hermann et al 2018 review paper       
Heusser 1978 Heusser 1978 34.266667 -120.066667 SW Marine sediment 
Heusser 1983 Heusser 1983 48.59065 -123.503333 PNW Marine sediment 
Heusser 1998 Heusser 1998 review paper     Marine sediment 
Hiner et al 2016 Hiner et al 2016 36.231354 -121.482348 SW Lake sediment 
Ingram 1998 Ingram 1998 37.576171 -122.261235 SW Archaeological record 
Jones and Kennett 1999 Jones and Kennett 1999 36.288439 -121.853672 SW Archaeological record 
  Jones and Kennett 1999 35.642784 -121.177744 SW Archaeological record 
  Jones and Kennett 1999 36.045231 -121.584481 SW Archaeological record 
Jones et al., 2008 Jones et al., 2008 35.668278 -121.284271 SW Archaeological record 
  Jones et al., 2008 36.070611 -121.582634 SW Archaeological record 
Kaufman et al., 2020 Kaufman et al., 2020 global synthesis       
  Kennett and Ingram 1995 34.2875 -120.036667 SW Marine sediment 
Kennett and Kennett 2000 Kennett and Kennett 2000 34.2875 -120.036667 SW Marine sediment 
Kennett et al., 2007 Kennett et al., 2007 34.2875 -120.036667 SW Marine sediment 
Kim et al 2004 Kim et al., 2004 48.912 -126.89 PNW Marine sediment 
  Kim et al., 2004 22.99 -109.47 SW Marine sediment 
  Kim et al., 2004 34.535 -121.107 SW Marine sediment 
  Kim et al., 2004 41.682 -124.93 PNW Marine sediment 
Kirby et al 2007 Kirby et al 2007 33.37 -117.22 SW Lake sediment 
Kirby et al 2010 Kirby et al 2010 33.37 -117.22 SW Lake sediment 
Kirby et al 2012 Kirby et al 2012 34.253472 -116.920249 SW Lake sediment 
Kirby et al 2014 Kirby et al 2014 34.77 -120.1162 SW Lake sediment 
Kirby et al 2015 Kirby et al 2015 33.37 -117.22 SW Lake sediment 
Kirby et al 2019 Kirby et al 2019 33.6733 -117.3542 SW Lake sediment 
  Kirby et al 2019 33.6734 -117.3641 SW Lake sediment 
Konrad and Clarke, 1998 Konrad and Clarke 1998 37.970176 -119.318354 SW Lake sediment 
  Konrad and Clarke 1998 37.140252 -118.629612 SW Lake sediment 
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Lightfoot and Cuthrell 2015  
Lightfoot and Cuthrell 
2015  37.16305 -122.338183 SW Archaeological record 

Lindstrom, 1990 Lindstrom 1990 38.942579 -120.053067 SW Tree stump 
Long and Whitlock 1998 Long and Whitlock 1998 44.167778 -123.582222 PNW Lake sediment 
Lyle et al., 2012 Lyle et al., 2012 review paper       
Macdonald and Case 2005 Macdonald and Case 2005 34.066667 -116.483333 SW Tree ring 
MacDonald et al., 2016 MacDonald et al 2016 38.3395 -119.4984 SW Lake sediment 
Malamud-Roam et al 2006 Malamud-Roam et al 2006 37.997233 -122.453821 SW Marine sediment 
Marchitto et al 2010 Marchitto et al., 2010 25.2 -112.7 SW Marine sediment 
Marcott et al., 2013 Marcott et al., 2013 review paper       
Marlon et al., 2006 Marlon et al. 2006 48.168 -114.368 PNW Lake sediment 
  Marlon et al. 2006 44.288 -110.178 PNW Lake sediment 
  Marlon et al. 2006 44.928 -110.358 PNW Lake sediment 
  Marlon et al. 2006 44.668 -110.628 PNW Lake sediment 
  Marlon et al. 2006 45.848 -113.448 PNW Lake sediment 
  Marlon et al. 2006 45.898 -114.268 PNW Lake sediment 
  Marlon et al. 2006 46.328 -114.658 PNW Lake sediment 
  Marlon et al. 2006 45.708 -114.998 PNW Lake sediment 
  Marlon et al. 2006 46.088 -123.908 PNW Lake sediment 
Mayewski et al., 2004 Mayewski et al., 2004 review paper       
McGann 2008 McGann 2008 37.6305 -122.3665 SW Marine sediment 
McGann 2011 McGann 2011 37.223333 -123.243333 SW Marine sediment 
McGann 2015 McGann 2015 36.392167 -123.342 SW Marine sediment 
McQuiod and Hobson 2001 McQuiod and Hobson 2001 48.633333 -123.5 PNW Marine sediment 
Mix et al., 1999 Mix et al 1999 42.117 -125.75 PNW Marine sediment 
  Mix et al 1999 41.682 -124.93 PNW Marine sediment 

Moffitt et al., 2014 Moffitt et al., 2014 34.37 -121.13 SW Marine sediment 

Moffitt et al., 2015 Moffitt et al., 2015 34.37 -121.13 SW Marine sediment 

Mohr et al., 2000 Mohr et al., 2000 41.4 -122.583 PNW Lake sediment 

  Mohr et al., 2000 41.333 -122.55 PNW Lake sediment 

Nederbragt and Thurow 2001 
Nederbragt and Thurow 
2001 48.59065 -123.503333 PNW Marine sediment 

