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Abstract: Climate change poses a significant threat to the resilience and sustainability of forest
ecosystems. This study examines the performance of white oak (Quercus alba, L.) across a range of
provenances in a common garden planting, focusing on the species’ response to climatic variables
and the potential role of assisted migration in forest management. We evaluated the survival and
growth rates of white oak provenances originating from various points along a latitudinal gradient
over a period of 40 years. These provenances were planted in a common garden situated near the
midpoint of this latitudinal gradient, where we also monitored their phenological traits, such as
budburst and leaf senescence. The results revealed substantial variation in phenological responses
and growth patterns among the provenances, with southern provenances demonstrating faster
growth and later senescence relative to local sources, with limited impact on survival. In contrast,
the northern provenances demonstrated slower growth, resulting in later-aged competition-induced
mortality. The findings highlight the necessity of incorporating genetic diversity into white oak
reforestation and conservation strategies, as the local provenance may no longer be the most suitable
option for current and future conditions. We advocate for a nuanced approach to forest management
that leverages genetic insights to optimize seed source selection for reforestation, fostering resilient
forest landscapes in the face of ongoing climate shifts.

Keywords: white oak; Quercus alba; provenance test; common garden; phenology; assisted migration;
climate change; tree growth

1. Introduction

White oak (Quercus alba, L.) is an iconic deciduous tree prevalent throughout the
hardwood forests of the eastern United States, extending from Maine to Florida and
from Minnesota to Texas [1,2]. Although capable of thriving in diverse soils, it exhibits
a particular preference for well-drained loamy soils that offer moderate moisture and
fertility [2,3]. Throughout its range, this species is a key component of various forest types,
including oak-hickory, oak-pine, and mixed hardwoods [4,5]. As a keystone species, white
oak provides essential ecosystem services, playing a pivotal role in carbon sequestration,
oxygen generation, and water purification, all while forming the basis of intricate multi-
trophic systems [5]. The resilience of white oak is exemplified by its longevity [6]. However,
recent evidence suggests a concerning decline in white oak populations within eastern
forests attributed to overharvesting, high grading, inconsistent regeneration, and poor
recruitment [7–9].
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The genus Quercus includes approximately 435–500 oak species native to temperate
and subtropical regions [10,11]. Among these, white oak stands out as the most pre-
ferred of only three oak species widely used in liquid goods cooperage [11]. Its robust
and durable heartwood is particularly prized for crafting bourbon barrels, which are
subsequently repurposed in the production of other whiskeys and wine [12]. Given the
commercial and ecological value of white oak, coupled with its regional decline [7], there
is growing interest among federal, state, and private entities in white oak reforestation
and tree improvement [13–15]. Despite the genus Quercus being known for its adaptability
to environmental variation [16], such plasticity in white oak, specifically, has not been
thoroughly investigated.

In light of ongoing global climate change, the consideration of both phenotypic and
genetic factors influencing white oak performance is crucial. Assisted migration, and more
specifically assisted population migration, i.e., the transfer of seeds from the southern
part of a species’ geographical range to the north (in the northern hemisphere) [17], is
regarded as one way to assist a species’ adaptation to global warming. Traditional forestry
practices advocate for the use of local seed sources that are presumed to be well adapted to
local conditions. However, these notions are challenged by ongoing rapid environmental
changes, suggesting that southern genotypes might be better suited for northern locations
in the future due to their adaptation to warmer climates [18]. Economically important
forest tree species, especially those with large geographical ranges, often have ecotypes or
substantive clines adapted to local site conditions. The phenotypic and genetic intraspecific
variation of forest trees in the context of assisted migration have been less studied than
interspecific variation and competition [19].

A comprehensive understanding of white oak’s response to climatic variables over its
lifespan is necessary for delineating seed zones and guiding assisted migration strategies
in the context of climate change. The majority of eastern hardwood species are primarily
experiencing a southern range retraction with evidence of a significant lag between tem-
perature shifts and northward migration [20]. Dispersal models of white oak indicate that
unassisted, the species’ natural distribution will lag significantly behind the northward
shift of the species’ suitable climate envelope [21]. If white oak lacks the plasticity to adapt
to rapid climate warming, then the assisted northward range expansion and population
migration of provenances northward may be necessary to avoid substantial range retraction
exacerbated by the species’ particularly long life and limited natural dispersal abilities [22].

