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ARTICLE INFO ABSTRACT

Keywords: White oak, a keystone species of the broadleaf forests of the North American Midwest, has a significant role in

Tree-rings providing ecosystems services in a region experiencing warming and increasingly pluvial conditions. A one-

ghlmatf_ change hundred-year-old white oak stand in an arboretum, along with two second growth (~200-year-old) stands
aleoclimate

from Northeast Ohio have consistently responded positively to summer (June-July) precipitation over the past
century, whereas four nearby old growth sites (>300 years old) have lost their moisture sensitivity since about
the mid 1970s. This “fading drought signal,” which has been previously reported, appears to be more a result of
the legacy of land use at the individual sites rather than tree age. The younger oak stands and their relative
sustained drought sensitivity is also related to their history of recently attaining the canopy and similar responses
associated with intervals of selective logging. All sites are strongly, negatively correlated with summer (June-
July) maximum monthly temperatures and in general the maximum temperatures are negatively correlated with
precipitation in those months. Future warming in the Midwest is projected to see increases in spring precipitation
and likely decreases in late summer precipitation linked to a northward migration of the North American
Westerly Jet. This projected decrease in summer precipitation coupled with an increase in maximum and min-
imum summer temperatures in the coming decades would increase the moisture stress on these trees. Our ex-
amination of these varying climate responses with respect to site characteristics and forest age can help future
assessments of tree health and the forest’s ability to sequester carbon, as well as facilitate efforts to reconstruct
climate by using a range of tree sites for intervals when sensitivity in old growth sites is lost.

Ecosystem services
Quercus alba L

and stormwater management) of trees from the Eastern Broadleaf Forest
of Northeast Ohio are receiving growing attention as communities seek

1. Introduction

Rising temperatures, wetter conditions and more frequent and
intense precipitation events in the Midcontinent of North America are
influencing a variety of climate responses in trees. Despite this ongoing
pluvial (Andresson et al., 2012; Hayhoe et al., 2018), recent modeling
predicts that the Midwest should expect wetter springs and, although
less certain, drier late summer conditions (Grady et al., 2021) as the
North American Westerly Jet (NAWJ) shifts northward (Zhou et al.,
2021). Dendroclimatological analyses of endemic white oak in North-
east Ohio can help identify past, present and anticipate future climate
responses of this species and help evaluate its potential in ecosystem
services (Anderegg et al., 2020; Bishop et al., 2021) as well as further
refine its utility in climate reconstruction (Maxwell et al., 2016, 2020;
Maxwell and Harley, 2017).

The ecosystem services (i.e., carbon sequestration, shade, habitat,
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to better manage stormwater and mitigate effects of warming temper-
atures (Novick et al., 2022). White oak (Quercus alba L.) is a widespread
keystone species across eastern North America (Tirmenstein, 1991;
Handler et al., 2012). It is an economically important timber species,
and its acorns are a food source for wildlife. Annual precipitation in its
range varies from 200 cm/yr in the southern Appalachians to 75 cm/yr
in southern Minnesota with an optimum range in the Ohio River Valley
and the central part of the Mississippi Valley where annual precipitation
ranges between about 110-140 cm/yr (Rogers, 1990; Goldblum, 2010).

Tree-ring records derived from white oaks are exactly dated calendar
records that integrate a range of environmental information in their
widths (Speer, 2010). These time series can be statistically evaluated by
comparing ring-width time series with meteorological climate records to
identify the climatic variables important for tree growth (Cook and
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Kairiukstis, 1990). Results can then be interpreted as, (1) an evaluation
of forest health and an assessment of future response of trees to antici-
pated climate changes, (2) an estimation of forest carbon capture and
storage (Evans et al., 2022), and (3) a record of past environmental and
climate changes (Speer, 2010; Maxwell et al., 2016, 2020).

