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Abstract

California valley oak (Quercus lobata Née) is a seriously threatened endemic oak species
in California and a keystone species for foothill oak ecosystems. Urban and agricultural
development affects a significant fraction of the species’ range and predicted climate
change is likely to dislocate many current populations. Here, we explore spatial patterns
of multivariate genotypes and genetic diversity throughout the range of valley oak to deter-
mine whether ongoing and future patterns of habitat loss could threaten the evolutionary
potential of the species by eradicating populations of distinctive genetic composition. This
manuscript will address three specific questions: (i) What is the spatial genetic structure of
the chloroplast and nuclear genetic markers? (ii) What are the geographical trends in the
distribution of chloroplast and nuclear genotypes? (iii) Is there any part of the species’
range where allelic diversity in either the chloroplast or nuclear genomes is particularly
high? We analysed six chloroplast and seven nuclear microsatellite genetic markers of
individuals widespread across the valley oak range. We then used a multivariate approach
correlating genetic markers and geographical variables through a canonical trend surface
analysis, followed by GIS mapping of the significant axes. We visualized population allelic
richness spatially with GIS tools to identify regions of high diversity. Our findings, based
on the distribution of multivariate genotypes and allelic richness, identify areas with
distinctive histories and genetic composition that should be given priority in reserve
network design, especially because these areas also overlap with landscape change and
little degree of protection. Thus, without a careful preservation plan, valuable evolutionary
information will be lost for valley oak.
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Introduction

Human-altered landscapes affect the distribution and
abundance of many species by fragmenting populations
and creating threats to genetic connectivity and by reduc-
ing local population sizes, which can diminish genetic

diversity and evolutionary potential (Ledig & Kitzmiller
1992; Young et al. 1996; Couvet 2002; Frankham et al. 2002;
Stockwell et al. 2003). When a species is widely distri-
buted, its evolutionary history can result in a geogra-
phical mosaic of genotypes that reflects the movement of
genes and the impact of genetic bottlenecks (Moritz 1995;
cf. references in Moritz & Faith 1998; Avise 2000). Some
parts of a species’ range may be ‘evolutionary hotspots’ that
reflect past evolutionary processes and provide essential
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genetic variation for future evolutionary dynamics (Ray-
burn & Moritz 2006). In this study, we ask whether the
regions of dramatic landscape alteration comprise areas
of evolutionary interest to California valley oak (Quercus
lobata Née), which is considered the ‘monarch of California
oaks by virtue of its size, age, and beauty’ (Pavlik et al.
1991). Like other tree oak species of California, valley oak
defines the ecosystem and plays a keystone resource role
for wildlife, insects, fungi, and lichen.

Many widely distributed woody plant species have
special conservation significance, and yet present a par-
ticular challenge to the development of conservation
strategies because these species have high genetic diversity
within populations and low genetic differences among
populations because of gene flow (Hamrick et al. 1992;
Hamrick & Godt 1996). Indeed, it might seem that pre-
serving any subset of populations should be sufficient,
since theoretically, each harbours a representative fraction
of the total gene pool, and therefore should include suffi-
cient genetic variation to protect the evolutionary potential
of the species. Instead, range-wide geographical patterns
of these tree species are likely to include gradual trends in
variation (e.g. Kinloch et al. 1986; Kremer & Zanetto 1997;
Le Corre et al. 1998). For example, directionality in migra-
tion rates could create genetic clines across the species
range (Epperson 2003). Alternatively, these species could
show sharp genetic gradients that might be indicative of
‘evolutionary hotspots’ created by suture zones, areas of
high ecological complexity, historical refugia, or recent
colonization and adaptive divergence (Rayburn & Moritz
2006). Thus, even species with widespread distributions
and tremendous potential for gene flow are likely to pos-
sess complex geographical patterns of genetic variation
that are at risk when part of their range is lost.

Since European settlement, the distribution and abund-
ance of valley oak has been reduced through conversion
of oak savannah and riparian oak forest to agricultural
crops, vineyards, and urban development (Pavlik et al.
1991; Kelly et al. 2005). In the San Joaquin Valley, the extent
of valley oak woodland and savanna may have been
reduced by as much as 95% (Kelly et al. 2005). Remnant
woodlands occur mainly in the foothills and valleys of
the Central and Northern Coast Ranges, Tehachapi Moun-
tains and Sierra Nevada. Housing density exceeds one
house per 64 ha (160 ac) on more than two-thirds of mapped
valley oak woodlands and exceeds one house per 16 ha
(40 ac) on nearly 20% of remaining woodlands. Based on
population projections, residential development will con-
tinue in many of these areas (Fig. 1) because more than
90% of the area is privately owned and less than 3% is
in formally designated reserves (Davis et al. 2000). Within
existing habitat, recruitment of reproductive-aged indi-
viduals is rare and not sufficient to offset adult mortality
(Brown & Davis 1991; Tyler et al. 2006). Thus, valley oak

plant communities are considered threatened and of
high priority for inventory by both the California
Department of Fish and Game and by The Nature Con-
servancy (Davis et al. 2000). Combined with this pre-
dicted loss of habitat and declining population size in
remaining areas is potential habitat dislocation due to
climate change (Kueppers et al. 2005). Collectively, the
issues of landscape and climate change call for a strategy
for a network of reserves that protect the regions of
evolutionary and genetic uniqueness.

In this study, we analyse geographical patterns of
genetic variation to identify regions of potential conser-
vation significance. Our strategy in detecting regions
of evolutionary interest has been to allocate our sampling
effort to maximize the number of sampling locations
rather than the number of individuals within populations.
This investigation provides a first-round analysis that
examines a broad range of the distribution to identify
areas of further interest. The results here can both identify
areas of conservation priority and then inform a second-
round analysis where additional sampling would be
beneficial. We employ multivariate statistics because they
are sensitive to detecting small genetic differences across
loci (Conkle & Westfall 1984; Kremer & Zanetto 1997;
Rajora & Dancik 1999). The use of multivariate genetic
variables may be novel for conservation planning, but the
methods of quantitative genetics or community ecology
invoke the same approach. Multivariate statistics have
been used to assess genetic variation within and among
regions (e.g. Li & Adams 1989; Kremer & Zanetto 1997).
The geographical analysis of multivariate genotypes
has been used by forest geneticists to identify breeding
zones for trees (Westfall & Conkle 1992). It is possible
to statistically test whether genetic variables and envir-
onmental variables are significantly correlated through
canonical correspondence analysis (CCA) (e.g. Gram &
Sork 1999, 2001). Canonical trend surface analysis
(Wartenberg 1985), an extension of canonical analysis,
provides a useful technique first to test statistically for the
directionality in continuous geographical trends of genetic
data, treating these data like quantitative traits, and then
to form hypotheses about historical gene movement.
Depending on the genetic variables analysed with these
multivariate statistics, different information will be re-
vealed that can be integrated into conservation strategies.
Uniparentally inherited markers, such as those in the
chloroplast, offer useful information on (re)colonization
through seeds. Nuclear markers encompass information
of both pollen and seed dispersal, and their comparison
with strictly maternally inherited markers provides access
to pollen movement (Petit et al. 1993a; Ennos 1994). Thus,
analysing simultaneously both sets of markers can reveal
areas of genetic distinctiveness and of common evolu-
tionary history over the species’ range.
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The overall questions of this study are whether California
valley oak has regions of evolutionary interest that
should be considered by conservation planners, and
whether these regions are under threat because of agri-
cultural and urban land development. Previously, we
have found that chloroplast haplotypes of valley oak
display high richness and are clustered in patches across
the species range (Grivet et al. 2006). The comparison of
the historical colonization of this California oak with
that of the well-studied European oaks led us to suggest
that valley oak populations have experienced a series of
local contractions/expansions due the combined impacts
of climatic and geological heterogeneities (Grivet et al.
2006). In this study, we will use chloroplast (cp) and
nuclear (n) genetic markers to address three specific
questions: (i) What is the spatial genetic structure of
the chloroplast and nuclear genetic markers? For this
question, we will describe the genetic structure of the

