
Changing climate response of Northeast Ohio white oaks, USA: Is it tree age 
or site age?

Gregory Wiles * , Nicholas Wiesenberg , Meagen Pollock , Caitlyn Denes , Tyrell Cooper ,  
Desiree Smith , Melita Wiles
Department of Earth Sciences, The College of Wooster, 1189 Beall Ave., Wooster, OH 44691, USA

A R T I C L E  I N F O

Keywords:
Tree-rings
Climate change
Paleoclimate
Ecosystem services
Quercus alba L

A B S T R A C T

White oak, a keystone species of the broadleaf forests of the North American Midwest, has a significant role in 
providing ecosystems services in a region experiencing warming and increasingly pluvial conditions. A one- 
hundred-year-old white oak stand in an arboretum, along with two second growth (~200-year-old) stands 
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.

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, 

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

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 

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).

G. Wiles et al.                                                                                                                                                                                                                                   Dendrochronologia�91��������126307�

2�



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 
et al., 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 ºC 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 

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., 
2010; 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). 
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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
COW 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 
precipitation and maximum June-July temperatures. The red line shows the non-first differenced data that illustrates a steadily decreasing negative relationship 
between the two variables, whereas the first-differenced data varies in relations to the decadal shifts with the significant negative intervals (correlations below the 
horizontal dotted line are significant at the 95 % confidence level) corresponding with the warmer phases of the PDO (prior to 1945 and post 1976; vertical 
dotted lines).
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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. 5c). 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 (AJWold, AJWmid 
and AJWyoung) yielded correlations of 0.55, 0.54 and 0.52, respectively 

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). 
Histograms on the top are correlations with monthly precipitation and those on the lower row are the correlations with maximum monthly maximum temperature 
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).
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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 BLBold 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 

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 

G. Wiles et al.                                                                                                                                                                                                                                   Dendrochronologia�91��������126307�

8�



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 

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.

Funding

This work was supported by the National Science Foundation [EAR- 
2039939 and GP-2023154].

CRediT authorship contribution statement

Wiles Gregory: Writing – original draft, Methodology, Funding 
acquisition, Formal analysis, Data curation, Conceptualization. Denes 
Caitlyn: Writing – review & editing, Supervision, Formal analysis, 
Conceptualization. Cooper Tyrell: Writing – review & editing, Investi-
gation, Conceptualization. Wiesenberg Nicholas: Writing – review & 
editing, Supervision, Data curation. Pollock Meagen: Writing – review 
& editing, Supervision, Funding acquisition, Conceptualization. Smith 
Desiree: Writing – review & editing, Investigation, Conceptualization. 
Wiles Melita: Writing – review & editing, Software, Methodology, 
Formal analysis, Data curation.

Declaration of Competing Interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgements

We thank the Secrest Arboretum, The College of Wooster, The 
Friends of Wooster Memorial Park, The Ohio Department of Natural 
Resources, David Kline, and the Nature Conservancy for managing and 
preserving these sites. K. Mueller and D. Wiesenberg improved the 
manuscript. We would also like to thank Neil Pederson and three 
anonymous reviewers for helpful suggestions.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.dendro.2025.126307.

Data Availability

All the tree-ring data used in this study have been contributed to the 
ITRDB (International Tree Ring Databank)

References

Anderegg, W.R., Trugman, A.T., Badgley, G., Anderson, C.M., Bartuska, A., Ciais, P., 
Cullenward, D., Field, C.B., Freeman, J., Goetz, S.J., Hicke, J.A., 2020. Climate- 
driven risks to the climate mitigation potential of forests. Science 368, 7005. 〈http 
s://www.science.org/doi/10.1126/science.aaz7005〉.

Andresson, J., Hilberg, S., Kunkel, K., 2012. Historical Climate and Climate Trends in the 
Midwestern USA. In: U.S. National Climate Assessment Midwest Technical Input 
Report. J. Winkler, J. Andresen, J. Hatfield, D. Bidwell, and D. Brown, coordinators. 
Available from the Great Lakes Integrated Sciences and Assessments (GLISA) Center, 
〈http://glisa.msu.edu/docs/NCA/MTIT_Historical.pdf〉.

