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Abstract California hazelnuts (Corylus cornuta var. californica) are abundant in
the archaeological record of site CA-SMA-113 in Quiroste Valley Cultural Pre-
serve, and hazel management on the Central Coast was recorded in late 18th
century Spanish accounts. However, this species is currently absent from
Quiroste Valley proper and rare in the watershed, though it is locally common
elsewhere in the Santa Cruz Mountains. Because high California hazelnut
abundance is associated with frequent fire regimes, we believe that its current
low abundance could be due to fire suppression enforced in the region for the
past two hundred years. We sequenced nuclear microsatellites from ten popu-
lations of California hazelnuts to test the hypothesis that this species has
experienced demographic changes in response to changing climate and land
management practices. We found that all populations exhibited high levels of
genetic variation and negative population growth consistent with large popu-
lation sizes in the past with some decline over time. We also found subtle pat-
terns of geographic structure suggesting that Quiroste Valley and neighboring
Butano may have been important refugia habitats during past climate warming
events. These results provide an important foundation demonstrating that
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population genetic approaches can be applied to eco-archaeological research on
indigenous landscape management and set the stage for future work using
genetics to reveal further details of the demographic history of Quiroste Valley
hazelnut populations.

Resumen Las avellanas de California (Corylus cornuta var. californica) son
abundantes en el registro arqueológico del sitio CA-SMA-113 en la Reserva
Cultural del Valle Quiroste, y el manejo de los avellanos en la Costa Central fue
mencionado en los registros españoles de fines del siglo XVIII. Sin embargo, esta
especie está actualmente ausente del Valle Quiroste propiamente dicho, y es rara
en la cuenca, aunque es común en otras partes de las Montañas Santa Cruz.
Dado que la gran abundancia de avellanas está asociada con los regímenes de
incendios frecuentes, creemos que la escasez actual podría deberse a la supresión
del fuego ejecutada en la región en los últimos doscientos años. Hemos
secuenciado microsatélites nucleares de diez poblaciones de avellanas de Cali-
fornia para probar la hipótesis de que esta especie ha experimentado cambios
demográficos en respuesta al cambio climático y a las prácticas de manejo de la
tierra. Hemos descubierto que todas las poblaciones exhibían altos niveles de
variación genética y un crecimiento negativo de la población, consistente con
grandes poblaciones en el pasado con un cierto declive en el tiempo. También
hemos descubierto sutiles patrones de estructura geográfica que sugieren que el
Valle Quiroste y el cercano Butano pueden haber sido importantes hábitat de
refugio durante los pasados eventos de calentamiento climático. Estos resulta-
dos proporcionan una base importante que demuestra que los enfoques de
genética de poblaciones pueden ser aplicados a la investigación eco-arqueológica
sobre el manejo indígena del paisaje y sentar las bases para el trabajo futuro,
usando la genética para revelar más detalles de la historia demográfica de las
poblaciones de avellana del Valle Quiroste.

From ethnographic accounts and historical documents, we know that Cali-
fornia Indians actively managed the landscape to create stable food supplies,
using fire as their primary means to modify vegetation at large scales (Anderson
2005). However, these records only go back to the eighteenth century, whereas
Indians have inhabited California for at least 12,000 years (Erlandson et al.
2007). To what extent did these practices extend back across the many centuries
of human settlement in California, and how large of an area was impacted by fire
management during these times? The answers to these questions are relevant
not only to reconstructing landscapes and cultures of the past, but also for
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predicting how animal and plant communities may change in the future under
scenarios of further global climate change. Moreover, our work with the Amah
Mutsun Tribal Band has shown that many tribal members are eager to re-apply
the traditional land management practices that sustained productive landscapes
in California for centuries, and that have the potential to do so for future gen-
erations (Lightfoot and Lopez, this volume).

