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ABSTRACT

Management strategies, such as assisted gene flow, can increase resilience to climate change in tree populations. Knowledge of
evolutionary history and genetic structure of species are needed to assess the risks and benefits of different strategies. Quercus
tomentella, or Island Oak, is a rare oak restricted to six Channel Islands in California, United States, and Baja California, Mexico.
Previous work has shown that Island Oaks on each island are genetically differentiated, but it is unclear whether assisted gene
flow could enable populations to tolerate future climates. We performed whole-genome sequencing on Island Oak individuals
and Q. chrysolepis, a closely related species that hybridizes with Island Oak (127 total), to characterize genetic structure and
introgression across its range and assess the relationship between genomic variation and climate. We introduce and assess three
potential management strategies with different trade-offs between conserving historic genetic structure and enabling popula-
tions to survive changing climates: the status quo approach; ecosystem preservation approach, which conserves the trees and
their associated biodiversity; and species preservation approach, which conserves the species. We compare the impact of these
approaches on predicted maladaptation to climate using Gradient Forest. We also introduce a climate suitability index to identify
optimal pairs of seed sources and planting sites for approaches involving assisted gene flow. We found one island (Santa Rosa)
that could benefit from the ecosystem preservation approach and also serve as a species preservation site. Overall, we find that
both the ecosystem and species preservation approaches will do better than the status quo approach. If preserving Island Oak
ecosystems is the goal, assisted dispersal into multiple sites could produce adapted populations. If the goal is to preserve a species,
the Santa Rosa population would be suitable. This case study both illustrates viable conservation strategies for Island Oak and
introduces a framework for tree conservation.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is
properly cited.
© 2024 The Author(s). Evolutionary Applications published by John Wiley & Sons Ltd.
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1 | Introduction

Climate change may be proceeding too quickly for many pop-
ulations to adapt to new conditions, particularly long-lived
and foundational species such as forest trees, threatening
not only species but the entire ecosystem (Aitken et al. 2008).
However, species often contain abundant genetic variation
that may enable them to adapt to novel climates, which could
be a tool for management and conservation. Populations are
frequently adapted to local environments that vary across the
species range (Leimu and Fischer 2008; Sexton, Hangartner,
and Hoffmann 2014; Sork 2017; Wang and Bradburd 2014) and
this heterogeneity can enable adaptation to novel climates.
In natural populations, gene flow can introduce genetic vari-
ation into a population, including alleles that are adaptive
under particular environments (Savolainen, Pyh&jirvi, and
Kniirr 2007). If these alleles are adaptive in the new envi-
ronment and selection is strong enough, they will increase
in frequency, enabling the population to be better adapted to
environmental conditions. If adaptation is too slow to match
the pace of climate change, as may be the case for species with
long generation times, one potential management strategy is
to intentionally introduce genetic variation that is likely to
be adaptive under future conditions. This strategy, assisted
gene flow, involves transferring genetic material (such as
seeds or individuals) among populations within a species
range (Aitken and Bemmels 2016; Aitken and Whitlock 2013;
Browne et al. 2019).

The viability, risks, and benefits of assisted gene flow are likely
to vary among species. First, assisted gene flow for climate
change mitigation requires standing genetic variation that is
likely to be adaptive under future climates in some parts of the
species range. Additionally, if populations within a species have
low levels of gene flow and are genetically diverged, introducing
new alleles may cause outbreeding depression or disrupt exist-
inglocal adaptation (Grummer et al. 2022). Genomic data can be
useful in evaluating these requirements. A species’ genome-wide
genetic structure can be used to understand the historic patterns
of gene flow among populations and to evaluate whether intro-
ducing non-local alleles would lead to maladaptation, while
putatively adaptive alleles can be used to predict whether, and
where, future climate conditions match historic climates of
each population. Using genotype-environment associations
to detect putatively adaptive genetic variation, it is possible to
identify the climate variables that are most important in ex-
plaining genetic variation, to determine whether there is overlap
between the historic and future climate for important climate
variables, and to estimate the gap between the historic climate
that a population has evolved in and the future climate at its cur-
rent location or throughout the species range (Fitzpatrick and
Keller 2015; Gougherty, Keller, and Fitzpatrick 2021; Lachmuth
et al. 2024; Rellstab 2021; Rellstab et al. 2015; Sork et al. 2013).
Traditionally, the goal of assisted gene flow is to enable the per-
sistence of existing populations by introducing genetic variation
likely to be pre-adapted to future climates. However, another
benefit is the preservation of genetic diversity present within a
population that may otherwise go extinct. Using genomic data
to identify optimal matches between populations and future
climate conditions, it is possible to make specific seed-sourcing
recommendations (Shryock et al. 2021; Yu et al. 2022) and to

compare the predicted effect that different management strate-
gies may have on the match between adaptive genomic variation
and future climate.

Trees have life-history characteristics that make them good can-
didates for the use of assisted gene flow to enable population
response to climate change: They often experience high gene
flow followed by strong selection on seedlings, enabling local
adaptation (Alberto et al. 2013). High levels of gene flow are fa-
cilitated by their predominantly outcrossing mating system and
long-distance pollen dispersal by wind (Petit and Hampe 2006).
Despite the resulting lack of strong genetic structure, local ad-
aptation is common within tree populations, likely due to the
high genetic diversity of a large panmictic species combined
with high seedling mortality introducing strong selection
Kniirr 2007; Savolainen, Lascoux, and Merild 2013; Sork 2016,
2017; Sork et al. 2013). Strong selection pressure against dele-
terious alleles, whether introduced through natural or human-
assisted gene flow, should reduce their introduction into the
gene pool. Landscape genomic studies generally support these
characteristics of trees, finding that genetic differences among
populations increase with geographic distance (a pattern of
isolation by distance), but that environmental variables also
play a role in determining genetic variation across the range
(Fitzpatrick and Keller 2015; Gugger et al. 2021; Jia et al. 2020;
Martins et al. 2018).

Many species that are the focus of conservation efforts have re-
stricted ranges and/or fragmented populations, and it is unclear
whether assisted gene flow is a viable strategy for such species,
or whether they should be conserved using other methods. Here,
we focus on Island Oak (Quercus tomentella), a relictual island
tree species existing on only six islands, as a case study in using
genomics to compare specific assisted gene flow scenarios. In
comparison to widespread tree species, rare species occurring
on islands may be comprised of disjunct populations with lim-
ited gene flow (Di Santo et al. 2022; Gugger et al. 2018). If gene
flow among islands is restricted, populations may be too deeply
diverged for successful assisted gene flow. If the species does
not occur across a range of climates and contain sufficient adap-
tive genetic variation to those climates, standing genetic vari-
ation that will be beneficial under future climates may not be
available to introduce into other populations. Studies across a
wide range of taxa have found that island species have genetic
or phenotypic variation that is associated with climate or hab-
itat variation, suggesting local adaptation (Cheek et al. 2022;
Elfarargi et al. 2023; Gamboa et al. 2022; Gugger et al. 2018;
Langin et al. 2015). If island species contain sufficient variation
in climate-adaptive alleles across populations, assisted gene
flow could be a viable strategy for their conservation.

