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Climate change over the next century is predicted to cause wide-
spread maladaptation in natural systems. This prediction, as well
as many sustainable management and conservation practices, as-
sumes that species are adapted to their current climate. However,
this assumption is rarely tested. Using a large-scale common gar-
den experiment combined with genome-wide sequencing, we
found that valley oak (Quercus lobata), a foundational tree species
in California ecosystems, showed a signature of adaptational lag
to temperature, with fastest growth rates occurring at cooler tem-
peratures than populations are currently experiencing. Future
warming under realistic emissions scenarios was predicted to lead
to further maladaptation to temperature and reduction in growth
rates for valley oak. We then identified genotypes predicted to
grow relatively fast under warmer temperatures and demonstrated
that selecting seed sources based on their genotype has the poten-
tial to mitigate predicted negative consequences of future climate
warming on growth rates in valley oak. These results illustrate that
the belief of local adaptation underlying many management and
conservation practices, such as using local seed sources for restora-
tion, may not hold for some species. If contemporary adaptational
lag is commonplace, we will need new approaches to help alleviate
predicted negative consequences of climate warming on natural
systems. We present one such approach, “genome-informed assis-
ted gene flow,” which optimally matches individuals to future cli-
mates based on genotype–phenotype–environment associations.

adaptational lag | climate change | ecological genomics | local
adaptation | temperature

Maladaptation due to rapidly changing climate conditions is
one of the greatest modern threats to biodiversity (1). Un-

derlying many predictions of the severity of climate change on
natural systems is the assumption that populations are locally
adapted or well-suited to their current climate conditions. Addi-
tionally, many conservation and management strategies, such as
using local seed sources in habitat restoration, assume that pop-
ulations are locally adapted (2, 3). However, local adaption may
be less common than frequently assumed. For example, only 45%
of plant populations in a recent meta-analysis showed patterns of
local adaptation (4, 5). Such deviations from local adaptation
could fundamentally alter currently used practices to manage the
impacts of climate change on natural systems.
Long-lived organisms like trees are particularly vulnerable to

maladaptation because of their long generation times (6–8). Ad-
aptation to climate in trees is typically tested through common
garden experiments, which test the expectation that if trees are
locally adapted, optimal growth or survival will occur when trees
are planted in sites with climates similar to where they originate
(7–12). This approach, also referred to as a provenance trial, has
generated several classic studies that show that in many cases trees
grow best when they are planted in locations similar to their cli-
mate of origin (10, 11), much like studies on other plant taxa (4,

5). However, a number of studies have documented tree species
maladapted to their current environment (13–15). For example,
populations of lodgepole pine (Pinus contorta) have been shown
to occupy suboptimal climates, with moderate warming predicted
to lead up to a 7% increase in growth (15, 16), while other tree
species are predicted to have higher growth rates in cooler cli-
mates than they are currently experiencing (13). A variety of
mechanisms could lead to these patterns of maladaptation, which
include but are not limited to inbreeding, genetic drift, selection
on other traits, and the inability to keep up with changing envi-
ronments via dispersal (17). Despite the potential for trees not to
be locally adapted, relatively few studies have addressed con-
temporary patterns of adaptational lag caused by either past (18)
or present-day climate change (19), and instead focus on how
future climate change may lead to maladaptation as populations
shift away from their assumed climate optimum.
A key challenge facing strategies to mitigate the negative effects

of climate change, such as assisted gene flow where individuals are
intentionally moved to mitigate maladaptation (20), is identifying
seed sources that are “preadapted” to future climate conditions
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(21, 22). Most commonly, seed selection is done by choosing
seed sources that will match future predicted climates at a given
site, often under the assumption that plants are locally adapted
to their current climate conditions (21). However, because many
species may not demonstrate local adaptation (4), alternative
approaches are needed to identify seed sources preadapted to
future climates without assuming local adaptation. These alter-
natives are especially relevant for the management and conser-
vation of forests to maintain the numerous ecological, cultural,
and ecosystem services they provide, given that forested eco-
systems cover ∼30% of the Earth’s land surface (23) and are a
major terrestrial carbon sink (24).
Integrating genomic sequencing data with phenotypic data