sampled populations with analysis of molecular vari-
ance (amova, Excoffier et al. 1992) and the pattern of
spatial autocorrelation for multi-allelic loci (Smouse &
Peakall 1999). (ii) What are the geographical trends in the
distribution of chloroplast and nuclear genotypes? We
will answer this question by conducting a canonical trend
surface analysis of chloroplast and nuclear markers to
identify geographical patterns across the species range
and to detect the direction of correlations between genetic
variables and spatial location. (iii) Is there any part of
the species’ range where allelic diversity in either the
chloroplast or nuclear genomes is particularly high?
Here, we will examine geographical trends in allelic
richness for both sets of markers to detect potential cen-
tre(s) of genetic diversity. In the discussion, we will discuss
these findings in terms of human threats to this species
because of landscape alteration and predicted climate
change.

Fig. 1 General distribution of valley oak
woodlands (black areas) in California
showing their juxtaposition with urban/
suburban (> 1 dwelling unit per 2 ha) and
agricultural (excluding rangelands) areas
(dark grey), as well as areas projected to be
urbanized by 2040 common era (light grey).
The maps was produced by combining the
Gap Analysis map of extant valley oak wood-
land (Davis et al. 2000; http://frap.cdf.ca.gov/
data.html) with the California Department of
Forestry and Fire Protection’s (CDF & FP)
maps of land use and land cover and housing
projections (http://frap.cdf.ca.go/data.html).

http://frap.cdf.ca.gov/data.html
http://frap.cdf.ca.go/data.html
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Materials and methods

Study species and study area

Quercus lobata (Née) is a diploid, wind-pollinated, mono-
ecious, and predominantly outcrossing tree species, based
on Ritland’s (1990) mltr mating system analysis (Sork et al.
2002b). Acorns mature in late September to early Novem-
ber of the year of pollination and germinate within 1–2
months after maturation. Acorns are dispersed by gravity,
small mammals, acorn woodpeckers, and possibly jays.
Valley oak populations occur at low densities in oak
savanna habitat in the Central Valley, and more abund-
antly on the foothills of the Sierra Nevada, Coastal Ranges,
and Transverse Ranges that surround the Central Valley
(Fig. 2). Because of their extended latitudinal distribution
(34–40° latitude) and altitudinal range (from sea level to
1700 m, mainly at elevations lower than 600 m, Pavlik et al.
1991), Q. lobata populations are spread across various
climatic and geographical zones.

Valley oak has recently been the focus of genetic stud-
ies on several scales at the University of California
Sedgwick Reserve, located in the Santa Ynez Valley,
Santa Barbara County, California, USA. In estimates of
contemporary gene flow through pollen, average pollen
dispersal distance computed with indirect and direct
approaches yielded an estimate of 65–114 m, with a high
propensity for short-distance pollen dispersal (Smouse et al.
2001; Sork et al. 2002a; Sork et al. 2002b; A. Pluess, V. Sork,

B. Dolan, F. Davis, K. Merg, D. Grivet, J. Papp, P. Smouse,
submitted), although long-distance dispersal occurs. Finally,
acorn woodpecker-mediated movement is restricted, in
the order of a 100 m (Grivet et al. 2005). Fine-scale genetic
analysis of adults found within a ~230-ha area indicates
isolation by distance because of historically restricted
gene flow in valley oak estimated at ~350 m (σ) for seed
and pollen together (Dutech et al. 2005). Thus, studies of
contemporary and historical gene flow both indicate that
the scale of most dispersal is on the order of 100 m.

Sampling

In 2003 and 2004, we sampled individuals from 37 popu-
lations across the contemporary valley oak distribution
range (Fig. 2). The data set used for chloroplast markers
includes 97 individuals spread across 32 populations (Grivet
et al. 2006). A post-hoc analysis of the optimal allocation of
resources (Sokal & Rohlf 1981), using the sampling variances
of observed heterozygosities (Weir 1996) in previously
sampled allozyme data (C.I. Millar, L.A. Riggs, D.L. Delany,
R.D. Westfall, unpublished) indicated that a sampling design
with many sites and two to three individuals per site would
be sufficient. The nuclear marker data set includes 113
individuals sampled across all 37 populations because
of the inclusion of additional samples from the Tehachapi
Mountains (Tejon Ranch, Lebec, California). The charac-
terization of the sampled valley oak populations (latitude,
longitude, elevation) is provided in Sork et al. (in press).

Fig. 2 Location of the 37 sampled populations
(black dots), along with the distribution
range of Quercus lobata (grey areas), and the
main mountain ranges in California.
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DNA extraction and genotyping

We analysed microsatellite genetic markers for both the
chloroplast and nuclear genomes. Microsatellite markers
are useful for conservation studies because their relatively
high level of polymorphism provides sensitive measures
of genetic variation among populations. Microsatellite
markers have been effective in describing genetic struc-
ture, levels of inbreeding, estimates of effective population
size, and patterns of gene movement — all important in
evaluation of the evolutionary history and future potential
of a taxon (Schwartz et al. 2007).

Chloroplast data set. We used the genetic data obtained from
our previous study (Grivet et al. 2006), where we describe
the DNA extraction method and the polymerase chain
reaction (PCR) conditions. These samples were genotyped
for six chloroplast microsatellite primers: ccmp10 was
designed on Nicotiana tabacum (Weising & Gardner 1999),
while μdt1, μdt3, μdt4, μcd4, and μcd5 were designed on
Quercus robur (Deguilloux et al. 2003).

