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Abstract
Key message  Red oak provenances responded with high plasticity and intra-annual variability in vessel traits to stud-
ied climatic conditions, indicating weak signals of local adaptation and providing opportunities for forest management.
The climate change-induced increase in frequency and severity of extreme events has revealed a high vulnerability of vari-
ous major tree species in Europe, stressing the need for selecting climate-resilient species for forest management. In this 
context, adaptive strategies of northern red oak (Quercus rubra L.) were examined, using wood anatomical data derived 
from a provenance trial. We investigated the interannual variation in vessel traits of red oak provenances planted at three sites 
along a precipitation gradient in Germany. We compared the climate sensitivity of German provenances with those from 
North America to analyze plasticity and to identify signals of local adaptation in vessel traits. The results revealed varia-
tions in vessel traits between all sites, pointing to site-specific responses to prevailing environmental conditions. Differences 
between provenances were prevalent for vessel size-related traits, with site-specific higher values for German provenances 
at wet sites. Climate signals, which varied between traits, were strongest for vessel density and the relative conductive area. 
Vessel traits were found to depend both on previous-year conditions as and on spring climate conditions during the onset 
of vessel formation. The site-specific response in extreme years deviate significantly between drought and frost events. A 
trade-off between resistance to extremes and vessel diameter could not be demonstrated, and provenances with larger vessel 
diameters showed higher frost resistance. The observed high plasticity in vessel traits and the site-specific variation to climate 
influences point to an adjustment in vessel formation to the prevailing environmental conditions.
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Introduction

Mortality currently observed in major tree species in Euro-
pean forests demonstrates their vulnerability to global 
warming. Recent projections indicate a climate-induced 
bottleneck of suitable species for resilient forest conver-
sion (Wessely et al. 2024). Alternative tree species such as 

northern red oak (Quercus rubra L.), which is characterized 
by high growth potential and high climate tolerance, are of 
great interest to mitigate current tree mortality (Nicolescu 
et al. 2020). In this regard, tree rings and xylem anatomi-
cal traits provide a natural high-resolution data archive that 
stores trees response to climate variability. This ecological 
information is essential for understanding and assessing the 
consequences of climate change on species and ecosystems 
(Fonti et al. 2010). Besides endogenous drivers (e.g. phy-
tohormones, plant size), xylem formation is controlled by 
exogenous drivers (e.g. temperature), bringing the focus of 
current studies to the relationships between environmental 
variation and the formation of vessel traits (García-González 
et al. 2016; Giagli et al. 2016). Environmental conditions 
shape the development in vessels, determining the optimal 
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balance between adaptation to climatic and physiological 
processes (Chave et al. 2009).

Since water is essential for all physiological processes 
including photosynthesis, it is considered as a major factor 
determining tree growth (Tyree and Zimmermann 2002). 
In red oak, as ring-porous species, water is transported per-
pendicularly through the vessels (formed mainly during the 
early growing season) of varying length and diameter, and 
transferred between vessels through bordered pits (Chave 
et al. 2009; Fonti et al. 2010). Vessels play therefore a key 
role in the balance between the water transport efficiency 
and the resistance to cavitation. However, despite the safety-
efficiency is controversial (Gleason et al. 2015), often the 
maximum water conductance stands in conflict (Hacke and 
Sperry 2001). In fact, high vessel area is mainly associated 
with low resistance to both water transport and air embo-
lisms caused by drought-induced cavitation (Sperry 2003; 
Chave et al. 2009). In addition, wider vessels reduce the 
resistance also to frost-induced embolism, as freezing water 
in vessels cause gas embolisms and consequently frost-
induced cavitation (Hacke and Sperry 2001). This trade-off 
between high water conductance and high risk to cavitation 
provide an important constraint to vessel functions in trees 
(Baas et al. 2004), implying the need of further investigation 
(Lens et al. 2022). However, intra-specific differences and 
variations in vessel characteristics provide insight into how 
provenances adapt to environmental variability at temporal 
and spatial scales (Fonti et al. 2010).