measured in common garden experiments may be a particularly
powerful approach to identify genotypes preadapted to future
climates (8, 25, 26). Advances in modeling the genomic basis of
complex traits through genomic-estimated breeding values
(GEBVs: the sum of the effects of genome-wide markers
capturing variation in a target trait, also known as polygenic
scores) enable the prediction and selection of desired pheno-
types based on a panel of genome-wide markers, a process that
has transformed animal and plant breeding programs but has
only rarely been applied to natural systems (25–29). Together,
linking genotype to phenotype with common garden experiments
and genome-wide sequencing could form the foundation of a
“genome-informed” assisted gene flow strategy, where seed sources
are chosen based on the observed relationship between genotype
and phenotype, in order to assist adaptation under future climate
scenarios.
In this study, our first objective was to test the hypothesis of

local adaptation to temperature for a long-lived foundational
tree species, valley oak (Quercus lobata Née), using data from a
large-scale common garden experiment (30). We estimate how
early-life stage growth in this species is related to the difference
in temperature between where a tree is planted and where the
tree originated, which provides a space-for-time substitution for
climate change because some individuals are planted into
warmer environments than where they originated (31). Here,
we assume growth is a component of fitness (9), because faster
growth leads to larger trees, which are more likely to produce
more offspring over their lifetime due to larger crown size and
to avoid mortality from herbivory; however, we recognize the
potential trade-off between growth and response to biotic or
abiotic stress (32). We focus on the effects of Tmax, the average
maximum temperature of the hottest months from June through
August, which has been shown to be important in shaping the
genetic variation and geographic distribution of valley oak (33,
34). If valley oaks are locally adapted to temperature, we expect
to see a characteristic pattern of local adaptation where maxi-
mum growth rate occurs when there is no difference in tem-
perature between planting site and origin site (i.e., 0 °C Tmax
difference; H1, Fig. 1A). Alternatively, if valley oaks are cur-
rently in a state of adaptational lag to temperature, we expect to
see the highest growth rates away from 0 °C Tmax difference
(H2, Fig. 1A). Our second objective was to evaluate the po-
tential for a “genome-informed” assisted gene flow strategy to
mitigate the predicted negative consequences of rising tem-
peratures on growth rates in valley oak. We develop this
framework by estimating genotype–phenotype–environment
associations in our common garden experiment to identify ge-
nomic variation associated with increased growth rates under
warmer temperatures.

Results
Evidence of Adaptational Lag to Temperature in Valley Oak. Using
growth data from 5,051 valley oaks planted across 2 common
gardens (SI Appendix, Fig. S1), we found that growth rates on
average decreased as valley oaks were planted in climates

warmer than where they originated, after controlling for block
effects, site, and climate of origin, family, and initial height (Fig.
1B and SI Appendix, Table S1). Further warming under a stan-
dard emissions scenario (average 4.8 °C increase in temperature
across the valley oak range by 2070 to 2099 under RCP-8.5)
would lead to a predicted 5.6% reduction in annualized relative
growth rates (Fig. 1B). This 5.6% reduction in growth rates
would result in a 10-cm difference in absolute height over a 3-y
period for a hypothetical tree starting at a height of 50 cm and
with relative growth rates decreasing with size, which may have
long-standing consequences for tree size and other fitness com-
ponents of individual trees, as well as the viability of valley oak
populations.
Growth rates were highest on average for valley oaks planted

into cooler climates than where they originated as acorns (Fig.
1B and SI Appendix, Table S1). The lack of a peak in growth
rates near 0 °C Tmax difference expected under local adaptation
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to current conditions (H1, Fig. 1A) indicates that valley oaks may
be in a state of adaptational lag to contemporary temperature
(Fig. 1B) and seem more adapted to cooler temperatures
approaching levels that were last experienced during the Last
Glacial Maximum 21,000 y ago. We found similar patterns when
the 2 common gardens were analyzed separately (SI Appendix,
Fig. S2). Because the common garden sites in this study were ir-
rigated to maximize the probability of seedling establishment, we
were not able to provide an analysis of how precipitation differ-
ences impact valley oak growth. Overall, the full model explained
72% of the variation in relative growth rates, with initial height,
block effects, Tmax difference, and locality showing the strongest
effects (SI Appendix, Table S1 and Fig. S3).