Traditionally, the investigation of human land management prior to histori-
cal documentation has remained in the realm of archaeology. Indeed, archaeo-
logical research can reveal a wealth of information about foodways, cultural
practices, and landscape modifications in particular spatiotemporal contexts.
However, we suggest the reconstruction of entire landscapes from such contexts
can be improved with a broader approach including other methods of investi-
gating the past, such as dendrochronology, phytolith analyses (Evett and
Cuthrell, this volume), and surveys of pollen and charcoal in radiocarbon
dated wetland sediment cores (Cowart and Byrne, this volume). In addition,
investigating the genetic diversity of ancient DNA of biotic remains from
archaeological sites can be used to test hypotheses of the strength of human
impacts on food resources (Broughton et al. 2013).

The genetic diversity of a population of contemporary individuals also can
serve as a window into past demographic events. Because genetic diversity in
an individual derives from mutation rates and recombination during sexual
reproduction of ancestors, measures of genetic diversity are highest in individ-
uals belonging to populations that have been large and out-breeding over many
generations and lowest in individuals belonging to populations that have experi-
enced severe demographic declines and/or inbreeding over time (Soulé 1976).
For example, sea otters have been found to have extremely low genetic diversity,
a result of hunting pressure that reduced the Pacific Ocean population to just a
few widely scattered populations representing less than 1 percent of their
former numbers (Kenyon 1969). Today’s Pacific otters descend from these sur-
vivors and bear the signature of low genetic diversity and high inbreeding
(Larson et al. 2012). Conversely, Pacific whales were found to have much
higher genetic diversity than expected, suggesting that whale populations
before commercial whaling were much higher than previously believed
(Roman and Palumbi 2003).

The neutral genetic variation (i.e., variation which does not affect organism
function) within populations often changes over spatial distance because indi-
viduals within populations usually mate with other individuals from the same
population. Thus, the genetic variation found among populations of a species
can exhibit “geographic structure”, usually correlating with spatial distance or
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topographic features that limit organism mobility (Avise 2000). Because species
(and populations) shift their geographic distributions through time, it is some-
times possible to track such movement using genetic markers. For example,
studies on North American plants have used these methods to infer migration
rates following glacial retreat as well as to identify the putative refugia where
tree populations survived during the last glacial maximum (McLachlan et al.
2005).

At Quiroste Valley, archaeological studies of plant and animal remains found
in contexts dated to ca. AD 1,000–1,300 have included >19,000 archaeofaunal
and >40,000 archaeobotanical specimens from more than 49 animal and 50
plant taxa (Cuthrell, this volume; Gifford-Gonzalez et al., this volume). Unlike
most contemporary sites in Interior Central California, hazelnut is by far the
most common nut food taxon at SMA-113, comprising over 85 percent of
archaeological nutshell by weight (Cuthrell, this volume). It is possible that
these hazelnuts were transported from elsewhere in the Santa Cruz Mountains,
but most likely that they were harvested locally, within the foraging radius of
the village (Kelly 1995). Historical accounts also mention hazelnut management
in the vicinity. Father Juan Crespi, a member of the 1769 Portola expedition,
reported stands of burnt hazelnut between the present-day locations of Watson-
ville and Santa Cruz, about 50 km ESE of Quiroste Valley. He wrote, “[there are]
a great many knoll ranges wooded with hazelnut groves yielding very good-sized
nuts … the heathen, by what we could see burn them off” (Brown 2001:561).

These lines of evidence suggest that hazelnuts may have been an important
food source for Quiroste Valley inhabitants from at least ca. 1,000 years ago
until Spanish colonization. Today, however, hazelnut is almost entirely absent
from the Whitehouse Creek watershed (containing Quiroste Valley), as exten-
sive searches have uncovered only one population comprising two stands of
less than 200 individuals in total, located approximately 2 km upstream of
SMA-113 in a shady streamside habitat under redwood forest. The annual pro-
duction of this stand would not yield large quantities of nuts (see Cuthrell, this
volume, for more information on California hazelnut yields). Given the expected
irregularity and sparsity of natural hazelnut production and the low density of
the taxon in the area today, the abundance of hazelnuts in the SMA-113 assem-
blage would be difficult to explain if hazelnut had the same distribution and
abundance during site occupation as it does today. Thus, it is plausible that
the type of hazelnut management described by Crespi had a long history in
this area. If hazelnut burning increased nut as well as sprout production, the
abundance of hazel in the SMA-113 macrobotanical assemblage could be a
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strong indicator of hazelnut management during the early part of the Late
Holocene.