In temperate environments, trees are mostly affected by 
water limitation and extreme events during the growing sea-
son, which both increased in frequency and intensity due to 
climate change, potentially impacting forest resilience (Jump 
et al. 2017). Consequently, numerous studies analyzed rela-
tionships between climate variables and vessel traits (e.g. 
González-González et al. 2014; García-González et al. 2016; 
Carrer et al. 2018), in particular to retrospectively quantify 
responses of vessel traits to extremes (Castagneri et al. 2017; 
Nola et al. 2020). Besides droughts, in the last decade frost 
events are also increasing in frequency and intensity (Lam-
ichhane 2021), bringing higher risk of frost plant damages. 
Due to mild temperatures in winter, the heat sum, which 
determines the time of bud break, is reached earlier and 
therefore the growing season starts earlier (Ma et al. 2019). 
Late frosts during the active growing season impact tree 
vitality and ultimately growth performance and can cause 
considerable ecological and economic damage (Vitasse et al. 
2014; Ma et al. 2019).

The study of phenotypic plasticity in vessel traits to past 
extreme events and climate variability is promising for better 
selecting suitable provenances for adaptive forest manage-
ment. In this regard, provenance trials present a powerful 
tool to investigate vessel traits of different species or prov-
enances (Nabais et al. 2018). In this study, we investigated 

provenances of the introduced northern red oak (Quercus 
rubra L., hereafter named red oak), that were planted on 
three sites of a German provenance trial and originate from 
stands in Canada, the United States, and Germany. We com-
pare vessel characteristics between native (North American) 
and introduced (i.e. German) provenances and determine 
the extent of phenotypically plastic response under variable 
environmental conditions. Further, trait responses to extreme 
drought and frost events are closely examined. To date, wood 
anatomical studies considering red oak are rather scarce and 
concentrated on the comparison either among different oak 
species (Tardif and Conciatori 2006) or among introduced 
stands with variable site conditions but unknown seed origin 
(Matisons et al. 2015).

The provenances investigated in this study have been the 
subject of previous studies that have identified differences in 
growth, climate sensitivity, and response to extreme events 
(Kormann et al. 2023, 2024). According to these studies, 
provenances from introduced stands in Germany showed a 
higher growth and a higher climate sensitivity compared 
to their North American counterparts. Further, they were 
characterized by a higher frost hardiness and unexpectedly 
no trade-off between growth and resistance to extreme events 
was found. However, these studies focused on basal area or 
tree-ring width, while quantitative wood anatomy has the 
potential to reveal finer insights into climate–growth asso-
ciations and resistance dynamics, disentangling the different 
physiological traits.

The distinct inter- and intra-specific responses in tree 
rings to climate raise the question of whether provenances 
are adapted to the prevailing environmental conditions, and 
how this is reflected in the formation of different vessel 
traits. To investigate this question, we (i) assessed the rela-
tionships among vessel traits and examine their variation 
between provenances. Further, we (ii) analyzed the plastic-
ity in vessel traits to evaluate the dependency of climate 
conditions on the differences in trait formation, focusing on 
the comparison between sites and between North American 
and introduced provenances. Since vessel formation in red 
oak, as a ring-porous species, may be influenced by site-
specific variability in water availability, emphasis was on 
intra-specific variation patterns in vessel traits. Finally, we 
(iii) studied differences in the intra-specific response to both, 
an extreme drought and an extreme frost year, and the trade-
off between resistance to these extremes and vessel diameter.

