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Abstract Landscape features affect habitat connec-

tivity and patterns of gene flow and hence influence

genetic structure among populations. We studied

valley oak (Quercus lobata), a threatened species of

California (USA) savannas and oak woodlands, with a

distribution forming a ring around the Central Valley

grasslands. Our main goal was to determine the role of

topography and land cover on patterns of gene flow

and to test whether elevation or land cover forms

stronger barriers to gene flow among valley oak

populations. We sampled valley oaks in 12 popula-

tions across the range of this species, genotyped each

tree at eight nuclear microsatellite loci, and created a

series of resistance surfaces by assigning different

resistance values to land cover type and elevation. We

also estimated recent migration rates and evaluated

them with regard to landscape features. There was a

significant but weak relationship between Euclidian

distance and genetic distance. There was no relation-

ship between genetic distances and land cover, but a

significant relationship between genetic distances and

elevation resistance. We conclude that gene flow is

restricted by high elevations in the northern part of the

valley oak range and by high elevations and the

Central Valley further south. Migration rate analysis

indicated some gene flow occurring east–west but we

suggest that the high connectivity in the northern

Central Valley is facilitating the formation of these

links. We predict that southern populations may

become more differentiated in the future through

genetic isolation and local adaptation taking place in

the face of climate change.

Keywords Landscape resistance � Landscape
genetics � Circuit theory � Valley oak � Topography �
Gene flow

Introduction

Landscape features and topography affect habitat

connectivity and gene flow and thus influence genetic

structuring of populations at a regional level (Gomez

et al. 2005). Reduced connectivity and gene flow can
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decrease the resilience, adaptability, fitness, and

fertility of populations, especially when populations

are small (Frankham 2006). Despite the clear impor-

tance of habitat connectivity for population persis-

tence, factors facilitating or inhibiting connectivity are

largely unknown for most species.

Landscape genetic approaches offer powerful tools

for explicitly quantifying the effects of landscape

features on spatial genetic variation (Holderegger and

Wagner 2008; Balkenhol et al. 2009), but landscape

distance/resistance studies are less common in the

study of plant systems compared to animals

(Holderegger et al. 2010; Storfer et al. 2010). Exam-

ples include studies on Arkansas valley evening

primrose (Oenothera harringtonii, Rhodes et al.

2014) and Engelmann oak (Quercus engelmannii,

Ortego et al. 2012), both of which found that isolation

by distance (IBD) and topographic features, especially

elevation, have a significant effect on genetic patterns.

Cushman et al. (2014), on the other hand, identified

rivers and streams as landscape features that influence

genetic structure and restrict gene flow of Fremont

cottonwood (Populus fremontii), but IBD was not

detected in their study.

The pronounced ecological gradients and complex

climatic and geological history of California (CA) has

produced one of the most geographically complex

patterns of genetic diversity on Earth (Raven and

Axelrod 1978; Calsbeek et al. 2003; Davis et al. 2008).

As a result, the CA biota offers an excellent oppor-

tunity to study landscape features and their relation to

observed patterns of genetic diversity. Oak woodlands

and savannas make up nearly a quarter of California’s

forests and woodlands (Davis et al. 1998). California’s

oak landscapes have been a recurrent focus of

conservation attention due to concerns about habitat

conversion to farmland, vineyards, and other land

uses, arrival and spread of invasive diseases such as

sudden oak death syndrome, poor regeneration

(Zavaleta et al. 2007), and climate change. Such

factors can result in surviving populations being

genetically structured and effectively isolated (Sork

et al. 2010). Understanding how environmental and

landscape-level features influence genetic variation

and structure in these oaks will help us identify

specific barriers to dispersal and corridors that facil-

itate gene flow, enabling improved prediction of the

impact of future changes to the landscape (Schwartz

et al. 2009).