We hypothesize that the current rarity of hazelnut in Quiroste Valley may be
due to the pervasive fire suppression that has occurred in the vicinity over the
past 200 years. Besides Crespi’s account, there are many studies that document
Native Americans intentionally setting fires to promote hazelnut (LaLande and
Pullen 1999; Levy 2005; Turner 1999). For example, the Coquille tribe of
Oregon burns hazelnut fields approximately every five years to boost nut pro-
duction and promote new clones (LaLande and Pullen 1999). Areas that are
known to have experienced frequent fire returns have the highest densities of
hazelnut, reaching very large densities (Halpern 1989). To be able to test our
hypothesis, we need to know if Quiroste Valley hazelnuts represent a unique,
genetically recognizable population. Furthermore, given the uncertainty of
tracking genetic change with respect to absolute chronology, we must place
the genetic heritage of Quiroste Valley hazelnuts within the context of the
larger demographic history of hazelnuts over the past several millennia.
Besides recent fire suppression in the area, there have been many other
changes that could influence hazelnut population size and distribution over
longer time scales, such as climate change over the last glacial cycles.

We used nuclear microsatellites to characterize genetic diversity and popu-
lation structure of California hazelnut from California’s Central Coast to pose
the following three questions: (1) What is the genetic diversity within hazelnut
populations of Central Coastal California hazelnut? (2) Do hazelnut populations
exhibit geographic structure? (3) Is there evidence that hazelnut population size
has changed through time on the Central Coast?

Methods

Study Organism and Field Collection

California hazelnut (Corylus cornuta var. californica) is a small, multi-stemmed
tree that grows from Monterey County in California north to British Columbia,
Canada (Figure 1). In California, it occurs in mixed evergreen forest and riparian
areas in coastal areas, and in the Sierra Nevada it is present at mid-elevations
south to Sequoia National Park. California hazelnuts reproduce through seed
as well as vegetatively, with new stems growing from the root crown. Individual
stems can reach over 20 years in age, but the clones themselves (i.e., genetically
identical organisms) have much longer lifespans. California hazelnut will
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Figure 1. Sampling locations of California hazelnut populations on the central coast of

California and location of CA-SMA-113. Inset: Contemporary distribution of California

hazelnut (U.S. Geological Survey 2013) and sampling location at Seattle, Washington.
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resprout from the root crown in response to top killing by fire. It is a minor
understory component of most forests in which it occurs, with the exception
of recently burned areas, where it can become quite dominant (Halpern 1989).

We collected California hazelnut specimens from eight sites in California and
one site in Seattle, Washington (Figure 1). For each site besides Quiroste Valley,
care was taken to sample individual plants more than 5 m from one another. At
Quiroste Valley, all individuals were sampled.1 Leaves were removed from each
plant and placed in paper envelopes in a large plastic bag with silica gel and
stored in a −20°C freezer at UC Berkeley.

DNA Extraction and PCR Amplification

DNA was extracted from the leaf tissue of 189 Corylus californica var. cornuta
individuals collected from eight populations along the Central Coast of Califor-
nia and one near Seattle, Washington (Figure 1). Genomic DNA was extracted
using a Qiagen DNEasy Plant Mini Kit (Valencia, California, USA). A 1:10
dilution of DNA and water was used for all amplifications.