In this study, we investigate the survival, growth, and phenological traits of white
oak provenances growing in a common garden planting. While provenance performance
is ideally assessed at multiple planting sites with varying environmental conditions, this
study’s scope is confined to a single common garden near the center of the species range.
We acknowledge conclusions drawn from this research must be made with caution but
believe there is a pressing need for the quantitative assessment of white oak provenance
performance. This common garden study represents, to the best of our knowledge, the
only long-term investigation incorporating white oak genetics representative of most of
the latitudinal range of the species, the foremost requirement of a provenance study [23].
Our analysis spans 40 years of tree growth measurements and increment core records
complemented by spring leaf budburst and fall leaf senescence data collected in years 39
and 40. We used these phenology data to estimate the length of the growing season for
each provenance under the contemporary climate conditions at the planting site.

We expected that the white oak provenances in this study would exhibit distinct
growth, survival, and phenological responses to the environmental conditions at our com-
mon garden site. We predicted high mortality in the Mississippi provenance due to late
spring and early fall freezes, and potential slower growth in northern provenances. These
hypotheses reflected our anticipation of latitudinal influences on provenance performance.
Some of our hypotheses were confirmed by the study outcomes, while others were contra-
dicted by the data. Analyzing the growth and phenological traits of white oak seed source
origins spanning a range of climatic conditions, this study underscores the critical role of
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adaptive genetic management in forest conservation, providing invaluable insights for tree
breeders and forest managers as they navigate the challenges posed by climate change.

2. Materials and Methods

Two-year-old bare root seedlings grown at the Vallonia Nursery (Indiana Depart-
ment of Natural Resources, Vallonia, IN, USA) were planted in 1983 at the Starve Hollow
State Recreation Area on a site 2 km from the nursery. The common garden experiment
was planted on level terrain, situated 180 meters north of Starve Hollow Lake, in the
well-drained sandy-loam soils characteristic of the Bloomfield-Alvin complex [24]. The
seedlings represented six distinct provenances, including southern Minnesota (MN), south-
ern Wisconsin (WI), central Ohio (OH), southern Indiana (IN), southern Illinois (IL), and
northern Mississippi (MS). Detailed coordinates, seed source information, and climate
summaries for each provenance are provided in Table 1 and Figure 1. The selection of
seed source locations was guided by two primary considerations. Firstly, an effort was
made to ensure that these locations spanned the latitudinal range of white oak, with the
intent of capturing most of the species’ genetic diversity as it relates to climate adaptation
represented by plant hardiness zones [25]. However, the predominant consideration, given
the nature of white oak’s recalcitrant seeds, was the location of accessible acorns in the fall
of 1981 and the availability of a suitable planting site.

The common garden planting was arranged in a 12 row by 18 column grid (n = 216)
with 2.5 meter tree spacing. This grid was divided into six randomized complete blocks,
each containing nine four-tree row plots. Some provenances contained more than one plot
(see Table 1). The southern Indiana seed sources were collected from two locations 100 km
apart, each of which were planted in their own plot. Given their similar latitude and
proximity, both Indiana sources were treated as a single provenance (IN) in our analysis.
The southern Illinois seed sources consisted of three open pollinated families, coming
from a single location, each of which were planted in their own plots. We also treated
these Illinois sourced plots as a single provenance (IL) for the purposes of our analysis. A
one-tree border row was planted around the whole experiment with a local seed source.
The experiment was thinned in year 12, halving the number of trees in each plot (n = 108
after thinning) to reduce tree-tree competition within and between plots. Tree mortality
(natural and via thinning) was tracked throughout the study. Local tree density (number of
orthogonal and diagonal neighbors) was included as a cofactor in all statistical models to
account for the effects of neighbor-tree competition and canopy gaps left by tree mortality
or thinning.

Table 1. Coordinates in decimal degrees and the USDA Plant Hardiness Zones [25] of prove-
nances planted in the common garden study located near Vallonia, Indiana (latitude = 38.82,
longitude = −86.08, elevation = 174.04 m).

Prov. Lat. Long. Elev. (m)
USDA
Zone
1990

USDA
Zone
2023

Mother
Trees per

Prov.