Nuclear data set. We ground about 50 mg of frozen leaf
tissue in tubes with a tungsten ball using the Mixer Mill
MM301 (Retsch), and DNA extraction was performed with
the DNeasy Plant Mini Kit (QIAGEN). We genotyped
all samples for seven nuclear microsatellites: MSQ4 (Dow
et al. 1995), QpZAG1/5, QpZAG9, QpZAG36, QpZAG110
(Steinkellner et al. 1997), QrZAG11, and QrZAG20
(Kampfer et al. 1998). Amplifications were carried out in
10-μL reaction mixture containing 2.5 μL of DNA (≈ 20 ng)
and 7.5 μL of PCR mix, which contained the following rea-
gents: 5 μL of Multiplex Mix (QIAGEN), 0.4 μL of BSA 10×,
1 μL of primer mix (at 2 μm for MSQ4, QpZAG9, QpZ-
AG36, QpZAG110, QrZAG20, and at 1 μm for QpZAG1/5
and QrZAG11), 1.1 μL of water. The PCR touchdown
profile consisted of an initial denaturing of 15 min at
95 °C, followed by 12 cycles of 30-s denaturing at 94 °C, 90-
s annealing from 60 to 55 °C, and 60-s extension at 72 °C,
followed by 33 cycles of 30-s denaturing at 89 °C, 90-s
annealing at 55 °C, and 60-s extension at 72 °C, with a
final extension step of 60 °C for 30 min. We measured the
length of the amplified sequence by running an aliquot
of each PCR product on an ABI PRISM 3700 capillary
sequencer at the University of California, Los Angeles
(UCLA) Sequencing & Genotyping Core Facility (http://
www.genetics.ucla.edu/sequencing/index.php). To verify
repeatability, each sample was re-genotyped, after
repeating the PCRs.

Statistical analyses

Chloroplast and nuclear genetic structure. To estimate the
differentiation levels among populations, we computed

an analogue of F-statistics, GST, for which populations
have equal weight, irrespective of sample size (Pons & Petit
1996), using the program spagedi version 1.2 (Hardy &
Vekemans 2002). We also used spagedi to statistically
compare our various F-statistics by computing jackknife
standard errors for multilocus average statistics to calcu-
late the 95% confidence intervals.

To determine whether populations have regional
structure, we ran an amova with the genalex version 6
software (Peakall & Smouse 2006) in a hierarchical model
that included variation within populations, among popu-
lations within regions, and among three regions, using
samples from the Coastal Ranges, from the Sierra Nevada
and from the Transverse Ranges. These three mountain ranges
were chosen as natural delimitations that can potentially
affect valley oak population movements because they are
characterized by different uplift timings and climatic/
ecological conditions (cf. Materials and Methods section in
Grivet et al. 2006). This analysis discarded one population
in the Central Valley East of San Francisco, because it was
not in spatial proximity to any of these three regions.

Finally, we examined the scale of historical gene flow
among populations by performing a spatial autocorrela-
tion analysis based on genetic distance methods for
multiple allelic and multilocus loci (Smouse & Peakall 1999).
This spatial autocorrelation method describes the genetic
structure across the studied site by employing a multi-
variate approach combining alleles and loci that allow
reducing stochastic (allele-to-allele and locus-to-locus) noise,
strengthening therefore the spatial signal. The generated
autocorrelation coefficient (r) is closely related to Moran’s
I, and provides a measure of the genetic similarity
between pairs of individuals. The results for the chloro-
plast markers have been published in Grivet et al. (2006). In
this study, we present the results for the nuclear data set.

Geographical trends in chloroplast and nuclear genotypes.
For a multivariate analysis of the microsatellite markers,
we first transformed the single locus genotypes into allelic
variables (Westfall & Conkle 1992). Using the method of
Smouse & Williams (1982), we converted each allele into a
single variable based on presence or absence. For haploid
markers, the score would be 1 if present and 0 if absent.
For diploid markers, the score of a single allelic variable
would be 1 if present as a homozygote, 0.5 if a hetero-
zygote, and 0 if not present. The number of variables created
at each locus would be the number of alleles minus one.
As Westfall & Conkle (1992) point out, linear combinations
of these variables usually result in normal distributions
of scored data when sufficient numbers of loci are present.

For the chloroplast data, we used results from six primers,
with two to five alleles each, resulting in a total of 16
transformed allelic variables, after removing one allele
per locus. We discarded an additional allele from our

http://www.genetics.ucla.edu/sequencing/index.php
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analysis that was distributed in limited areas (ccmp10_2),
resulting in 15 cp allelic variables. The nuclear genotypes
were derived from seven nuclear microsatellite markers
and from 7 to 23 alleles per locus. These data yielded 78
transformed allelic variables, after removing at least one
allele per locus. To reduce the high number of nuclear
allelic variables into a smaller number of genetic variables
appropriate for our sample size, we conducted principal
component analysis (PCA) and then used the first 15 prin-
cipal component (PC) axes to represent the genotypic data.
These 15 axes accounted for 48% of the variation in the markers.

To test the relationship between multilocus genetic and
geographical variables (longitude, latitude, elevation)
and estimate continuous genetic patterns, we performed
canonical trend surface analyses (Lee 1969; Wartenberg
1985) for the genetic markers vs. the geographical vari-
ables, using a second-order surface equation of latitude
(projected as metres north in the Albers equal-area conic
projection), longitude (metres east in the Albers projec-
tion), and elevation (metres above sea level). We used
standard cartographic projection parameters for Cali-
fornia, including standard parallels of 34°N and 40°30′N,
a central meridian of –120° and a false northing of
4000 000 m. Canonical trend surface analysis, a variant
of canonical correlation analysis, estimates the association
between two sets of variables (Legendre & Legendre 1998),
a multivariate equivalent of multiple regression. We
conducted this analysis using the PROC CANCORR func-
tion of sas (SAS Institute 1989). In our analyses, we tested
the normality of residuals of the canonical models using
sas PROC UNIVARIATE. We then passed observed scores
for the first two canonical axes of the cp and nuclear
marker models to diagnostically describe the forms of the
equations (Box & Draper 1987) in sas PROC RSREG. This
procedure uses the method of least squares to fit quad-
ratic response surface regression models and transforms
that model to describe the shape of the response surface.

Maps of canonical variates were produced using ESRI
arcmap 9.1 geographical information system software
(ESRI). We produced 500 grids of northing, easting, and
elevation [re-sampled from a 100 m US Geological Survey
digital elevation grid (http://edc.usgs.gov/products/
elevation/dem.html)], and calculated first and second
canonical axis scores for each genetic marker by applying
the polynomial functions at every grid cell. The boundaries
of the maps were defined by the ecological subregions
(Hickman 1993) where Q. lobata occurs.

Geographical patterns of allelic richness. Both allelic richness
and heterozygosity measure genetic variation, but studies
have shown that the former is more sensitive to the effects
of short, severe bottlenecks, and may also reflect more
effectively a population’s long-term evolutionary potential
(references cited in Leberg 2002). We computed the allelic

richness for multiple loci for each population for chloro-
plast and nuclear markers with the program fstat version
2.9.3.2 (Goudet 2001). We did not correct the measures of
allelic richness for variation in sample size since we have
a balanced design (three individuals per population except
two that have four individuals). We then overlaid these
values on the California map by running the Geographic
Information System (GIS) software arcmap 9.1 (ESRI).
We used the Geostatistical Analyst to derive a surface
with the inverse-distance weighting method (determines
cell values using a linearly weighted combination of
a set of sample points; the weight being a function of
inverse distance).