Thirty-three primer pairs previously developed for the European hazelnut
(Corylus avellana) and demonstrated to be transferable across Corylus species,
including the California hazelnut, were assessed for use in this study (Bassil
et al. 2005; Boccacci et al. 2005). Polymerase chain reactions (PCR) were per-
formed in a total reaction volume of 25 µl containing 12.5 µl Promega GoTaq
Green Master Mix (Madison, Wisconsin), 7.5 µl H2O, 1.5 µl 10 µM forward
primer, 1.5 µl 10 µM reverse primer, and 2 µl of diluted DNA template. All
amplifications were conducted using a touchdown PCR protocol beginning
with an initial temperature of 95°C for 150 seconds followed by 30 cycles at
95°C for 30 seconds, annealing at a temperature of 60°C decreased by 0.5°C
every 30 seconds until 45°C, 72°C for 60 seconds, and ending with a final exten-
sion at 72°C for 20 minutes.

Characterization of Polymorphic Markers

Seventeen primers that were amplified successfully across populations were
labeled with the florescent marker 6-FAM or HEX for visualization. Amplifica-
tion products were co-loaded on an ABI 3730 automated sequencer (Applied
Biosystems) with 0.3 µl GS-500 LIZ (Applied Biosystems) size standard to
allow allele length sizing. Electrophoretic results were initially scored using
Peak Scanner v. 1.0 (Applied Biosystems) followed by visual confirmation.

Non-variable loci and loci with severe stutter were discarded from the study
resulting in a total of 10 useful polymorphic loci. Deviation from Hardy
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Weinberg Equilibrium was tested using GenAlEx 6.0 (Peakall and Smouse 2006)
and raw data was checked for errors due to large allele dropout, stutter, and null
alleles using MICROCHECKER (van Oosterhout et al. 2004). Three of the
remaining 10 loci were discarded from the analysis after they were shown to sig-
nificantly deviate from HWE with lower heterozygosity than expected across the
majority of populations and tested positive for null alleles. The seven remaining
loci used for all further analyses did not significantly deviate fromHWE for most
populations after sequential Bonferonni corrections (Rice 1989).

Genetic Diversity

Basic genetic diversity estimates including number of alleles (Na), number of
effective alleles (Ne), observed heterozygosity (Ho), expected and unbiased
expected heterozygosity (He and Uhe), information index (I), and the fixation
index (F) were calculated using GenAlEx 6.0 (Peakall and Smouse 2006).
Linkage disequilibrium was calculated using GenePop 4.0 (Raymond and
Rousset 1995; Rousset 2008).

Population Differentiation

Pairwise FST values between all populations and across all loci as well as an analy-
sis of molecular variance (AMOVA, Excoffier et al. 1992) were calculated using
GenAlEx 6.0. AMOVA calculated variance among populations, among individ-
uals, and within individuals using RST statistics with 999 permutations.
Further evidence of population structure was assessed using population struc-
ture analysis implemented in Structure 2.3.4 (Pritchard et al. 2000). This analy-
sis assessed the most probable number of genetic clusters that characterizes our
samples and assigned individuals to populations. STRUCTURE is a model-based
algorithm method that uses Bayesian statistics and Markov chain Monte Carlo
(MCMC) to make cluster assignments using genetic data. We used the “admix-
ture” model with correlated allele frequencies among populations and sampling
locality as a prior. The use of sampling locality as a prior does not overestimate
population structure when none is present, but can improve the ability of the
clustering algorithm to detect structure when data are limited (Hubisz et al.
2009). We performed three replicate runs for each value of K ranging from 1
to 9 with a burn-in of 10,000 followed by 20,000 repetitions. Each run estimated
the “log probability of data” (L(K)). We recorded the ln Prob(Data) for each run
and averaged the ln Prob(Data) across runs for each value of K. Finally, genetic
exchange was calculated using Slatkin and Barton’s (1985) private allele method
implemented in Genepop 4.0. The private allele method is an indirect estimate
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of gene flow based on the theory that private alleles are unlikely to reach high
frequencies if migration rates are high (Slatkin and Barton 1985).