Material and methods

Provenance trial

This research was conducted with 12 provenances planted 
in a provenance trial in 1991 with two-year-old seedlings 
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on three sites in northern (Dunkelsdorf; DDF), eastern 
(Waldsieversdorf; WSD), and central (Waechtersbach; 
WBH) Germany, characterized by different environmental 
conditions. The sites differ in precipitation and elevation 
(Table 1). Waechtersbach with the highest elevation receives 
the highest annual precipitation sum, followed by the lower 
elevation sites Dunkelsdorf and Waldsieversdorf. Each site 
was set up as a randomized block design with four repli-
cates. The sites are characterized by a comparable height at 
stand level, which varies by about 1.2 m at age 29 between 
the sites, with taller individuals in Dunkelsdorf and smaller 
in Waldsieversdorf. Due to the small height differences at 
stand level, no transformation of vessel size was performed. 
For the analysis of vessel traits, we selected 12 provenances 
growing at each site. In 1988, seeds were collected from 
mature trees in six stands located in North America (each 
three in Canada and United States) and six in Germany, 
respectively. The origin locations of the provenances are 
characterized by different climatic conditions. In particular, 
two of the United States provenances (P2 and P10) originate 
from higher elevation, differing especially from introduced 
provenances in the summer heat:moisture index (SHM; 
Table 1).

Wood anatomical data

Two increment cores of 16 dominant or co-dominant trees 
per provenance (i.e. four trees per replicate) were sampled at 
1.3 m above ground (diameter at breast height) at each site 
(Kormann et al. 2024). The sampling took place in spring 
2022 before the onset of the growing season. At first, cores 
were air-dried and cut using a WSL microtome (Gärtner 

and Nievergelt 2010). For each increment core, digital high-
resolution images were recorded using the ATRICS system 
(Levanič 2007). Afterwards, annual tree-ring width (TRW) 
was measured and crossdated using CooRecorder and CDen-
dro software (version 9.6.3, Cybis Elektronik & Data AB, 
Sweden).

For the analysis of vessel traits, we selected eight cores 
per provenance and site (two trees per replicate) based upon 
the quality of the prepared increment cores. For a better 
detection of vessels and to increase the contrast between 
vessel lumen and cell wall, the surface of each core was 
prepared with dark ink (i.e. black felt marker) and chalk 
(Gärtner and Nievergelt 2010). For the measurements of 
wood anatomical parameters, images were processed using 
the image analysis software ROXAS (von Arx and Carrer 
2014). This software is specifically designed to measure 
xylem-related parameters in trees and works with the analy-
sis features of Image-Pro Plus (Media Cybernetics, Rock-
ville, USA).

Xylem anatomical traits initially considered were as fol-
lows: mean tree-ring width (TRW, mm), mean vessel area 
(MVA, µm2), maximum vessel area (MaxVA, µm2), number 
of vessels (VNo), vessel density (VD, no./mm2), cumulative 
vessel area (CTA, mm2), relative conductive area (RCTA, 
%), mean hydraulic diameter (Dh2, µm), and the theoreti-
cal hydraulic conductivity (kg/m2/MPA/s) according to the 
Hagen–Poiseuille law (Tyree and Zimmermann 2002). How-
ever, to avoid redundancy and to select the most meaningful 
traits we run a Pearson correlation matrix between all param-
eters at site level. Based on the results (Fig. S1), we further 
selected: TRW, MVA, and MaxVA as an indirect indicator of 
hydraulic conductivity, VNo and VD as safety-related traits, 

Table 1   Description of analyzed 
sites and provenances

*CA = Canada, DE = Germany, US = United States

Sites Code Country* Latitude Longitude Elevation [a.s.l] SHM [C°/µm]

Waechtersbach WBH DE 50.27° N 09.15° E 330 47
Dunkelsdorf DDF DE 53.97° N 10.60° E 50 53
Waldsieversdorf WSD DE 52.54° N 14.03° E 80 67
Provenances
Chattahoochee P2 US 34.87° N 84.42° W 850 32
Tennessee P10 US 36.45° N 82.17° W 730 37
Anderson P18 US 41.17° N 85.67° W 260 46
Constance Bay P7 CA 45.50° N 76.08° W 260 53
Atomic Energy P9 CA 46.05° N 77.37° W 180 43
Plaines de Kazabazua P21 CA 45.93° N 76.10° W 210 51
Bremervoerde P33 DE 53.25° N 09.18° E 30 50
Borken P34 DE 51.75° N 06.83° E 40 53
Nidda P37 DE 50.42° N 09.17° E 240 62
Moerfelden P38 DE 49.98° N 08.68° E 80 69
Wiesloch P40 DE 49.27° N 08.58° E 190 61
Bornheim P44 DE 50.73° N 07.50° E 60 57
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and RCTA representing the percentage of water conductive 
area. Further, we selected vessel diameter (Dh2) as proxy 
for vessel size to study possible trade-offs with resistance.