A previous comprehensive tree-ring study examined the den-
droclimatic response of white oak throughout its range (Goldblum,
2010) in the coterminous U.S. analyzing 51 ring-width series. This work
determined that white oaks are primarily sensitive to summer precipi-
tation (positive correlation) and mean summer temperature (negative
correlation) and that those sites in the drier western U.S. were most
sensitive to these parameters. Pederson et al. (2015), (2019) point out
that there is a broad spectrum of climatic influences on forests in Eastern
North America and that forest dynamics in a changing climate will be
influenced by anthropogenic and natural disturbances in addition to
climate. Maxwell et al. (2016) and Matheus and Maxwell (2018) showed
a decline in moisture sensitivity of midwestern trees as precipitation has
increased (their “fading drought signal”) over the past several decades.
They attributed this loss of sensitivity, in part, to a lack of major
droughts in recent decades (Matheus and Maxwell, 2018) and showed
that pre-1900s droughts were on average more persistent than those
after this time. Furthermore, they pointed out that droughts were not
synchronous along their sample transect, which covers a significant
portion of the Ohio River Valley from Ohio through Illinois. Building on
the need to increase the tree-ring site density to better capture the
heterogeneous spatial extent of drought, Maxwell and Harley (2017)
developed and analyzed twenty new tree-ring sites from multiple species
that improved models of drought reconstructions and identified new
linkages with tree growth and North Atlantic climate. Maxwell et al.
(2020) further showed that the increased sampling density and the
usage of a range of species improved climate reconstruction efforts.

82W
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The objectives of this study were to examine the sensitivity of three
different aged white oak stands to summer precipitation, and maximum
and minimum summer temperature within a restricted geographic range
of Northeast Ohio (Fig. 1). An additional objective was to investigate
these new sites in the context of the “fading drought signal” of Maxwell
et al. (2016) evaluating the climate response over the past century to test
the relative roles of stand age and land use history, compared with the
role of individual tree-age in the changing climate response.

2. Material and methods
2.1. Study area

The seven white oak sites in this study comprise four old-growth
aged stands, two second growth stands, and a planted stand of ~100-
year-old trees, all growing on the glaciated Northeast Ohio uplands in
primarily well-drained upland loamy soils with parent materials con-
sisting of loess. The youngest site is in Secrest Arboretum in Wooster,
Ohio (SAO) on the campus of the College of Food, Agricultural, and
Environmental Sciences (CFAES) of The Ohio State University (Fig. 1).
The Arboretum, named after Edmund Secrest in 1950, the first director
of the then Agricultural Research Station and the first State Forester of
Ohio, was established in 1909, in part, to reforest Ohio after it had lost
over 90 % of its forest cover during European settlement (Trautman,
1977; Deines et al., 2016).

The two second-growth white oak sites are in Wooster Memorial
Park (WMP) and Kinney Fields Park (KFP) both within the City of
Wooster (Fig. 1). The recruitment of these stands coincided with wide-
spread logging in the region during the early decades of the 1800s
(Holmes and Matlack, 2017) and their ring-width records also show
growth releases from subsequent timber harvest at the sites (Fig. 1). The
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Fig. 1. Map showing the location of the oak sites from the region used in this study. The SAO (Secrest Arboretum Oak) site is also the location of the Wooster

Meteorological Station (CFAES; 40.78 N, 81.92 W).
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old growth sites include the Andrew Johnson State Nature Preserve
(AJW), Browns Lake Bog (BLB) managed by The Nature Conservancy, a
combined site that includes white oaks on The College of Wooster
campus and a nearby Cornerstone School site (together COW) within the
City of Wooster, and an old growth site in Fredericksburg, Ohio, the
Kline Farm (KFA) site (Fig. 1). The distribution of ages of the tree cores
at each site is presented in box plots as an estimate of minimum tree age
(Fig. 2a) and, for two of the sites (AJW and BLB) we have stratified the
ages (Fig. 2b, c) within the sites to test if different age cohorts might be
responsible for varying climate response. Only the AJW chronology has
been previously published, originally sampled in 1980 by E.R. Cook and
updated in 2012; this site has been used extensively in drought recon-
struction efforts in the North American Drought Atlas (NADA; Cook
et al., 1999) and subsequent investigations (Maxwell et al., 2016; 2020;
Maxwell and Harley, 2017).

