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ABSTRACT
We compiled pollen sequences from lake and offshore cores at least 
6,000 years old (6 ka) for the Mediterranean and Marine ecoregions of 
the US West Coast. Principal Component Analysis highlighted vege-
tation differences in core-tops, the Holocene Thermal Maximum 
(6 ka) and Last Glacial Maximum (LGM, 19 ka). Core-top and HTM 
ordination produced clusters that reflected geographic clusters in 
the Sierra Nevada, and the Pacific Northwest coast. Little change in 
these clusters between 6-0 ka suggested that vegetation commu-
nities in coastal and alpine settings persisted, despite warmer global 
temperatures. PCA outliers reflect distinct pollen assemblages that 
often were isolated sites or bordered the Great Basin. During the 
LGM, greater shrub and herb presence in the Marine ecoregion 
interior indicated enhanced aridity, while conifer presence in coastal 
and Southern California indicated moist conditions. Qualitatively, 
tree taxa from the Last Interglacial (~130–120 ka) showed how 
vegetation shifted over 6–10 kyr from alder, to oak, then redwood, 
a successional pattern that began again at the Late Glacial (~15 ka). 
In future West Coast pollen studies, sampling and chronologic con-
trol at centennial resolution will enable further study of more time 
periods and rates of vegetation change in response to climate.
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Introduction

Approximately 50 million people live in the West Coast states of Washington, Oregon and 
California, where both human and ecological communities are vulnerable to the impacts of 
climate change. These impacts include ongoing disequilibrium between vegetation com-
munities and current climate (Cassell et al., 2019; U.S.D.A.). Additionally, extensive 
vegetation-type conversions due to climate and fire regime shifts are particularly pro-
nounced in California’s Mediterranean type biome (Keeley et al., 2019).

Paleoecological records, including fossil pollen recovered from lake, ocean, bog and 
mire cores, provide the primary evidence for vegetation change in Earth’s past due to 
events in the paleoclimatological record. Examples of rapid vegetation community 
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response to climate include elevational shifts in tree distributions (Glover et al., 2020; 
Herring & Gavin, 2015), and woodland and forest communities transitioning to shrub 
and perennial groundcover during periods of sustained aridity (Dingemans et al., 2014; 
Glover et al., 2020). Vegetation also responds to slower cycles in Earth’s climate system, 
such as solar radiation shifts over millennia (e.g. Grigg & Whitlock, 2002; Heusser et al., 
2000). It is crucial to understand these changes at multiple time scales, as the Pacific 
Coast hydroclimate has highly variable modes that operate at seasonal, decadal, centen-
nial, and millennial timescales (Millar & Woolfenden, 2016).

We focus our review of past vegetation community change on the Mediterranean and 
Marine ecoregion domains (Bailey, 2009) that span the continental edge (Figure 1, Table 
1). Pollen records from this region have been noted as having lower density compared to 
other regions in North America (Williams, 2003), with California in particular noted as a 
critical area lacking data. We use the term West Coast to refer to the physiographic area 
within the United States that receives most of its annual precipitation from Pacific storm 
tracks (Figure 1). In addition to variability across timescales, there is a strong gradient in 
annual precipitation totals from north to south. Annual precipitation in Seattle is 95.2 cm 
and 26.2 cm in San Diego (https://www.ncdc.noaa.gov/cdo-web/datatools/normals). The 
temperature gradient is more moderate from north to south, due to the maritime climate 
and coastal location of both weather stations. January and August temperatures average 
5.5 to 18.7 °C, respectively, in Seattle, WA, and 13.9 to 21.1 °C in San Diego, CA. 
Temperature seasonality inland is greater, and mountainous topography also influences 
both temperature and precipitation in both ecoregions. However, precipitation patterns 
and the geographic and seasonal differences described are the most critical climate 
influence on the composition and diversity in vegetation communities today.