Plots per
Block State County Place Name

MN 45.00 −93.10 256.34 4a 5a 10 1 Minnesota Ramsey University of
Minnesota campus

WI 43.00 −89.30 269.44 4b 5a 10 1 Wisconsin Dane Nevin State Fish
Hatchery

OH 40.28 −84.10 272.00 5a 6a 6 1 Ohio Auglaize Wapakoneta
Fairgrounds

IN 39.06 −86.59 176.78 5a 6a–6b 6 2 Indiana Greene,
Jackson

Shakamak State Park,
Vallonia Tree Seedling

Nursery

IL 37.40 −89.13 183.25 6a 7a 3 3 Illinois Jackson Private residences in
Makanda

MS 34.37 −88.36 120.40 7b 8a 8 1 Mississippi Prentiss Private residences
south of Booneville
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Figure 1. Locations of seed source origins and relevant climate information for each provenance.
(A) Map of provenance locations. Solid gray lines indicate US state and Canadian provincial borders.
Green shading indicates the natural range of white oak (Quercus alba, L.) [1]. Provenances are repre-
sented as labeled blue dots. The location of the common garden in southern Indiana is represented
as a red triangle. (B) Annual precipitation (mm) of each provenance [26]. Solid lines represent the
linear trend of each provenance with the corresponding color. (C) Annual mean absolute minimum
temperatures (◦C) of each provenance [26]. Again, solid lines represent the linear trend of each
provenance with the corresponding color. The Indiana provenance and test location data are based
on regional climate data covering both seed source locations and the common garden site.

Diameter at breast height (DBH, approximately 1.3 m) was measured to the nearest
0.1 inches (2.54 mm) in the 11th, 20th, and 40th years using a diameter tape. Annual DBH
estimates were derived from two 5.15 mm diameter increment cores extracted from each
tree in early spring 2022, oriented east-west and north-south, respectively, and taken as
close to breast height as possible while avoiding any epicormic branching. Increment
cores were mounted on poplar blocks and sanded smooth before precision dendrochrono-
logical measurements were made using a Velmex TA measurement system (Velmex, Inc.,
Bloomfield, NY, USA). The average radial growth from these two cores was calculated,
adjusted for average bark thickness, and multiplied by two to represent annual DBH
growth. These measurements were analyzed using nonlinear modeling to evaluate growth
differences between provenances, employing the ‘nlme’ package in R [27,28]. Cumulative
DBH growth curves were fit using the Schumacher growth model [29,30] (Equation (1)),
where a = the growth asymptote, b = the growth scale factor, and x = the year.

y = a ∗ e−b 1
x (1)

The height of each tree was measured at the time of planting (year 0) as well as in the
fall of years 1–5, year 20, and year 40. The height of trees in years 0–5 was measured via a
measuring rod to the nearest cm, and in years 20 and 40 via a Forestry Pro II hypsometer
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(Nikon, Minato, Tokyo) to the nearest 0.1 ft (3.048 cm). Again, a nonlinear model was used
to discern statistical differences across provenances. Height growth curves were fit via the
3P Gompertz growth model (Equation (2)), where a = the growth asymptote, b = x-axis
displacement (translation along the x-axis), c = the growth rate, and x = the year.

y = a ∗ e−bcx
(2)

Phenological observations of spring leaf budburst were recorded in 2022 (year 39) and
2023 (year 40). Canopies were visually sectioned into thirds (lower, middle, and upper),
and leaf budburst was assessed for each section using a 0–6 point scale, adapted from Cole
and Sheldon’s seven-stage key for oak bud development [31] on a roughly weekly basis.
Leaf scores grouped by provenance were then analyzed via a linear mixed model. The date
at which half of the trees reached a score of ≥3 was established as the onset of the growing
season for each provenance (50% of trees at 50% budburst or greater). Celsius growing
degree days (GDDs (◦C)) corresponding to the date of season start of each provenance were
calculated using a base temperature of 10 ◦C and method one described by McMaster and
Wilhelm [32,33].

Fall leaf senescence observations were made in the fall of 2022. Estimates of the per-
centage of brown (marcescent) or abscised (senescent) leaves in each tree canopy were made
on a roughly weekly basis. A nonlinear model was used to discern statistical differences
across provenances, fitting each provenance to a modified 4P logistic model (Equation (3))
where a = the point of inflection, b = Hill’s slope, and x = the date.

y =
1

1 + e
a−x

b
(3)

Peak senescence intensity, defined by the PhenObs initiative as 50% of leaves fully
brown or abscised [34], was established as the end of the growing season for each prove-
nance. The length of growing season was calculated by summing the number of days
between growing season start and growing season end.