Results

Chloroplast and nuclear genetic structure

The chloroplast genome shows much greater genetic
structure among populations than the nuclear genome as
indicated by the F-statistics: GST = 0.805 (95% CI = 0.7661–
0.8433) for the chloroplast markers and GST = 0.052 (95%
CI = 0.0327–0.0715) for the nuclear loci. The hierarchical
analysis of genetic structure indicates a significant amount
of variation (19%) among the three mountain ranges for
the chloroplast genome, but not for the nuclear genome
(Table 1a). These results suggest that the Coast Ranges,
Sierra Nevada, and Transverse Ranges are genetically

Table 1 Analyses of molecular variance for chloroplast and nuclear
markers for three levels of structure (a), and for western and
eastern samples (b) of California valley oak, Quercus lobata
(a)  Summary of amova results within and among major regions

(b) Comparison of genetic structure (GST) between two major
regions of valley oak

Variance component d.f. SS MS
Percentage 
of total

Chloroplast  (N = 31)
Among regions 2 27.3 13.7 19.2
Among populations/regions 28 106.2 3.8 63.4
Within populations 62 19.7 0.3 17.4

Nuclear  (N = 36)
Among regions 2 13.6 6.8 0
Among populations/regions 33 213.1 6.5 12.3
Within populations 73 330.3 4.5 87.5

Source of variation
Western 
samples

Eastern 
samples

Chloroplast (NWest = 14; NEast = 13)
Among populations within regions 0.606 0.968

Nuclear (NWest = 14; NEast = 13)
Among populations within regions 0.047 0.065

d.f., degree of freedom; SS, sums of squares; MS, mean square.

http://edc.usgs.gov/products/elevation/dem.html
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interconnected for the nuclear markers, and to a lesser
extent for the chloroplast markers.

Our comparison of the genetic structure of populations
in the western vs. eastern samples (Table 1b) shows that
the chloroplast genome has significantly much greater

structure in the eastern than western populations:
GST = 0.968 (95% CI = 0.9018–1.0338) vs. GST = 0.606 (95%
CI = 0.517–0.695), respectively. The nuclear markers show
a similar, albeit nonsignificant trend between the eastern
and western populations: GST = 0.0653 (95% CI = 0.0379–
0.0927) vs. GST = 0.0473 (95% CI = 0.0109–0.0837), respec-
tively (Table 1b). Thus, it appears that historical gene flow
among populations was greater in the western region,
especially for seed movement.

The spatial autocorrelation analyses are consistent
with the higher structure in the chloroplast markers vs. the
nuclear markers for oak populations: the uniparentally
inherited genome displays a positive spatial autocor-
relation for individual pairs distant from 250 km or less
(0 ≤ r ≤ 0.2, Grivet et al. 2006), while the biparentally in-
herited genome shows a positive spatial autocorrelation for
individual pairs separated by 100 km or less (0 ≤ r ≤ 0.06).
This spatial pattern most likely reflects restricted gene flow
for both genomes (Sokal & Wartenberg 1983; Epperson
1990; Smouse & Peakall 1999).

Geographical trends in chloroplast and nuclear genotypes

Chloroplast data. The canonical correlation model revealed
significant correlation of the multivariate genetic data
with latitude, longitude, and elevation. More specifically,
the first eight of the nine canonical correlations are
significant (Table 2a), the first two explaining most of
the multilocus patterns (38% and 25%, respectively).
With the eigenvalues and the trace (the sum of the
eigenvalues), which are the multivariate equivalent of
the ratio of the sums of squares due to the model(s) and the
residual sums of squares, respectively, we can compute
percent of the total allelic variation represented by the
models. These values are roughly equivalent to a multi-
variate form of FST (Kremer et al. 1997). For these first two

 

(b) Correlation of chloroplast haplotypes allelic variables with 
predicted scores for the two first canonical axes, W1 and W2

Allelic variables W1 W2

μdt1_1 –0.05 0.35
μdt1_2 0.01 0.28
μdt1_3 0.15 –0.34
μcd4_1 0.51 0.02
μcd4_2 0.20 0.46
μcd4_3 –0.35 0.06
μdt3_1 –0.15 –0.21
μdt3_2 –0.09 0.07
μdt3_3 –0.13 0.39
μdt3_4 –0.44 –0.08
μcd5_1 –0.15 –0.01
μcd5_2 0.23 0.11
ccmp10_1 –0.22 0.03
ccmp10_3 –0.56 0.31
μdt4_1 0.30 0.34

(c) Correlation of geographical variables with predicted scores for 
the first two canonical axes, W1 and W2

Longitude (X) 0.69 –0.37
Latitude (Y) –0.69 0.60
Elevation (Z) 0.26 –0.63
X*X –0.37 0.42
Y*Y 0.84 –0.27
Z*Z 0.35 –0.47
X*Y –0.52 –0.44
X*Z 0.80 –0.14
Y*Z –0.73 0.43

Table 2 Summary of canonical correlation analysis based on chloroplast genetic markers. (a) Statistical results of canonical correlation
analysis for genetic variables versus the geographical variables of latitude, longitude, and elevation for the significant canonical axes. (b)
Canonical correlations of the 15 chloroplast allelic variables with the predicted scores of the first two canonical axes. (c) Canonical
correlations of the linear and higher order combination of the geographical variables for the first two canonical axes
(a) Statistical results

Canonical 
axis

Canonical 
correlation

Adjusted 
canonical 
correlation

Squared 
canonical 
correlation Eigenvalue

Approximate 
F value

Numerator 
d.f.

Denominator 
d.f. Pr > F

1 0.93 0.91 0.87 6.73 7.7 135 583.16 <0.0001
2 0.91 0.88 0.82 4.54 6.28 112 530.55 <0.0001
3 0.84 0.80 0.70 2.36 5.04 91 476.01 <0.0001
4 0.78 0.73 0.60 1.53 4.27 72 419.29 <0.0001
5 0.72 0.68 0.52 1.09 3.68 55 360.00 <0.0001
6 0.66 0.63 0.43 0.77 3.12 40 297.62 <0.0001
7 0.55 0.48 0.30 0.43 2.54 27 231.36 0.0001
8 0.48 0.47 0.23 0.30 2.23 16 160.00 0.0062
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models, the estimates are 36% and 24%, respectively,
which indicates a high amount of multivariate structure
explained by the spatial variables. In each of these two
canonical axes (W1 and W2), the predicted scores are
correlated more or less evenly with the various haplotypic
variables, with a few variables highly correlated (Table 2b). 
The correlations for the geographical variables show that
latitude and longitude correlate heavily with the first
geographical canonical variable W1. The second canon-
ical axis (W2) reflects the contribution of the elevation
and the latitude, but the longitude also contributes to
this axis (Table 2c). Biologically, the analysis indicates that
the chloroplast has a great deal of genetic structure and this
structure is spatially organized mainly with north–south,
but also with east–west, and elevational gradients (Fig. 3a, b).