In this review, we inferring past vegetation community structure and changes from 
currently available pollen records from sediment cores collected in the US West Coast, and 
determining how distinctive different ecoregion domains are in these data. Floral commu-
nities in California today are renowned for their diversity, with over 3,500 plant species 
identified that include several endemic species (Mittermeier et al., 1999). Strong geographic 
gradients and hydrologic seasonality are important climate-based controls that foster this 
diversity. The western part of the state comprises most of the Mediterranean ecoregion 
(Figure 1, Table 1), where wildfire is an important agent that promotes vegetation diversity 
at community and ecosystem levels (Keeley et al., 2012). Typical vegetation types and 
dominant taxa include Poaceae and various herbaceous species in grasslands and wood-
lands. Chaparral and coastal sage communities are shrub-dominated, and trees structuring 
low elevation woodlands are often oaks (Quercus). Pine (Pinus), fir (Abies) and other 
conifers occur in higher elevation forests. In northern regions of the ecoregion, coastal 
forests include pines, redwoods (Sequoia sempervirens), Douglas-fir (Pseudotsuga menzie-
sii) and other coniferous and broadleaf species (Ornduff et al., 2003).

Washington and most of Oregon lie in the Marine ecoregion, where precipitation 
seasonality is less pronounced and the annual precipitation total much greater than the 
Mediterranean ecoregion. Coastal fog and orographic condensation create persistent 
moist, humid conditions. The region includes one of the largest swaths of temperate 
rainforest in the world. Much of the vegetation is closed forest, including dense forest 
communities of needleleaf evergreens such as Douglas-fir (Pseudotsuga menziesii), 
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Figure 1. Mediterranean and Marine ecoregions of the United States West Coast. Sites shown are 
palynology datasets from lake, mire, and offshore sediment records used in our analysis. We use “ka” 
to denote “thousands of years before present,” and “kyr” means “thousands of years.” Full list of sites 
shown and used in analysis are available as Table S1.
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western hemlock (Tsuga heterophylla), western red cedar (Thuja plicata), fir, spruce 
(Picea) and pines. Oaks occur on warmer, drier sites, and other broadleaf taxa occur, 
such as willows (Salix) and alders (Alnus) (Peinado et al., 1997).

Anthropogenic greenhouse gas emissions threaten these unique vegetation commu-
nities. In California, for example, a comparison of RCP 8.5 climate change projections 
with current vegetation biological constraints suggests that between 45% and 56% of 
vegetation communities will become climatically stressed by the end of this century 
(Thorne et al., 2017). Climate models for the 21st century display general agreement in 
projected warming scenarios for the Pacific Coast of North America, though trends in 
precipitation are less consistent from model to model (IPCC, 2013; Maloney et al., 2014). 
Our objective here is to consider the major paleoclimatic changes of the late Quaternary 
as past experiments where we can study the impact on vegetation communities, in order 
to better understand the range of possibilities for future change. We conducted an 
exploratory synthesis and analysis of pollen data from lake and sediment cores within 
West Coast Mediterranean and Marine ecoregions (Bailey, 2009; Figure 1). We also 
include pollen records from sediment cores collected offshore during ocean drilling 
cruises and ask the following questions with the integrated dataset:

(1) Are Marine and Mediterranean vegetation communities distinctive during past 
climatic extremes, such as the Holocene Thermal Maximum (HTM) at 6 ka1 and the 
Last Glacial Maximum (LGM) at 19 ka?
(2) How did Marine and Mediterranean vegetation respond to enhanced insolation 
and temperatures during the Last Interglacial Period (LIG, 130–120 ka)?
(3) How has data quality and availability limited this analysis, and what future 
directions could improve paleovegetation studies for the West Coast?

Methods

Site and Pollen Taxa Selection

We compared the pollen assemblages from published pollen counts of 40 lake sediment 
core sites (Figure 1; Table S1) located in California (Mediterranean ecoregion), and 
Oregon and Washington (Marine ecoregion). In order to be included in our analysis, 
sites need to be 1) available as digital datasets with an age-depth model, and 2) span at 
least one of our time slices of interest (0 ka, 6 ka, and 19 ka) with a 2 kyr margin. Data 
were primarily sourced from the Neotoma Paleoecology Database, and all except one 
(C11, Clear Lake) include age-depth models with ages assigned to each horizon of 
available pollen data (Wang et al., 2019; Williams et al., 2018). We also used pollen 
data from four marine sediment cores that span multiple glacial cycles, here referred to as 
the “offshore” sites (Figure 1; Table S1; Heusser, 2000; Lyle et al., 2010; Pisias et al., 2001).