2.2. Existing data sets

The AJW ring-width series was obtained from the International Tree
Ring Databank (ITRDB) and the other six chronologies were developed
as part of this study. Trees were cored using a standard 5.1 mm incre-
ment borer, taking 2-3 cores from each tree. Cores were glued into
wooden mounts and sanded to a high polish so individual cells in the
rings were clearly visible. Ring widths were then measured to the
nearest 0.001 mm manually using a Velmex stage Quick Check counter
and the program MeasureJ2X, or digitally using high-resolution scans
uploaded to the computer program CooRecorder 9.8.1 (Larsson, 2003).
Ring-width series were crossdated using standard dendrochronological
procedures (Stokes and Smiley, 1996). Visual and statistical cross-dating
was used to assess the year-to-year similarities in the growth response
among the trees sampled and the dating was checked using COFECHA
(Holmes, 1983; Bunn, 2010).

Once crossdated, individual tree-ring series were compiled into ring-
width chronologies aimed at removing age-related and non-climatic
influences (primarily disturbances due to selective logging and forest
dynamics) by using signal-free standardization (Melvin and Briffa,
2008). We stabilized the variance of the standardized chronologies using
the data-adaptive power transformation (Cook and Peters, 1997) and
then a Friedman Super Smoother (Friedman and Silverman, 1989) with
an alpha of 5 for standarization before calculating a robust estimate of
the mean value function using the RCSsigFree49_v2b software (Cook
etal., 2017). For comparisons with climate data, we used portions of the
chronologies with an expressed population signal (EPS) of 0.85 (Table 1;
Wigley et al., 1984).

The primary climate datasets used are monthly precipitation, and
maximum, minimum, and mean temperature records from the Wooster
station (GHCN, Vose et al., 2017), which is centrally located in the study
area, within 1 km of the SAO site (Fig. 1). The Wooster meteorological
station (Figs. 1 and 3) was established in 1866 and records show that the
mean and minimum temperatures, precipitation in most months, and
the frequency of large precipitation events have all increased (Fig. 3a-c),
whereas the summer maximum monthly temperatures have cooled over
the past century (Fig. 3d). Although the station monthly averages extend
back to the 1860s, observations are not continuous in the early years, we
truncated these climate datasets at 1900 CE. Similar studies in Secrest
Arboretum have used these data in dendroclimatic studies (Moore et al.,
2007; Vargo et al., 2022).

Mean annual precipitation has increased over 200 mm during the
past century (Fig. 3a) with the largest gains in spring and fall. Here we
use June-July average precipitation (JJ_Precip) because it is most
strongly correlated with tree growth (Fig. 4, S.2). Since the mid 1970s
the mean JJ Precip (has increased from ~180-240 mm; Fig. 3b, c).
Between 1900 and 2018 mean annual temperature also has a positive
trend of about 0.5 °C with the increase in minimum temperatures ac-
counting for most of the warming in the region (Fig. 3c). There is an
overall cooling of about 1°C since 1900 in the maximum temperatures

Dendrochronologia 91 (2025) 126307

for the summer months June and July (JJ_maxT; Fig. 3d) with a
superimposed strong decadal variability that ranges by more than 6°C.
The highest JJ_maxT occurred in 1934, the driest year in the past several
hundred years for much of the continental US (Mishra and Cherkauer,
2010; Cook et al., 2014). Additionally, 1988 and 2012, major droughts
in the region, are also among the highest maximum temperatures
recorded during the June-July months (Fig. 3d; Soulé and Meentemeyer,
1989; Maxwell et al., 2016; Matheus and Maxwell, 2018). The coolest
JJ_maxT year was 1985, which is also a relatively wet year (Rogers,
1993; Fig. 3d).