Genome-Informed Assisted Gene Flow Mitigates Adaptational Lag to
Temperature. Our second objective was to assess whether genetic
information could be used in management strategies to mitigate
adaptational lag to temperature for valley oak. Here, we estimated
GEBVs (25, 27–29) for high growth rates under future climate
scenarios, which could form the basis for genome-informed
assisted gene flow, and validated our analysis approach using
data simulations (SI Appendix). We first used a genome-wide
association study (GWAS) framework to estimate genotype-by-
environment interactions of relative growth rates after adjusting
for covariates not of primary interest (e.g., block effects and initial
height) with Tmax difference across 12,357 single-nucleotide
polymorphisms (SNPs) (Fig. 2A) and used these estimates to

calculate GEBVs. We calculated GEBVs based on the maternal
genotype of each seedling, and as a result we interpret the GEBVs
to indicate the genetic value of each maternal tree in relation to
their average progeny performance when progeny are planted into
warmer temperatures. The explanatory power of GEBVs calcu-
lated with 600 SNPs (i.e., the ability of GEBVs to explain variation
in adjusted relative growth rates in the same dataset the GEBVs
were estimated from) was 9.5% (R2

adj) for the full dataset (n =
2,295 seedlings). The predictive power of the GEBVs (i.e., the
ability of the model to explain variation in observations not used
in fitting the model) estimated via 10-fold cross-validation ranged
from 3.5 to 4.0% (R2

adj) depending on whether individuals from
the same family were included in the training and testing sets and
was higher than expected if there was no association between
GEBVs and adjusted relative growth rates (SI Appendix, Table
S2). The predictive power of GEBVs was lower than the explan-
atory power, indicating that GEBVs are less effective at predicting
growth responses for individuals that are not included in the
GEBV estimation, as is common in many studies using breeding
values or polygenic scores (35).
As expected, progeny of maternal trees with high GEBVs

showed a pattern of “preadaptation” to warmer temperatures.
The overall shape of the growth response to Tmax difference for
progeny of maternal trees with high GEBVs (+1 SD away from
average) peaked in warmer temperatures, which contrasts with
the average valley oak response of decreasing growth rates in
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warmer temperatures (Fig. 2B). Specifically, at a 4.8 °C increase
in temperature (predicted under RCP-8.5 by 2070 to 2099),
progeny of maternal trees with GEBVs +1 SD above average
estimated from the full dataset are predicted to have 11% and
25% higher relative growth rates than the progeny of maternal
trees with average GEBVs or GEBVs −1 SD below average,
respectively (Fig. 2B). Further analyses quantified the benefits of
selecting source trees based on GEBVs under different climate
scenarios. We used bootstrapping to simulate 10,000 hypotheti-
cal sets of 50 progeny selected based on the following criteria: 1)
matching progeny to their future climate, which would maintain
a Tmax difference of −0.5° to 0.5 °C between the source and
planting site under future climate conditions; 2) optimizing
growth by maintaining a Tmax difference ≤−2.0 °C between the
source and planting site in future climate conditions to account
for the species-level preference for cooler temperatures; 3)
selecting progeny based on maternal trees with high GEBVs (+1
SD higher than the mean) under a scenario of warming temper-
atures (Tmax difference ≥ 0 °C between the source and planting
site in future climate conditions); and 4) selecting progeny ran-
domly without regard to GEBVs or Tmax difference. For each of
these groups, we compared observed relative growth rates after
adjusting for block effects, initial height, locality, family identifi-
cation, genetic kinship, and climate of origin. Average observed
growth rates were highest for progeny selected based on maternal
GEBVs +1 SD above average (Fig. 2C), leading to a growth dif-
ference of 3 to 5 cm of height per year (assuming a 100-cm starting
height) between individuals selected based on high maternal GEBVs
compared to those selected based on climate matching alone.
Our approach could be extended to identify regions where

trees may be especially vulnerable to growth rate declines or
resilient to warming temperatures by mapping the current dis-
tribution of GEBVs across sampled populations of valley oak
based on climate and spatial associations (SI Appendix, Fig. S5
and Table S3). The northern edge of the valley oak range, along
the Sierra Nevada foothills in the eastern edge of the range, and
the southeastern edge of the range all showed relatively high
GEBVs and correspondingly high predicted progeny growth