Bottleneck Detection

A genetic bottleneck is experienced when a population undergoes a severe demo-
graphic decline followed by a recovery. Changes in genetic variation created by
bottlenecks occur both within and between populations and have been well
studied. When no data prior to the putative bottleneck is available, measure-
ments including allelic diversity, average heterozygosity, and measurements of
heterozygosity excess are commonly used for detection (Bonnell and Selander
1974; Bouzat et al. 1998; Cornuet and Luikart 1996; Nei et al. 1975). Attempts
to uncover genetic signatures of a recent bottleneck were carried out using BOT-
TLENECK version 1.2.02 (Piry et al. 1999). Tests implemented in BOTTLENECK
operate under the theory that once a population undergoes a bottleneck there
will be a correlated reduction in both allele numbers and levels of heterozygos-
ity. However, since allelic diversity will be lost faster then heterozygosity, a sig-
nature of heterozygosity excess (not heterozygote excess) is expected (Cornuet
and Luikart 1996).

Tests were conducted across loci for each population using the sign test and
Wilcoxon sign-rank test assuming a stepwise mutation model (SMM), an infinite
alleles model (IMM), and a two-phase model (TPM), which incorporates aspects
of the two extreme models. The standardized differences test was omitted due
to lack of loci (a minimum of 20 loci are recommended). Because dinucleotide
microsatellites tend to adhere more closely to an IAM model, the TPM was
set to 10 percent SMM and 90 percent IAM. A description of the allele frequency
distribution, referred to as the “mode-shift” indicator is also used to distinguish
populations that have experienced recent bottlenecks from stable ones. A bottle-
neck is detected when the shape of the graph of allele frequencies deviates from
the normal L-shaped distribution expected under mutation-drift equilibrium
(Piry et al. 1999). One hazelnut population (Portola Redwood location) was
not included in the calculations due to low sample size.

Population Demography

We assessed evidence of historical fluctuations in population size using data
from 11 microsatellite loci with LAMARC 2.1.8 (Kuhner 2006). We investigated
population fluctuation in four geographic locations that well represented the
geographic structure in our sample: Quiroste Valley, Watsonville, Swanton
Road, and Seattle. LAMARC estimates a population-growth parameter, g,
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by using the coalescent and a Markov chain Monte Carlo genealogy sampler.
Positive values of g indicate a growing population and negative values represent
shrinking populations. A g of zero represents constant size. We used the 99
percent confidence intervals for g to test for significant difference from zero.
For each maximum likelihood run, we used 20 short chains of 10,000 steps
and two long chains with 200,000 steps. The number of short chains was
based on when parameter estimates appeared to be stabilized. We used a
Brownian-motion model for the mutation model, which is a statistical approxi-
mation of the stepwise model. Each run was replicated three times with differ-
ent starting seeds and with three simultaneously heating searches.

Results

Genetic Diversity

All loci exhibited moderate levels of polymorphism. The total number of alleles
per locus ranged from 5 to 21. Private alleles were observed at most loci result-
ing in a lower number of effective alleles relative to the number of total alleles
across loci (Table 1). Genetic variation within populations was moderate with
observed heterozygosities ranging from 0.543–0.688 (Table 1). With the excep-
tion of locus CAC-B020 in Swanton Road and Big Basin populations and locus
CAC-B109 in the Quiroste Valley population, no loci significantly differed
from HWE after sequential Bonferonni corrections. The majority of loci did
not show patterns of linkage disequilibrium after sequential Bonferonni correc-
tions, the exceptions being CAC-A102 and CAC-B109 in the Watsonville popu-
lation, CAC-B029b and CAC-B101 in the Butano population, and CAC-B010 and
CAT-B107 in the Big Basin populations. Interestingly, the Swanton Road popu-
lation showed high levels of disequilibrium between loci with CAC-A102 and
CAC-B109, CAC029b and CACB109, CAC-B101 and CAC-B109, CAC-B029b
and CAC-B101, and CAC-B020 and CAC-B109 showing significant signs of
linkage (5 of the 21 pairwise comparisons).

Population Differentiation

Pairwise FST values were low between California populations ranging from
0.012–0.054. FST values between California populations did not show any
trend relative to geographic distance, however FST values were the highest
between the Seattle population and all other California populations, suggesting
increased isolation by distance (Table 2). An indirect estimate of 7.75 migrants
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Table 1. Genetic Diversity Statistics for All Populations Across All Loci.