We then examined the pollen spectra from the core-tops of sites, here defined as the 
uppermost sediment in a core younger than 2 ka, from both ecoregions to see if distinctive 
pollen assemblages were produced with Principal Components Analysis (PCA). We also 
examined the differences in the pollen records from the two ecoregions and drew 
inferences about past vegetation during the HTM at 6 ka and the LGM at 19 ka. For 
each time interval, samples within ± 500 years were used in analysis (e.g. samples between 
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6.5 and 5.5 ka were used for the HTM, and 19.5– 18.5 ka for the LGM). Although the exact 
timing for peak warming during the HTM and peak cooling during the LGM varied by 
region (Clark et al., 2009; Renssen et al., 2009), we chose the 6 ka and 19 ka time slices as 
times of global sea-level high-stands and low-stands, respectively (Ishiwa et al., 2019; Song 
et al., 2018). The number of sites for each time slice varied, as sites each spanned variable 
time periods (n = 30 for core-tops, n = 39 for the HTM, and n = 13 for the LGM).

The number of pollen records extending to the LIG (~130 ka) were too few (n = 5) 
within the study region to employ the same PCA-based time slice approach. Instead, we 
relied on records from offshore sediment cores and one terrestrial core (Clear Lake) to 
infer vegetation succession and change as a response to LIG climate. The Clear Lake 
record is one of the oldest terrestrial proxy datasets in California’s Coast Ranges (Figure 
1); however, chronological control in the original study included several interpolated 
radiocarbon data and adjustments for lake reservoir effects (Adam & Stephen.W., 1988). 
We applied a simple interpolated age model to the pollen data that modeled the original 
study to examine vegetation changes over time, but felt this approach was not quantita-
tively robust enough to include the site in PCA. Despite data limitations for LIG sites, a 
qualitative examination of the longer pollen records for how plant communities shifted 
was a valuable contribution to our discussion.

Table 2. Top 20 pollen taxa from US West Coast pollen sites, including common names and role in PCA 
conducted as part of this study. A total of 17 taxa from the list below were used in PCA, and site details 
for records used are provided in Table S1. We use common names in the text to describe plant 
communities.

Latin Name Common Name and notes on analysis

Abies Fir
Alnus Alder
Amaranthaceae+Cheno Amaranth family – Chenopodiaceae was formerly its own family and  

is now a subfamily within Amaranthaceae
Apiaceae Umbellifers – Celery, carrot, parsley family
Artemisia Sage
Asteraceae Aster family
Cupressaceae Cypress family
Cyperaceae Sedge family
herbs collection of herbaceous taxa, as defined by original investigator
Juniperus Juniper – Juniperus counts were not included in PCA for our study, in  

order to avoid confusion with studies that included pollen counts in  
the Cuppressaceae family.

Picea Spruce
Pinus Pine
Pseudotsuga Douglas Fir
Quercus Oak
Rhamnaceae Buckthorn family
Rosaceae Rose family
Salix Willow
Sequoia Sequoia – often identified as S. sempervirens (redwood) in coastal  

sites. Sequoia pollen counts were not included in PCA for our study,  
in order to avoid confusion with Cupressaceae counts.

TCT Taxodiaceae-Cupressaceae-Taxaceae – A grouping often found in  
West Coast pollen records. Genera and subfamilies previously  
identified as Taxodiaceae have since been merged with  
Cupressaceae. Pollen counts classified as TCT were not included  
in PCA for our study.

Tsuga Hemlock
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Principal Component Analysis

We utilized R-mode PCA biplots to quantitatively explore our dataset of pollen spectra 
from lake and offshore sediment cores in order to see if there was differentiation 
between Marine and Mediterranean ecoregions at time slices 0, 6 and 19 ka. PCA 
remains one of the most readily implementable and powerful tools for multivariate 
analysis (Lever et al., 2017), and allows examination of the relative importance of the 
different pollen taxa in differentiating the assemblages between ecoregions for each 
time period.

PCA was run on a selected set of taxa from the combined lake sediment and 
ocean sediment data sets using the covariance matrices. Pollen percentages were first 
calculated for each site based on the site’s terrestrial pollen for all taxa. After 
McAndrews and King’s (1976) “Top Twenty” approach for their compilation of 
pollen records across North America, we identified the 20 most common taxa in our 
dataset from the West Coast (Table 2). We included percentages from those 20 taxa 
as our base dataset for PCA, then narrowed the list to 17 to resolve issues with data 
for cypress-type plants at different taxonomic resolutions. This meant removing 
genus-level Juniperus and Sequoia counts from selected sites, and the category 
“TCT,” which traditionally amalgamates Taxodiaceae-Cupressaceae-Taxaceae pollen. 
We retained all pollen counts where the original investigator identified grains in the 
Cupressaceae family.