Here, we present different strategies for conserving Island Oak
under future climate conditions, comparing the outcomes with
the goals of preserving Island Oak to retain its associated ecosys-
tem or to simply preserve the species, and provide a case study
for translating genomic data into predictions of risk. We imple-
mented a landscape genomics analysis to identify associations
between genetic variation and climate and to identify putatively
adaptive SNPs. We used the genomic offset, calculated from the
genomic-informed difference between a population’s historic

2 0f 20

Evolutionary Applications, 2024

959917 SUOLULIOD S0 (el dde au Aq peuienob ale Safoile O ‘ash J0 Sajn. Joj AkelqiauluO AS|IM UO (SUOIPUOD-PUE-SLLLIS) L0 A3 1M A e1q) 1 BUI |UO//:SANY) SUONIPUOD pue SWie 1 84} 88S *[6202/T0/S0] U0 ArlqiauluO AS|IM ‘2S00L eAS/TTTT OT/10p/wod AS|im Aleig Ul juoy/:sdiy wo.j pspeoumod ‘2T ‘v20e ‘T/Sv2SLT



N G
N [
N AN
\ 3O

+~_ Pliocene 0%
¢ Fossils A
&

-
-

San Francisco®} ¥, R = b
19y, \

\
(& W \

7 Miocene
1 Fossils.

~ .
¢ /
! MOJAVE
) é = DESERT
NS, s%’m;‘;n—»,_
N Toristic Proyines >,
s \_'"\.Loskngeles <
Santa Rosa Island Sors, &
2 s
Santa Cruz Island B < o
5 \
Anacapa Island ‘\‘ '\\
“\ ¥ Sl R unEDSTATES <
Vo MEXCO
s Tijuana 0
< "
Santa Catalina Island ¥ Pty
% ;
San Clemente Island ‘& Ensenada\ )
S N
o
<
B'AJA
CALIFORN
PACIFIC OCEAN
CANADA
Isle Guadalupe
UNITED STATES
. N
MEXICO Isla Cedros
A 0 100 200Km
L ! )

B CNRM 4.5 2050

= Santa Rosa
= Santa Cruz
= Anacapa

<+ - Catalina
® San Clemente
= Guadalupe

o - _®

BIO18 - Precipitation of Warmest Quarter (mm)

22 24 26 28
BIO5 - Max Temperature of Warmest Month (°C)

C MIROC 4.5 2050

= Santa Rosa

= Santa Cruz

= Anacapa
Catalina

= San Clemente

= Guadalupe

I A

GULF
| OF CALIFORNIA

BIO18 - Precipitation of Warmest Quarter (mm)

22 24 26 28

BIOS - Max Temperature of Warmest Month (°C)

FIGURE1 |

(A) Map showing location of the six islands sampled, relation to the mainland, and direction of the California Current. Locations of

fossil sites of Q. declinata, the fossil equivalent of Q. tomentella, from the Miocene (Axelrod 1939) and Pliocene (Axelrod 1944) are marked on main-

land California. Isla Cedros to the southeast is shown where Q. cedroensis occurs. Dark grey shading indicates developed land. Map credit: Irina
Koroleva, The Nature Conservancy. (B, C) Predicted shifts in climate (from the periods 1970-2000 to 2041-2060) at each sampled location based on
max temperature of the warmest month (BIO5) and precipitation of the warmest quarter (BIO12) for two climate models, CNRM (B) and MIROC (C)
under Representative Concentration Pathway (RCP) 4.5, in which emissions peak in 2040 then decline. Closed circles indicate historic climate for a
given location (1970-2000), and arrowheads indicate the projected future climate (2041-2060) for the same location.

climate and the future climate at its local site or other sites
where it could be planted (Capblancq et al. 2020; Fitzpatrick and
Keller 2015; Gougherty, Keller, and Fitzpatrick 2021; Lachmuth
et al. 2024), as a proxy for maladaptation. We also developed
the climate suitability index, a novel comparison metric derived
from the genomic offset that measures the similarity of climates,
as scaled by their importance in contributing to genetic varia-
tion. We compared genomic offset and climate suitability for
Island Oak populations under three conservation strategies:

1. Status quo approach: The simplest approach, and the one
currently used, is to protect existing populations and aug-
ment oak groves by planting acorns from the same island
or watershed. This approach maintains the historic genetic
population structure, but may not enable populations to
survive climate change.

2. Ecosystem preservation approach: To maintain existing oak
groves and re-establish previous ones so that Island Oak

ecosystems and their associated biodiversity are sustained,
restoration projects could use assisted gene flow to create
a viable oak population under future climates by introduc-
ing genotypes that are likely to be best adapted to future
climate conditions at a planting location.

3. Species preservation approach: When a species is threat-
ened throughout its native range, it is sometimes necessary
to focus on strategies that will preserve the species, either
in situ or ex situ. In situ sites could include existing oak
groves, and/or they could be sites on the islands where they
are not present, but have historically existed. Alternatively,
species preservation could be accomplished through ex situ
planting sites on the mainland (Rosenberger et al. 2022;
Westwood et al. 2021). As ex situ preservation typically
cultivates trees in botanical gardens and arboreta, target-
ing sites with optimal climates is less important than for
wild populations, so we focus here on in situ preservation
of Island Oaks in their native range.
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In this study, we analyzed whole-genome sequencing data col-
lected from the entire species range of Island Oak to assess the
best strategy for preserving the species and its associated eco-
systems under future climate change scenarios on the California
Islands (Figure 1B,C). Our goals were: (1) To characterize the
processes structuring genetic variation in Q. tomentella, such
as gene flow, hybridization, geography, and climate. We doc-
umented the genetic structure of Q. tomentella along with the
closely related species Q. chrysolepis and their hybrids to de-
scribe the historic patterns of divergence and gene flow. (2) To
compare the effect of three different management strategies,
including two assisted gene flow strategies addressing different
management goals, on the predicted maladaptation of Island
Oak under future climates. While a combintion of ecological
and restoration management strategies will likely be needed to
conserve this species, here we focus on the potential contribu-
tion of assisted gene flow to their success.

2 | Methods
2.1 | Study Species

Quercus tomentella (section Protobalanus), or Island Oak,
is a rare relictual island tree found on six of the California
Islands off the western coast of the United States (the Channel
Islands) and Mexico (Isla Guadalupe) (Figure 1A). This spe-
cies is categorized as endangered by the TUCN (Beckman and
Jerome 2017), and its threats include browsing from non-native
herbivores, erosion, changes in hydrology, and climate change
(Beckman et al. 2019; Beckman and Jerome 2017); and on Santa
Rosa Island, the loss of a native disperser, the Island Scrub-jay
(Delaney and Wayne 2005; Morrison et al. 2011). Island Oak
forms groves that co-occur with island endemic plant species
and varieties, forming unique ecosystems that support animal
species including the Island Scrub-jay (Pesendorfer et al. 2018;
Sawyer, Keeler-Wolf, and Evens 2009). Based on microsatellite
markers, Q. tomentella is genetically differentiated across is-
lands and has lower genetic diversity than its more widespread
relative Q. chrysolepis (Ashley et al. 2018). Additionally, it can
propagate clonally, which may contribute to its lower genetic
diversity. However, to understand how selection has shaped
adaptive genetic variation within and across islands, we used
whole-genome sequence data, which will often reveal different
spatial patterns than neutral markers such as microsatellites
(e.g., Fitzpatrick and Keller 2015; Gugger et al. 2021; Martins
etal. 2018) and provide a better understanding of adaptive poten-
tial. While Island Oak currently has a restricted and fragmented
range, it was once widespread throughout mainland California
during the Miocene and Pliocene (Figure 1A), then became re-
stricted to the coast, and eventually the California Islands as
the mainland climate became less temperate (Axelrod 1967;
Muller 1965). During glacial periods with lower sea levels, the
Northern Channel Islands were connected as a single island,
called Santa Rosae, as recently as 11,000years ago (Kennett
et al. 2008; Reeder-Myers et al. 2015). During this time, there
may have been more gene flow among Santa Rosae Island popu-
lations. It is also possible that gene flow occurred through trans-
location by Indigenous peoples, as acorns are an important food
source, although no direct evidence exists (Rick, Hofman, and
Reeder-Myers 2019). Hybridization may be a source of genetic

variation: Q. tomentella hybridizes with Q. chrysolepis, a wide-
spread species on mainland California that is also present on
five of the islands (Ashley et al. 2018), and genomic and fossil
data support a history of co-occurrence and ancient introgres-
sion between the two species (Axelrod 1944; Ortego, Gugger,
and Sork 2018).

2.2 | Collections

Leaf samples from Q. tomentella individuals were collected
across the six islands encompassing the species range. Because
Q. tomentella hybridizes with Q. chrysolepis, we also collected
co-occurring Q. chrysolepis and putative hybrid individuals
from the islands, and Q. chrysolepis individuals from across
northern and southern mainland California (southernmost
in San Bernardino county, northernmost in Siskiyou county,
Table S1). These two species are distinct from other oak species
present on the islands, but hybrid or introgressed individuals
can have intermediate characteristics. Collectors attempted to
distinguish between the two species using their characteristic
leaf morphology, with Q. tomentella having impressed lateral
veins and Q. chrysoleis having golden-puberulent leaf under-
sides (Rosatti and Tucker 2014a). However, field classifications
of intermediate individuals may have varied by collector. We ul-
timately defined species using the genomic data. We attempted
to avoid collecting multiple samples from the same clone by
collecting from only one stem within the same grove or cluster
of stems, with the exception of Anacapa Island where only one
grove of trees exists. We primarily collected mature trees, but
some saplings were included when this was not possible. Leaf
samples were either dried on silica or were placed on ice, then
were frozen at —80°C. In total, based on species identifications
in the field, we sequenced and analyzed data for 107 Q. tomen-
tella individuals, 17 Q. chrysolepis individuals (8 from mainland
California and 9 from the islands), and 3 putative hybrids. On
average, we collected 20 individuals per island (minimum 5,
maximum 30).