Climate data

For the analysis of the climate effects on vessel traits, daily 
climate data of maximum temperature and precipitation 
were extracted from the 0.25 × 0.25 E-OBS gridded data-
set (Cornes et al. 2018). To identify years with an extreme 
drought event, the Standardized Precipitation Evapotran-
spiration Index (SPEI) was calculated using the R package 
SPEI (Beguería and Vicente-Serrano 2023). The driest year 
per site within the considered period was selected if SPEI 
exceeded a certain threshold in the summer months June and 
July (SPEI < − 2.0) (McKee et al. 1993), during which most 
of the tree growth occurs (van der Maaten et al. 2018). The 
SPEI was calculated at a timescale of 6 months to account 
for the water availability for tree growth (Vicente-Serrano 
et al. 2010). The defined drought years according to the SPEI 
differed between sites, with 2015 for Waechtersbach and 
2018 for Dunkelsdorf and Waldsieversdorf, respectively. In 
addition, the response to a common observed late frost event 
(May) in 2010 occurring at each site was investigated.

Data analysis

Vessel chronologies were built and detrended using a cubic 
smoothing spline with frequency cut-off of 50% at 15 years 
to emphasize a high-frequent climate signal and to remove 
ontogenetic trends (Cook and Kairiukstis 1990; Carrer 
et al. 2015). For this procedure, we used the R package 
dplR (Bunn 2008, 2010). The effect of environments, prov-
enances, and their interaction on the selected vessel traits 
was analyzed with an ANOVA, using each vessel trait as 
response. To detect site-specific differences between traits, 
mean comparisons with the non-parametric Kruskal–Wallis 
test were applied.

Successively, bootstrapped correlation coefficients 
between daily climate variables (maximum temperature 
and precipitation) and detrended vessel chronologies were 
calculated over the period from 1999 to 2021 using the den-
droTools package (Jevšenak and Levanič 2018; Jevšenak 
2020). For the moving-window correlation, we initially 
tested different time windows (20 days, 40 days, 60 days) to 
identify the strongest climatic signal. The 40-day time win-
dow resulted in highlighting the strongest correlation results; 
therefore, we decided to present only the 40-day window 
correlations, whereas results for time windows of 20 and 
60 days are presented in Figs. S2 and S3. We considered a 
16-month window from previous-year June to current-year 
September to consider the influence of previous-year climate 
conditions on vessel formation.

Further, we studied the resistance of vessel traits to 
extreme drought and frost. Specifically, for each extreme 
year, we calculated the resistance of each provenance per 
site as the ratio of the performance of vessel traits in the 
extreme year compared to the previous year (Lloret et al. 
2011). Using the resistance as response, we established lin-
ear models to assess differences in the response of traits to 
extreme events, differences in the impact between drought 
and frost, provenances, and sites. Based on these results, dif-
ferences between the responses in extreme events (drought 
and frost) were quantified using the non-parametric Wil-
coxon test.

To investigate whether there are trade-offs between resist-
ance to drought or frost and vessel size, we plotted the resist-
ance of TRW to extreme events against vessel diameter. All 
calculations were conducted in the R programming environ-
ment (R Core Team 2023).

Results

Site‑specific response in vessel traits

According to the ANOVA, the selected traits were differently 
impacted by provenance, sites, and the provenance × site 
interaction used as fixed effects (Table S2). TRW and MVA 
were significantly different between provenances and sites, 
while VNo, VD, and RCTA were only different between 
sites. MaxVA, however, differed significantly between prov-
enances. Overall, there was no significant effect of prov-
enance × site interaction on vessel traits.