For PCA, no rotation was applied to the resulting axes, and the first two components 
of each PCA are shown and discussed here. We used passive ordination to compare the 
older pollen assemblages (from 6 ka and 19 ka) to the recent pollen assemblages from the 
area (0–2 ka), and visually portray the degree of similarity of the older assemblages to the 
core-tops. In this approach, the component scores for the recent assemblages are 
calculated for the first two components of the 6 ka and 19 ka PCA biplots, but these 
recent assemblages are not used in determining the components and loadings. The 
specific ordination positions of the passively ordinated recent pollen assemblages will 
also change from the 6 ka to 19 ka results because the PCA loadings are different for the 
two ordinations. In this approach, if the 6 ka or 19 ka pollen assemblage plots are adjacent 
to a recent pollen assemblage on the PCA biplot, we interpret the two assemblages to be 
similar. In contrast, if 6 ka or 19 ka pollen assemblage plots are far away from any of the 
recent pollen assemblages, we interpreted this to mean there was no close analogue in the 
core-top data. We drew inferences regarding changes past vegetation at those discrete 
time-slices by comparing the respective pollen sample PCA ordinations to the pollen taxa 
loadings and to one another.

Results

Site distribution and continuity

We compiled data for 44 sites from the US West Coast (Figure 1), all of which spanned at 
least 3.7 kyr continuously across one of our time slices (0 ka, 6 ka and 19 ka). The median 
length of records in our dataset was 13.5 kyr. Geographic distribution of pollen records 
used in this study tends to favor mountain lakes, northern sites, and offshore cores 
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(Figure 1). Offshore sequences comprise many of the longer (>100 ka) sequences, and 10 
terrestrial sites older than the LGM occur throughout the study region. All core 
sequences from the Sierra Nevada are younger than the LGM, though deglacial processes 
produced conditions for several mountain lakes and records. Geographic areas where 
sites are scarce included west-central Oregon, and the Central Coast region, southern 
Sierra Nevada, and Southern California.

PCA Results for Recent, 6 ka and 19 ka Pollen Assemblages

In our PCA results, we found that the first two components adequately differentiated the 
two main vegetation types in the area, while the third component only contributed an 
individual maximum of approximately 10% to 13% explanatory value and is not dis-
cussed here. The full PCA results and loadings for additional axes are available in the 
Supplementary Information.

Recent (Core-top) Pollen Assemblages
PCA of core-top samples (Figure 2) showed that recent pollen assemblages in the 
Mediterranean and Marine ecoregions tended to be distinctive from each other, except 
for select sites in Oregon. Pollen taxa loadings (Figure 2) indicated that Mediterranean sites 
tend to have greater relative abundances of amaranth, sage, asters, sedge, herbs, pine, oak, 

Figure 2. PCA biplot ordinations of recent (0 to 2 ka) pollen assemblages from California, Oregon, and 
Washington lake sediment and offshore cores. Pollen taxa and their variable loadings on the PCA axes 
are in red. Mediterranean ecoregion sites are green triangles. Marine ecoregion sites are blue squares. 
Ocean sediment cores are Orange circles.
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buckthorn, and rose. By contrast, Marine sites were typified by higher relative abundances 
of fir, alder, umbellifers, cypress, sedge, spruce, pine, Douglas fir, willow, and hemlock. This 
was consistent with modern vegetation types in both ecoregions today.

Sites in Oregon that did not ordinate as expected were close to the southern or eastern 
boundary of its ecoregion. Bolan Lake (C20) in the Siskiyou Mountains (elevation 1638 m) 
ordinated with Marine ecoregion sites located over 400 km northward. Dead Horse Lake 
(C18) and Tumalo Lake (C16), both located inland and close to the eastern limit of the 
Marine ecoregion, ordinated with a cluster of Mediterranean sites that were mostly from 
the Sierra Nevada. Lower elevation sites in California were also outliers in our PCA results. 
Tulare (C40) and Tule (C30) Lakes demonstrated high relative abundances of amaranth, 
sage, asters, sedges, and herbs, reflecting a lower elevation, xeric setting compared to the 
alpine sites in our study (Davis, 1999; West, 1993). Only two of the offshore sites had core 
top assemblages from the last 2 kyr and were outliers from the two clusters of lake sites 
described above for the Pacific Northwest and Sierra Nevada. Site EW9504-17 (C19) 
ordinated in between these clusters, likely a result of its location due west of the boundary 
between the ecoregions (Figure 1). ODP Site 893 (C44) from the Santa Barbara Basin 
showed an assemblage of sage, oak, asters, buckthorn, amaranth, and herbs. Its ordination 
showed similarity to the pollen assemblage for Mono Lake (C34), ~430 km northeast and 
on the boundary of the Mediterranean ecoregion, adjacent to the Great Basin.