2.3 | DNA Extraction and Sequencing

Leaves were hand-ground in liquid nitrogen using a mortar and
pestle, and approximately 50mg of tissue was used for DNA
extraction. DNA was extracted from leaves using a modified
version of the Qiagen DNeasy Plant Mini Kit protocol. First, to
remove polyphenols, a prewash step was performed twice. One
milliliter of prewash buffer was added to ground leaf tissue,
ground in a bead mill for 20s, centrifuged for 10min at 10,000
RPM, and the supernatant was discarded. Prewash buffer con-
sisted of (per sample) 100 ul Tris, 100 ul EDTA, 200 ul 5M Nacl,
600 ul molecular grade water, and 0.01g PVP. Following the
prewash, the Qiagen protocol was followed. For the silica-dried
leaf samples (from Guadalupe and San Clemente Islands), we
were unable to extract sufficient amounts of DNA, so extraction
was performed by the California Conservation Genomics
Project mini-core using the Macherey-Nagel NucleoMag Plant
kit, with the following modifications: PVP and Proteinase K
were added during the digest, and an additional ethanol wash
was added before elution. Extracted DNA was sent to UC Davis
DNA Technologies and Expression Analysis Cores for library
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preparation using a custom SeqWell kit which used half the
standard volume of reagents compared to a standard kit and was
shown by SeqWell to work well for our samples. Whole-genome
sequencing was performed on a NovaSeq 6000 using 150bp,
paired-end sequencing.

2.4 | Filtering and Variant Calling

Adapters were trimmed from raw reads using Trim Galore, and
reads with a length less than 20bp were removed. Reads were
not trimmed based on quality scores during this step. Reads were
aligned to the annotated Q. lobata genome (Valley Oak Genome
3.2, Sork et al. 2022), rather than the Island Oak genome, be-
cause it is equally distant to both Q. tomentella and Q. chrys-
olepis and is annotated. Aligning to a different species (85.8%
genetic similarity, Mead, Fitz-Gibbon, Escalona, et al. 2024;
Mead, Fitz-Gibbon, Knapp, et al. 2024) may exclude some loci
that are highly diverged between the two species, but our goal
was to characterize general spatial patterns of genetic variation
rather than identify all potential candidate genes. Alignment
used BWA-MEM, with ‘markShorterSplits’ and “readGroup-
HeaderLine” options enabled. Duplicate reads were marked and
removed using GATK MarkDuplicates. Variants were called
using GATK HaplotypeCaller with the “emit-ref-confidence”
option set to “GVCF.” Variants were hard-filtered using GATK
VariantFiltration, with SNPs and indels filtered separately. For
SNPs, we removed variants with quality by depth (QD) <2, qual-
ity (QUAL) < 30, mapping quality (MQ) < 40, phred-scaled strand
bias (FS) > 60, symmetric odds ratio strand bias (SOR) > 3, map-
ping quality rank sum (MQRankSum) < —12.5, and read position
rank sum (ReadPosRankSum)<—8. We removed indels with
QD<2, FS>200, QUAL<30, and ReadPosRankSum < —20.
Repetitive regions of the genome were removed using vcftools
(Danecek et al. 2011) based on the reference genome.

From this set of high-quality variants, we selected biallelic SNPs
with high coverage across all samples for further analysis. Using
beftools (version 1.15.1, Danecek et al. 2021), we selected only
biallelic SNPs, and removed SNPs with a mean depth across all
samples < 5, set individual genotypes with depth <5 to missing,
removed SNPs with a minor allele frequency<0.01, and re-
moved SNPs that were missing in >10% of individuals. The re-
sulting filtered VCF file was converted to BED file format using
PLINK (version 1.90b6.26, Chang et al. 2015), and variants in
linkage disequilibrium (LD) were pruned using a window size
of 50 variants, a window shift value of 10 variants, and an R?
threshold of 0.1, which identifies variant pairs with a correla-
tion > 0.1 within the given window and prunes them until no
correlated pairs remain. Unless otherwise noted, analyses were
run on this filtered and LD-pruned dataset of 585,298 SNPs. For
analyses requiring no missing data, SNPs were imputed by as-
signing missing individuals the most common SNP (total miss-
ingness in the filtered dataset was 5%).

Climate variables were extracted for each locality from
WorldClim (version 2.1, historic climate data for 1970-2000) at
30-s resolution. Island Oaks are present on five Channel Islands
off the coast of California, United States and on Guadalupe
Island, Mexico (six islands in total). Of the five Channel Islands
with Island Oaks present, the Northern Channel Islands (Santa

Rosa, Santa Cruz, and Anacapa) are cooler and receive more
precipitation than the Southern Channel Islands (Santa Catalina
and San Clemente, Figure 1B,C). Precipitation seasonality varies
across an east/west gradient in the Northern Channel Islands,
with the western part of the range experiencing less precipita-
tion seasonality and more summer rainfall. All experience a
Mediterranean climate, with hot, dry summers, and most yearly
precipitation occurring during the winter. Guadalupe Island,
off the coast of Baja California, Mexico, has a steep elevation
gradient, warmer winter temperatures, and less precipitation,
but has less yearly variation in temperature and precipitation,
and receives more precipitation during the dry season than the
Channel Islands. We also extracted future predictions of climate
at our sample sites using downscaled CMIP5 climate models
from WorldClim averaged over 2041-2060 (hereafter referred to
as 2050 climate) under two RCP scenarios: 4.5 (with emissions
peaking around 2040) and 8.5 (rising emissions through the 21st
century, IPCC 2014). We choose two climate models with differ-
ent outcomes for Southern California, CNRM-CM5 (a warmer/
wetter scenario) and MIROC-ESM (a hotter/drier scenario)
(Underwood et al. 2019).

2.5 | Genetic Structure

Divergence among island populations was calculated using
Weir and Cockerham's F, for the full set of filtered, but not
LD-pruned, SNPs using fast-wcfst (Fontenot 2024, commit
338682f0b1). We converted the variance returned from fast-
wecfst to standard deviation and calculated Fg, values for one
standard deviation above and below the average as a measure
of variance among loci. To understand the effect of introgres-
sion on genetic structure, we also calculated F; among ances-
try groups within islands, designating each individual as Q.
chrysolepis, Channel Islands Q. tomentella, or Guadalupe Q.
tomentella if ancestry at K=3 was >0.9 for either of the three
groups, and otherwise designating it as a hybrid. To perform a
principal component analysis (PCA) on the imputed SNP set, we
used the R package vegan (version 2.6-2, Oksanen et al. 2019).
Because Guadalupe Island trees were divergent from the other
populations (see 3. Results), we also ran a PCA with those sam-
ples excluded to better visualize the genetic structure among
the remaining islands. ADMIXTURE (version 1.3.0, Alexander,
Novembre, and Lange 2009) was used to estimate the ancestry
of individuals and to characterize genetic structure across the
species range. For the entire dataset, we ran ADMIXTURE for
K values 1-10, where K is the number of hypothetical ancestral
populations. We also ran ADMIXTURE on subsets of the data
to investigate fine-scale genetic structure for the following sets:
all samples except Guadalupe Island (K=1-10) and individ-
uals from Santa Cruz and Santa Rosa islands alone (K=1-5),
testing lower K values because cross-validation errors for the
full dataset increased with higher K values (see 3. Results and
Figure S2). Because Guadalupe Island populations appear
deeply diverged from the other Island Oak populations and are
unlikely to experience contemporary gene flow, we ran further
analyses of climate-associated genetic variation separately for
the five northernmost islands (hereafter, Channel Islands) and
for Guadalupe Island. Results from ADMIXTURE and PCA (see
below) suggest a history of introgression between the two spe-
cies on the islands rather than occasional hybridization events
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producing F, offspring. Because introgression can be a source of
genetic variation for natural selection (Suarez-Gonzalez, Lexer,
and Cronk 2018), we decided to include the hybrid individuals
and those that morphologically appeared to be Q. chrysolepis
from the islands in further analyses of putatively adaptive ge-
netic variation.