The site effect on the vessel traits emerged also when 
comparing the traits absolute means (Fig. 1, Table S1). We 
observed the highest TRW in Dunkelsdorf, which differed 
significantly between all sites, coupled with the lowest mean 
for MVA and RCTA and the highest VNo. In contrast, MVA 
was not significantly different between the wet (WBH) and 
the dry (WSD) site, while MaxVA differed significantly 
between both sites, indicating the importance of water avail-
ability on vessel size formation. The highest variation in 
MaxVA could be observed in Dunkelsdorf. At the driest site, 
we found the lowest TRW and VNo (positive correlated) as 
well as the highest vessel density and RCTA.

Intra‑annual climate correlations

Correlation analyses between daily climate variables 
(maximum temperature and precipitation) and vessel traits 
revealed different associations between sites, provenances 
and traits (Figs. 2 and 3). Vessel traits showed a higher 
climatic response to maximum temperature. Overall, TRW, 
VD, and RCTA showed the strongest climatic signal at all 
sites, whereas the response in MVA, MaxVA, and VNo 
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was diffuse. Comparable results were found using a dif-
ferent time window for 20 days (Fig. S2a and b) and for 
60 days (Fig. S3a and b),

We observed a high dependency of vessel traits on the 
previous-year (August to September) growing conditions 
in Waechtersbach and Dunkelsdorf, with positive corre-
lations for maximum temperature (Fig. 2) and negative 
correlations for precipitation (Fig. 3). At both sites, maxi-
mum temperature was negatively correlated in late winter 
as well as in spring (April to May) of the current year. In 
Dunkelsdorf, MaxVA and VNo revealed higher dependen-
cies of the previous-year moisture conditions (Fig. 3). In 
Waldsieversdorf, the response to water availability of the 
previous year was weak, while maximum temperature had 
no visible effect on vessel trait formation. In addition, the 
dependencies of the growing conditions in spring were 
clearly visible showing low temperature and a high amount 
of precipitation as main driver for the formation of vessel 
traits under dry conditions. In Waechtersbach, precipita-
tion in summer (June and July) was positively correlated 
with VD, RCTA, and MVA, while the response of VNo 
was similar to the response of TRW. In contrast, precipita-
tion during these months revealed a negative association at 
the other sites, indicating different dependencies of vessel 
traits under different moisture conditions.

Differences between provenances were expressed dif-
ferently depending on climatic variables, sites, and traits. 
However, responses vary between provenances from differ-
ent origin, e.g. provenances from the United States showed 
stronger correlations for MVA and maximum temperature 
in Waechtersbach (Fig. 2), while MVA of German prov-
enances in Dunkelsdorf was stronger impacted by the 
amount of precipitation (Fig. 3). In Waldsieversdorf, all 
provenances revealed a high climate sensitivity for TRW, 
MVA, VD, and RCTA.

Further, the correlations in the spring months 
(April–May) varied between sites. The dependence of 
the previous-year conditions was present at sites with 
an overall high precipitation sum. The responses of ves-
sel traits varied strongly between sites. VD and RCTA 
showed a high climate sensitivity at all sites and the oppo-
site response to TRW, whereas VNo revealed a climate 
response similar to TRW. MVA responds strongly to pre-
cipitation, while the response to maximum temperature 
was diffuse at all sites. No clear pattern was found for 
MaxVA, suggesting that different factors may influence 
this trait.

Fig. 1   Boxplots of vessel traits at site level (WBH = Waechters-
bach, DDF = Dunkelsdorf, WSD = Waldsieversdorf). Points repre-
sent individual trees colored according to their origin (CA = Canada, 

DE = Germany, US = United States). Significant differences between 
site means according to the Kruskal–Wallis test are indicated with 
asterisk (n.s. not significant, * p < 0.05, ** p < 0.01, *** p < 0.001)
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Response to drought and frost events

The resistance in the identified extreme years differed signif-
icantly among vessel traits, extreme events (i.e. drought and 
frost), and sites, while no effect of provenance or interaction 
could be distinguished by the ANOVA (Table 2).