The JJ_maxT and JJ_Precip are correlated with one another at —0.36
over the full 128 years of record with this negative relationship steadily
becoming weaker over time (Fig. 3e). The first differencing of these two-
climate series, which brings out the interannual variability by removing
lower frequency trends, yields a correlation is —0.50 with a strong shift
in the relationship about 1945 and after the mid-1970s (Fig. 3e). The
strong negative relationship between JJ_maxT and JJ_Precip is well-
documented (Zhao et al., 1993) with high (low) maximum summer
temperatures generally accompanying lower (higher) summer precipi-
tation. Because of the covariance in these summer parameters, we also
examined the tree response to the June-July Standardized Precipitation
Evapotranspiration Index (SPEI; Vicente-Serrano et al., 2010), a derived
drought index that seeks to capture soil moisture dynamics. The SPEI
series was extracted from the gridded 0.5 km (Vicente-Serrano, et al.,
20105 http://sac.csic.es/spei) at the grid point 41°N, 82°W, which is
nearest to the tree sites. The SPEI used here is the original SPEI calcu-
lation determined using monthly precipitation (June-July average) as
the input data and the difference between precipitation and potential
evapotranspiration. All the climate data were obtained from the GCHN
(Vose et al., 2017; Harris et al., 2020) and Climate Explorer (Trouet and
Van Oldenburgh, 2013).

2.3. Comparison of climate with tree-ring records

Comparisons are made primarily through correlation analyses with
the tree-ring records and Wooster monthly station data and SPEI series
(Fig. 4; Table S.2). Thirty-five year moving correlations between the
individual tree-ring series and monthly precipitation and maximum
temperatures are presented in the Supplementary materials (Fig. S1).
Generated in the R Environment (R Core Team, 2020) using the package
“treeclim” (Zhang and Biondi, 2014), these analyses served to identify
the variables most strongly linked to tree growth. Due to the intercor-
relation of JJ_Precip and JJ_maxT, we also use partial correlation ana-
lyses (Fig. 4) to analyze the relative roles of climate parameters in tree
growth. Partial correlation analysis seeks to remove the influence of one
of the variables before correlating the secondary climate variable to
avoid the influence of covarying variables. These analyses were per-
formed using the Seascorr routine in R (Meko et al., 2011; Fig. 4). We
treated the monthly precipitation as the primary variable, although in
some cases (ie. SAO, COW, KFA; Fig. 4) with the similar magnitude of
correlations of the two climate variables, we could have used monthly
maxT as the primary variable. For these climate analyses we also used
the treeclim packages in R-Studio (R-Core Team, 2020; Bunn, 2008,
2010; Zhang and Biondi, 2015) and Climate Explorer (Trouet and Van
Oldenborgh, 2013).

3. Results
3.1. Chronology statistics

The white oak ring-width series from the region have strong common
signals within each of the chronologies with inter-series correlations
ranging from 0.55 to 0.65 (Table 1). When comparing the chronologies
with one another, correlations range from 0.59 to 0.81 (Table S.1). The
results of the partial correlation analysis shows that all seven series are
most strongly correlated with JJ_Precip and then with JJ_maxT (Fig. 4).