Valley oak (Quercus lobata) is an ecologically

important species endemic to CA savannas and oak

woodlands. Due to its propensity to occupy locations

that are desirable for farmlands, ranches, vineyards,

and suburban developments, valley oak has lost more

of its habitat than any other oak species in CA (Pluess

et al. 2009; Whipple et al. 2011; Ashley et al. 2015).

For example, it occupies 5% of its historical range in

San Joaquin Valley (Kelly et al. 2005). Alterations in

the structure and distribution of valley oak stands

could affect main avian dispersers of the species,

acorn woodpeckers (Melanerpes formicivorus) and

California scrub-jays (Aphelocoma californica), a host

of other species, both vertebrate and invertebrate, that

are associated with CA oak woodlands, along with

rates of soil and landform development (Pavlik et al.

1991; Howard 1992).

Many studies of genetic structure have revealed

strong diverged lineages within species across geo-

graphic features (Rissler et al. 2006). In CA, one

important feature is the dry, flat Central Valley. The

ranges of dispersal-limited, habitat-specialized spe-

cies and ones less adapted for the arid conditions are

intersected by the Central Valley. Such species include

Arthropoda such as Greya politella (Brown et al.

1997), mammals, particularly rodents (Maldonado

et al. 2001), amphibians such as Ensatina eschscholtzii

(Wake et al. 1986), Batracoseps (Jockusch et al. 2001)

reptiles including Diadophis punctatus (Feldman

2000), and several species of oaks, genus Quercus

(Gugger et al. 2013).

Grivet et al. (2006) hypothesized that the geological

history of CA is a primary driver of the current genetic

structure of oak populations and that oak populations

have been less strongly affected by past climatic

changes such as the last glacial maximum (LGM). In

addition, Lancaster and Kay (2013) have shown that

California’s topographic complexity and geographical

location are critical for plant species persistence and

diversification, whereas its temporary climatic condi-

tions have been less important. On the other hand,

Sork et al. (2010) and Gugger et al. (2013) showed that

genetic variation in valley oak is significantly corre-

lated with climatic variation and LGM climate.

There are conflicting reports as to whether the

arid flats of California’s Great Central Valley are in

fact a barrier to gene flow. Previous studies on

valley oak (Grivet et al. 2008; Sork et al. 2010;

Gugger et al. 2013) report genetic differentiation
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among valley oak populations in the inland foothills

of the Coastal Range and the western foothills of the

Sierra Nevada, with higher gene flow north-to-south

along climatically similar mountain corridors than

east-to-west across the Central Valley. These find-

ings suggest a role for environmentally mediated

historical vicariance and that the Central Valley may

be a barrier to gene flow in this species. Prior

studies indicating that geographical barriers, possi-

bly combined with climatological changes, may

have affected the Californian fauna and flora include

Calsbeek et al. (2003) and Lapointe and Rissler

(2005). In contrast, Gugger et al. (2016) and Sork

et al. (2016) failed to observe any clear east–west

structure in valley oaks using candidate genes. Here

we explicitly test if topographic features are a

barrier to gene flow in valley oak by creating

resistance surfaces.

Topography is but one of the factors likely to

correlate with environmental variables important in

the ecology of oak species (Thomassen et al. 2010).

Land use change also threatens to reduce valley

oak genetic diversity and evolutionary potential

(Grivet et al. 2008). We hypothesize that different

land cover influences genetic structure. In particu-

lar, woodland and mixed forest that are typical

habitats for valley oaks, and to a lesser extent

grassland and oak savannah, allow for pollen and

seed dispersal by acorn dispersers, e.g., scrub-jays

and, therefore, should facilitate gene flow, whereas

shrubland, urban and non-vegetated land cover

should inhibit it.

Here we extend a recent study by Ashley et al.