N Na Ne I Ho He UHe F

UC Santa Cruz Mean 25 7.43 3.44 1.44 0.68 0.65 0.67 −0.06

SE 1.02 0.60 0.18 0.06 0.06 0.06 0.05

UC Berkeley Mean 27 7.23 3.19 1.33 0.62 0.61 0.62 −0.01

SE 1.48 0.65 0.22 0.08 0.07 0.07 0.05

Watsonville Mean 25 7.00 2.98 1.25 0.58 0.58 0.59 0.02

SE 1.20 0.71 0.21 0.07 0.09 0.07 0.08

Seattle Mean 10 5.23 3.39 1.39 0.69 0.70 0.75 0.02

SE 0.12 0.12 0.06 0.06 0.01 0.01 0.09

Swanton Road Mean 25 7.00 3.47 1.41 0.62 0.65 0.66 0.04

SE 0.93 0.52 0.18 0.08 0.71 0.07 0.05

Butano Mean 25 6.00 3.21 1.23 0.62 0.60 0.61 −0.00

SE 1.38 0.79 0.23 0.08 0.08 0.08 0.07

Big Basin Mean 22 7.57 3.42 1.40 0.60 0.64 0.65 0.08

SE 1.19 0.63 0.20 0.08 0.07 0.07 0.05

Quiroste Valley Mean 25 7.43 3.99 1.42 0.62 0.64 0.66 0.05

SE 1.46 1.02 0.25 0.09 0.08 0.08 0.06

Portola Redwoods Mean 5 3.57 2.32 0.93 0.54 0.50 0.55 −0.12

SE 0.53 0.39 0.17 0.08 0.08 0.09 0.07

Notes: N, sample size; Na, number of alleles; Ne, effective number of alleles; I, polymorphism information index;
Ho, observed heterozygosity; He, expected heterozygosity; UHe, unbiased expected heterozygosity; and F, fixation
index.

Table 2. Pairwise FST Values for All Population Pairs.

UCSC UCB WAT SEA SWR BUT BGB QV PR

UC Santa Cruz 0.000

UC Berkeley 0.023 0.000

Watsonville 0.028 0.013 0.000

Seattle 0.058 0.073 0.082 0.000

Swanton Road 0.015 0.018 0.024 0.062 0.000

Butano 0.047 0.029 0.029 0.085 0.043 0.000

Big Basin 0.012 0.025 0.023 0.060 0.017 0.044 0.000

Quiroste Valley 0.027 0.025 0.026 0.068 0.027 0.054 0.024 0.000

Portola Redwood 0.033 0.023 0.029 0.105 0.035 0.046 0.037 0.042 0.000

Notes: UCSC, UC Santa Cruz; UCB, UC Berkeley; WAT, Watsonville; SEA, Seattle; SWR, Swanton Road; BUT,
Butano; BGB, Big Basin; QV, Quiroste Valley; PR, Portola Redwood.
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per generation (mean frequency of private alleles = 0.026) was calculated using
Slatkin and Barton’s (1985) private allele method.

The STRUCTURE analysis using allele profiles from seven microsatellite loci
found that K = 5 was the most likely number of clusters of nuclear variation in
the dataset (mean ln Prob(Data) =−3971.1). One of the five genetic clusters was
geographically restricted to Seattle, Washington (Figure 2). The remaining four
clusters were found at multiple sampling sites among the California popu-
lations. All samples at the Berkeley, Watsonville, and Swanton Road sites
were mostly assigned to one of the genetic clusters (Figure 2). The remaining
sites in California contained samples that had multiple populations-of-origin.