In accordance with the ANOVA, the variability of the 
resistance between provenances in both drought and frost 
years was low (Fig. 4). In contrast, we found differences 
in the resistance between sites, traits, and extreme events 
(drought and frost). TRW showed the overall lowest resist-
ance to drought and frost and frost resistance was sig-
nificantly different to drought resistance in Waechtersbach 
and Waldsieversdorf. The resistance of MVA, MaxVA, 
and VNo showed a similar trend between Dunkelsdorf 
and Waldsieversdorf, with lower resistance to frost for all 
traits. In Waechtersbach, the response of MVA was slightly 
higher during the frost year, while differences between 
drought and frost years were absent for MaxVA and VNo. 
The resistance of VD and RCTA was completely different 
between all sites with contradictory responses between 

Dunkelsdorf (higher resistance to drought) and Waech-
tersbach (higher resistance to frost), while the response 
between extremes was not distinguishable in Waldsiev-
ersdorf. At this site, we observed the highest resistance 
for both traits.

According to the ANOVA, vessel diameter varied signifi-
cantly between provenances (p < 0.001) and sites (p < 0.001; 
cf. Table S2) and provenances revealed a high plasticity in 
vessel diameter, even between sites (Fig. S4). To investigate 
the trade-off between resistance to extreme events and ves-
sel size, we plotted the resistance of TRW in the extreme 
drought and frost year, respectively, against the mean ves-
sel diameter per provenance and site (Fig. 5). The relation-
ship between the two parameters was not correlated during 
the drought year at all sites, and the variability in resist-
ance between provenances was low. On the other hand, we 
observed a significant positive relationship between frost 
resistance and vessel diameter in Dunkelsdorf, i.e. prov-
enances with a higher mean vessel diameter showed higher 
resistance to frost. In Waldsieversdorf, no significant rela-
tionship was found.

Fig. 2   Bootstrapped correlations between vessel traits (TRW, MVA, 
MaxVA, VNo, VD, RCTA) and daily maximum temperature. Prov-
enances on the y-axis are colored according to their origin (red = Can-
ada; blue = Germany; black = United States). Sites are ordered along 
the precipitation gradient from wet (WBH) to dry (WSD). Correla-

tions are indicated in green (positive) and violet (negative) and darker 
colors indicate significance (correlation > 0.4). Correlations were cal-
culated using a time window of 40 days and over a 16-month window 
from previous-year June (jun) to current-year September (SEP) for 
the 1999–2021 period
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Discussion

Plasticity of vessel traits

Differences in vessel traits were present among all sites 
(Fig.  1), highlighting the dependence of the respec-
tive environmental conditions on vessel formation (e.g. 

Abrantes et al. 2013). This is supported by the findings of 
the ANOVA (Table S2), indicating significant differences 
between provenances in vessel size-related traits. One 
explanation might be the relationship between vessel size 
and tree height, as taller individuals were associated with 
larger vessel size according to the tapering ratio (Rosell 
et al. 2017; Olson et al. 2018; Fajardo et al. 2020). There-
fore, it cannot be dismissed out of hand that differences 
in the individual height have implications on vessel trait 
variation, although differences in height appear to be small 
(i.e. 1.2 m between Dunkelsdorf and Waldsieversdorf). 
Thereby, it is unexpected that despite the larger TRW in 
Dunkelsdorf (and taller individuals), MVA as indirect 
proxy for hydraulic conductivity was significantly larger 
in the dry environment (Waldsieversdorf) with overall 
smaller individuals (cf. Figure 1). For red oak as ring-
porous species, this may be related to the dependence of 
hydraulic conductivity on VNo rather than on vessel size, 
since a larger TRW results in a higher formation of wide 
and narrow vessels (Buttó et al. 2021). The advantages 
of wide and narrow vessels are a simultaneously high 
hydraulic efficiency and safety to embolism, respectively 
(Kitin and Funada 2016). Therefore, individuals in Dun-
kelsdorf, who are characterized by a large TRW and high 