(2015), who, along with others (Grivet et al. 2008;

Sork et al. 2010), suggested that California’s Central

Valley and other topographical features including the

Coast Ranges and the Sierra Nevada mountains are

barriers to gene flow in valley oak. Our aim was to

disentangle the effect of distance and landscape

features such as elevation and land cover on the

observed pattern of genetic variation of valley oak

populations. We predicted that isolation by resistance

(IBR) with different resistance values assigned to land

cover types and elevation would better explain genetic

variation than IBD. In addition, we measured recent

migration rates among populations to test whether

there are more north–south than east–west links and

whether gene flow is matched to topographic and land

cover barriers.

Methods

Study species

Valley oak is the largest North American oak, with

trees standing 10–25 m tall and 0.5–0.7 m diameter at

breast height (Munz 1973). It is wind pollinated and its

seeds are dispersed by birds and rodents (Grivet et al.

2005; Pesendorfer et al. 2016). Studies of historical

and contemporary gene flow indicate that the scale of

pollen and seed dispersal in some populations is on the

range of 100–300 m, which allows opportunity for

adaptation to local environmental conditions (Pluess

et al. 2009; Sork et al. 2010). Valley oak habitat is

found in the lower elevations of the central and

northern Coastal Ranges and the Sierra Nevada

mountains and forms a ring around Central Valley

grasslands (Fig. 1). The density of valley oaks varies

widely, from closed-canopy forests in some regions to

open savannahs in drier parts of their range.

California’s Central Valley covers approximately

155,000 km2 of land or nearly 40% of the total land

area of the state. On average, it is about 725 km long

and 80 km wide, is primarily agricultural, and is often

in a state of moderate to severe drought (Whiteside

2007). It is also home to 588 rare and endangered

species, more than any other region in the continental

United States. The rapidly growing population of the

Central Valley has caused the loss, degradation, and

fragmentation of habitats through the development of

agricultural and urban areas (Hosley et al. 2012).

Scattered valley oaks occur in the Central Valley but

are relatively uncommon due to agricultural develop-

ment and loss of riparian habitat.

Genetic data

Leaf tissue was collected from 270 trees in 12

populations spread across most of the species’ range

(Fig. 1). Samples were genotyped at eight nuclear

microsatellite loci. The eight loci used were highly

variable, with an average of 8.12 alleles per locus

(Ashley et al. 2015). Sampling sites and microsatellite

genotyping are described in more detail by Ashley

et al. (2015).

Ashley et al. (2015) calculated genetic differenti-

ation statistics including Nei’s (1973) multiallelic

estimate of FST and DJOST (Jost 2008) using the R (R

Development Core Team 2014) package diveRsity
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(Keenan et al. 2013) and these were used as measures

of genetic distance in this study. DJOST (Jost 2008)

measures the fraction of allelic variation among

populations and overcomes the problem that FST is

limited to low values when heterozygosity is high.

However, DJOST can be biased upwards. We therefore

used both following the recommendation of Whitlock

(2011).

Landscape analysis

To measure IBD, we computed the pairwise straight-

line (Euclidean) distances between valley oak stands

in GenAlEx (Peakall and Smouse 2012). To measure

IBR, we modeled landscape resistance as a function of

land cover and elevation. We generated multiple

resistance grids in ArcGIS 9.3 (Esri 2014) in which

each grid cell was assigned a value based on the

hypothesized resistance of gene flow to the land in that

cell.

As a precursor to the resistance grids, we first

created a land cover raster by combining two GIS

datasets. The most recent CALVEG land cover dataset

from 2011 (30 9 30 m resolution), originally created

by USDA Forest Service (1981), includes detailed

vegetation classification including valley oak habitat

but does not cover the entire study region. Therefore,

we filled in areas with no CALVEG coverage with the

USGS GAP Land Cover data. By combining the two

datasets, we created a 30 9 30 m land cover map with

seven land cover types (Table 1). We used Shuttle

Radar Topographic Mission (SRTM) data for eleva-

tion, which are available in 3 arc second intervals

(*75 m resolution in our study region).

To identify the optimum resistance values for

elevation and land cover, we used the model opti-

mization approach introduced by Cushman et al.