http://sac.csic.es/spei

G. Wiles et al. Dendrochronologia 91 (2025) 126307

350
1

250
1

Tree Age
|

SAO WMP KFP cow BLB AW KFA

Tree Age
200
|

Old Mid Young

o
350

250
1

Tree Age

T T
Old Young

Fig. 2. Box plots showing the distribution of tree ages based on tree cores from all the sites (a), and for the age-stratified AJW site (b) and the age-stratified BLB site
(c). The upper and lower limits of the boxes represent the 75 and 25th percentiles, and whiskers represent the 90 and 10th percentile. Open circles show outliers.
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Table 1
Ring-width chronologies and their attributes.
Site (code) Series/trees Interval EPS (>0.85) Series corr. Latitude Longitude
SAO 23 (13) 1912-2021 1921-2020 0.55 40.777755 —81.915929
WMP 26 (24) 1800-2020 1812-2021 0.61 40.810863 —81.935627
KFP 19 (10) 1820-2019 1850-2019 0.66 40.829343 —81.942201
CoOw 24 (12) 1654-2003 1678-2003 0.59 40.680051 —82.065663
BLB 54 (26) 1665-2016 1758-2016 0.63 40.61677 —81.809143
AJW 121 (69) 1605-2012 1657-2012 0.65 40.887041 —81.745046
KFA 39 (14) 1662-2008 1700-2008 0.64 40.810863 —81.935627
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Fig. 3. Selected climate parameters from the Secrest (Wooster) station since 1900. a. Mean annual precipitation, b. Average June-July precipitation. c¢. Minimum
temperatures showing the overall rise. d. Maximum temperatures showing the overall decrease since 1900. Years with high maximum temperatures (1934, 1988,
2012) correspond with some of the largest droughts in the region; 1985 is linked to more pluvial conditions. e. 31-year running correlations between the June-July
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between the two variables, whereas the first-differenced data varies in relations to the decadal shifts with the significant negative intervals (correlations below the
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Fig. 4. Partial correlations for each of the seven tree-ring series based on SEACORR analysis (Meko et al., 2011) as translated into R code (Zhang and Biondi, 2015).
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after the effect of precipitation is removed. Dark-shaded bars on the histograms are significant at the 95 % confidence level. We used the maximum common intervals
for each site for the analyses from 1900 until the end of the individual tree-ring series (Table 1).

For all the white oak stands, JJ_maxT are negatively correlated with tree
growth and all are significant at the 95 % confidence level (Fig. 4 and 5).

Tree-ring correlations with JJ_Precip over time show that the ~100-
year-old stand of white oaks from the Secrest Arboretum (SAO; Fig. 1,
5b) and the two sites of second growth (~200-year-old; WMP and KFP)
maintain a strong persistent positive response to JJ_Precip from 1900 to
the present (Fig. 5b; Table S2). The four old growth series (>300 years
old; AJW, KFA, COW, BLB) all have lost their sensitivity to the ongoing
pluvial beginning about the mid 1970s (Fig. 5a, b). Running correlation
(Fig. 5a) of tree growth with JJ Precip shows a remarkable loss of
sensitivity about the mid-1970s with AJW, KFA and BLB abruptly losing
sensitivity. The COW old growth series loses sensitivity over a longer
interval predating the mid-1970s, which is likely due to the tree popu-
lation being embedded in the Wooster community and a college campus

that have been managed since their founding 1804 and 1866 CE,
respectively.

All four old growth sites as well as the younger tree stands maintain
their strong sensitivity to JJ_maxT from 1900 to present with persistent
negative and strong correlations (Fig. 5¢). Correlations with the derived
JJ_SPEI show modest overall decline after the mid 1970s for the old
growth and little change for the younger series (Fig. 5c; Table S2).

Given that there is an apparent difference in climate response from
the old growth sites and the three younger-aged sites we stratified the
AJW site by age, generating three separate ring-width series from the
site to test if the age of trees within a site experienced varying responses
to climate. We did the same for the BLB site separating the series into a
young and old group. Comparing these tree-rings series (AJWojd, AJWnid
and AJWyoung) yielded correlations of 0.55, 0.54 and 0.52, respectively
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Fig. 5. a. 31-year running correlations between the old growth tree-ring series and JJ_Precp. Note the abrupt decrease in correlations in the mid-1970s at three of the
sites. b. Correlations between JJ_Precip and ring-widths. Note how the 100-200-year age cohorts (SAO, WMP and KFP) maintain significant correlations before and
after the mid-1970s whereas the four old growth sites have all lost their precipitation sensitivity. c. The relationship between maximum JJ_maxT and ring-widths
shows no clear pattern of change in sensitivity. Blue dots indicate correlations at the 99 % level, whereas red dot indicate significance at the 95 % level.
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with JJ_Precip all significant > 99 % for the interval before the mid-
1970s. For the interval after 1976 correlations for the remaining 33-
year period correlations were not significant showing that all three
age cohorts at this one site experienced the “fading drought signal.”
Comparisons with JJ_Precip and the BLBjq and BLByoung yielded similar
results with correlations of 0.45 and 0.37 (p < 0.001) prior to 1976 and
not significant after. JJ_maxT correlations were significant throughout
the intervals of comparison for all age cohorts at both sites.