Figure 3. PCA biplot ordination of the Holocene Thermal Maximum (6 ka) pollen assemblages from 
California, Oregon, and Washington lake sediment and offshore cores. Pollen taxa and their variable 
loadings on the PCA axes are in red. Mediterranean ecoregion sites are green triangles. Marine 
ecoregion sites are blue squares. Offshore sediment cores are Orange circles. The light gray sites are 
passively ordinated recent pollen assemblages (0– 2 ka) from the U.S. West Coast (see Figure 2).
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Pollen Assemblages at the Holocene Thermal Maximum (6 ka)
Pollen assemblages from the HTM (6 ka) again showed two distinctive Mediterranean 
and Marine clusters in the PCA biplot (Figure 3). The cluster of Mediterranean sites had 
greater relative abundances of umbellifers, sage, pine, buckthorn, and rose, and geogra-
phically were situated in the Sierra Nevada. The Marine cluster of sites were typified by 
higher relative abundances of fir, alder, cypress, spruce, Douglas fir, willow, and hemlock, 
and were located in coastal Oregon and Washington state.

The tendency for inland sites from Oregon to ordinate with Mediterranean sites, rather 
than the ecoregion in which they were located, was more pronounced at 6 ka compared to 
core-top data. Breitenbush (C14), Tumalo (C16) and Dead Horse (C18) Lakes showed pollen 
assemblages that bore a closer resemblance to Sierra Nevada lakes than other Marine sites, 
while Bolan Lake (C20) was an outlier compared to nearby sites in Northern California. At the 
HTM, Bolan Lake ordinated in between these Mediterranean and Marine clusters. Records 
from lower elevation sites at the southernmost extent of our study area were too few to make a 
comparable cluster, though they did ordinate close together with taxa that suggest a xeric 
woodland community at the HTM, comprised of aster, oak, sedge, and amaranths.

Comparing the core-top ordination with its HTM placement for individual sites showed 
additional outliers. Mono Lake (C34), for example, had a pollen assemblage similar to 
Sierra Nevada sites at 6 ka, with pine, rose, buckthorn, sage, and umbellifers. Comparison 

Figure 4. PCA biplot ordination of Last Glacial Maximum (19 ka) pollen assemblages from California, 
Oregon and Washington lake sediment and offshore core pollen samples. Pollen taxa and their 
variable loadings on the PCA axes are in red. Mediterranean ecoregion sites are green triangles and 
Marine ecoregion sites are blue squares. Offshore sediment cores are Orange circles. The light gray 
sites are the passively ordinated recent pollen assemblages (0– 2 ka) from the West Coast.
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with its core-top ordination suggests a major shift after the HTM towards a more xeric 
floral community that resembled coastal and Central Valley California sites today. Little 
Willow (C28) also clustered with Sierra Nevada sites and plant communities at the HTM, 
while its core-top assemblage aligned more closely with Marine ecoregion sites. 
Interestingly, both sites are geographic outliers of the Sierra Nevada, with Mono Lake at 
its eastern periphery and Little Willow in the Cascade Mountains towards the north.

Pollen Assemblages at the Last Glacial Maximum (19 ka)
Distinctive ecoregion clusters were less apparent in our LGM biplot (19 ka, Figure 4), due 
to fewer records for this time period (n = 13). Still, geographic patterns and shifts in sites 
between time periods provided insight into vegetation response to global climate change. 
In the biplot, ordination for Southern California sites and all offshore sites showed a 
community of coniferous trees (cypress, pine, and hemlock) and perennials and shrubs 
(sage, aster, and buckthorn). Carp (C10) and Grass (C22) Lakes ordinated closely to each 
other, despite being nearly 500 km apart, and both had pine and sage as the most 
dominant pollen proportions in their record. Marine ecoregion sites within 100 km of 
the Pacific Ocean (Moose Lake C6 and Little Lake C15) showed vegetation communities 
comprising spruce, fir, alder and hemlock.