rates under warmer temperatures (RCP-8.5, 2070 to 2099) (Fig.
3A) and thus may be of lesser concern from a conservation and
management perspective. In contrast, trees from the western,
southwestern, and central parts of the valley oak range had rel-
atively lower GEBVs and predicted progeny growth rates under
warmer temperatures and, consequently, may be especially vul-
nerable to increasing temperatures from climate change (Fig.
3A). These results are in agreement with Kueppers et al. (33),
who predicted persistence and expansion of valley oak in the
northwestern, eastern, and southeastern parts of the range based
on bioclimatic modeling, and with Sork et al. (34), who identified
western valley oak populations as especially vulnerable to cli-
mate change based on neutral genetic variation. Together, these
studies provide supporting evidence that different regions of
valley oak vary in their vulnerability to climate change.
Our last analysis illustrates how growth rates across the range

of valley oak would change if trees with the highest GEBVs were
chosen as potential seed sources, as would be done under a
genome-informed assisted gene flow program. Using the highest
predicted GEBVs within a 50-km radius (GEBV distribution
shown in SI Appendix, Fig. S5) for each potential planting site
across our study area, we predicted progeny growth rates under
warmer temperatures (RCP-8.5, 2070 to 2099) for those highest
GEBVs. We found that choosing individuals with the highest
GEBVs as seed sources leads to substantial increases in predicted
progeny growth rates under warmer temperatures compared to
selecting seeds regardless of GEBVs and in many locations offset
the predicted declines in growth rates under future climate sce-
narios (Fig. 3B). In other words, these results demonstrate that
using assisted gene flow informed by genomic data and how it
relates to environmental conditions has the potential to mitigate
the negative effects of rising temperatures from climate change in
this species.

Discussion
Maladaptation is widely expected to be a consequence of future
climate change (36), but this study demonstrates that contemporary
populations of an ecosystem-foundational tree species, valley
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oak, are already maladapted to temperature under current climate
conditions. This finding brings into question the assumption of
local adaptation that forms the basis for typical management and
conservation strategies (2). Using genome-wide sequence data, we
showed the potential of genome-informed assisted gene flow to
mitigate the negative effects of future increases in temperature by
selecting for genotypes predicted to have relatively high pro-
ductivity in future climate scenarios. The challenges associated
with mitigating the effects of climate change through assisted gene
flow are multifaceted and complex (9, 22, 37), but genomic-based
approaches like the one outlined in this study are likely to play a
key role in informing effective mitigation strategies.
For long-lived species, such as trees, that have occupied dy-

namic environments across geologic time, maladaptation to con-
temporary climate may be relatively common. Evidently, many
populations of forest tree species seem to grow well when planted
at their current latitude or climate niche (e.g., refs. 10 and 38), but
maladaptation has been found in a variety of tree taxa such as
poplar (Populus, ref. 39), eucalyptus (Eucalyptus, ref. 6), pine
(Pinus, ref. 14), spruce (Picea, ref. 40), and oak (Quercus, ref. 41),
with each taxon showing varying directions and degrees of mal-
adaptation. For example, in Pinus sylvestris and P. contorta, pop-
ulations tended to grow optimally in climates warmer than the
climates they inhabit (14, 15), while 8 out of 10 species in the
eastern United States would grow optimally in cooler climates
(13). Across 15 species in western North America, bioclimatic
envelope modeling suggests that populations lag behind their
optimal climate by ∼130 km in latitude or 60 m in elevation (42).
In our study, we found that species-wide optimal growth in valley
oak occurs at cooler temperatures than populations currently
experience, which could potentially be explained by past adapta-
tion to colder, historical climates that has resulted in the current
state of maladaptation. Supporting this idea, a previous study
using putatively neutral genetic markers has found that climate
21,000 y ago from the Last Glacial Maximum explains a similar
proportion of genetic variation in valley oak as current climate
conditions, even after controlling for geographic effects, likely due
to the avoidance of extreme bottlenecks from glaciation and the
relative stability of valley oak populations across time (43), although
we cannot rule out that the correlation between allele frequencies
and climate has stayed proportional through time. Our findings that
species-wide growth rates in valley oak were highest at cooler
temperatures are not unprecedented and may indicate that many
tree species may be challenged by climate warming (13).
Maladaptation to climate does not mean that tree populations