  
Nederbragt and Thurow 
2001 48.590617 -123.503417 PNW Marine sediment 

Negrini et al., 2006 Negrini et al., 2006 36.004447 -119.785517 SW Lake sediment 

Oster et al., 2017 Oster et al., 2017 37 
-

122.1833333 SW Speleothem 

Pellatt et al., 2001 Pellatt et al., 2001 48.59065 -123.503333 PNW Marine sediment 

Platzman and Lund 2019 Platzman and Lund 2019 35.3 -120.05 SW Lake sediment 

Rasmussen et al 2006 Rasmussen et al 2006 32.159 -104.523 SW Speleothem 

Reyes and Clague, 2004 Reyes and Clague 2004 50.75 -123.766667 PNW Moraine 

Rick, 2011 Rick 2011 34.003841 -120.176931 SW Archeological record 

Roark et al 2003 Roark et al 2003 34.2875 -120.036667 SW Marine sediment 

Schimmelmann et al., 2013 Schimmelmann et al., 2013 34.2875 -120.036667 SW Marine sediment 
Shuman et al 2018 Shuman et al 2018 review paper       
Spaulding et al 1991 Spaulding 1990 35.45 -115.1 SW Terrestrial midden 
Steinman et al., 2019 Steinman et al 2019 48.5417 -119.5818 PNW Lake sediment 
  Steinman et al 2019 48.5394 -119.5615 PNW Lake sediment 
Steinman et al., 2016 Steinman et al., 2016 50.82 -116.39 PNW Lake sediment 
Stine 1990 Stine 1990 38.008101 -119.016233 SW Lake shore 
Stine 1994 Stine 1994 37.950538 -119.01395 SW Tree stump 
Taylor et al. 2016 Taylor et al. 2016 40.7 -121.59 PNW Fire scar 
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Tomasovych and Kidwell 2017 
Tomosovych and Kidwell 
2018 33.48 -118.59 SW Marine sediment 

  
Tomosovych and Kidwell 
2018 32.7555 -117.3617 SW Marine sediment 

Tunnicliffe et al 2001 Tunnicliffe et al 2001 48.59065 -123.503333 PNW Marine sediment 
  Tunnicliffe et al 2001 48.590617 -123.503417 PNW Marine sediment 
van Geen et al 2003 van Geen et al 2003 34.2875 -120.036667 SW Marine sediment 

Viau et al., 2006 Viau et al., 2006 
review/modeling 
paper       

Walsh et al. 2017 Walsh et al. 2017 46.9231 -121.5836 PNW Lake sediment 
  Walsh et al. 2017 46.9198 -121.5886 PNW Lake sediment 
  Walsh et al. 2017 46.9114 -121.6571 PNW Lake sediment 
Whitlock et al 2008 Whitlock et al 2008 41.21 -122.5 PNW Lake sediment 
  Whitlock et al 2008 41.35 -122.56 PNW Lake sediment 
  Whitlock et al 2008 41.4 -122.58 PNW Lake sediment 
  Whitlock et al 2008 42.02 -123.46 PNW Lake sediment 
  Whitlock et al 2008 45.81 -123.57 PNW Lake sediment 
  Whitlock et al 2008 44.16 -123.58 PNW Lake sediment 
  Whitlock et al 2008 46.08 -123.9 PNW Lake sediment 
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Appendix 5: Appendix to Chapter 3. Results of coded analysis of previously published records.  
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Appendix 6: Appendix to Chapter 3. Table of data accessed for time series plots (Figure 4 and 5).  

 

Paper Latitude Longitude Region Archive 
Figure 
Number 

Accessed 
From Link 

Addisson et al 
2017 40.8656 -124.573 PNW 

Marine 
sediment 4 

NOAA 
Paleoclimate 
Database 

https://www.ncdc.noaa.gov/pale
o-search/study/21650 

Barron et al 
2003 42.682 -124.93 PNW 

Marine 
sediment 4 

NOAA 
Paleoclimate 
Database 

https://www.ncdc.noaa.gov/pale
o-search/study/5867 

Braje et al 2012 34.038578 -120.37907 SW 
Archaeological 
Record 5 

In original 
paper: Table 
1 

https://www.sciencedirect.com/s
cience/article/abs/pii/S10406182
11005301 

Kennett et al., 
2007 34.2875 

-
120.036667 SW 

Marine 
sediment 5 

Author 
webpage 

http://php.scripts.psu.edu/dept/li
beralarts/sites/kennett/data.php 

Kirby et al 
2015 33.37 -117.22 SW Lake sediment 5 

NOAA 
Paleoclimate 
Database 

https://www.ncdc.noaa.gov/pale
o-search/study/20106 

Long and 
Whitlock 1998 44.167778 

-
123.582222 PNW Lake sediment 4 

NOAA 
Paleoclimate 
Database 

https://www.ncdc.noaa.gov/pale
o-search/study/2252 

MacDonald et 
al 2016 38.3395 -119.4984 SW Lake sediment 5 

Harvard 
Dataverse 

https://dataverse.harvard.edu/dat
aset.xhtml?persistentId=doi:10.7
910/DVN/P3MCFX 

McGann 2015 36.392167 -123.342 SW 
Marine 
sediment 5 

In original 
paper: Table 
2 

https://www.sciencedirect.com/s
cience/article/pii/S10406182150
00610?casa_token=PAo4SBfUS
PMAAAAA:g2YzlQACCS_MK
rtKGcIN8PbTF0vc44mFxqyNf
O_1ojeGltRavFpodrSo1aT7mU
aM_KuPUM3aupM 

Steinman et al 
2016 50.82 -116.39 PNW Lake sediment 4 

NOAA 
Paleoclimate 
Database 

https://www.ncdc.noaa.gov/pale
o-search/study/21250 

 