Au, T.F., Maxwell, J.T., Robeson, S.M., Li, J., Siani, S.M.O., Novick, K.A., Dannenberg, M. 
P., Phillips, R.P., Li, T., Chen, Z., Lenoir, J., 2022. Younger trees in the upper canopy 
are more sensitive but also more resilient to drought. Nat. Clim. Change 12 (12), 
1168–1174. https://doi.org/10.1038/s41558-022-01528-w.

Barnes, M.L., Zhang, Q., Robeson, S.M., Young, L., Burakowski, E.A., Oishi, A. 
Christopher, Stoy, P.C., Katul, G., Novick, K.A., 2024. A Century of Reforestation 
Reduced Anthropogenic Warming in the Eastern United States. Earth’S. Future 12 
(2), e2023EF003663. https://doi.org/10.1029/2023EF003663.

G. Wiles et al.                                                                                                                                                                                                                                   Dendrochronologia�91��������126307�

9�

https://doi.org/10.1016/j.dendro.2025.126307
https://www.science.org/doi/10.1126/science.aaz7005
https://www.science.org/doi/10.1126/science.aaz7005
http://glisa.msu.edu/docs/NCA/MTIT_Historical.pdf
https://doi.org/10.1038/s41558-022-01528-w
https://doi.org/10.1029/2023EF003663


Basso, B., Martinez-Feria, R.A., Rill, L., Ritchie, J.T., 2021. Contrasting long-term 
temperature trends reveal minor changes in projected potential evapotranspiration 
in the US Midwest. Nat. Comm. 12, 1476. https://doi.org/10.1038/s41467-021- 
21763-7.

Bishop, L., Maxwell, J.T., Rothrock, P.E., 2021. Old forest attributes in a maturing 
Indiana State Forest: an opportunity for future old growth. J. Torre Bot. Soc. 148, 
132–153. https://doi.org/10.3159/TORREY-D-20-00015.1.

Bonta, J., Barker, D., 2011. Effects of climate change on grass/legume growing season. 
USDA-ARS, Coshocton, Ohio. 〈https://sustainablecorn.org/doc/posters/2011/ 
2011_10-Bonta.pdf〉. 

Bunn, A.G., 2008. A dendrochronology program library in R (dplR). ISSN 1125-7865 
Dendrochronologia 26, 115–124. https://doi.org/10.1016/j.dendro.2008.01.002.

Bunn, A.G., 2010. Statistical and visual crossdating in R using the dplR library. ISSN 
1125-7865 Dendrochronologia 28, 251–258. https://doi.org/10.1016/j. 
dendro.2009.12.001.

Caesar, L., Rahmstorf, S., Robinson, A., Feulner, G., Saba, V., 2018. Observed fingerprint 
of a weakening Atlantic Ocean overturning circulation. Nature. https://doi.org/ 
10.1038/s41586-018-0006-5.

Cook, B., Seager, R., Smeardon, J.E., 2014. The worst North American drought year of 
the last millennium: 1934, 2015 Geophys. Res. Lett. 41, 7298. https://doi.org/ 
10.1002/2014GL06166.

Cook, E.R., Kairiukstis, L.A., 1990. Methods of Dendrochronology. Applications in the 
Environmental Sciences. International Institute for Applied Systems Analysis. Kluwer 
Academic Publishers, Dordrecht, p. 394. https://doi.org/10.1007/978-94-015-7879- 
0.

Cook, E.R., Peters, K., 1997. Calculating unbiased tree-ring indices for the study of 
climatic and environmental change. Holocene 7, 361–370. https://doi.org/10.1177/ 
0959683697007003.

Cook, E.R., Meko, D.M., Stahle, D.W., et al., 1999. Drought reconstructions for the 
continental United States. J. Clim. 12, 1145–1162. https://doi.org/10.1175/1520- 
0442(1999)012< 1145:DRFTCU> 2.0.CO;2.