3. Results

The DBH growth model revealed significant differences among the six white oak
provenances planted in the common garden experiment (p < 0.01, Figure 2). In general,
maximum DBH was greater in the southern provenances, with the Mississippi provenance
(MS = 42.98 cm) exhibiting the highest growth asymptote (Figure 2B). The Wisconsin
provenance appeared to be an outlier, underperforming compared to even the Minnesota
provenance (WI = 29.55 cm, MN = 37.69 cm), which originated further north (Table 1).
However, several Wisconsin trees suppressed in the understory are likely to die in the near
future, whereas the Minnesota-sourced trees that were suppressed had all died by year 40,
persisting only as partially decayed snags or stumps. As all surviving trees were used in the
analysis, this may account for the outlying low DBH growth performance of the Wisconsin
provenance. Minnesota and Ohio sourced trees had a notably greater Schumacher scale
factor than the other provenances, indicating slower early growth than other provenances
in the study (Figure 2C).

The height growth model also revealed significant differences among the six white
oak provenances (p < 0.01, Figure 3). The Indiana and Illinois provenances reached the
greatest heights (IN = 26.04 m, IL = 26.03 m), although the Mississippi-sourced trees were
nearly as tall (24.68 m). There were no significant differences in the x-axis displacement
parameter between provenances, and height growth started immediately for all sources,
indicating that there was no delay due to transplant shock or unfavorable site factors.
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Figure 2. Summary of DBH growth (cm) of the six provenances planted in the southern Indiana
common garden experiment (n = 81). DBH was reconstructed from increment cores and regular
DBH measurements over the 40-year study period. (A) Schumacher growth model fits representing
the mean DBH growth of each seed source. The solid black line represents the total population fit.
(B) Connecting letters diagram (CLD) of the Schumacher asymptote parameter. Gray dots represent
DBH measurement values. (C) CLD of the Schumacher scale factor parameter. For all CLDs, means
not sharing any letter are significantly different at α = 0.05 according to a Holm-Bonferroni corrected
post-hoc test.
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Figure 3. Summary of height growth (m) of the six white oak provenances planted in the southern
Indiana common garden experiment based on regular height measurements over the 40-year study
period (n = 81). (A) 3P Gompertz growth model fits representing the mean height growth of each
provenance. The solid black line represents the total population fit. Gray dots represent height
measurement values. (B) Connecting letters diagram (CLD) of the 3P Gompertz asymptote parameter.
(C) CLD of the 3P Gompertz growth rate (y-scaling) parameter. For all CLDs, means not sharing
any letter are significantly different at α = 0.05 according to a Holm-Bonferroni corrected post-hoc
test. Note that the post-hoc test for parameter b (x-axis displacement) is not shown as there were no
significant differences between provenances.



Forests 2024, 15, 520 7 of 12

The Gompertz growth rate parameter tracks inversely with growth, meaning a lower
Gompertz growth rate parameter corresponds to a relatively steeper growth curve, although
this is attenuated by the asymptote parameter. Growth rate parameters varied, with
the Illinois and Minnesota provenances having the highest growth rate values (IL= 0.91,
MN = 0.91). Thus, these provenances experienced relatively slower early height growth
rates, but appeared to maintain their initial growth rate for longer (year ~15 to ~25) than the
other provenances.

Linear mixed model analysis indicated a uniform onset of budburst across all prove-
nances in the spring of 2022, as depicted by the closely clustered provenance mean scores
in Figure 4A, and the lack of significant differences between provenances in the post-hoc
comparisons in Figure 4B. This suggests a synchronous phenological response to springtime
cues. However, spring conditions in 2022 were very atypical, with colder than average
April temperatures (2.11 ◦C below 1980–2023 mean temperatures) and a very wet May
(5.9 cm above average precipitation, ~150% of the norm; also more than 5.0 cm above the
average May rainfall of all provenance seed origins) [35,36]. Due to the abnormal spring
weather conditions in 2022, spring budburst was measured again in the spring of 2023,
when seasonal conditions were much closer to the area’s long-term averages.
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Figure 4. White oak budburst for each provenance planted in the southern Indiana common garden
experiment. (A,C) Budburst scores over time for the six provenances during the spring seasons of
2022 and 2023, respectively (n = 81). Each gray point represents an individual tree’s budburst score,
and the lines indicate the average trend for each provenance. (B,D) Post-hoc analysis of the linear
mixed models for the two years, presented as Tukey’s HSD tests. For all connecting letters diagrams,
means not sharing any letter are significantly different at α = 0.05.
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The 2023 budburst score data illustrates a departure from the previous year’s uni-
formity. Figures 4C,D reveal discernible variations in the budburst scores among the
provenances. The Indiana and Ohio provenances, the sources closest in latitude to the com-
mon garden site, were more conservative than the more northern and the more southern
provenances. Despite a statistically significant difference in budburst progression among
provenances, this difference only accounts for a four-day difference (when rounding to the
nearest 24-h period) in growing season start date (Table 2).