We evaluated the effect of geography and climate on genetic dif-
ferentiation among individuals. First, we tested whether indi-
viduals showed a pattern of isolation by distance by calculating
the genetic distance between each pair of individuals as the pro-
portion of variable SNPs not identical by state (calculated using
PLINK with the --distance option), and testing for a relationship
with geographic distance. To assess the effects of geography and
climate on genetic variation in the Channel Islands populations,
we used a partial redundancy analysis (RDA) in the vegan pack-
age, which partitioned the genetic variance into proportions that
could be statistically explained by climate, by geographical loca-
tion (via latitude and longitude), by each of these factors alone
while controlling for the other, and by their joint influence.
We tested the significance of each explanatory factor using the
anova.cca function with 99 permutations.

An RDA was also used to identify candidate SNPs that are as-
sociated with climate variables. Because our goal was to charac-
terize broad spatial patterns of climate-associated SNPs rather
than identify specific climate-adaptive genes, we used the LD-
pruned set of genes. Candidate SNPs identified here are not
necessarily involved in climate adaptation, but may be linked
to such regions. We reduced the climate and environmental
variables to a subset with correlations <0.7, following Dormann
et al. (2013): BIO5 (Max Temperature of Warmest Month), BIO6
(Min Temperature of Coldest Month), BIO15 (Precipitation
Seasonality), BIO18 (Precipitation of Warmest Quarter), BIO19
(Precipitation of Coldest Quarter), and elevation. A preliminary
analysis found that candidate SNPs were strongly influenced by
the five individuals from Anacapa, which are from one small
grove and had high genetic similarity to each other. Many of
the resulting candidate SNPs were associated with the max-
imum temperature of the warmest month, which is lowest at
the Anacapa site. In further analysis with Gradient Forest (see
below), including the Anacapa samples appeared to result in
overfitting of the model, with unsampled regions that had sim-
ilar climate to Anacapa clustering separately from all other re-
gions. Since these trees are relatively isolated, it is difficult to
determine whether this association is the result of natural selec-
tion on temperature or due to inbreeding within this population,
so we selected the candidate SNPs using an RDA on the four
larger Channel Islands (Santa Rosa, Santa Cruz, Catalina, and
San Clemente), all of which had samples collected in multiple
regions within the island. We replicated the analysis to iden-
tify candidate SNPs on Guadalupe Island, which is genetically
diverged from the other islands but has relatively high genetic
diversity and climatic variation, potentially allowing for local
adaptation within the island. Following Forester et al. (2018), we
identified candidate SNPs that were strongly associated with the
multivariate climate space. We considered candidate SNPs to be
those that were outliers (more than 4 standard deviations) on the
first three RDA axes. We did not correct for population structure
because genetic differentiation among islands was relatively low
(see 3. Results, Table 1) and the partial RDA showed a lesser

influence of geography on genetic variation after controlling
for climate (see 3. Results, Table 2), and because correcting for
population structure in an RDA results in reduced power and
increased false-positive rates in systems with low population
structure (Forester et al. 2018).

We used SnpEff (version 5.2c, Cingolani et al. 2012) to anno-
tate and predict the coding effect of variants for candidate SNPs.
First, we built a custom database using the Q. lobata genome,
then used SnpSift to filter results to just the candidate genes.
We also used the bedtools closest tool (version 2.31.0, Quinlan
and Hall 2010) and the annotation file for the Q. lobata genome
to extract the 10 sequence ontology features (e.g., gene, mRNA,
exon) closest to each SNP and their upstream or downstream
distance relative to the SNP (-D option). We then calculated the
number of SNPs occurring within a gene or mRNA transcript
(with distance =0).

2.6 | Predicting Climate Suitability

Gradient Forest (GF, version 0.1-32, Ellis, Smith, and
Pitcher 2012) was used to identify nonlinear relationships be-
tween SNPs and environmental factors, and to predict the spa-
tial change in allelic composition, or genomic turnover, across
the range of Island Oak. We ran GF on three sets of the im-
puted SNP data: (1) all SNPs to predict background genomic
turnover for the Channel Islands, (2) candidate SNPs identified
from the redundancy analysis for the Channel Islands to pre-
dict putatively adaptive turnover for the Channel Islands, and
(3) candidate SNPs identified from Guadalupe Island to predict
genomic turnover within Guadalupe Island and across the en-
tire species range. Geographic location cannot be included as a
predictor in GF analysis, so principal coordinates of neighbor
matrix (PCNM) axes were calculated as a proxy for geography
across a wide range of scales (Borcard and Legendre 2002)
using the pcnm function in the vegan package (version 2.6-4,
Oksanen et al. 2019). To calculate the PCNM axes, we set the
truncation distance separately for datasets because they encom-
passed different areas. For the two analyses on the Channel
Islands, a truncation distance of 150km was used in calculat-
ing PCNM axes to maintain connections between populations
on the Northern and Southern Channel Islands and avoid sta-
tistical artifacts resulting from our clustered sampling design.
As recommended by Fitzpatrick and Keller (2015), we included
the first half of the axes with positive eigenvectors (denoting a
positive spatial correlation) in the analysis, in this case 5 PCNM
axes. For Guadalupe, we used a truncation distance of 430km
to account for the larger geographic area and retained 3 PCNM
axes. We also included the same climate variables that were used
in the redundancy analysis as explanatory variables. The gra-
dientForest command was run with the following parame-
ters: number of trees =500, correlation threshold =0.5, and max
level =log,(0.368 x number of samples/2), following Fitzpatrick
and Keller (2015).

We predicted the genetic composition and turnover across the
range using the relationships between climate and allele fre-
quency (in this case, a value of 0, 1, or 2 indicating the number of
copies of a variant present in an individual tree) to scale climate
variables by their genetic importance in contributing to genetic
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TABLE 2 | Partitioning of genetic variance in Channel Island
samples among climate alone (controlling for geography) and geography
alone (latitude and longitude, while controlling for climate), as well as
the joint influence of climate and geography that is confounded and
cannot be disentangled into separate effects. First column includes
the total amount of variation explained, and second column is as a
proportion of variance explained by the full model (0.038). p-Values
were calculated from 99 permutations, except for the joint influence,
which is calculated by subtracting the variance explained by climate
and geography alone from the variance explained by the full model, and
is not testable using permutations.

Proportion of

Adjusted  explainable
Model R? variance p
Full model 0.038 1 0.01**
(climate + geography)
Climate alone 0.023 0.616 0.01**
Geography alone 0.009 0.225 0.01**
Joint influence 0.006 0.159
of climate and
geography

*** p <0.001; ** p <0.01; * p <0.05.

variation and predict genomic composition at non-sampled lo-
cations based on climates. The first three predicted axes were
mapped to RGB color values, which were combined for each cell
and mapped, as in Fitzpatrick and Keller (2015). We applied this
color assignment for the three sets of SNPs. For the Channel
Islands, we also mapped the difference in genetic turnover be-
tween the genome-wide SNP dataset and the candidate SNPs
using the Procrustes residuals (Fitzpatrick and Keller 2015;
Peres-Neto and Jackson 2001).

Using the Gradient Forest predictions of genomic turnover, we
calculated the difference between historic and future climates
using the genomic-scaled climate variables, or the genomic off-
set. Like similar studies, this method makes the assumption that
populations are locally adapted to their historic climate condi-
tions. Genomic offset was calculated for different pairings of
seed sources (or populations) adapted to their historic climates,
and planting sites experiencing future climate, with climate
variables defined for each 30-s by 30-s grid cell from Bioclim.
Because offset is predicted from gridded climate data, these
“populations” are not defined biologically, but are groups of trees
within the same climate grid cell that are likely to have similar
adaptive genetic variation based on our gradient forest model.
We calculated the genomic offset for each population under our
three conservation scenarios: (1) the status quo approach to con-
servation, in which populations are maintained at their present
locations, in which offset is calculated for historic and future
climates at their current locality; (2) ecosystem preservation, in
which non-local, pre-adapted genotypes are transplanted into a
site, and offset is calculated between the future climate at one
of our sample sites and the historic climate of all sampled pop-
ulations; and (3) species preservation, in which genotypes are
conserved by transplanting them to optimal sites, and offset is
calculated for the historic climate of each population and all

future climates on the islands where they could be planted. These
are similar to the local, reverse, and forward offset (respectively)
calculated in Gougherty, Keller, and Fitzpatrick (2021), but here
we explicitly test different conservation scenarios for each pop-
ulation. For scenario 3, we calculated offset on two sets of loca-
tions: only the sites where trees were sampled in this study and
all possible sites on the islands.