(2006) and refined by Shirk et al. (2010). We related

each land cover type and elevation to landscape

resistance with a mathematical function (see model

functions below) and used each function to reclassify

appropriate raster data into a resistance surface. We

generated alternative parameter values favoring the

direction that increased the correlation until we

observed a unimodal peak of support (Shirk et al.

2010).

For land cover, we first ranked resistance of each

land cover type based on expert (M. V. Ashley

personal recommendation) opinion about valley oak

biology and habitat relations (Table 1). Our ranking of

habitat was based on resistance or facilitation of pollen

flow and seed movement, and in accordance with

valley oak favored habitat and occurrence. Second, we

reclassified the resulting categorical rank raster

according to the function from Shirk et al. (2010):

Ri ¼ Ranki=Vmaxð Þx � Rmax ð1Þ

where Ri is the resistance value of land cover type i,

Ranki is the resistance rank of land cover type i (from

Table 1), Vmax is the maximum resistance rank (equal

to 7, in our case, which was the resistance rank for all

non-vegetation cover), x is the shape parameter that

informs relative differences in resistance among

different cover types, and Rmax is the maximum

resistance value for any land cover type.We tested five

values of Rmax (5, 10, 25, 50, and 100) and five values

of x (0, 0.1, 0.25, 0.5, and 1) and calculated a resistance

value for each land cover type for each set of

parameters for a total of 25 candidate models. Valley

oak habitat was always assigned a resistance value of

0.01. By systematically varying x and Rmax values, we

aimed to find the optimal hypothesis about the effect of

land cover on gene flow.

bFig. 1 Valley oak (Quercus lobata) sampling sites across

hardwood forest (USDA 1981): Tower House, Shasta (TH),

Dye Creek Reserve, Tehama (DYC), Sierra Foothills Station,

Yuba (SF), Kaweah Oaks/River Preserve, Tulare (KOP), Liebre

Mountain, Los Angeles (LM), Santa Monica Mountains,

Ventura (SM), Sedgwick Reserve, Santa Barbara (SR), Pozo,

San Louis (POZO), Hastings Reservation, Monterey, (HNHR),

Rancho San Carlos, Monterey (RSC), Jasper Ridge, San Mateo

(JR), Hopland Research Station, Mendocino (HOP)

Table 1 Ranking of cover types based on expert opinion

indicating relative degree of resistance to gene flow

Land cover type Resistance ranking

Valley oak 1

Hardwood 2

Mixed forest 3

Grassland 4

Shrubland 5

Conifer 6

Non-vegetation (urban, water, barren) 7

Woodland, mixed forest, and savanna that are typical habitats

for valley oaks facilitate gene flow, whereas shrubland, urban

and non-vegetated land cover inhibit it
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Valley oak grows at higher elevations in the

southern part of its range and lower elevations in the

northern part (Griffin and Critchfield 1972). There-

fore, we divided valley oak habitat range into north

and south to account for this apparent geographic

division. We tested several different latitudes as the

dividing line and settled on 35o5200000 latitude as the

dividing line between ‘north’ and ‘south’ that resulted

in the strongest relation between resistance as a

function of elevation and genetic variation. No study,

to our knowledge, has specifically identified a latitude

leading to a disjunction of genetic structure. Grivet

et al. (2008) and Ashley et al. (2015), however, found

that the western and eastern populations of valley oak

differ genetically at the northern and southern ends of

its range.

We then reclassified the digital elevation model

according to an inverse Gaussian function.

Rmax ¼ Rmax þ 1 � Rmax � e

�ðelevation � EoptÞ2

2 � E2
SD ð2Þ

where Rmax, Eopt, and ESD represent the maximum

resistance, optimal elevation, and the standard devi-

ation about the optimal elevation, respectively. Thus,

as elevation increases or decreases away from Eopt,

resistance increases to Rmax at a rate governed by ESD.