Comparing LGM ordinations with site core-top sequences, if available, showed 
important shifts in vegetation communities through time for northern sites in our 
study region. Offshore sites Y7211-1 (C17) and EW9504-17 (C19), located west of the 
boundary between ecoregions, ordinated close to core-top sequences from the southern 
Cascade Range and Sierra Nevada. In the California Central Valley, Tulare Lake’s (C40) 
LGM assemblage was unique due to its geographic isolation, with sedge, herbs, asters, 
sage, and amaranths, and small proportions of pine (Davis, 1999). Herbs and sedge were 
more prevalent, and amaranths reduced during the LGM, compared to core-top vegeta-
tion. Interior valley sites in the Puget Trough also showed major differences in the pollen 
taxa over time. LGM vegetation for Davis (C9) and Battle Ground (C13) Lakes included 
spruce, pine, fir, herbs and sedge, eventually transitioning to an assemblage with alder, 
Douglas Fir and Western hemlock by the Late Holocene (Barnosky, 1985).

Vegetation community change during interglacial periods

The Last Interglacial (LIG) was the last sustained, warm interglacial, lasting from 130 to 
120 ka and is considered correlative with Marine Isotope Stage 5e. Few sedimentary 
records in our analysis were old enough to extend to the LIG, and pollen data largely 
came from long offshore core sequences that extend from the Mediterranean-Marine 
ecoregion boundary to Southern California (Figure 1). As there were not enough sites to 
warrant PCA for this time period, we looked at time-series and geographic patterns 
qualitatively. Shifts in tree taxa showed distinctive patterns of change that occurred over 
several millennia: riparian alder (Alnus) was succeeded by oak (Quercus) and redwood 
(Sequoia sempervirens) at the LIG (~130 ka) in sites 1019 and EW9054-17 (Figure 5) 
(Heusser et al., 2000; Heusser and Shackleton, 1979).

Southward, this same succession occurred in ODP Site 1018 (C41), and the proportion 
of oak was greater (Lyle et al., 2010). Heusser (2000) showed that oak peaked c. 125 ka in 
the Santa Barbara Basin (site 893) at proportions up to ~30%, with no preceding rise in 
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Figure 5. Select pollen data from Sites 1019/EW-9054-17, 1018, DSDP Site 893, and Clear Lake, all 
sequences dating to the LIG. Successional shifts in coastal tree taxa and prevalence of Quercus (oak) as 
a climate change indicator are highlighted here.
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alder nor redwood presence. At terrestrial Clear Lake, oak increased to nearly 80% and 
coastal alder and redwood were absent (Adam & West, 1983). At both sites 893 and Clear 
Lake, the rapid rise in oak at c. 16 ka occurred with the transition out of the last glacial 
period. At sites offshore of the Marine-Mediterranean ecoregion boundary, the succes-
sion of Alnus-Quercus-Sequoia again occurred from 15 to 6 ka at sites as climate 
transitioned from the Last Glacial to the Holocene.

Discussion

Here, we discuss interpretation of the vegetation communities revealed in our analysis as 
relevant to our original research questions.

1. Are Marine and Mediterranean vegetation communities distinct during past climatic 
extremes, such as the Holocene Thermal Maximum at 6 ka and the Last Glacial Maximum 
at 19 ka?

Recent and HTM biplots showed distinct clusters of the Mediterranean and Marine 
ecoregion sites that reflected specific geographic patterns. At both times, Marine sites close 
to the coast and Puget Trough tended to cluster, suggesting similarity. There was little 
change over the next 6 kyr between the warmer conditions of the HTM and the present 
day. Sierra Nevada sites also clustered tightly for both the core-top and HTM ordinations, 
due in part to their geographic proximity. This cluster included more sites during the HTM 
that were geographic outliers, most notably sites from central Oregon at the eastern Marine 
ecoregion boundary with the Great Basin. Their inclusion, and the tighter ordination of 
this cluster overall, may be a reflection of 1) warmer conditions towards the southeastern 
section of the Marine ecoregion during the HTM, and 2) vegetation communities that were 
more homogeneous compared to the present day. Mono Lake and Little Willow Lake were 
other geographic outliers that showed pollen assemblages similar to the Sierra Nevada 
during the HTM, yet shifted to distinctly different communities afterward.