Cook, E.R., Krusic, P.J., Peters, K., Melvin, T., 2017. Program Signal Free (version 2b), 
RCS Signal Free tree–ring standardization program. Tree–Ring Laboratory of 
Lamont–Doherty Earth Observatory. 〈https://www.geog.cam.ac.uk/researc 
h/projects/dendrosoftware〉.

Copenheaver, C.A., Crawford, C.J., Fearer, T.M., 2011. Age-specific responses to climate 
identified in the growth of Quercus alba. Trees (Berl., West) 25 (4), 647–653. 
https://doi.org/10.1007/s00468-011-0541-2.

R. Core Team, 2020. R: A language and environment for statistical computing. R 
Foundation for Statistical Computing, Vienna, Austria. URL 〈https://www.R-project. 
org/〉.

Deines, J.M., Williams, D., Hamlin, Q., MClanahan, J.S., 2016. Am. Midl. Nat. 176, 
247–271. 〈https://www.jstor.org/stable/44840288〉.

Evans, M.E., DeRose, R.J., Klesse, S., Girardin, M.P., Heilman, K.A., Alexander, M.R., 
Arsenault, A., Babst, F., Bouchard, M., Cahoon, S.M., Campbell, E.M., 2022. Adding 
tree rings to North America’s national forest inventories: An essential tool to guide 
drawdown of atmospheric CO2. BioScience 72, 233–246. https://doi.org/10.1093/ 
biosci/biab119.

Friedman, J.H., Silverman, B.W., 1989. Flexible parsimonious smoothing and additive 
modeling. Technometrics 31, 3–21. https://doi.org/10.2307/1270359.

Fye, F.K., Stahle, D.W., Cook, E.R., Cleaveland, M.K., 2006. NAO influence on sub- 
decadal moisture variability over central North America. Geophys. Res. Lett. 33, 
L15707. https://doi.org/10.1029/2006GL026656.

Goldblum, D., 2010. The geography of white oak’s (Quercus alba L.) response to climatic 
variables in North America and speculation on its sensitivity to climate change 
across its range. Dendrochronologia 28, 73–83. https://doi.org/10.1016/j. 
dendro.2009.07.001.

Grady, K.A., Chen, L., Ford, T.W., 2021. Projected Changes to Spring and Summer 
Precipitation in the Midwestern United States. Front. Water 3, 780333. https://doi. 
org/10.3389/frwa.2021.780333.

Ebbesmeyer, C.C., Cayan, D.R., McLain, D.R., Nichols, F.H., Peterson, D.H., Redmond, K. 
T., 1991, 1976 step in the Pacific climate: Forty environmental changes between 
1968–1975 and 1977–1985. In: Proc. Seventh Annual Pacific Climate Workshop, 
1991. Dept. of Water Research, Asilomar, CA, California, pp. 115–126.

Handler, S.D., Swanston, C.W., Butler, P.R., Brandt, L.A., Janowiak, M.K., Powers, M.D., 
Shannon, P.D., 2012. Climate change vulnerabilities within the forestry sector for 
the Midwestern United States. In: U.S. National Climate Assessment Midwest 
Technical Input Report. J. Winkler, J. Andresen, J. Hatfield, D. Bidwell, and D. 
Brown, coordinators. Available from the Great Lakes Integrated Sciences and 
Assessments (GLISA) Center, 〈http://glisa.msu.edu/docs/NCA/MTIT_Forestry.pdf〉.

Harris, I., Osborn, T.J., Jones, P., et al., 2020. Version 4 of the CRU TS monthly high- 
resolution gridded multivariate climate dataset. Sci. Data 7, 109. https://doi.org/ 
10.1038/s41597-020-0453-3.

Hayhoe, K., Wuebbles, D.J., Easterling, D.R., Fahey, D.W., Doherty, S., Kossin, J., 
Sweet, W., Vose, R., Wehner, M., 2018. Our changing climate. In: Reidmiller, D.R., 
Avery, C.W., Easterling, D.R., Kunkel, K.E., Lewis, K.L.M., Maycock, T.K., Stewart, B. 
C. (Eds.), Impacts, Risks, and Adaptation in the United States: Fourth National 
Climate Assessment, 2. US Global Change Research Program, pp. 72–144. https:// 
doi.org/10.7930/NCA4.2018.CH2.