We also calculated a relative climate suitability metric by di-
viding genomic offset for each possible pair of seed sources and
planting sites by the maximum offset calculated in the model, so
that a value of 1 represents climate that is identical to climate of
origin, and O represents the least suitable site. To visualize the
predicted optimal scenarios for assisted gene flow, we selected
the pairs of seed source and planting sites with the greatest cli-
mate suitability for each site (ecosystem preservation) and popu-
lation (species preservation).

3 | Results
3.1 | Genetic Structure

Fq; values among island pairs and mainland Q. chrysolepis
ranged from near 0 to 0.075 (Table 1), with lower values among
the groups containing genetically Q. chrysolepis or hybrid indi-
viduals (Figure S1). Within the island populations, the popula-
tion from Guadalupe Island was the most divergent from other
populations (average pairwise Fg; =0.052), followed by Anacapa
and Santa Rosa (average pairwise Fq.=0.035 and 0.032, respec-
tively). In fact, the average divergence between Guadalupe
Island populations and the Channel Islands populations was
similar to that of the divergence between mainland Q. chrysole-
pis and the island populations primarily consisting of Q. tomen-
tella. PCA and ADMIXTURE plots also supported divergence
of Guadalupe populations from other Q. tomentella samples in
California (Figures 2 and 3).

We found evidence of widespread introgression between the two
species. Mainland Q. chrysolepis samples clustered separately
from the island individuals in the PCA, but island individuals
that were identified in the field as Q. chrysolepis or possible hy-
brids primarily cluster within the island samples rather than
with mainland Q. chrysolepis (Figure 2). ADMIXTURE plots
show that Q. chrysolepis or hybrid individuals on the Northern
Channel Islands have mixed ancestry, with portions from main-
land Q. chrysolepis and from the northern Q. tomentella groups
(Figure 3). Trees from the Southern Channel Islands had more
Q. chrysolepis ancestry than those from the Northern Channel
Islands (Figure 3), with nearly all individuals having some level
of admixture, even those morphologically consistent with Q.
tomentella.

ADMIXTURE results for the full dataset, for the dataset
with Guadalupe sample excluded, and for the dataset with
only the Northern Channel Islands (Santa Cruz and Santa
Rosa) all had the lowest cross-validation error for K=1
(Figure S2), meaning that in the best model, all individuals
come from a single ancestral population (although for the set
of all samples, CV error only increased slightly for K=2 and
3). We plotted admixture proportions for multiple K values
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FIGURE2 | PCAs of genetic variation across SNPs for axes 1-3 for all samples (top) and with Guadalupe Island excluded (bottom). Color of points

indicates their collection location, and shape indicates the species as identified in the field.

to visualize hierarchical genetic structure (Meirmans 2015)
(Figure 3). The plot for K=2 separates mainland Q. chrys-
olepis and Guadalupe Island as one ancestry group and the
Northern Channel Islands as another, with admixture be-
tween the two groups occurring in hybrid individuals and in
the Southern Channel Islands. For K=3, Guadalupe Island
forms a separate ancestry group. Across multiple K values,
trees from the Southern Channel Islands were more admixed,
with ancestry proportions from both mainland Q. chrysole-
pis and the Northern Channel Island populations (Figure 3
and Figure S3). Running ADMIXTURE on a subset dataset
including only two of the Northern Channel Islands, Santa
Rosa and Santa Cruz, revealed fine-scale genetic structure.
For example, one tree on the southwestern ridge of Santa Cruz
shared some ancestry with Santa Rosa samples, suggesting
that gene flow has occurred from Santa Rosa to Santa Cruz
populations (Figures S3 and S4), although this result should
be interpreted with caution as it includes only one individual.
We found a weak effect of isolation-by-distance, with the most

closely related individuals occurring on the same island, but
only slight increases of genetic distance with geographic dis-
tance for inter-island pairs of trees (logistic model p <2.2e-16,
adjusted R?=0.3421) (Figure S5).

3.2 | Climate-Associated Genetic Variation

Multiple redundancy analysis models were tested in order to
partition genetic variance into proportions explained by cli-
mate, geography, their joint influence, and each factor alone
(controlling for the effects of the other factor). All models sig-
nificantly explained genetic variation (p=0.01 for all), indicat-
ing that both geography and climate shape genetic variation
(Table 2). However, climate explained a greater proportion of
variance than geography: in the full model, geography and cli-
mate together explained 3.8% of the genetic variation; with cli-
mate alone explaining 2.3%, geography alone explaining 0.9%,
and their joint influence explaining 0.6%. As a proportion of
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total explainable variance, climate alone explained 61.6%, ge-
ography alone explained 22.5%, and their joint influence ex-
plained 15.9%.

The redundancy analysis identified 560 candidate climate-
associated SNPs that were outliers in the Channel Islands
dataset and 346 in the Guadalupe dataset (Figure S6). For each
candidate SNP, we determined which climate variable was most
strongly correlated. For the Channel Islands, there were 174 SNPs
correlated most strongly with precipitation of the coldest quar-
ter, 155 with elevation, 88 with maximum temperature of the
warmest month, 73 with precipitation of the warmest quarter, 47
with precipitation seasonality, and 23 with minimum tempera-
ture of the coldest month. For Guadalupe, 204 SNPs were most
strongly correlated with minimum temperature of the coldest
month, 129 with maximum temperature of the warmest month,
9 with elevation, 2 with precipitation seasonality, and 2 with
precipitation of the coldest quarter. For the Channel Islands,
61% (343) of candidate SNPs were located within a gene and
59% (331) were within an mRNA. An additional four and three
candidate SNPs were within 100 base pairs of a gene or mRNA,
respectively, which is the distance at which LD begins to rapidly
decay in Q. lobata (Sork et al. 2016). SnpEff can identify multi-
ple effects for each SNP, such as multiple nearby genes. SnpEff
identified 13% of SNPs (73) as having at least one moderate effect
(non-disruptive but potentially affecting protein function, such
as a missense variant), 10% (59) as having a low effect (unlikely
to change protein function, such as a synonymous variant),
all 562 SNPs having a “modifier” impact (upstream or down-
stream of a gene), and no SNPs having a “high” impact (a major
change to a protein-coding regions potentially causing loss of
function, such as an added stop codon). For the candidate SNPs
on Guadalupe, 49% (169) were located within a gene and 45%

(155) were located within an mRNA, a slightly lower proportion
than on the Channel Islands. An additional two SNPs each were
within 100bp of a gene and mRNA. Three candidate SNPs out of
348 (8.6%) had a high impact variant, 9.8% (34) had a moderate
impact, 8.3% (29) had a low impact, and all SNPs had a modifier
impact. Few of the Channel Islands candidate SNPs were pri-
vate to one island (5% of reference and 10% of alternate alleles),
supporting our findings that gene flow likely occurs among the
five islands, resulting in relatively low population structure. The
RDA loadings, climate correlations, and annotations for each
candidate SNP are reported in Table S2.