Clustering was less apparent in the LGM ordination, due to fewer sites and the lack of 
Sierra Nevada records. By comparing trajectories for specific sites over time and to each 
other, we observed that pine, cypress, spruce, herbs, rose, sedge, and asters comprised a 
greater proportion of assemblages in Marine ecoregion sites >100 km from the coast 
during the LGM. Core-top sequences showed transition to a plant community with alder, 
Douglas fir, and hemlock by the present day. Coastal terrestrial sites in the Marine 
ecoregion similarly showed a transition from pine-dominated forest at the LGM towards 
other conifers. At these coastal sites, conifers remain the largest proportion of taxa in the 
pollen assemblages at all time periods, with fewer perennials and shrub taxa compared to 
interior sites. This was likely indicative of colder, drier conditions for the Pacific 
Northwest interior during the LGM (Thompson & Anderson, 2000; Whitlock et al., 2000).

Large proportions of pine pollen (>50%) occurred in sequences just offshore of the 
Marine-Mediterranean boundary (C17, C19), contributing to the similarity between 
these sites during the LGM, and with recent pollen data from the Cascade and Sierra 
Nevada Mountains. Seasonal pollen deposited in offshore settings does reflect shoreline 
vegetation communities, as shown with seasonal sediment trap collection in the Santa 
Barbara drainage basin (Heusser et al., 2015). LGM pollen data from the southern end of 
the Mediterranean ecoregion showed vegetation communities with oak, along with pine, 
herbs, sage, cypress, and asters. Conifer presence suggests that cool, moist conditions 
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prevailed along the California coast during the LGM, and other paleo records and 
modeling studies have shown that Southern California was wet at this time (Glover, 
2017; Heusser et al., 2015; Oster et al., 2015).

2. How did Marine and Mediterranean vegetation respond to enhanced insolation and 
temperatures during the last interglacial period (130–120 ka)?

Records extending to the LIG allowed us to qualitatively examine vegetation communities 
in a warm climate due to higher than modern summer insolation. Shifts in the proportion of 
important tree taxa over time showed how communities tended to establish in response to 
rapid warming after glacial conditions, with alder, then oak, then redwood establishing in 
northern offshore sites c. 135–125 ka. In the Pacific Northwest today, alder continues to 
quickly colonize disturbed areas, including recently deglaciated terrain, occupying riverbanks 
and low-lying floodplains (C.J. Heusser et al., 1999). This same sequence occurred nearly 
1000 km south at Site 1018, though delayed by 5 kyr and with larger proportions of S. 
sempervirens. While evidence at both sites suggests that it took ~10 kyr for redwood forests to 
establish along the coast during the LIG, this same Alder-Quercus-Sequoia succession 
occurred more rapidly at both sites after the LGM, with redwood forest expanding by 8– 
6 ka. For both the LIG and Holocene, the redwood establishment likely followed strengthen-
ing of the California Current during interglacial conditions that led to enhanced upwelling 
and coastal fog (Herbert et al., 2001; Pisias et al., 2001).

Proportions of alder were more diminished in southerly ocean cores, whereas oak was 
more prevalent and reflected the transition towards drier and warmer conditions. This 
suggests that the strong north-south precipitation gradient along the West Coast 
observed today was likely in effect during the LIG and that Southern California coastal 
vegetation communities included oak woodland, chaparral, and sage scrub towards the 
south. In interpreting these records, oak has often been invoked as a temperature proxy 
that correlates with the marine δ18O record (Adam & West, 1983; Heusser, 2000).

3. How has data quality and availability limited this analysis, and what future direc-
tions could improve paleovegetation studies for the West Coast?

Our analysis highlighted several geographic and usability gaps in the palynological record. 
Perennial, meromictic lakes are optimal for pollen deposition and preservation, making 
alpine settings and climatic conditions in the Marine ecoregion the most favorable for long, 
continuous pollen sequences. Geographic gaps exist in South-Central and Southern 
California in particular, where annual precipitation totals are lower and perennial lakes are 
more rare. Extended megadroughts, lasting decades to centuries, have occurred in California 
during the Holocene and past interglacials, creating conditions that preclude continuous lake 
sequences (Fawcett et al., 2011; MacDonald & Case, 2005). Site maps accompanying our 
core-top (Figure 2) and HTM (Figure 3) PCA results in particular highlight the paucity of 
continuous, digitally available Holocene-age sequences in Southern California.