We evaluated three values of Rmax (5, 10, and 25),

three standard deviations (ESD) of 500, 1000, and

1500, and five values of Eopt in the north (ranging from

0 to 800 m in 200 m increments) and five values of

Eopt in the south (ranging from 900 to 1700 m, in

200 m increments) for a total of 45 candidate models

of elevation resistance.

We used Circuitscape 4.0.5 (McRae et al. 2013) to

measure pairwise landscape resistance among all

populations for each landscape resistance scenario.

Circuitscape proved to be faster and more efficient

compared with the least cost path (LCP) procedure in

ArcGIS due to the smaller number of resistance

surfaces made compared to LCP. In the LCP method,

least cost distance is measured from a given popula-

tion to each of the other populations in each run,

whereas in CIRCUITSCAPE all the populations can

be given as the input, and thus resistance distance is

measured from all population to every other popula-

tion in a single run. We used a four-neighbor

connection scheme to calculate resistance between

point locations. Because our land cover map exceeded

the maximum number of grid cells that Circuitscape

can handle, we aggregated groups of 25 pixels in each

land cover resistance surface and groups of four pixels

in each elevation resistance surface to create new

resistance surfaces with 150 9 150 m pixels whose

values reflected the average resistance of the aggre-

gated cells.

We used causal modeling (Legendre and Troussel-

lier 1988) to find the relationships between genetic

distance among populations and compared multiple

alternative hypotheses of landscape resistance to

evaluate the factors that limit gene flow (Cushman

et al. 2006). After calculating resistance between each

pair of populations for each resistance surface, we

used Mantel tests (Mantel 1967) and partial Mantel

tests (Smouse et al. 1986) to test the relationship

between genetic distance and landscape resistance

when removing the effects of Euclidean distance. In

all Mantel tests, correlation coefficients for genetic

distances were consistently higher for FST than DJOST.

Therefore, we only report results from FST, which is a

basic descriptor of population structure (Neigel 2002).

We identified the most supported model as the one

with the highest significant correlation.

Mantel tests have been criticized for their lower

power compared to traditional linear models leading to

underestimation of the true magnitude of a relation-

ship (Legendre and Fortin 2010). Therefore, we also

conducted general linear mixed models (GLMMs),

which account for dependency between pairwise

observations in a distance matrix (Yang 2004) and

are a more robust approach for landscape genetic

inference. Before performing a GLMM, we checked

collinearity between the explanatory variables. We

fitted maximum likelihood population effects (MLPE)

models (Clarke et al. 2002; Van Strien et al. 2012) with

residual maximum likelihood (REML) estimation

using the ‘‘lmer’’ function in the package ‘‘lme4’’

(Bates et al. 2011) for R (R Development Core Team

2014). Pairwise genetic distance (FST) was used as the

dependent variable, while elevation and land cover

resistance between populations were the independent

fixed variable. We used ANOVA to select the best

model.

We explored recent migration rates among the

twelve populations using BayesAss 3.0.3 (Wilson and

Rannala 2003). BayesAss uses a Bayesian MCMC

approach to estimate asymmetric migration over the

last two to three generations (Wilson and Rannala

2003). We assessed convergence by using long (107)
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iteration runs with large sampling frequencies (2000),

and long (106) burn-in periods and by comparing

migration rates across 10 replicate runs using different

starting seeds, as recommended by the program’s

authors (Wilson and Rannala 2003). We examined the

results for evidence of convergence by comparing the

posterior mean (the matrix parameter of migrational

rates) for consistent results (Clark et al. 2013). We set

delta values of allele frequency, migration rate, and

inbreeding to 0.3. Delta is the parameter that defines

the size of the proposed change to the parameter values

at each iteration (Wilson and Rannala 2003).