The map of the trend surface for the first canonical
axis (Fig. 3a) shows the score values, reflecting multilocus
genotypes, rising to the north or south and falling to the
west with rapid changes in gradients in the western por-
tion of the distribution. We performed a diagnostic anal-

ysis in response surface analysis of the first axis surface
(using SAS’ jmp) that indicates a saddle-shaped surface
for fixed elevation with the long axis of the saddle roughly
to the northwest and with the centre of the saddle (the
stationary point) near the geographical centre of the
data. This surface is similar to two-dimensional, aniso-
tropic isolation by distance illustrated in Epperson
(2003, p. 25). In other words, the first canonical axis seems
to capture population evolutionary history due to isola-
tion by distance. This pattern is illustrated in Fig. 3(a)
by the contour of the gradients that show that pairs of
points are less likely to be similar as they become more dis-
tant. Also, note that contours of the gradients are longer
going north–south than east–west, which indicates that
gene flow appears more restricted in the east–west south
direction.

The second canonical axis for the chloroplast data
again shows contours running north–south and east–
west with a great deal of complexity in the west (Fig. 3b).
The contour profiler in jmp shows a bowl-shaped surface

Fig. 3 Spatial trends in chloroplast genetic markers using the population mean standardized canonical scores based on the canonical cor-
relation analysis of multivariate chloroplast genotypes vs. geographical variables. (a) Trend surface of the first canonical axis. (b) Trend surface
of the second canonical axes. See Table 2 for statistical results. The shadings indicate the classes of canonical scores (see legends); dark colours
represent negative values, and light colours positive values around the population mean, but no biological significance is attached to having
positive or negative scores. The boundaries of the contour maps are determined by the Jepson Ecoregions where Quercus lobata occurs.
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for the second model, tipped so that values increase to
the east and the north. However, values decrease with
increasing elevation, so the surface appears more like a
rising ridge, with the ridge top orientated along the
Central Valley. For this model, the stationary point is to
the west of the California Central Coast, 1400 m above the
sea surface (for details on this method of analysis, see Box
& Draper 1987, pp. 323–380). A simple interpretation of
this pattern would be greater restriction in gene flow in the

northeast direction and greater restriction relative to the
pattern in the first canonical axis.

In sum, the trend surface maps for the first and second
canonical axes illustrate that the distribution of chloro-
plast markers is highly structured across the species range
(Fig. 3a, b). The western part of the species range shows
more north–south heterogeneity than the eastern part
along the Sierra Nevada foothills. The map also indicates
steeper genetic heterogeneity in the southern end of the
range through the San Francisco Bay area, and in the
northwestern corner of the range. Finally, the maps illus-
trate that multivariate scores differ greatly between the
west and east, suggesting restricted gene flow between
those two regions.

Nuclear data. The canonical correlation model for the
nuclear data is significant, but it accounts for less of the
total variation than the chloroplast results. Only the first
and second canonical correlations are significant (Table 3a);
each explains about 29% of the fitted models and about
20% of the total allelic variation represented in the PCs.
Because the 15 PCs account for about half of the total
genetic variation, the two canonical models account for
only ~10% of the total variation. The correlations for the
genetic variables with the predicted canonical scores (W1,
W2) show that the first and second canonical variables
include contributions from almost all of the 15 contribu-
ting principal variables (Table 3b), which means that the
axes truly represent multivariate genotypes.

In this model, the first geographical canonical axis (W1)
is weakly correlated with the linear terms of the three
dimensions and more strongly correlated with the
nonlinear term for longitude (Table 3c). The mapped
spatial trends illustrate steeper gradients east–west than
north–south (Fig. 4a). The response surface analysis
indicates a bowl-shaped surface, with the base of the
valley following the California coast; the stationary point is
near the Mexican border, 80 m below the earth’s surface.
These data are consistent with an isolation-by-distance
process, but we must point out that sometimes a cline
from one part of the plot to another is consistent with a

(b) Correlation of allelic variables with predicted scores for 
the two first canonical axes, W1 and W2

Allelic variables W1 W2

Prin1 –0.04 0.03
Prin2 –0.10 0.25
Prin3 –0.13 0.14
Prin4 –0.11 –0.10
Prin5 –0.08 –0.10
Prin6 –0.21 0.18
Prin7 –0.23 0.35
Prin8 0.04 0.03
Prin9 0.19 0.19
Prin10 0.24 –0.14
Prin11 0.18 0.25
Prin12 0.15 –0.04
Prin13 0.12 0.04
Prin14 –0.23 –0.17
Prin15 0.27 –0.08

(c) Correlation of geographical variables with predicted scores for
the two first canonical axes, W1 and W2

Longitude (X) 0.27 0.67
Latitude (Y) 0.16 –0.76
Elevation (Z) –0.24 0.37
X*X –0.48 –0.66
Y*Y –0.22 0.86
Z*Z –0.18 0.33
X*Y 0.04 –0.20
X*Z 0.13 0.59
Y*Z 0.17 –0.59

Table 3 Summary of canonical correlation analysis based on nuclear genetic markers. (a) Summary of the statistical results of canonical
correlation analysis for genetic variables versus the spatial variables of latitude, longitude, and elevation for the significant canonical axes.
(b) Canonical correlations of the 15 PC axes of the 97 nuclear variables with the predicted scores of the first two canonical axes. (c) Canonical
correlations of the linear and higher order combination of the geographical variables for the first two canonical axes

(a) Statistical results

Canonical 
axis

Canonical 
correlation

Adjusted 
canonical 
correlation

Squared 
canonical 
correlation

Eigen
value

Approximate 
F value

Numerator 
d.f.

Denominator 
d.f. Pr > F

1 0.66 — 0.43 0.76 1.62 135 723.21 <0.0001
2 0.65 — 0.42 0.73 1.38 112 656.78 0.0091
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selection gradient caused by an environmental gradient.
This association is possible for putative neutral markers
because we are examining the loci as multivariate genotypes
that can accumulate small effects across loci because of
selection on correlated loci associated with quantitative
traits.

Latitude and longitude correlate strongly with the
second geographical canonical variable W2 (Table 3c). The
visualization of the standardized scores shows a saddle
shape, centred in the Sierran foothills, northeast of San
Francisco, with scores increasing to the north and south
and decreasing to the east and west (Fig. 4b). Thus, this
response surface for the nuclear data indicates anisotropic
isolation by distance, although to a lesser extent compared
to the chloroplast variables. Again changes in scores are
greater west to east across California and the structure
among populations appears lower for the nuclear than for
the chloroplast genomes.

The genetic map of the first canonical vector based on the
nuclear data shows that the western region shows much
more genetic heterogeneity than the Sierran foothill popu-

lations (Fig. 4a). Both maps indicate that the western and
eastern populations differ genetically at the north and
south ends and that the populations in the south differ
from those in the north (Fig. 4a, b).