Given that most of the warming in Northeast Ohio has occurred with
minimum temperatures we also examined the correlations of the seven
tree ring sites with minimum temperatures and found that July was the
only month that was significantly correlated with tree growth with five
of the sites (AJW, BLB, KFA, KFP and WMP) significantly (p < 0.05)
positively correlated with July minimum temperatures. The COW and
SAO tree-ring series were not significantly correlated with July mini-
mum temperatures throughout the interval and both of these sites are
the most heavily managed. All seven series were not significantly
correlated with July minimum temperatures after the mid-1970s indi-
cating a loss of response to minimum nighttime temperatures in July
after the mid 1970s.

Summarizing the climate response for the seven white oak stands
(Fig. 5; Table S2) the three younger stands maintain their strong
JJ Precip signal, whereas the four old growth sites show a loss of
sensitivity to moisture in JJ Precip especially after the mid 1970s. Five
of the seven tree-ring series show a modest drop in sensitivity to
JJ_maxT (Fig. 5c) after the mid 1970s with the most significant drop
noted in KFP, although all maintained significant (95 % level) negative
correlations with JJ_maxT in recent decades. The three age cohorts at
the AJW site and the two cohorts from BLB all similarly experienced a
loss of moisture sensitivity after the mid 1970s. Furthermore, the five
tree-ring sites that were formerly positively correlated with minimum
July temperatures have lost this relationship since the mid 1970s,
however, they maintain a significant negative relationship with
JJ_maxT.

4. Discussion

Trees sampled at the extremes of their ranges may not represent the
dendroclimatic response of tree growing within the middle of their
biological range (Evans et al., 2022). The tree sites from this study are
located in the middle of the present natural range of white oak and
represent the regions where many white oaks will continue to grow into
the foreseeable future. Tree growth for white oak at these sites is limited
primarily by JJ Precip while maintaining negative sensitivity to
JJ_maxT. This negative relationship is likely an indirect effect on tree
growth through the effect of temperature on vapor pressure deficit
(VPD), which in turn has direct physiological and hydraulic effects on
growth (Novick et al., 2016; Zweifel et al., 2021).

With observed rising precipitation coupled with cooling of JJ_maxT,
old growth sites have been losing their sensitivity to summer precipi-
tation. Maxwell et al. (2016) and Matheus and Maxwell (2018), who
studied a range of Midwest native trees species, including the AJW old
growth white oak site, pointed out this decline in moisture sensitivity
and they suggested that the loss is due, in part, to lack of major droughts
in recent decades (Matheus and Maxwell, 2018), which is
well-documented (Mishra and Cherkauer, 2010). The timing (mid
1970s) of the “fading drought signal” in the Northeast Ohio old growth
coincides with increased precipitation and with relatively lower
JJ_maxT, which would favor tree growth. About this time (the mid
1970s), there is an approximate 20 mm increase in JJ_Precip (Fig. 3c)
and this step increase in Wooster precipitation, in turn, coincides with a
shift to a strong year to year negative interannual coupling of JJ_maxT
and JJ_Precip (Fig. 3e). This shift is consistent with maximum temper-
ature increases (decreases) linked to decreased (increased) summer
precipitation (Zhao et al., 1993).