When Gradient Forest was used to analyze genome-wide SNPs
in the Channel Islands samples, the five PCNM axes describ-
ing geographic distance had greater importance values than the
climate variables (Figure S7), suggesting a spatial influence on
genetic variation. However, for the candidate SNPs, important
variables included both PCNM axes and environmental variables
(with PCNM3, minimum temperature of the coldest month, and
elevation having the highest R? weighted importance values for
the Channel Islands; and maximum temperature of the warmest
month, precipitation of the coldest quarter, and elevation hav-
ing the highest values for Guadalupe) (Figure S5). As expected,
overall importance values were also higher when considering
only the candidate SNPs, indicating stronger associations. The
relationship between allelic variation and climate, or genomic
turnover, was mapped to visualize predicted spatial patterns
of climate-associated genetic variation for the Channel Islands
(Figure 4) and for Guadalupe (Figure 5). The Southern Channel
Islands were more similar to each other, and the Northern
Channel Islands showed variation across an east-west gradient
associated with precipitation seasonality (BIO15) and precipita-
tion of the warmest quarter (BIO18). When predicting turnover
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FIGURE 4 | (A) Maps of genetic turnover predicted by gradient forest for candidate SNPs on each of the Channel Islands. Climate variables

are scaled by their importance in predicting genetic variation in the gradient forest model and their relationship with allelic turnover as shown in

Figure S8, then the genomic composition of a cell is predicted based on its climate. The first three PCs of the genomic composition are mapped to RGB

values, so regions with similar colors are expected to have similar genomic composition. Points indicate sample locations. (B) Map of the genetic off-

set, or predicted difference in the current genetic composition and that which would be ideal under future climate conditions. Darker red indicates a
greater likelihood of future maladaptation. Results are shown for the CNRM 4.5 scenario for the year 2050 (offsets under other models and scenarios
are in Figure S13). (C) PCA of scaled climate values for each cell, with colors matching each grid cell in (A)

using candidate SNPs identified from Guadalupe, there was
more turnover within Guadalupe than across the Channel
Islands (Figure 5), consistent with the genetic differentiation of
Island Oaks on Guadalupe from the other islands, as well as pu-
tatively adaptive genetic differentiation within the island.

3.3 | Genomic Offsets and Conservation Strategies

Catalina Island has the greatest genomic offset under 2050
climate (CNRM model, RCP 4.5), followed by Anacapa and
eastern Santa Cruz (Figure 4). These results were consistent
across the two climate models and the two RCP scenarios tested
(Figure S13). Within Guadalupe, populations closer to the coast
have a higher offset (Figure 5). Offset values calculated for the
two datasets (Channel Islands and Guadalupe) are not compara-
ble to each other, so we cannot determine whether the risk for
Guadalupe is higher or lower than for the Channel Islands.

Both conservation strategies implementing assisted gene
flow reduced the genomic offset compared to the status quo
(Figure 6). For most sampled sites, the genomic offset was
reduced most with the species preservation approach com-
pared to the ecosystem preservation approach, meaning that
transplanting populations to a location with optimal climate
reduced the chance of maladaptation for that population more
than introducing non-local genotypes into the population.
Offsets were slightly reduced when all parts of the islands
were included as possible planting sites, rather than only the
sites with sampled oak populations (Figure 6), indicating that
some future optimal sites may be outside of the range sampled
in this study. Optimal planting sites were similar for all popu-
lations and included sites that will be coolest under future cli-
mates: Santa Rosa followed by San Clemente (although under
CNRM 8.5, San Clemente has higher suitability than Santa
Rosa—Table S1). Because Santa Rosa populations are already
located in the part of the species range that will have future
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FIGURE 5 | (A) Maps of genetic turnover predicted by gradient forest for candidate SNPs on Guadalupe Island. Catalina Island is included as a
comparison, but all other Channel Islands were similar, clustering in the dark blue/purple regions with lower BIO5 (max temperature of the warmest
month). Climate variables are scaled by their importance in predicting genetic variation in the gradient forest model, then the genomic composition
of a cell is predicted based on its climate. The first three PCs of the genomic composition are mapped to RGB values, so regions with similar colors are
expected to have similar genomic composition. Points indicate sample locations. (B) Map of the genetic offset, or predicted difference in the current
genetic composition and that which would be ideal under future climate conditions. Darker red indicates a greater likelihood of future maladapta-
tion. Results are shown for the CNRM 4.5 scenario for the year 2050; offsets under other models and scenarios are shown in Figure S14. Colors only
indicate offset within Guadalupe and are not comparable to offset in other islands in Figure 4. (C) PCA of scaled climate values for each cell, with
colors matching each grid cell in (A)

climate conditions that are most similar to current conditions potential benefits of several conservation strategies for Island

for the species, they benefit more from the ecosystem preser- Oak and present our results as a case study in using genomic
vation approach than the species preservation approach, un- data to inform the conservation of rare species. Our genomic
like other populations. analyses reveal great potential for using seed sources to manage,

restore, and expand Island Oak ecosystems and to preserve the

species, despite the fact that currently all localities are predicted
4 | Discussion to be maladapted under future climates. These findings point

to the importance of using assisted gene flow for populations
In this study, we use the combined evidence from landscape on many of the islands to maximize their potential for survival
genomics and genome-wide genetic structure to compare the under future climate environments.
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FIGURE 6 | Comparison of genomic offsets under four management scenarios for the Channel Islands (A) and Guadalupe Island (B). Higher off-

sets represent greater maladaptation to future climate. Offsets were calculated for each grid cell that included sampled trees, referred to as “popula-

tions,” and are sorted by island. The status quo strategy indicates offsets for each population at its current site. In the ecosystem preservation strategy,

the offset is given for a scenario in which the site is planted with the non-local population predicted to be best adapted to its 2050 conditions. In the

species preservation strategy, the offset is given for the population on the island if it were transplanted to another site with the most optimal 2050
conditions, either when including the sampled sites or all sites on the islands. For (A, B), offset values are calculated separately, with transplantation
only within the Channel Islands or Guadalupe Island, and the offsets are not comparable between the two plots.

4.1 | Genetic Structure

Information about a species’ genetic structure can be used to in-
form seed sourcing decisions, balancing the goals of climate ad-
aptation and preserving historic genetic structure and gene flow
patterns. Our results show genetic differentiation across islands,
but F values are relatively low for an island species (Gugger
et al. 2018; Villa-Machio et al. 2020, but see Di Santo et al. 2022),
indicating weak population structure among islands (Table 1).
The ADMIXTURE cross-validation error was minimized with
one ancestral population, supporting the finding of low popu-
lation structure. Guadalupe Island populations, which are at a
geographic distance from the Channel Islands populations that
make pollen transfer extremely unlikely, are also the most genet-
ically divergent from other island populations (average pairwise
F¢:=0.052, Table 1). On the Channel Islands, Santa Rosa pop-
ulations appear to be the most genetically distinct, while other
islands are less differentiated from each other and show signs of
admixture (Table 1 and Figures 2 and 3), similar to the pattern
found previously in Song Sparrows on the Northern Channel
Islands (Gamboa et al. 2022). The patterns of genetic structure
found here may result from asymmetric gene flow shaped by
typical wind patterns during spring flowering (Figure 1A). In
the Channel Islands, winds are primarily from the northwest,
so trees on Santa Rosa Island are unlikely to receive pollen
from other islands, except under rare spring Santa Ana wind

conditions, which normally occur in Fall when oaks are not
producing pollen. However, Santa Cruz and Anacapa may re-
ceive pollen from Santa Rosa, and San Clemente and Catalina
may receive pollen from all three northern islands, explaining
the increased admixture observed in these individuals (Figure 3
and Figure S3). These results suggest that the Northern Channel
Islands are unlikely to receive alleles from the warmer Southern
islands, reducing the pool of available alleles that could be adap-
tive under warmer future climates. Similar to our results, previ-
ously analyzed microsatellite data found isolation of Guadalupe
and greater admixture in the Catalina and San Clemente popu-
lations (Ashley et al. 2018), but our ADMIXTURE results show
more distinct ancestries between Santa Rosa and the islands to
its east, possibly because the whole-genome dataset captured
additional genetic variation resulting from adaptation to differ-
ing climates across islands. Patterns of differentiation among
islands were also similar to our results, but are not directly com-
parable because different markers and differentiation statistics
were used (Ashley et al. 2018).