Geographical patterns of allelic diversity

Total richness for chloroplast markers ranged from 2 to 5
haplotypes per locus and from 6 to 12 total alleles per
population (mean = 7); and for nuclear makers, observed
values of richness ranged from 7 to 23 alleles per locus and
from 15 to 28 total alleles per population (mean = 22). The
geographical trend for the chloroplast data shows two
areas of high allelic richness, one in the central Coast
Ranges around the San Francisco Bay area towards the
Sacramento Valley and the other in the southern Coast
Ranges (Fig. 5a). For nuclear markers, populations in the
northern region around the Bay area and further east to the
Sacramento Valley show high allelic richness. Populations
in the entire southern part of the distribution also contain
high allelic richness (Fig. 5b).

Fig. 4 Spatial trends in nuclear genetic markers using the population mean standardized canonical scores based on the canonical correlation
analysis of multivariate chloroplast genotypes vs. geographical variables. (a) Trend surface of the first canonical axis. (b) Trend surface of
the second canonical axes. See legend of Fig. 3 for more details.
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Discussion

California valley oak manifests pronounced genetic
variation across the species’ range. Some regions show
sharp gradients in chloroplast and nuclear genetic data
and these regions are also associated with high allelic
richness. These same areas have experienced significant
habitat loss through landscape change due to agricultural
and urban development. The pattern of the genotypic
gradients in both chloroplast and nuclear genome provides
strong evidence that the biogeography of valley oak has
been strongly shaped by isolation by distance in gene
flow. The chloroplast and nuclear genomes display similar
patterns, indicative of common evolutionary forces, but
the higher genetic structure in the chloroplast genome
suggests that the history of seed movement has estab-
lished an underlying genetic structure that is present in
contemporary nuclear genetic data. We will first comment
below on the evolutionary and conservation significance
of our findings and then discuss the implications for the
human threats to the distribution of valley oak because of
landscape and global climate changes.

Genetic structure and gene flow in valley oak

The analyses of molecular variance, autocorrelation, and
the canonical trend surface analyses indicate greater
genetic structure for the chloroplast genome than for the
nuclear genome. This result is consistent with the maternal
inheritance of chloroplast DNA vs. biparental inheritance
of nuclear DNA. Gene flow is mediated by seed dispersal

for the former as opposed to both pollen and seed for
the latter (Crawford 1984; Petit et al. 1993a; Ennos 1994).
The genetic variation of the two genomes can be used to
compute the ratio of pollen to seed migration under an
island model of migration (Petit 1992; Ennos 1994). We
calculate a ratio of ~60 for Quercus lobata, which indicates
significantly greater gene flow through pollen than seeds.
Thus, pollen movement homogenizes the gene pool of
valley oak to a large extent, but significant structure
remains across the range, as shown by the spatial genetic
trend detected in this study (cf. following section). It is a bit
surprising that the pollen–seed ratio in valley oak is so
much smaller than the values of ~200–500 reported for
European oaks (Ennos 1994; El Mousadik & Petit 1996).
This difference is due to the lower estimates of chloroplast
genetic differentiation for valley oaks (GST = 0.8) vs.
European oaks (GST = 0.9; Petit et al. 1993b), combined with
higher nuclear genetic differentiation for valley oaks
(GST = 0.05) vs. European oaks (GST = 0.02 for Quercus
petraea; GST = 0.03 for Quercus robur; Zanetto et al. 1994).
Biologically, this difference in chloroplast structure may be
explained by a rapid Holocene expansion of European
oaks through seed colonization that resulted in popu-
lations mainly fixed for one haplotype. In contrast, the
California populations’ expansion was more restricted,
despite the higher chloroplast diversity within popula-
tions (Grivet et al. 2006). The higher chloroplast diversity
could be due to the fact that California oak populations,
especially in the west, have been present for a longer
period of time than the European ones. Thus, the difference
in the nuclear structure between Europe and California

Fig. 5 Spatial locations and range of total allelic richness per population summarized across (a) six chloroplast and (b) seven nuclear
microsatellite markers. The legend indicates the mean number of alleles per locus for the shadings, with light colours representing low
values and dark colours high values. The boundaries of the map are set to enclose the range of Quercus lobata.
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might be due to the impact of gene flow on relatively
young, expanding populations in Europe coming largely
from the southern refugia vs. older, widely distributed
populations in California that have been alternately
contracting and coalescing over time.

We recognize that the differences in pollen to seed ratios
between European and California populations may be
confounded by differences in methodology, because of
different genetic markers [in the European studies PCR-
RFLP (restriction fragment length polymorphism) markers
and isozymes were used to compute the chloroplast and
nuclear estimates, respectively, rather than microsatel-
lites) and to slightly different statistical approaches used
to compute the genetic parameters. Although homoplasy
in microsatellite markers can sometimes create bias, and
could cause increased spatial autocorrelation with dis-
tance, we found the opposite, suggesting no such prob-
lem with our data. Without redoing the studies all with
the same markers, we cannot remove the concern about
different markers or formulas. Moreover, we are unable
to statistically compare the European vs. California estimates
of GST. However, the differences in the distribution of cp
genotypes and diversity found in California and Europe
that we report elsewhere (Grivet et al. 2006) suggests
that the populations in the two regions have experienced
different kinds of evolutionary history that would lead
to the differences in pollen to seed ratios we have
observed.

We have another potential sampling problem in this
study, which is high genetic diversity of the microsatellite
nuclear markers. To see whether we had an appropriate
sample size per population, we conducted a post-hoc
analysis of our sample design. This analysis uses the
between- and within-population variances estimated
from the amova to estimate optimal sample allocations
(cf. Materials and methods section, Sampling paragraph).
By dividing the expectation of mean squares for popula-
tions in the amova by the product of the number of popu-
lations and number of trees sampled per populations, we
get the total mean square error. Then by iterating over
populations and trees per population, we can find the
combinations of population number and trees per popula-
tion that give us the asymptotic minimum for this error. For
the chloroplast data, one tree per population would have
been sufficient for the same number of populations sam-
pled in this study. In contrast, for the nuclear data, five trees
per population would have been optimal for the number of
populations sampled. The under-sampling of individuals
for our analysis of nuclear genetic structure would increase
the variance in our estimate and reduce our sensitivity to
detection of rare alleles, but it should not bias the estimate
of genetic structure. Nonetheless, future work with more
individuals per site and more sites is the best way to valid-
ate the estimates of pollen–ovule ratios.

Geographical trends in chloroplast and nuclear genomes

Based on the geological history of California, we sub-
divided our populations into different subregions and then
assessed the extent to which patterns of gene flow were
similar or divergent among geographical regions. We tried
two methods of geographical partitioning to identify
alternative groupings: structure (Pritchard et al. 2000),
and barrier (Manni et al. 2004). Results for both markers
and both analyses detected multiple genetic groups, but
they did not identify any specific clusters according to
major geographical regions. So, we did not use those
statistical approaches, but instead used geographical
groupings, and found contrasting patterns in populations
in the west and the east. In the eastern samples from the
Sierran foothills, data from the cpDNA markers suggest
much more restricted seed movement (GST = 0.968) than
found in the western samples from the coastal range
foothills (GST = 0.606). The difference in the nuclear
markers is far less dramatic, but again, the data indicate
less gene flow among Sierran populations (GST = 0.065 for
the eastern populations vs. GST = 0.047 for the western
populations). We cannot be sure whether such differences
are due to topographically related differences that have
altered gene movement through pollen and seed differen-
tly in the east and west, or to climatological differences
that have created more dramatic demographic contrac-
tions and genetic bottlenecks in the east than in the west.