Table 2. Survival rates and estimated growing season length of white oak seed sources planted
in the southern Indiana common garden experiment based on 2022/2023 bud scores and 2022 leaf
senescence. Note that 11-year survival rates were measured prior to stand thinning at the end of year
12, while 40-year survival rates were measured after stand thinning.

State Latitude 11 yr.
Survival

40 yr.
Survival Season Start Growing Degree

Days (◦C) Season End Season Length
(Days)

MN 45.00 100% 25% 4/11 83.9 10/6 178
WI 43.00 96% 50% 4/11 83.9 10/13 185
OH 40.28 96% 92% 4/15 111.4 10/20 188
IN 39.06 94% 96% 4/14 101.9 10/20 189
IL 37.40 94% 89% 4/11 83.9 10/18 190

MS 34.37 100% 83% 4/10 81.9 10/23 196

Differences in the progression of fall leaf senescence were much more pronounced
between seed sources (Figure 5A) than differences in spring budburst scores. Trees of more
northern provenance lost their leaves significantly earlier than southern provenance trees
(Figure 5B). Also notable was the timespan over which senescence occurred, with the most
locally sourced trees (Indiana and Ohio) having lost their leaves over a much shorter period
compared to more southern and northern provenances (Figure 5C).
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Figure 5. Summary of fall percent senescence, measured in fall 2022, for each of the six white oak seed
sources growing in the southern Indiana common garden experiment (n = 81). Although based on
the 4P logistic growth model, the start parameter was fixed at 0%, and the asymptote parameter was
set at 100% for all provenances. (A) Model fits. The solid black line represents the total population fit.
Gray dots represent the senescence score of individual trees. (B) Connecting letters diagram (CLD) of
the 4P logistic midpoint parameter. (C) CLD of the 4P logistic scale factor parameter. For all CLDs,
means not sharing any letter are significantly different at α = 0.05 according to a Holm-Bonferroni
corrected post-hoc test.
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Differences between the estimated growing season length for each provenance were
driven primarily by fall senescence due to the greater variability in fall phenology: a spread
of 17 days vs. only four days in the spring (Table 2). Thus, the total estimated season
length was greatest in the southernmost provenance of Mississippi (196 days) and shortest
in the northernmost provenance of Minnesota (178 days), with a difference in length of
18 days. Over the course of the 40-year study, that equates to an ‘extra’ 720 days (or
about four growing seasons) worth of growth in Mississippi provenance trees compared to
Minnesota-sourced trees.

The provenance survival rate prior to thinning the stand at 11 years was close to 100%
across all seed sources (Table 2). However, after 40 years of growth, a 50% and a 75%
mortality rate (not including thinned trees) were observed in Wisconsin and Minnesota
provenances, respectively (Table 2). This may be due in part to their slower growth and
lesser competitive ability at this relatively southern site compared to the more southern
provenances caused by their shorter effective growing season, among other potential
maladaptive traits. Perhaps most surprising is the relatively low mortality (<20%) of Mis-
sissippi provenance trees after 40 years despite being planted in a climate that experiences
regular hard freezes, which are relatively uncommon in Mississippi.

4. Discussion

Overall, white oak seedlings responded well to the plantation setting in southern
Indiana, with no evidence of transplant shock or delayed growth. White oak provenances
significantly influence phenological responses such as leaf budburst and leaf senescence,
which are critical to the adaptive capacity of the species. The variation in growth perfor-
mance and survival rates among provenances, particularly the superior growth observed
in southern provenances like Mississippi, aligns with the concept that genetic selection
for climate resilience could bolster forest health and productivity [37]. Furthermore, the
low mortality of the Mississippi and southern Illinois provenances should assuage fears of
‘overshooting’ the climate envelope as these southern seed sources are already resilient to
freezing conditions.