Results

Our landscape modeling results revealed a significant

but weak relationship between genetic distance and

Euclidean distance (r = 0.16, P = 0.001). The opti-

mized IBR models provided better support, as both

land cover (r = 0.25, P = 0.041) and elevation

(r = 0.64, P = 0.001) were significantly related to

genetic distance (Table 2). However, after removing

the effect of Euclidean distance with a partial Mantel

test, land cover resistance was no longer significantly

related to genetic distance (Mantel r = 0.23,

P = 0.76). Furthermore, there was no strong unimodal

peak for any of the land cover resistance models

(Fig. 2). In contrast, the Mantel correlation between

resistance as a function of elevation and genetic

distance remained high after removing the effect of

Euclidean distance (r = 0.63, P = 0.001). The opti-

mum elevation resistance model included a maximum

resistance (Rmax) of 25, an optimal elevation (Eopt) of

200 m in the north and 1100 m in the south and a

standard deviation about the optimal elevation (ESD)

of 500 (Fig. 2).

The correlation between elevation resistance and

land cover resistance was not significant (r = 0.32,

P = 0.09). The full model showed that elevation

resistance was significant (P\ 0.001) in determining

genetic variation, whereas land cover resistance was

not (P = 0.76). In the reduced model with land cover

resistance as the only fixed variable, land cover

resistance was significant (P = 0.02). The reduced

model with elevation resistance as the fixed variable

was selected as the best model to describe genetic

variation (Table 3).

The Bayesian estimations of migration rates were

low for many of the populations (Table 4). Neverthe-

less, they revealed significant gene flow occurring for

the eastern and western populations. Gene flow was

asymmetric for most site pairs (Fig. 3).

Discussion

Valley oak demonstrates modest genetic structure

across the species’ range (Grivet et al. 2008; Ashley

et al. 2015). Our results revealed a significant but weak

relation between Euclidian distance and genetic

distance across valley oak’s range. Furthermore, we

did not find land cover to be a significant predictor of

genetic differentiation among populations. In contrast,

elevation provided an important factor for explaining

valley oak genetic structure. This result is in accor-

dance with other studies that have found stable habitat

conditions and topographic features to be the most

relevant factors determining population differentia-

tion within the CA region (Calsbeek et al. 2003; Davis

et al. 2008; Lancaster and Kay 2013).

Land cover was not a strong indicator of gene flow.

This may be due to the fact that the adult trees that

were sampled were in most cases established over

Table 2 Mantel correlations between the most highly supported resistance models (as a function of elevation or land cover) and

genetic distance (FST) alone and after partialling out the effect of Euclidean distance (IBD)

Model Mantel r P value Optimized parameter value

FST * IBD 0.16 0.001

FST * elevation 0.64 0.001 Eopt = 200 m (N), 1100 m (S), Rmax = 25

FST * land cover 0.25 0.041 X = 0.25, Rmax = 25

FST * elevation | IBD 0.63 0.001 Eopt = 200 m (N), 1100 m (S), Rmax = 25

FST * land cover | IBD 0.23 0.760 X = 0.25, Rmax = 25

N and S stand for North and South range of valley oak. Significant values are indicated in bold
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100 years ago, before most of the anthropogenic

landscape changes in this region occurred. Our

measure of landscape resistance reflects the current

landscape, whereas genetic distance reflects historic

gene flow. Although land cover changes are likely to

eventually have strong population effects through loss

Fig. 2 Different scenarios representing Mantel correlation (r

M) between genetic distance (FST) and resistance as a function

of Elevation and land cover. Rmax is the maximum resistance (x-

axis) and Eopt is optimum elevation (z-axis) in the elevation

scenarios. X is the response shape in the land cover scenarios.