Bottleneck Detection

The IAM, SMM, and TPM were applied to test if the microsatellite loci showed
departure from mutation-drift equilibrium using BOTTLENECK. Under the
IAM, results indicated that there was no deviation from mutation-drift equili-
brium using the sign test (P > 0.05) or the Wilcoxon rank sign test (P > 0.1,
two tailed). Under the SMM, Seattle did not deviate from mutation drift equili-
brium for both tests and Quiroste Valley did not deviate from mutation drift
equilibrium using the sign test. All other results were significant under the
SMM, indicating a deficiency in heterozygosity using both the sign test (P <
0.05) and Wilcoxon rank sign test (P < 0.1, two tailed). Results under TPM
were consistent with IAM results (Table 3). Analysis of allele frequency patterns
revealed normal L-shaped distributions, which are expected in populations that
have not experienced a recent severe bottleneck.

Figure 2. Structure results for K = 5 clusters across all populations. Each vertical bar represents an

individual from the populations indicated on the x-axis, oriented from most northerly population

towards the south, left to right. The different shades of gray correspond to ancestral population of

origin. The y axis represents probability of assignment to one of these five clusters. Location “P.R.”

is Portola Redwoods State Park.
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Historical Population Demography

All four hazelnut populations that we analyzed showed evidence of a slight
decline in historical population size based on our LAMARC analyses. The
maximum likelihood estimates (MLE) of g were small and negative for Quiroste
(MLE =−0.224), Watsonville (MLE =−0.117), Swanton (MLE =−0.113), and
Seattle (MLE =−0.070). All estimates were shown with 99 percent certainty
to be nonzero (Quiroste: range −0.117 to −0.368; Watsonville: range −0.227
to −0.035; Swanton: range −0.208 to −0.044; Seattle: range: −0.138 to
−0.022). All independent runs of LAMARC provided similar results suggesting
that the settings for the analyses were appropriate.

Discussion

Quiroste Valley hazelnuts yielded relatively high values of genetic diversity and
there was a signal of large amounts of gene flow to the other populations in the
area, mirroring the signal from all of the other Central California populations.
The large values for genetic diversity coupled with the negative values of
overall population growth indicate that Holocene hazelnut populations could
have been much larger than they are now. Today, hazelnut populations attain
the highest densities in frequently burned landscapes (Halpern 1989). There-
fore, although our inference is weak, our findings are nevertheless broadly

Table 3. Results for Tests of Heterozygosity Excess and Mode Shift Using BOTTLENECK.

Sign Test Wilcoxon Test Mode Shift
IAM SMM TPM IAM SMM TPM

UC Santa Cruz 0.403 0.002 0.312 0.938 0.008 0.578 No

UC Berkeley 0.328 0.217 0.321 0.813 0.234 0.375 No

Watsonville 0.117 0.002 0.116 0.297 0.008 0.078 No

Seattle 0.392 0.573 0.407 0.375 0.813 0.375 No

Swanton Road 0.600 0.001 0.591 0.578 0.008 0.812 No

Butano 0.639 0.022 0.647 0.297 0.055 0.469 No

Big Basin 0.415 0.002 0.104 0.938 0.008 0.078 No

Quiroste Valley 0.118 0.129 0.343 0.297 0.039 0.937 No

Notes: P-values are presented for tests performed across all populations for both the Sign Test and Wilcoxon Test
using the infinite alleles model (IAM), stepwise mutation model (SMM), and the two-phase model (TPM).
Significant p-values under the SMM signify excess homozygosity. Two-tailed P-values were calculated for the
Wilcoxon Test.
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congruent with the hypothesis that anthropogenic burning of landscapes at
Quiroste promoted a larger population of hazelnuts in the past. However, it
is important to emphasize that in our genetic results, it is difficult to disentangle
the effects that fire suppression in recent times may have caused from older,
Pleistocene and Holocene climate-driven distributional shifts of this species.
For example, a recent genetic study of Chilean conifers concluded that the phy-
logeographic patterns they found were driven by both anthropogenic fire and
global climate change (Souto et al. 2012).