Some aspects of local provenances remain distinct from both more northern and more
southern seed sources, but it is not clear if these traits impart a selective advantage. The
spring phenology of the Indiana and Ohio provenances was slightly more conservative
than both the northern and the southern provenances in 2023, although budburst was only
postponed by roughly four days (2.1 percent of the overall average growing season length).
Despite this relatively small effect size, middle latitudes (around 41◦ N) experienced the
greatest number of growing season frost days (GSFDs) in the spring and are expected to
continue to experience even more GSFDs as the climate warms [38]. In addition, these
four days represent up to 27.5 GDDs (◦C), which may be a better indicator of adaptation
than average date of spring budburst at specific locations. The later onset of budburst
among these middle latitude provenances could be an evolutionary adaptation to increased
regional GSFDs. The faster and more synchronous fall senescence of the Indiana and
Ohio provenances compared to other seed sources was much more pronounced than
the differences is spring budburst. However, the date of peak senescence was clearly
intermediate between the northern and southern provenances.

The differential growth responses documented among the six provenances in this
study can be attributed to a complex interplay between genetic adaptation to local climates
and the immediate environmental conditions of the common garden, which cannot be
fully accounted for in this single-site study. Nevertheless, these findings resonate with
recent studies that highlight the potential for preexisting mismatches between tree species’
genetic adaptations and rapidly changing climates [6]. The significant mortality rates
observed in northern seed sources (Minnesota and Wisconsin) post-thinning could be
indicative of the adaptive limitations of these provenances under the warmer climatic
conditions of the common garden site, which mirror broader climate warming trends [9].
Northern provenance trees simply did not compete well with their faster growing southern
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seed-sourced neighbors. In addition, as the climate continues to warm, local white oak
provenances may fail to compete with both native and invasive tree species that are better
adapted to the warmer and longer growing season.

Precipitation and temperature data representative of the six provenance origins in-
dicate a consistent climatic gradient, with conditions transitioning from colder and drier
in the northern locations to warmer and wetter towards the south. Over the course of
the 40-year study, annual precipitation increased on average at all seed source locations
(Figure 1B). Likewise, annual minimum temperatures also increased on average at all
locations (Figure 1C). USDA plant hardiness zones have shifted northward during this
period and now predict 2.8 ◦C to 5.6 ◦C warmer mean absolute minimum temperatures at
all seed source origins [25]. Future climate projections based on the relatively conservative
CCSM4 RCP 4.5 model project another temperature increase of 2.8 ◦C to 5.6 ◦C at these
locations by 2070 [39]. While warming is expected to continue throughout the 21st century
and the seasonal distribution of precipitation will vary, annual precipitation totals are
not expected to significantly change in eastern North America over the latter half of the
century [40]. Therefore, late 21st century conditions in southern Indiana may be similar
to pre-1983 conditions in northern Mississippi. Likewise, growing conditions in southern
Indiana over the last 40 years appear to be a reasonable analogue to late century conditions
in southern Wisconsin and Minnesota [40].

While the 40-year performance of Minnesota and Wisconsin sourced white oaks in
southern Indiana demonstrated the potential unsuitability of existing local genetics in a
warmer future climate, the excellent performance of northern Mississippi and southern
Illinois trees suggests the suitability of relatively southern genetics for the future southern
Indiana climate. By sourcing trees from locations with mean absolute minimum tempera-
tures 5.6 to 11.2 ◦C warmer [25], white oak plantings will be tolerant of current and likely
future conditions. Overall, these findings clearly support proactive forest management
actions, highlighting the importance of selecting provenances for reforestation and the
expectation that assisted migration will help to ensure future forest ecosystem viability and
productivity. Continued research is necessary to delve into the genetic underpinnings of
climate adaptability, providing forest managers with the knowledge to bolster white oak
forest resilience in a changing world.

5. Conclusions

The results of this study underscore the importance of assisted migration as a strategy
for forest management and conservation in the context of climate change. In this study,
we have comprehensively analyzed the growth and phenological responses of white oak
provenances sourced from a wide range of climatic conditions relative to the common
garden planting site in southern Indiana. Our findings reveal significant provenance
differences in growth patterns and phenological responses, suggesting that white oak
climate adaptation may be less plastic than expected. Rather, climate adaptation appears
to be closely tied to genetic adaptation to the local environment prior to anthropogenic
climate change. These results are critical for understanding the impact of climate change
on forest tree species. For forest managers and tree breeders, this study provides essential
insights into selecting and managing white oak provenances. This knowledge is crucial
for developing effective reforestation and tree improvement programs that can mitigate
the adverse effects of climate change and ensure the sustainability of future white oak
forest ecosystems.
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