The resistance model with peak of support for highest

correlation to genetic distance is shown with a gray oval

Table 3 Parameter estimates for the linear mixed effects models

Factor Parameter b S.E. T-value P value AIC

Elevation and land cover Intercept -0.0050 0.0129 -0.46 0.65 -279.7

Elevation 0.0019 0.0003 5.56 \0.001

Landcover 0.0003 0.0010 0.31 0.76

Elevation Intercept -0.0030 0.0109 -0.35 0.73 -281.6

Elevation 0.0019 0.0003 6.29 \0.001

Land cover Intercept 0.0256 0.0144 1.78 0.08 -256.5

Land cover 0.0029 0.0011 2.43 0.02

Euclidian distance Intercept 0.0472 0.0092 4.75 \0.001 -252.7

Euclidian distance 0.0002 0.0002 1.36

Elevation and land cover resistance surface are the explanatory fixed variables and FST is the response variable. Effect of Euclidian

distance was measured in the univariate model. Beta, standard error, t-value, P value estimates are from the mixed effect model fit by

restricted maximum likelihood using lme4. The best fit model is in bold
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of corridors and stepping stones, there is likely to be a

considerable time lag in response, especially in long-

lived species (Wright 1943; Waples 1998). This

mismatch can be an issue when studying landscape

genetics in landscapes that are changing rapidly. On

the other hand, land cover may offer little resistance to

pollen movement, as has been shown in valley oak

(Abraham et al. 2011) and other oak species (Ashley

2010; Craft and Ashley 2010).

After dividing the distribution of valley oak latitu-

dinally, we deduced that gene flow was restricted by

high elevations in the northern part of its range and by

high elevations and the low elevation of Central

Valley further south. Our results provide support for

the hypothesis put forth by previous studies that

topographic features such as mountain ranges and the

large, flat Central Valley impact patterns of gene flow

in this species (Grivet et al. 2006; Sork et al. 2010;

Ashley et al. 2015).

We found a greater resistance effect of elevation in

the southern range of valley oak. In other words, the

Central Valley is a smaller barrier to gene flow as

valley oaks grow at lower elevation in the more

northern part of its range, whereas in the southern part

of its range where they inhabit higher elevations, the

Central Valley is far below their optimum elevation.

This supports the results of Grivet et al. (2008), who

found shared chloroplast haplotypes between eastern

and western populations north of the Monterey Bay

area indicating connectivity in the north part of

Central Valley. Similarly, Sork et al. (2010) found

that gene flow in valley oak is less restricted in the

east–west direction in the northern part of its range,

probably due to a strong riparian network in the north.

These results all support the conclusion that topo-

graphic features have a greater impact on southern-

most populations of this species.

In CA, an increase in temperature associated with

climate change could increase vegetation productivity

given adequate moisture availability, especially in

cooler regions of the state along the north-central coast

and at high elevations, and could also promote

advancement of grassland and reduction of forest

particularly in the southern end of the Central Valley

(Lenihan et al. 2003). We therefore predict higher

connectivity of northern populations compared to the

south because of more contiguous forest and riverine

ecosystems. We also predict that the southern end of

Central Valley will become a greater barrier in the

future. Higher connectivity of northern populations

may facilitate resilience to climate change through

dispersal of alleles and genotypes better adapted to

changing conditions.

Our estimates of recent migration rates show higher

gene flow north–south than east–west across the

Central Valley (Fig. 3), as previously reported by

Table 4 Bayesian estimates of recent migration rates in BayesAss among 12 valley oak populations