Introgression with Q. chrysolepis appears to be widespread,
except on Santa Rosa and Anacapa, and is likely to be another
important factor shaping genetic structure in Island Oak.
Admixture between the two species is particularly evident in
the Southern Channel Islands, but also present within some
individuals in the Northern Channel Islands. Island trees that
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were identified as Q. chrysolepis based on field morphology
clustered more closely with Q. tomentella individuals than
with the mainland Q. chrysolepis individuals, suggesting that
non-introgressed Q. chrysolepis are not present on the islands
(Figure 2). Our genetic results suggest that Q. chrysolepis may
not be present on Santa Rosa or Anacapa, where they have been
previously reported (Rosatti and Tucker 2014b). The isolated
Guadalupe Island population, however, appears to be somewhat
genetically similar to the mainland Q. chrysolepis; having simi-
lar values along PC1 (Figure 2) and forming the same ancestry
group for K=2 (Figure 3). Previous work has hinted at a complex
evolutionary history in these two species. Ortego, Gugger, and
Sork (2018) suggested that Q. chrysolepis is a non-monophyletic
species that split into a northern and southern lineage, follow-
ing which Q. tomentella split from the southern lineage of Q.
chrysolepis in the late Pliocene or early Pleistocene, and that the
two species hybridized when they were sympatric on the main-
land. Colonization of the Channel Islands may have occurred
when California shifted toward a more Mediterranean climate
and Q. tomentella became restricted to the coast (Axelrod 1967,
Muller 1965). Additionally, it is possible that the Guadalupe pop-
ulation has experienced introgression with Q. cedrocensis, which
we were unable to sample but which is present on Cedros Island
to the southeast of Guadalupe Island (Figure 1A), as well as on
the mainland in southern San Diego County and northern Baja
California. In the future, demographic modeling that includes
the Guadalupe Island populations could be used to clarify the
timing of divergence between Guadalupe and the other islands,
and the timing of introgression with Q. chrysolepis or other oak
species in section Protobalanus. Hybridization is sometimes
considered a conservation concern, but here it seems to be a
part of a long evolutionary history of introgression between
the two species, as is common in oaks (Kremer and Hipp 2020;
O'Donnell, Fitz-Gibbon, and Sork 2021), and could be the source
of novel genetic variation and ongoing selection. Experiments
could compare the fitness of individuals with different levels of
hybrid ancestry in different conditions to test whether introgres-
sion could be adaptive in some environments.

4.2 | Climate-Associated Genetic Variation

To test whether genetic variance in Island Oak populations was
better explained by climate (consistent with local adaptation) or
geography (consistent with neutral differentiation), we used a
redundancy analysis to partition genetic variation into propor-
tion explained by climate and geography separately. Climate
accounted for the majority (62%) of the explainable genetic vari-
ation among the Channel Island populations when controlling
for the effects of geography (Table 2). Thus, natural selection is
likely affecting the evolution of these island populations more
than neutral differences resulting from genetic drift and limited
gene flow within or among islands. There is a significant effect
of geography as well, although overall differentiation among
islands is relatively low (Table 1) and a pattern of isolation by
distance primarily shows that the most genetically similar in-
dividuals occur on the same island, and that genetic distance
increases only weakly with distance among islands (Figure S5).
Climate variables that were important in the redundancy anal-
ysis and Gradient Forest analysis varied, suggesting that eleva-
tion, temperature, and precipitation variables are important in

local adaptation, without a strong influence of any one factor,
unlike some tree species for which genomic turnover is most as-
sociated with precipitation variables (Gugger et al. 2018; Martins
et al. 2018). The moderating impact of ocean temperatures and
summer fog providing additional moisture through fog drip
(Fischer, Still, and Williams 2009; Fischer et al. 2016; Williams
et al. 2008; Woolsey et al. 2018) on the islands may make these
variables indistinguishable.

In addition to the effect that climate has in explaining genetic
variation across islands, climate-associated genomic turnover
indicates genetic variation within islands consistent with local
adaptation to climate gradients. On Santa Cruz Island, climate-
associated genetic variation differed across an east/west gradi-
ent (Figure 4A). The full set of SNPs and the climate-associated
candidate SNPs produced different predictions for the rate of
genomic change across climate gradients (genomic turnover) on
eastern Santa Cruz Island (Figure S11), suggesting that gene flow
occurs between eastern and western Santa Cruz populations,
but that selection results in differentiation of climate-associated
alleles between the regions. Similar patterns of genetic differ-
entiation across an east-west gradient on Santa Cruz have been
found previously at putatively neutral loci in Island Scrub-jays
(Cheek et al. 2022; Langin et al. 2015) and Island Fence Lizards
(Trumbo et al. 2021). Local adaptation could occur as a result
of the precipitation gradient in the Northern Channel Islands,
in which eastern regions have less summer precipitation and
greater precipitation seasonality. Taken together, the larger
explanatory effect of climate on genetic differentiation and
the patterns of putatively adaptive genetic variation across the
landscape suggest that local adaptation may be possible at small
scales and in the presence of gene flow, even within relatively
small island populations, as found previously (Cheek et al. 2022;
Gamboa et al. 2022; Gugger et al. 2018; Hamilton et al. 2017;
Langin et al. 2015). In contrast, populations on Catalina and
San Clemente show less turnover of adaptive alleles within
islands. Candidate SNPs from Guadalupe showed very little
variation or turnover on the Channel Islands (Figure 5A), sug-
gesting that local adaptation among the Guadalupe populations
results from variation in SNPs that are less variable across the
Channel Islands. While reciprocal transplants would be needed
to definitively identify local adaptation, either among or within
islands, the pattern of genomic turnover within both Guadalupe
and Santa Cruz islands suggests fine-scale local adaptation,
consistent with predictions of local adaptation for forest trees
(Sork 2016). These results indicate that the assumption of local
adaptation used in landscape genomics is reasonable and that
assisted gene flow strategies using existing genetic variation are
viable for this system.

4.3 | Genetic Offset and Maladaptation

Genetic offset is a measure of vulnerability to climate change,
based on associations between genomic structure and future
climates. Our results predict that, without intervention, popu-
lations on Catalina will be most maladapted to future climates
in comparison to the other Channel Islands populations, fol-
lowed by eastern Santa Cruz populations (Figure 4C). If gene
flow naturally occurs from the Northern to Southern Channel
Islands, as suggested by neutral genetic structure, both
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Catalina and San Clemente may currently receive northern
alleles that are maladaptive at hotter sites and could become
more maladaptive as climate change progresses. Catalina is
projected to experience a greater increase in temperature than
San Clemente (Figure 1B), resulting in a larger genomic offset.
Within Guadalupe, populations at lower elevations closer to
the coast are predicted to have a higher genomic offset. While
all populations are likely to experience some degree of mal-
adaptation to future climates, those with a greater genomic
offset could be prioritized in conservation efforts. We cannot
compare offsets among Guadalupe and the other islands, so
this analysis is most useful in identifying localities within the
island that are most at risk. Lotterhos (2024) cautions against
interpreting genomic offset as a metric of maladaptation when
calculated from genotype-environment associations because
it is possible that future climates could be more beneficial
than historic climates. However, given the absence of Island
Oak from warmer and drier microclimates on the islands and
its status as a paleoendemic, we believe future climates are
unlikely to be beneficial for this species. Common garden
or growth chamber experiments comparing the response of
Island Oaks to warmer or cooler temperatures should be per-
formed in future research to test this assumption.

4.4 | Evaluation of Conservation Strategies

For current and future restoration projects taking place on sev-
eral islands, landscape genomic findings can inform decisions
about what seed sources should be used to maximize success
for plantings. However, different conservation strategies may be
preferred depending on management priorities and policies, and
conservation decisions must take those values into account. If
the priority is to maintain “natural” patterns of genetic varia-
tion, seeds should only be introduced among populations that
have historically experienced gene flow. However, to conserve
existing Island Oak ecosystems and the species that depend on
them, it may be necessary to introduce alleles that are putatively
“pre-adapted” to future climates through assisted gene flow
(Aitken and Bemmels 2016; Aitken and Whitlock 2013). By in-
vestigating genetic structure and determining climate suitabil-
ity for all possible seed sources and planting sites, it is possible
to determine the risks and benefits of different strategies. Here,
we compare the predicted genomic offset and climate suitability
under three different management strategies: (1) conservation
of local oak populations without assisted gene flow (status quo)
which may include the use of local acorns in restoration proj-
ects, (2) ecosystem preservation—conserving existing Island
Oak ecosystems by introducing non-local populations that are
likely to have the greatest fitness under future conditions, or
(3) species preservation—conserving the species and its genetic
variation in at least part of its native range by planting popula-
tions at sites with optimal future climate.