Fig. 3   Bootstrapped correlations between vessel traits and daily precipitation sum. For detailed description of the figure, please refer to Fig. 2

Table 2   Results of the ANOVA using the resistance to extreme 
events as response

Bold p values indicate significant differences between the tested 
effects

p value Expl. 
variance 
[%]

Vessel trait  < 0.001 64.4
Extreme event  < 0.001 2.2
Provenance 0.872 0.4
Site  < 0.001 2.5
Extreme event × provenance 0.716 0.6
Site × provenance 0.555 1.5
Residual 28.4
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Fig. 4   Boxplots of resistance of vessel traits for one drought and one 
frost year. Sites are ordered along the precipitation gradient from wet 
(WBH) to dry (WSD) and provenances are colored according to their 
origin (CA = Canada, DE = Germany, US = United States). Significant 

site-specific differences between the response to drought and frost are 
determined by the Wilcoxon test (n.s. not significant, * p < 0.05, ** 
p < 0.01, *** p < 0.001)

Fig. 5   Relationship between 
resistance of TRW and vessel 
diameter [µm] in one extreme 
drought (left) and frost year 
(right) per site (rows), respec-
tively. Each point represents 
one provenance (mean of eight 
trees) colored according to their 
origin (CA = Canada, DE = Ger-
many, US = United States)
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VNo, indicate a different adaptive behavior under favora-
ble environments, while MVA seems to increase under dry 
environmental conditions. However, these findings accen-
tuate the high phenotypically plastic response in vessel 
traits to the site-specific climate variability. Together with 
the absence of the provenance × site interactions for all 
studied vessel traits, the assumption of weak signals for 
local adaptation is supported, which is in line with similar 
studies on red oak (Leites et al. 2019; Leites and Ben-
ito Garzón 2023) and European beech (Gárate‐Escamilla 
et al. 2019). In conclusion, the plasticity may be a result 
of the site-specific phenotypic differentiation between 
and within provenances, presumably due to natural selec-
tive processes that have taken place, shaping the adaptive 
capacity of provenances to local climate.

Furthermore, the significant differences in vessel size 
between provenances suggest that these are under some 
degree of genetic control, which, for example, may partly 
explain differences in MaxVA between introduced and North 
American provenances at humid sites (Table S1). Previous 
studies analyzing the genetic differentiation in vessel traits 
of provenances of European oak species revealed no genetic 
differentiation in xylem-related traits, while a stronger 
genetic control of leaf development could be observed (Tor-
res-Ruiz et al. 2019; George et al. 2020). On the other hand, 
the analysis of beech provenances revealed differences in 
vessel traits and the hydraulic system between provenances, 
manifesting in a more efficient water transport during a 
drought event (Eilmann et al. 2014). Although these species 
have distinct vessel characteristics, the results highlight the 
further need of research to better understand the underlying 
genetic mechanisms of vessel traits. The extent to what ves-
sel traits is genetically controlled in red oak cannot be finally 
answered, since comparable studies are not available. How-
ever, variation in vessel traits was observed at both sites with 
higher water availability. At these sites, differences between 
North American and introduced provenances were apparent, 
pointing to a variation in TRW as a more comprehensible 
explanation (Kormann et al. 2024).