have not responded to other selective pressures, such as soil prop-
erties and pathogens, or that their genetic composition is not shaped
by genetic correlations and trade-offs among traits. Alternatively,
maladaptation could also arise from the joint or combined effects of
inbreeding, dispersal lag, gene flow, deleterious mutations, and ge-
netic drift that are dependent on a species’ demographic and evo-
lutionary history (17, 32, 44). Because climate is a complex selection
pressure that involves many distinct and correlated factors (e.g.,
temperature, precipitation, and seasonality), it is important to
consider how different aspects of the climate contribute to pat-
terns of both local adaptation and maladaptation. While we show
that changes in temperature are predicted to have substantial
effects on growth rates, it is unlikely that temperature alone will
solely determine the trajectory of valley oak populations over the
next century. Rather, the independent and interacting influences
of other aspects of climate (i.e., water availability) along with
changes in biotic factors (i.e., pathogens and mutualists and
competition) are likely to also have important influences on
valley oak response to climate change. Additionally, selection for
high growth rates may involve a trade-off for cold hardiness,
drought, and other forms of abiotic stress (9, 32), so care must be
taken not to maximize growth rates at the expense of increasing
vulnerability to other stresses. Future studies should explicitly

test these potential trade-offs to provide a more holistic per-
spective on how changing climate will affect valley oak fitness.
Growth in early life stages is likely an important component of
fitness for valley oak (45), but further analyses should examine
whether the growth consequences of adaptational lag in early-life
growth will persist into adulthood, which is a question that will be
answered as the valley oak provenance trial continues. In sum,
many evolutionary processes could influence climate-associated
maladaptation, which calls for an assessment of the underlying
mechanisms driving these patterns. Nonetheless, the possibility of
contemporary maladaptation to climate supports a reevaluation of
management strategies that assume local adaptation and provides
an important factor for incorporation into future practices.
Assisted gene flow remains a controversial, yet promising, ap-

proach to alleviate the potential negative effects of climate
change. An essential component of designing assisted gene flow
programs is to understand contemporary patterns of adaptation
to climate and other selection pressures (e.g., biotic interactions
and edaphic factors) (20). In light of the results of this study, we
caution against strategies that assume that local seed sources are
preferable unless supported by empirical data. Although logis-
tically challenging and currently rarely done, some species may
be sufficiently important to use an approach that integrates
common garden experiments with genome-wide sequencing to
develop assisted gene flow programs by identifying genotypes
preadapted to future climates based on observed genotype-by-
climate interactions.
A key benefit of this genome-assisted approach is the ability to

sequence adult trees in the field and choose seed sources based
on GEBVs for a planting site, given the local current and pre-
dicted climate. With the increasing availability and decreasing
cost of genotyping technologies, this approach is likely to become
more feasible over time. We have focused here on a business-
as-usual climate scenario where emissions continue to rise over the
next century (RCP-8.5), but the high levels of uncertainty both
within and across different climate scenarios warrants thought
about what time point in the future should be chosen as the
reference point for preadaptation. The flexibility of the breeding
value approach presented in this study allows the possibility of
calculating breeding values for different time points and differ-
ent climate scenarios to account for this uncertainty. To help
address these challenges and uncertainties, composite and ad-
mixture seed selection strategies that utilize multiple source
populations for assisted gene flow may increase the probability of
success by ensuring that adequate levels of genetic diversity are
present to hedge against uncertainty in future climate scenarios
and nonclimate-related factors (9, 37). For species with dem-
onstrated maladaptation, we conclude that genome-informed
assisted gene flow that utilizes genome-wide sequencing data
to identify genotypes preadapted to future climate conditions may
be effective in mitigating the negative impacts of climate change
on natural ecosystems.

Materials and Methods
Study System: Valley Oak Provenance Trial. Valley oak (Q. lobata Née) is en-
demic to California woodlands and savannas, with populations ranging from
0- to 1,700-m elevation along the central valley and foothills of the Sierra
Nevada and Coastal Ranges. Populations of valley oak have declined dra-
matically over the past few centuries due to increasing development and
conversion of habitat and is further threatened by a combination of re-
cruitment limitation (45) and climate change (33, 34). The valley oak prov-
enance trial was initiated in 2012 when >11,000 open-pollinated acorns
were collected from 674 adults distributed across over 95 localities within
the range of valley oak (for design and early data see ref. 30). Then, in 2014,
6,945 of those seedlings were out-planted into 2 common gardens sites (SI
Appendix, Fig. S1).