Approximately 40 pollen sites were not included in our analysis, as they were younger 
than the HTM. Sites that were included in our analysis (n = 44) tended to be largely 
Holocene-age (65%). An additional ~40 pollen records from sites throughout CA, OR 
and WA have been published and several extend to at least the LGM, yet are not available 
in public community repositories. Their digitization and addition to repositories would 
contribute to the continued synthesis and analysis of past vegetation change for West 
Coast plant communities at additional times and finer timescales. These records encom-
pass periods of past hydrologic and temperature shifts that are often rapid and high 
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amplitude events and have the potential to yield insight into ecosystem changes that will 
occur with climate change in the coming decades (Annan & Hargreaves, 2015; Burke et 
al., 2018). Anderson et al. (2020) show that chronological control and analysis at 
centennial intervals are crucial research needs, in order to detect rapid change on time-
scales that align with land management for community change in the coming decades.

Conclusion

Systematically compiling and analyzing pollen records from the US West Coast allowed us 
to investigate how plant communities have responded to past climate change, and we 
found PCA to be a powerful tool for examining these shifts across space and time. While 
clusters on our PCA biplot ordination predictably matched sites that clustered geographi-
cally, their presence across two Holocene-age time slices suggested that vegetation com-
munities persisted in alpine and coastal settings during the higher global temperatures of 
the HTM due to enhanced insolation. Qualitatively examining pollen records from the Last 
Interglacial complemented our PCA “time slice” approach, allowing us to show consistent 
successional patterns over millennia in coastal vegetation as the climate shifted from glacial 
to interglacial conditions. The prevalence of alder, oak, and then redwood transitioned 
over a 6 to 10 kyr period as moisture along the coast was enhanced by upwelling.

Outlier sites in our study yielded the most valuable insight to settings where vegetation 
communities may be the most sensitive to future climatic warming. These include sites in 
interior valleys (e.g. the Puget Trough, California Central Valley), and those located close 
to the Great Basin. All sites in eastern Oregon ordinated with sites known for their 
Mediterranean-type alpine vegetation communities for the HTM, suggesting enhanced 
aridity in the region. California sites that exhibited major vegetation community change 
at the HTM were similarly situated at the eastern edge of their ecoregion, distant from 
Pacific-sourced precipitation. Vegetation ranges and community diversity are in a state 
of rapid change today, due to climate change and longer wildfire seasons. High-resolu-
tion pollen records from the US West Coast remain a critical research need in order to 
better understand the extent and rate of change for vegetation communities that are 
increasingly in disequilibrium with climate.

Note

1. Throughout the study, we use “ka” to represent “thousands of years before present” and 
“kyr” to represent “thousands of years.”
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Tribute

As members of the UCLA Geography community, we are honored to contribute to this special 
volume on Professor Antony (Tony) Orme. All of us at UCLA were fortunate to benefit from 
Tony’s contributions to research, teaching and administration. Tony served as a faculty member in 
the Department of Geography from 1968 to 2010. During this time, he rose to the rank of Full 
Professor, served as Department Chair from 1974 to 1977, and as Dean of Social Sciences from 
1977 to 1983. Upon retirement from his professorial appointment, Tony quickly rejoined the 
UCLA ranks as Director of the UC White Mountain Research Center from 2012 to 2016. It is no 
exaggeration to say that his efforts leading the White Mountain Research Center were transfor-
mative. This is almost half a century of dedicated service to UCLA that will long be remembered by 
students, staff and faculty to whom Tony so generously gave his thought, time and efforts. In this 
contribution, we apply palynological data to resolve Pleistocene and Holocene vegetation com-
munity change in West Coast states. This subject aligns with Tony’s sustained research interests in 
late Quaternary environments and environmental change in western North America, work, which 
continued well into this century (e.g. MacDonald et al., 2008; Orme, 2008, 2004, 2002; Orme & 
Orme, 2008; Palacios, 2006). As Professor Orme demonstrated with pluvial lakes, pollen can 
powerfully highlight the sensitive response in West Coast landscapes and ecosystems to large-scale 
climatic variations. We similarly show that late Quaternary hydroclimate is complex throughout 
the region and would benefit from more highly resolved records of all types from the Holocene and 
before the Last Glacial Maximum.
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