Holmes, M.A., Matlack, G.R., 2017. Agricultural history drives structure and tree species 
composition of second growth forest over 100 years in southeastern Ohio, USA. 
J. Veg. Sci. 28, 736–746. https://doi.org/10.1111/jvs.12516.

Holmes, R., 1983. Computer-assisted quality control in tree-ring dating and 
measurement. Tree-Ring Bull. 43, 69–78.

Karl, T.R., Knight, R.W., Easterling, D.R., Quayle, R.G., 1996. Indices of Climate Change 
for the United States. Bull. Am. Meteor. Soc. 77, 279–292. https://doi.org/10.1175/ 
1520-0477(1996)077< 0279:IOCCFT> 2.0.CO;2.

Larsson, L.A., 2003. Coorecorder v2.3.13: Image Co-ordinate Recording Program. 
Available online at 〈http://www.cybis.se〉.

Mantua, N.J., Hare, S.R., Zhang, Y., Wallace, J.M., Francis, R.C., 1997. A Pacific 
Interdecadal Climate Oscillation with Impacts on Salmon Production*. Bull. Am. 
Meteorol. Soc. 78, 1069–1080. https://doi.org/10.1175/1520-0477(1997) 
078< 1069:APICOW> 2.0.CO;2.

Matheus, T., Maxwell, J.T., 2018. Placing modern droughts in historical context in the 
Ohio Valley using tree-rings. Phys. Geogr. https://doi.org/10.1080/ 
02723646.2018.1426166.

Maxwell, J.T., Harley, G.L., 2017. Increased tree-ring network density reveals more 
precise estimations of sub-regional hydroclimate variability and climate dynamics in 
the Midwest, U.S.A. Clim. Dynam. 49, 1479–1493. https://doi.org/10.1007/s00382- 
016-3396-9.

Maxwell, J.T., Robeson, S.M., Harley, G.L., 2016. On the declining relationship between 
tree growth and climate in the Midwest, United States: the fading drought signal. 
Clim. Chan. 38, 127–142. https://doi.org/10.1007/s10584-016-1720-3.

Maxwell, J.T., Harley, G.L., Matheus, T.J., Strange, B.M., Pendergrass, K., Au, T.F., 
Bergy, J.C., 2020. Sampling density and date along with species selection influence 
spatial representation of tree ring reconstructions. Climate 16, 1901–1916. https:// 
doi.org/10.5194/cp-16-1901-2020.

McCabe, G.J., Palecki, M. a, Betancourt, J.L., 2004. Pacific and Atlantic Ocean influences 
on multidecadal drought frequency in the United States. Proc. Natl. Acad. Sci. USA 
101 (12), 4136–4141. https://doi.org/10.1073/pnas.0306738101.

Meko, D.M., Touchan, R., Anchukaitis, K.J., 2011. Seascorr: A MATLAB program for 
identifying the seasonal climate signal in an annual tree-ring time series. Comput. 
Geosci. 37, 1234–1241. https://doi.org/10.1016/j.cageo.2011.01.013.

Melvin, T., Briffa, K.R., 2008. A ”signal-free” approach to dendroclimatic 
standardisation. Dendrochronologia 26, 71–86. https://doi.org/10.1016/j. 
dendro.2007.12.001.

Mishra, V., Cherkauer, K.A., 2010. Retrospective droughts in the crop growing season: 
Implications to corn and soybean yield in the Midwestern United States. Agric. For. 
Meteorol. 150, 1030–1045. ISSN 0168-1923. 

Moore, T., Malcomb, N., Wiles, G., 2007. Climate Response of Dahurian Larch in Secrest 
Arboretum, Wooster, Ohio, USA. Tree-Ring Res 63, 111–115.

Munoz, S.E., Giosan, L., Therrell, M.D., Remo, J.W.F., Shen, Z., Sullivan, R.M., 
Wiman, C., O’Donnell, M., Donnelly, J.P., 2018. Climatic control of Mississippi River 
flood hazard amplified by river engineering. Nature 556 (7699), 95–98. https://doi. 
org/10.1038/nature26145.