From To

TH DYC SF KOP LM SM SR POZ HNR RSC JR HOP

TH 0.679 0.004 0.001 0.004 0.005 0.001 0.004 0.004 0.002 0.004 0.003 0.004

DYC 0.003 0.682 0.001 0.004 0.005 0.001 0.004 0.004 0.002 0.004 0.004 0.004

SF 0.010 0.266 0.982 0.265 0.011 0.001 0.030 0.139 0.013 0.004 0.112 0.030

KOP 0.003 0.004 0.001 0.679 0.005 0.001 0.004 0.004 0.002 0.004 0.004 0.004

LM 0.003 0.004 0.001 0.004 0.687 0.001 0.004 0.004 0.002 0.004 0.004 0.004

SM 0.003 0.004 0.001 0.004 0.007 0.987 0.004 0.005 0.003 0.004 0.005 0.004

SR 0.003 0.004 0.001 0.004 0.005 0.001 0.681 0.004 0.002 0.004 0.004 0.004

POZ 0.004 0.004 0.001 0.004 0.006 0.001 0.011 0.706 0.003 0.004 0.004 0.004

HNHR 0.245 0.007 0.002 0.008 0.041 0.001 0.025 0.102 0.955 0.279 0.111 0.251

RSC 0.003 0.004 0.001 0.004 0.005 0.001 0.004 0.004 0.002 0.679 0.004 0.004

JR 0.034 0.006 0.001 0.013 0.210 0.001 0.229 0.015 0.005 0.004 0.699 0.010

HOP 0.003 0.004 0.001 0.004 0.005 0.001 0.004 0.004 0.002 0.004 0.004 0.681

Underlined values on the diagonal indicate the proportion of individuals in each generation that are not migrants (resident

populations). Simulations show that in instances where there is no information in the data, migration rate mean and 95% confidence

interval for datasets with 12 populations are 0.0150 (0.000, 0.100). Bold values show informative ([0.100) migration rates
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Fig. 3 Recent migration pattern for the 12 valley oak sampling

sites using BayesAss. The informative ([0.100) values of

migration rate are shown. Thicker lines show migration

rate[0.2 and thinner lines show migration rate\0.2. The

latitude in which we used to divide valley oak habitat range into

north and south is shown in bold
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Grivet et al. (2008) and Sork et al. (2010). We did,

however, detect evidence of some east–west gene

flow. We also saw more connections in the west,

which is in accordance with Grivet et al. (2008). In the

west, JR and HNHR were the most important gene

donors, while in the east SF was an important gene

donor. These nodes appear to facilitate gene flow by

connecting distant populations through a series of

migrational routes that mostly occur in the northern

Central Valley and should be prioritized for conser-

vation efforts.

The only notable gene flow crossing the southern

Central Valley was from SF to POZO, but we suggest

that in this case pollen has not directly crossed the

Central Valley but rather has occurred through chains

of populations, with recent migration (Table 4)

between SF and JR (0.112), JR and HNHR (0.111),

and HNHR and POZO (0.102). Our results also

indicate that gene movement occurs in long-distance

events and that all populations of valley oak are

connected to at least one other population either

directly or by a chain of populations. The exception is

the Santa Monica population, as previously reported

by Ashley et al. (2015). Populations in the Santa

Monica mountains in the Transverse ranges compose a

distinct group and should be the focus of conservation

efforts (Grivet et al. 2008; Ashley et al. 2015).

Further research into the role and influence of other

landscape variables such as slope and aspect will

improve our understanding of gene flow for this

species. For example, the role of slope and aspect in

structuring valley oak populations may be important

for steep and opposing north and south slopes such as

the transverse ranges if pollen is unable to reach the

other side. Future studies would also benefit by

including more study sites and marker loci to further

elucidate ecological barriers to gene flow. Using more

loci would improve resolution as the magnitude of

correlations between landscape pattern and genetic

structure of a population of organisms is highly

dependent on the number of loci analyzed per

individual (Landguth et al. 2012).

The more genetically isolated populations located

south of the Transverse Ranges are at great risk of

diversity loss and thus likely to be more constrained in

their ability to tolerate rapid climate change. Although

long-distance pollen dispersal is common in oaks

(Ashley et al. 2015) and seed dispersal can go beyond

local sites (Sezen et al. 2005), the diversity of the

pollen/seed pool of the original source is also an

important factor for adaptation to climate change. A

long-term connectivity plan to restore valley oaks

throughout their historical distribution, especially in

mid-elevation areas, would be particularly valuable.

Conservation strategies should include restoring and

conserving suitable habitat for valley oak based on

optimum elevation and topographic structure to

maintain functional connectivity across its habitat

range, protecting the nodes of its gene flow network,

maintenance of valley oak habitat especially in the

northern Central Valley, and protection of riverine

ecosystems that create migrational corridors and

enhance gene flow.
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