The loss of moisture sensitivity in the old-growth series of Northeast
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Ohio began about the mid 1970s (Fig. 5a). This timing coincides broadly
with the 1976/77 Pacific Decadal Oscillation (PDO) regime shift
(Ebbesmeyer et al., 1991; Karl et al., 1996; Newman et al., 2016). The
PDO is the leading principal component of North Pacific sea surface
temperatures with the warming signal removed (Mantua et al., 1997). In
addition to the possible link with changes in the North Pacific, North
Atlantic changes in the AMO (Atlantic Multidecadal Oscillation) and
NAO (North Atlantic Oscillation) also have been shown to play a role
similarly forcing changes in Midwest hydroclimate (McCabe et al., 2004;
Fye et al., 2006; Patricola et al., 2015; Munoz et al., 2018; Wiles et al.,
2023) and ultimately influence tree response in our study. Although
these oceanic linkages are strong primarily during the winter month;
here we see summer climate shifts in the mid to late 1970s in Northeast
Ohio, which have also been detected as a step increase in growing season
length (Bonta and Barker, 2011).

Another potential oceanic influence spanning this interval may be
linked to changes in hydroclimate due to the slowing of the Atlantic
Meridional Overturning Circulation (AMOC) in the North Atlantic.
Maxwell and Harley (2017) have shown that their tree-ring series from
Indiana have a strong negative correlation with the AMOC index, which
has slowed since about 1950 (Caesar et al., 2018; Praetorius, 2018).
Regardless of the forcing, the last several decades since the mid 1970s
have experienced marked gains in precipitation and minimum temper-
atures and at the same time decreasing maximum summer temperatures
(Fig. 3).

Northeast Ohio lies within the location of the summer season
warming hole as reconstructed by Partridge et al. (2018). Maximum
summer temperatures in the Midwest, in general, have decreased over
the past century and this observation has received considerable atten-
tion because of its relevance to heat stress and crops (Basso et al., 2021).
Higher JJ_maxT come with increasing evaporative demands, but with its
overall decline, together with a rise in precipitation, moisture stress is
mitigated. In the Northeast United States, reforestation has been
implicated in increased cloudiness coupled with increased canopy
roughness during summer and associated trans-evaporative cooling,
which together may have a role in overall cooling of maxT (Zhang et al.,
2020; Barnes et al., 2024). Basso et al. (2021) have also identified
another vegetative driver in cooling maxT in the Midwest, which is
linked to increased crop production and evaporative cooling.

Changes in JJ_maxT along with the persistent rise in precipitation
both need to be considered when evaluating future tree productivity as
tree health will depend on their relative fluctuations. For example, the
most recent rise in JJ_maxT seen over the past few decades (Fig. 3d) may
become more crucial to limiting growth than precipitation, which ap-
pears to have become less of a factor, at least for the four old growth sites
considered here. Although summers continue to become wetter in
Northeast Ohio, recent modeling results suggest that future Midwest
summers may experience more severe drought due to a combination of
Arctic Amplification (Preece et al., 2023) and an increasingly wavy
NAWJ that will be displaced northward (Zhou et al., 2021).

Our analyses also identified a potential role of warming minimum
(nightime) July temperatures, that were positively correlated with tree
growth at five of our sites until about the mid 1970s. Zweifel et al.
(2021) showed that mature trees grow mainly at night when the vapor
pressure deficit (VPD) is low. Our sites that are positively correlated
with July minimum temperatures prior to the mid 1970s showed a loss
of correlation with continued nighttime warming, perhaps indicating a
threshold that formerly benefited tree growth was crossed. Disen-
tangling the influence of VPD, soil water and temperature are a major
research challenge (Novick et al., 2016) and our data cannot address this
possibility at the present.