Climate Data. We obtained historical and projected climate data from the
Basin Characterization Model dataset developed for California (46). To
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estimate Tmax difference (i.e., the difference in Tmax between where a
seedling was planted and its origin in units of degrees Celsius), we calculated
the difference between the 2014 to 2016 average Tmax of each planting site
and the 1951 to 1980 30-y average Tmax of the climate of origin (SI Ap-
pendix). Similar patterns were found using different reference points of Tmax

(e.g., 1921 to 1950). Note that Tmax difference estimated in this way would
include any recent (i.e., 1951 to 2016) changes in Tmax between source and
planting sites due to anthropogenic climate change. Positive values of Tmax

indicate a seedling being planted into a warmer climate than where it
originated, and negative values indicate cooler climates, with 0 °C Tmax

difference indicating no change in temperature.

Modeling Growth Based on Tmax Difference. We used a generalized additive
model (GAM) framework (47) to model the effect of Tmax difference on the
growth of valley oak in the provenance trials. GAMs are a suitable frame-
work for this analysis because they easily and flexibly accommodate non-
linear responses in growth (11), without imposing limits on the shape that
responses can take (e.g., parabola in a quadratic regression). Our response
variable was relative growth rate, measured as RGR= ðlnH2017 − lnH2014Þ=
Timedif , where H2014 and H2017 are the height of the tallest stem as measured
during the 2014 and 2017 census, respectively. Timedif is the difference in
years between the 2014 and 2017 censuses. Our model controlled for block
effects, site and climate of origin, family, and initial height. See SI Appendix
for full model specification.

Genotyping by Sequencing. To relate the genotypes of adults with progeny
performance in the provenance trial, we used genotyping by sequencing to
obtain information on SNPs for 451 adults across the valley oak range, with
304 of the 451 adults having progeny represented in the provenance trial (SI
Appendix, Fig. S1). Further details on sampling and sequencing are available
in SI Appendix. After filtering (SI Appendix), we retained 12,357 SNPs from
421 valley oak adults that passed quality and missing data filters.

Genome-Wide Association Analysis with Tmax Difference. To estimate how
genetic variation was associated with differential growth response to Tmax

difference, we followed a GWAS framework, where each SNP is modeled
independently using a GAM framework similar to the one described above.
We used a 2-stage residual-outcome approach to aid in computational ef-
ficiency, where in stage 1 our dependent variable relative growth rate was

regressed against covariates that are not of primary interest (e.g., block
effects and initial height of each individual; SI Appendix). In stage 2, the
residuals from the model in stage 1 (i.e., adjusted relative growth rate) were
then used as the dependent variable in the GWAS to estimate allelic effects
on relative growth rates after controlling for potential confounding factors
(SI Appendix).

GEBVs. To evaluate the genomic basis of growth responses to Tmax difference,
we calculated GEBVs. To estimate GEBVs, we summed the predicted adjusted
relative growth rates in warmer temperatures (Tmax difference > 0 °C) for
each genotype and evaluated the predictive ability of GEBVs using 10-fold
cross-validation (28) (SI Appendix). We further validated our approach using
data simulations to assess how well the GEBVs estimated from the approach
outline above were correlated with “true” breeding values known from
simulated data (SI Appendix). Estimating GEBVs using best linear unbiased
predictors produced similar results (SI Appendix).

Data Availability. Phenotypic and genotypic data from the valley oak prov-
enance trial along with scripts used for statistical analyses are publicly
available on figshare (https://figshare.com/articles/Data_and_analysis_scripts_
for_Adaptational_lag_to_temperature_in_valley_oak_Quercus_lobata_can_
be_mitigated_by_genome-informed_assisted_gene_flow_/9999629/1). Climate
data used in this study are publicly available through the Basin Character-
ization Model website (https://ca.water.usgs.gov/projects/reg_hydro/basin-
characterization-model.html).
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