The patterns of multivariate genotypes and allelic
richness data identify pronounced latitudinal trends and,
particularly highlight the southern part of the range and
the central Coast Ranges as important centres of genetic
diversity (i.e. sharp genetic gradients and high allelic rich-
ness). These may be regions where valley oak populations
persisted through Pleistocene range expansions and con-
tractions receiving cross currents of gene flow, particularly
along the Coast Ranges, during expansions, in a manner
similar to that in Petit et al. (2003). The genetic similarity of
these two regions suggests dynamic movements of valley
oak across its entire range, with the capacity to maintain
local structure. An alternative explanation would be that
the observed genetic spatial trend reflects the influence
of selection pressures associated with environmental
change. However, chloroplast DNA normally do not
represent adaptive variation, and the nuclear trend is
weaker as one would expect for pollen movement rather
than stronger, which is what one might expect if selection
were enhancing the structure due to colonization. It is very
possible that adaptive variation might indicate a latitu-
dinal gradient, but the detection of such a pattern would be
more reliable with markers associated with adaptive traits.

The distribution of haplotypes and the canonical ana-
lyses provide valuable insight about the evolutionary history
of valley oak in California. Using these chloroplast data,
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Grivet et al. (2006) showed that the Sierran foothill popula-
tions are usually fixed for different haplotypes, while those
in the coastal areas showed admixture of haplotypes,
indicating that seed movement was more fluent among
coastal populations. Two haplotypes in the northern
Sierran populations are found in the San Francisco Bay
Area populations indicating that seed colonization may
have occurred through the Sacramento River watershed
between the Sierran foothills and the Bay Area. The canon-
ical surfaces show a similar, though more complex pattern.
Latitudinal pairs of Sierran and Coast Range populations
in the central portion of the range are rather similar, falling
within the same contour interval in both canonical pat-
terns, in contrast to steep gradients through the Transverse
Ranges and between Coast Range and Sierran populations
in the north. This process is part of the reason for the
high genetic heterogeneity in the San Francisco Bay Area.
Surprisingly, the two canonical patterns in the nuclear
markers showed greater restriction to gene flow between
the Sacramento and Bay area populations, which could
indicate that ongoing pollen exchange subsequent to
colonization has not been extensive. All four canonical
patterns indicate isolation between the North Coast Range
and the Sacramento River populations. Similarly, all four
canonical patterns showed greater isolation across the
Kern River/Kaweah Gap between the Tehachapi and
southern Sierran populations than between the former
and the southern Coast Range populations. Thus, valley
oak populations may have arisen from these regions of
discontinuities so that they now differ from each other
dramatically in genetic composition.

The geological and climatic history of California should
be taken into account when considering the evolutionary
history of valley oak. From late Pliocene to the Pleistocene,
California experienced consecutive changes in climate
with cold and wet conditions during the glacial ages and
warm and dry conditions during the interglacial (Thompson
et al. 1993). The topography also changed during that
period because of the uplift of the Coastal and Sierra
Nevada ranges (Harden 1997). The vegetation assemblages
fluctuated from low densities for oaks in glacial periods to
expansion during the interglacial periods (Pisias et al.
2001), and these fluctuations led to the establishment of the
current oak populations (Raven & Axelrod 1978). The
upper elevation of the Sierra Nevada were subject to
several glacial advances and retreats (Benson et al. 1996)
and the presence of mountain glaciers was probably not
favourable to oaks on the foothills of these mountain
ranges. The arid flats of the Central Valley were not optimal
during the interglacial periods for oaks either, whereas the
middle elevations and proximity to the ocean of the
Coastal Ranges constituted a more favourable environ-
ment for oak population to develop. These past conditions
would have favoured the continued historical presence of

oak populations along the coast, although the data also
suggest persistence of Sierran foothill populations (e.g.
Millar & Woolfenden 1999). The foothills would be con-
nected to the west through the Californian riparian corri-
dors, where the greater animal movements and suitable
valley oak habitat would facilitate the migration of the oaks
throughout the state. Populations in the northern areas
would have been connected to each other through a rich
river system (i.e. Sacramento and San Joaquin Rivers). This
riparian network would have allowed the connection of
coastal and Sierran populations, as shown by the shared
chloroplast haplotypes found between eastern and west-
ern populations north of the Monterey Bay area (Grivet
et al. 2006) and supported by the canonical trends. The
southern populations would have been part of a distinct
group, since they are located in one of the driest part of the
species range, thus limiting oak movement. The propaga-
tion of oaks across the state would have occurred through
successive localized waves of migration, illustrated by
the rapid surge in oak pollen in Sierran lakes at 1600 m
(Anderson & Smith 1994) and in Tulare Lake (Davis 1999),
peaking during the Mid-Holocene Warm, 8000 years bp.
These dynamics are suggested by the pattern of isolation
by distance detected in our analyses. Thus, valley oak
response to past climatic events, although complex in tim-
ing and space, would have resulted in a genetic footprint
structured enough to be detected through our analyses.

Our interpretation is consistent with the patterns of
other California plant and animal taxa that show north–
south split near the Transverse Ranges and east–west phylo-
geographical breaks between the Sierra Nevada and the
Coastal Ranges (Calsbeek et al. 2003; Lapointe & Rissler
2005; Rissler et al. 2006). Comparative phylogeographical
studies revealed some correlation of phylogenetic groups
with climatic variables, as well as correlation between
molecular divergence dates and the uplifts of the principal
mountain ranges in California (Calsbeek et al. 2003; Rissler
et al. 2006). It appears therefore that some common events
that affected the genetic pattern of other species in Califor-
nia may have also affected the oaks; however, additional
analyses beyond the scope of this study will need to be con-
ducted to assess the extent of this common impact.

The utility of canonical trend surface analysis (CTSA)

The application of multivariate analyses to genetic data
is not new, and many people simply map geographical
patterns of the principal component axes (Cavalli-Sforza
et al. 1993; Le Corre et al. 1998; Heckel et al. 2005). However,
the advantage of a CTSA approach is that we can test
hypotheses about the relationship between spatial and
genetic variables. The null hypothesis in CTSA is that
populations are arrayed in a regular simplex (Dyer &
Nason 2004). Another way of stating this hypothesis is that
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the correlation between any linear function of allelic
frequencies (as in quantitative genetic models; e.g. Kemp-
thorne 1969) and any linear combination of geographical
location is zero. We have shown that the null hypothesis
can be rejected in our data and that a portion of the
sampled genome has geographical structure. A relevant
question is whether populations are instead clustered in
discrete groups in the form of a series of stepped clines
and the canonical model simply passes through these. In
our data, though, examinations of residuals indicate this
pattern is not the case. Indeed, CTSA also behaves well in
rugged landscapes, in comparison to principal compon-
ents (Wartenberg 1985). Our experience indicates that the
genetic landscapes (or surfaces) described in the first one
or two canonical vectors are fairly regular, whereas those
in subsequent vectors are rugged, even if statistically
significant. Finally, we should point out that codominant
markers in CTSA behave well and according to statistical
assumptions (Westfall & Conkle 1992). However, we
caution that dominant markers where the alternative allele
is a null, as with random amplified polymorphic DNAs
(RAPD), are not well suited to CTSA analysis. Thus, for
certain genetic markers found in populations sampled
throughout the range of a species, CTSA offers a sensitive
approach to the identification of genetic patterns that
can be used to detect regions of evolutionary and conserva-
tion interest.