Newman, M., et al., 2016. The Pacific Decadal Oscillation, Revisited. J. Clim. 29, 
4399–4427. https://doi.org/10.1175/JCLI-D-15-0508.1.

Novick, K.A., Ficklin, D.L., Stoy, P.C., Williams, C.A., Bohrer, G., Oishi, A.C., Papuga, S. 
A., Blanken, P.D., Noormets, A., Sulman, B.N., Scott, R.L., Wang, L., Phillips, R.P., 
2016. The increasing importance of atmospheric demand for ecosystem water and 
carbon fluxes. Nat. Clim. Change 6 (11), 1023–1027. https://doi.org/10.1038/ 
nclimate3114.

Novick, K.A., Jo, I., D’Orangeville, L., Benson, M., Au, T.F., Barnes, M., Denham, S., 
Fei, S., Heilman, K., Hwang, T., Keyser, T., Maxwell, J.T., Miniat, C., McLachlan, J., 
Pederson, N., Wang, L., Wood, J., Phillips, R.P., 2022. The drought response of 
Eastern US oaks in the context of their declining abundance. BioScience 72, 
333–346. https://doi.org/10.1093/biosci/biab135.

Partridge, T.F., Winter, J.M., Osterberg, E.C., Hyndman, D.W., Kendall, A.D., 
Magilligan, F.J., 2018. Spatially distinct seasonal patterns and forcings of the U.S. 
warming hole. Geophys. Res. Lett. 45, 2055–2063. https://doi.org/10.1002/ 
2017GL076463.

Patricola, C.M., Chang, P., Saravanan, R., 2015. Impact of Atlantic SST and high 
frequency atmospheric variability on the 1993 and 2008 Midwest floods: Regional 
climate model simulations of extreme climate events. Clim. Change 129 (3-4), 
397–411. https://doi.org/10.1007/s10584-013-0886-1.

Pederson, N., D’Amato, A.W., Dyer, J.M., Foster, D.R., Goldblum, G., Hart, J.L., Hessl, A. 
E., Iverson, L.R., Jackson, S.T., Martin-Benito, D., McCarthy, B.C., McEwan, R.W., 
Mladenoff, D.J., Parker, A.J., Shuman, B., Williams, J.W., 2015. Climate remains an 
important driver of post-European vegetation change in the eastern United States. 
Glob. Chan. Biol. 21, 2105–2110. https://doi.org/10.1111/gcb.12779.

Pederson, N., Young, A.B., Stan, A.B., Ariya, U., Martin-Benito, D., 2019. Low-hanging 
DendroDynamic Fruits Regarding Disturbance in Temperate, Mesic Forests. In: 
Amoroso, M., Daniels, L., Baker, P., Camarero, J.J. (Eds.), Dendroecology: Tree-ring 
Analyses Applied to Ecological Studies. Springer, pp. 97–134 doi:1007/978-3-319- 
61669-8_5. 

Petritan, A.M., Petritan, I.C., Hevia, A., Walentowski, H., Bourlaud, O., Sanchez- 
Salguero, R., 2021. Climate warming predispose sessile oak forests to drought- 
induced tree mortality regardless of management legacies. For. Ecol. Manag. https:// 
doi.org/10.1016/j.foreco.2021.119097.

Praetorius, S.K., 2018. North Atlantic circulation slows down. Nature. https://doi.org/ 
10.1038/s41586-018-0006-5.

Preece, J.R., Mote, T.L., Cohen, J., et al., 2023. Summer atmospheric circulation over 
Greenland in response to Arctic amplification and diminished spring snow cover. 
Nat. Commun. 14, 3759. https://doi.org/10.1038/s41467-023-39466-6.

Rogers, J.C., 1993. Climatological aspects of drought in Ohio. Ohio Jour. Sci. 93, 51–59.
Rogers, R., 1990. White oak. In: Sylvics of North America, 2. Hardwoods. 〈https://www. 

srs.fs.usda.gov/pubs/misc/ag_654/volume_2/quercus/alba.htm〉.
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