Because all populations are predicted to be maladapted to future
conditions (Figures 4C and 5B), maintaining historic patterns of
gene flow may not effectively conserve populations. Moreover,
future climates are projected to be far outside the current cli-
mate space occupied by island oak (Figure S12), indicating that
there may not be existing genetic variation within the species
that will be well adapted to future climates. As a result, the risk

of maladaptation is reduced most by preserving populations
at sites that will have climate most similar to that of current
Island Oak populations, as in the species preservation approach
(Figure 6). Using the species preservation approach to prioritize
the preservation of genetic diversity, the optimal planting sites
for all populations are those with the coolest projected future
climate—Santa Rosa Island, followed by San Clemente Island
(Figure 7). These locations could be used to preserve genotypes
from across the species range. However, this approach would
focus on conserving Island Oak in only a portion of its native
range, potentially neglecting Island Oak ecosystems in regions
most affected by climate change. While the ecosystem preser-
vation approach does not reduce genomic offset as much as the
species preservation approach, it is an improvement over the
status quo (Figure 6), preserving existing oak groves by intro-
ducing genotypes that are likely to be best-adapted to their fu-
ture conditions. The ideal outcome would conserve all existing
island oak ecosystems; for this reason, we suggest prioritizing
ecosystem preservation, while also conserving genetic diversity
as a bet-hedge to prevent extinction and loss of genetic variation.

For ecosystem preservation to be successful, there must be over-
lap between the climate space of the species’ historic and future
climates. Our finding that species preservation resulted in the
lowest offset may differ across species by range size and the
magnitude of climatic change predicted within the range, with
ecosystem preservation being more successful in species with
wider climatic ranges (particularly latitudinal). If, like Island
Oak, the species range will experience climates not matched
by any historic climates in the species range, assisted gene flow
would still result in a mismatch between climate and genomic
variation—although the mismatch can likely be reduced in
comparison to taking no action.

Climate suitability can be used to compare possible seed sources
for a given planting site while taking into account other goals,
such as conserving the species’ genetic structure. For example,
the ideal seed sources for Santa Rosa's future climate are pop-
ulations on Catalina and San Clemente, the warmer Southern
Channel Islands, which have experienced more admixture
with Q. chrysolepis. While assisted gene flow may introduce
beneficial alleles, it may also disrupt the natural genetic struc-
ture of populations on Santa Rosa island, which appear to be
relatively isolated and have no evidence of admixture with Q.
chrysolepis. However, the climate suitability of nearby central
Santa Cruz Island populations is nearly as high as those for the
Southern Channel Islands (Figure 7). As the two islands were
connected as recently as 11,000years ago (Kennett et al. 2008;
Reeder-Myers et al. 2015) and have less extensive admixture
with Q. chrysolepis, using central Santa Cruz as a seed source
for Santa Rosa could represent a more moderate assisted gene
flow approach that could still introduce beneficial alleles. Using
climate suitability, managers can identify a subset of optimal
seed sources, then select those that best maintain historical evo-
lutionary structure for planting.

For Guadalupe Island, the optimal seed source was a region
with high BIO6 (minimum temperature of the coldest month)
and the optimal planting site was the westernmost part of the is-
land sampled (Figure 5 and Table S1). In preserving Guadalupe
Island genotypes, predicted maladaptation was minimized
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FIGURE 7 | Climate suitability in 2050 when matching a sampled source site (columns) to a planting site (rows). Suitability was calculated for

each grid cell where trees were collected for this study, and nearby grid cells with similar values were averaged for clarity. Planting sites (rows) are

sorted by average suitability, with the optimal sites at the top. Columns are sorted geographically (roughly north to south and west to east). Under

the ecosystem preservation approach, optimal source populations for restoring a given site can be selected by looking at climate suitability within a

row. Under the species preservation approach, optimal planting sites for a given population can be selected by looking at climate suitability within

a column.

when planting within the island, even when the cooler Channel
Islands were included as possible planting sites (Table S1). The
Guadalupe Island Oaks appear to be differentiated from the
Channel Islands at both neutral and putatively adaptive SNPs
and are unlikely to experience contemporary gene flow from
these populations. Because of their divergence, it is possible that
hybridization between Guadalupe and Channel Islands popu-
lations could result in inbreeding depression. Therefore, the
Guadalupe island oaks are probably best managed as a separate
lineage at present. However, including Guadalupe populations
in future studies, including common garden experiments, could
help determine whether they contain unique genetic variation
could be beneficial under hotter climates when introduced to the
Channel Islands.

The ecosystem and species preservation approaches could be
complementary and used in combination with other conserva-
tion strategies. Because Santa Rosa Island will have cooler fu-
ture climates than other islands, it could be an ideal planting
site for other populations. Moreover, because the native Santa
Rosa individuals are likely adapted to a cooler, more moder-
ate climate, they could benefit from the introduction of genetic
variation that is likely to be beneficial under climate change.
In addition to maintaining genetic diversity within the native

range, ex situ collections in botanic gardens and arboreta can be
used to conserve the genetic diversity of species with seeds that
cannot be stored through traditional seed banking, such as oaks
(Rosenberger et al. 2022; Westwood et al. 2021). These living col-
lections could be used as tissue or seed sources for restoration, or
for replanting when a natural population is lost in events such as
wildfire, landslide, or pathogen outbreaks. Lastly, assisted gene
flow is not likely to be a viable strategy for populations that are
predicted to be most maladapted to future temperatures and are
also from the warmest part of the species range, such as Catalina
Island. For such populations, we propose that supplementary
ecological studies should be undertaken to identify seed sources
(e.g., specific maternal trees) that may be better adapted to fu-
ture climate conditions. For species that are seriously threat-
ened by future climates, additional options can be considered.
An alternative ecosystem preservation approach would be to
combine genomic resources with common gardens to identify
warm-adapted genotypes with high fitness under future envi-
ronments by associating fitness with genomic variation, using
genome-informed breeding values (see Browne et al. 2019). If
it is important to preserve the species per se, seedlings could be
planted into ex situ locations, even outside of the current species
range, such as botanical gardens with suitable climate environ-
ments (Rosenberger et al. 2022; Westwood et al. 2021).
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5 | Limitations

Landscape genomics tools can be a powerful tool for identifying
strategies to conserve species under changing climates; however,
our recommendations depend on the assumption that popula-
tions are locally adapted to modern climate conditions. Because
Q. tomentella is a paleoendemic that experienced range contrac-
tion and likely survives on the California Islands because of their
more moderate climates, it is possible that populations are already
maladapted to present climate conditions, as found for California
populations of valley oak (Browne et al. 2019), meaning we un-
derestimate maladaptation here. Furthermore, studies that have
tested whether genomic offset can predict growth in a common
garden have found mixed results (Fitzpatrick et al. 2021; Lind
et al. 2024), so genetic and climate data may not be sufficient to
predict optimal climates. Additionally, our predictions define op-
timal climate as the mean values over 30years for a 30-s square
grid cell. In reality, trees experience climatic variation across
seasons, years, and microclimates (such as those created by the
north-facing canyons that Island Oaks often inhabit) which are
not represented by this climate data. Common garden experi-
ments could validate our predictions of ideal population-climate
matches prior to implementing assisted gene flow. For example,
populations from across the species range could be planted at
a restoration site and monitored over 5-10years to determine
which have the highest fitness at the site and could be removed
before they reach reproductive age if introducing non-local al-
leles is a concern. Santa Rosa Island would be an ideal location
for such an experiment, as it is the optimal planting site for all
populations, and local populations could potentially benefit from
the introduction of warmer-adapted populations. Additional
common gardens on warmer islands, such as Catalina, or under
controlled growth chambers at different temperature regimes,
could test which individuals will be maladapted to warmer fu-
ture climate conditions. Nonetheless, our findings indicate that
island populations are likely to be maladapted to future climates
and that assisted gene flow can reduce the predicted maladapta-
tion, so genomic-informed seed sourcing should be considered as
a possible management strategy to conserve and restore Island
Oak ecosystems.

6 | Conclusions

Assisted gene flow could reduce maladaptation of Island Oak
to future climates relative to the restoring populations with
local seeds. Conserving the genetic diversity of populations on
islands that are projected to have less dramatic climate shifts,
in this case, Santa Rosa and San Clemente, would conserve the
species in parts of its native range. In addition, introducing gen-
otypes tolerant to warmer climates into populations could help
preserve existing, but vulnerable, island oak ecosystems. These
two assisted gene flow strategies could be combined together:
for example, by establishing restorations at ideal sites that will
conserve range-wide genetic diversity while also introducing
beneficial alleles to existing oak populations that would other-
wise not be well adapted to future climates. This study identi-
fied one locality of major concern (Catalina Island), which may
require further ecological and genomic studies to identify seed
sources within the island that may be better adapted to future
climate conditions. This case study of Island Oak illustrates the

distinction between merely preserving the species and preserv-
ing the ecosystem it shapes, which are important considerations
for all conservation studies.
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