When should an evolutionary conservation approach be 
used?

The complex genetic structure of valley oak suggests a
strategic approach for conserving genetic diversity in this
widely distributed species. This species is an ecologically
significant California endemic that has experienced extensive
loss of populations throughout its range and diminished
population recruitment in many local populations. Additional
habitat loss and fragmentation are inevitable given on-
going development pressure and vineyard expansion,
so range-wide conservation planning is both timely
and appropriate.

In a separate study, we applied the data reported here to
a maximum coverage (MC) approach that identifies a
reserve network design with the locations of a minimum
number of sites that would maximize the coverage of
greatest number of chloroplast and nuclear alleles for indi-
vidual loci across the fewest number of sites (Sork et al. in
press). We conducted that analysis separately for nuclear
and chloroplast loci and also with a model combining the
markers. Interestingly, that approach yields similar recom-
mendations for reserve locations to those we report here,
but there are also some notable differences. On one hand,
findings of both studies underscore the importance of
preserving populations in the south. This conclusion is

particularly important because the southern part of valley
oak range is under significant population pressure for
development. On the other, the MC approach identified the
Bay region as being an area of interest only for the analysis
based on chloroplast markers. In fact, the model that com-
bines the cp and nuclear DNA markers overlooked that
region. Thus, a maximum coverage model can provide a
useful framework for selecting sites, but it might be neces-
sary to include specific evolutionary criteria as weighting
factors when deciding which local sites to preserve.

Given the cost and effort required to produce evolution-
ary information relevant to conservation planning, is the
effort justified? Are there shortcuts? Will conservation
plans based on geography (e.g. ecoregional representation)
and ecological diversity (e.g. representation of the range of
habitats where the species occurs) suffice to conserve the
evolutionary potential of widespread, genetically diverse
species like valley oak? Our study focuses on putatively
neutral markers, and it would be of great interest to assess
geographical trends in adaptive markers. A recent simulation
study in European oaks compared the genetic variability
at neutral markers and quantitative trait loci in a sub-
divided population under selection (Le Corre & Kremer
2003) and showed that, for different levels of gene flow and
different types of selection, the geographical structure can
differ markedly between neutral genes and those associ-
ated with quantitative trait loci (QTL) (see also Reed &
Frankham 2001). This lack of association highlights the fact
that, depending on the marker used, different phenom-
enon will be revealed. Theoretically, neutral loci across
the genome should be affected similarly by demography
and evolutionary effects of populations, while loci under
selection will often behave differently because they are
connected to traits important for fitness and adaptation
(Luikart et al. 2003; Toro & Caballero 2005). If we can iden-
tify genes associated with adaptive traits that will be useful
for future population survival, then evolutionary conser-
vation strategies might benefit from identification of the
spatial distribution of those genes. Additional studies com-
paring conservation planning outcomes with and without
genetic information would be of immediate practical value
to answer these questions. Given the current state on
knowledge, identification of areas with high genotypic
variation and unique genotypes provides a first step
towards incorporation of genetic information into reserve
network design.

Conserving the evolutionary potential of valley oak: policy 
recommendations

Based on the genetic evidence presented here, we infer that
valley oak has a complex evolutionary history in California
and that, using the criteria outlined by Rayburn and
Moritz at a recent meeting of the Society for Conservation
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Biology (2006), some regions within the species’ range
have especially high conservation value. Two areas that
stand out in our study — the Bay area and the southern
area near the Transverse Ranges and southern Coastal
Ranges — have been identified through other studies as
areas of interest (e.g. Calsbeek et al. 2003; Lapointe &
Rissler 2005; Rissler et al. 2006). In addition, these two
areas constitute important repositories of plant species
endemism (Coastal Ranges, Stebbins & Major 1965) and
plant species richness (central Coast Ranges and south-
west California, Richerson & Lum 1980). Conversion to
vineyards and rural residential development are signi-
ficant threats to remaining valley oak woodlands (Fig. 1),
and conservation nongovernmental organizations (NGO)
such as The Nature Conservancy have already committed
large resources to oak woodland protection in these
regions. Local and state oak conservation policies are
also helping to steer development away from or at
least partially mitigate development in oak woodlands
(see the California Oak Foundation’s information at
www.californiaoaks.org/index.html).

The preservation of evolutionary potential is especially
important in the face of rapid climate change. Kueppers
et al. (2005) analysed the implications of climate change for
the distribution of valley oak. Based on a regional climate
change model, they predict that the range of valley oak will
shrink to about 54% of its current distribution. In southern
California, their model shows that much of the suitable
habitat will be altered by climatic conditions (aside from
landscape change) and that populations will expand up-
ward in elevation, if dispersal, colonization, and competition
with conifer species permit. If valley oak is to persist either
in its present range, or shift its distribution northward and
upward, contemporary populations and their genetic com-
position will be needed to retain genetic variation that will
allow an adaptive response to these changing environmental
conditions.

The preliminary analyses presented here indicate that
land-use change threatens to reduce the valley oak genetic
diversity and evolutionary potential, and that genetic ana-
lyses will be important in developing a statewide strategy
for preserving this potential. However, it is not possible to
recommend a comprehensive reserve design at this time.
We need to sample (i) populations in the geographical
regions that are under represented in the current study (e.g.
south of the Bay area); (ii) populations with steep genetic
gradients that would benefit from further refinement;
and (iii) populations in oak habitats with few samples
(especially riparian corridors that are so important to oak
movement and represent a major oak ecosystem that
has been seriously damaged). Factors such as degree of
threat, cost of acquisition, and availability of preserved sites
that include comparable genetic composition should be
addressed in any reserve design plan (e.g. Davis et al. 2006).

Conclusions

California valley oak has experienced a significant
reduction in its abundance over the last 200+ years since
European settlement. The landscape transformation due to
agricultural land use has reduced the abundance of valley
oak, sometimes leaving the riparian corridors intact and
thus allowing oak movement. The more recent increase
in land-use change poses a greater risk to the valley oak
because corridors are also disappearing. The combined
spatial analysis of chloroplast and nuclear genotypes has
identified several regions of California of high evolu-
tionary interest and these regions happen to be active
regions of landscape alteration. Moreover, the populations
in the southern part of the range are valuable sources of
genetic variation for range shifts due to global climate
change. A comprehensive reserve plan needs to be de-
signed in the near future for this keystone tree species or
California may lose this precious ecosystem in many parts
of the state.
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