We have considered possible changes in tree response driven by
climate dynamics and potential forcings linked to teleconnections with
the surrounding oceans. An additional finding is that the relative loss of
sensitivity to moisture appears to be independent of individual tree age.
This is supported by the observation that at the AJW and BLB sites where
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the stratified tree ages and climate response are virtually identical. All
three broad cohorts of age at AJW and the two from BLB together with
the other two old growth sites (COW, KFA) similarly show the “fading
drought signal”. This is in contrast to our younger tree sites (100- and
200-year-old stands) that continue to be sensitive to precipitation in
decades after the mid-1970s.

Consistent with our findings, Petritan et al. (2021) showed that
younger managed stands of oak from western Europe were more mois-
ture sensitive than the nearby old growth suggesting that this was due to
a more evolved root system in the old growth cohort, which provided a
more drought resilient network for water uptake. Our results at AJW and
BLB showing a similar response across the ages and together with the
other old growth sites are consistent with this finding. In contrast to our
results, Copenheaver et al. (2011) identified the climate response of an
old oak stand and a young group of white oak from Virginia, U.S. and
determined that the older trees had a stronger drought sensitivity.

Our younger, managed stand (SAO) in Secrest Arboretum (this study)
was more persistently drought sensitive and this may be attributed, in
part, to a large canopy development over the calibration interval of 100
years, which coincided with increases in vessel size in the tree’s hy-
draulic systems making them more susceptible to drought conditions
(Petritan et al., 2021). The intermediate aged sites (WMP and KFP) also
maintain their moisture sensitivity, perhaps because of the selective
logging and management practices at the sites over the past 200 years,
where thinning at the sites allowed for increase in vessel size with
growth releases. Additionally, previous studies (Au et al., 2022) have
found that younger trees in the upper canopy like those in our SAO,
WMP and KFP sites, have been shown to be more sensitive and at the
same time more resilient to drought.

Taken together, the relative moisture sensitivity of white oak in
Northeast Ohio appears to be dependent on the site characteristics
including more poorly drained sites noted at AJW and BLB, which also
likely have more extensive and relatively undisturbed, deeper root
systems. Surrounding agricultural fields drain into the AJW site and the
BLB trees are adjacent to a bog/lake complex; both site are likely to have
experienced rising water tables. These stands and the other old growth
sites are also growing on soils that are less compacted having not been
previously plowed thus leading to less runoff and potentially contrib-
uting more moisture to the trees.

5. Conclusions

Since about the mid-1970s, our old-growth, white oak sites are not
responding any longer to summer precipitation. The interplay between
summer precipitation and the relative water demands driven by
changing maximum temperatures in the warm season is a key finding
that needs to be investigated further to better anticipate the future
response of white oak trees. Additionally, although we suggest that the
individual site characteristics are a stronger determinant of drought
sensitivity than tree age, we acknowledge that the exact character of
each site’s hydrology along with the true age of individual trees within
the stands are not well constrained here.

Our results and the previously reported loss of precipitation sensi-
tivity at Midwest old growth sites (Maxwell et al., 2016) is a challenge to
reconstructing past moisture variability using tree-ring records. We
suggest that the younger age cohorts that remain sensitive to precipi-
tation, can be considered to be used with older growth tree-ring records
to improve climate modeling and reconstruction (Maxwell and Harley,
2017).

Some tree species will be chosen to act in the role of mitigating the
impacts of climate change itself, through carbon sequestration, shading
and cooling in urban settings, and for managing increasing spring
stormwater runoff. At least for the locations considered here, the legacy
of the land use history of the individual sites appears to be important in
determining moisture sensitivity. Furthermore, these individual site
characteristics appear to be more influential with respect to changing
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climate sensitivity at sites than is tree age. Dendroclimatic analyses of
white oak in Northeast Ohio can help better target management and
plantings to maximize future ecosystems services, however, given the
loss of sensitivity of the old growth trees to summer precipitation and
minimum temperatures, it is challenging to anticipate the future
response to projected changes in hydroclimate.
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