The high degree of connectivity among all populations that we found is not
surprising, given that hazelnuts are dioecious, wind pollinated, animal dis-
persed, and relatively long-lived woody plants, a combination of traits con-
sidered to result in low population structure over large geographic ranges
(Loveless and Hamrick 1984). Nevertheless, we were able to recover some geo-
graphic structure for some Californian populations, especially at Quiroste Valley
and Butano (Figure 2). The unique alleles found in each of these two populations
were in contrast to the similar ancestral population signals shared by the rest of
the California populations.

These results are notable for two reasons. First, since nuclear microsatellites
in plants generally reflect pollen rather than seed dispersal, the fact that popu-
lation structure is apparent in our results suggests that chloroplast alleles or
microsatellites may yield even stronger signals of geographic structure. This is
because hazelnut seeds almost certainly disperse smaller distances per gener-
ation than hazelnut pollen. Based on our results, we believe that future analysis
of hazelnut populations with chloroplast DNA is warranted and is likely to give
stronger within-population signals of demographic expansion or bottlenecks.
Second, rare alleles like those found in the Butano and Quiroste Valley popu-
lations are often an indication of spatial isolation. Because the Santa Cruz
mountains are so close to the current distributional limit of hazelnut, it is
likely that during the warmer and drier climates of the mid Holocene, hazelnut
population range contracted further north towards San Francisco and then
re-expanded south within the past several thousand years. The protected, north-
facing slopes within the Quiroste Valley and Butano watersheds may have har-
bored refugial populations of hazelnuts during these warmer and drier periods.
Given that we are likely to again experience warmer climates in the near future,
the Quiroste Valley and Butano areas may represent especially important
habitat for this species.

Our population demographic analyses revealed no recent genetic bottleneck
in hazelnuts, but instead large heterozygosity consistent with large, outbreeding
populations. These results are in stark contrast to the current rarity of hazelnut
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in Quiroste Valley and its low current abundance in the Central Coast of Califor-
nia. These contrasting observations might be reconciled by considering that the
microsatellite data is likely giving us a signal of deeper time rather than the past
200–300 years. Even though individual hazelnut stems appear not to persist
more than 10–20 years, they are clonal and could thus be extremely long-lived.
The recent decimation of past large populations due to fire suppression may not
be reflected in the genetic diversity of the Quiroste population if those individ-
uals represent genetic entities that are more than a hundred years old and thus
have not yet experienced any inbreeding.

Conclusions

Recently, the analysis of ancient DNA has allowed researchers to refine their
understanding of populations of animals and plants useful to humans in deep
time. For example, ancient DNA can help place archaeological samples into a
genealogical framework, providing insight into the geographic and cultural
origins of domesticated foods (Kistler and Shapiro 2011). Given the large
number of hazelnut shells in the SMA-113 archaeobotanical assemblage
(Cuthrell, this volume) we think that it is very likely that some of them will
yield ancient DNA. This may allow us to place the ancient Quiroste Valley hazel-
nut population into the contemporary hazelnut population genetic structure
that we have characterized with our present study and give more precise
insight into the timing of Central Coast hazelnut demographic change and by
extension, the extent of anthropogenic burning over time and space in this
region.

We found that all hazelnut populations exhibited high levels of genetic vari-
ation and negative population growth consistent with large populations’ sizes
during the Holocene, with some degree of population decline over time. We
also found subtle patterns of geographic structure suggesting that Quiroste
Valley and neighboring Butano may have been important refugia during past
climate warming events. These results provide an important foundation demon-
strating that population genetic approaches can be successfully applied to
research questions about indigenous landscape management. Results of this
study also suggest several promising avenues for future work, including evalu-
ation of hazelnut population genetic structure using chloroplast DNA and analy-
sis of ancient DNA extracted from semi-carbonized archaeological hazelnut
shells.
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Note

1. Hazelnut samples were collected only from Whitehouse Canyon in the upper portion of the
Whitehouse Creek watershed. Quiroste Valley Cultural Preserve is located in the lower
portion of the Whitehouse Creek watershed. In the text, hazelnut samples from this area are
referred to as the “Quiroste Valley” hazelnut population, though Quiroste Valley Cultural Pre-
serve does not currently contain any hazelnut.
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