Environmental influence on vessel formation

The relationships with climate indicate differences in the cli-
mate sensitivity between traits (Figs. 2 and 3). We observed 
a high climatic signal in VD and RCTA at all sites, indicat-
ing a high climatic sensitivity of these traits (Oladi et al. 
2014). In contrast, the weak response of MVA, MaxVA, and 
VNo suggest that these traits are less susceptible to climate 
variability and not limited by maximum temperature or pre-
cipitation, at least in the studied environments. This could be 
linked to the high climatic tolerance of red oak (Duveneck 
et al. 2014; Nicolescu et al. 2020) or to the optimal environ-
mental growing condition, in fact climate sensitivity may 

vary geographically (i.e. Matías et al. 2017). Accordingly, 
the correlations between daily climate variables and vessel 
traits indicated a different response between traits along the 
environmental gradient. Again, there was a strong differen-
tiation in the sensitivity between the sites on an intra-annual 
level. In general, the results indicate climatic dependencies 
of vessel traits during two physiologically essential phases 
for vessel formation: first, the storage of nutrients and carbo-
hydrates at the end of the previous-year growing season, and 
second, the onset of vessel formation (cell division) in spring 
of the current-year, which was also observed in previous 
studies (e.g. Fonti and García-González 2004). The impor-
tance between climate and the identified periods on vessel 
formation could be proved for red oak growing in the natural 
distribution, indicating water scarcity in the early growing 
season as main limiting factor hampering vessel formation 
(Tardif and Conciatori 2006; Kormann et al. 2024). Follow-
ing, a strong temporal variability in the climate sensitivity 
between sites was apparent, which may be related to dif-
ferences in leaf phenology and the onset of vessel forma-
tion between the sites as well as between provenances, as 
northern red oak provenances (Canada) showed an earlier 
bud break compared to those from the south (Kriebel et al. 
1976; Lindback et al. 2023). The influence of the previous-
year conditions was predominant at both sites with higher 
water availability, while this relationship was absent at the 
continental site, indicating a higher reactivity and depend-
ency of short-term weather conditions on vessel formation.

Besides these relationships, the negative association with 
precipitation in summer (June and July) in Dunkelsdorf and 
Waldsieversdorf indicates a variable response between 
sites and highlights different strategies of provenances to 
cope with environmental variability. In Waechtersbach, this 
observation was reversed, suggesting a positive effect of pre-
cipitation on vessel formation during this period under high 
water availability. These may reflect the storage of nutrients 
and carbohydrates for the vessel formation in the following 
year (Barbaroux and Bréda 2002), as discussed in the pre-
vious paragraph. Studies analyzing red oak in the natural 
distribution and in the introduced range found comparable 
patterns in the climate sensitivity (Tardif and Conciatori 
2006; Matisons et al. 2015).

Different strategies to cope with extreme events

The examination of wood anatomical characteristics at spe-
cies, and even closer at provenance level, provides essential 
insights to evaluate their adaptability to retrospective climate 
extremes (Chave et al. 2009; Olson et al. 2018). The results 
revealed site-specific differences in the resistance of vessel 
traits to a drought and late frost event (Fig. 4), revealing no 
provenance differentiation (Table 2). However, the response 
of provenances to drought or frost differed significantly 
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between sites and we observed an overall higher resistance 
of vessel traits in the drought year. Generally, the high resist-
ance indices of vessel traits are difficult for interpretation 
compared to TRW, since the formation of vessels is mainly 
affected by years prior to the respective extreme event. Yet, 
the high resistance in the drought and frost year indicate an 
adjustment in vessel formation (e.g. higher VD and RCTA) 
to cope with the extreme conditions (e.g. Fonti et al. 2013). 
The site-specific differences in the response of vessel traits 
to extreme events may be related to the prevailing environ-
mental conditions and further factors affecting the respective 
extreme event (duration, timing, severity) and consequently 
the susceptibility of the respective trait.

The vulnerability during extreme events is considered 
to increase proportional with vessel diameter (Baas et al. 
2004), and thus, wider vessels tend to be more susceptible 
to drought- or frost-induced cavitation (Hacke and Sperry 
2001; Wheeler et al. 2005; Sperry et al. 2008). The resist-
ance to cavitation is described as an essential adaptive trait 
to assess the climate suitability of trees (Fonti et al. 2013; 
Hacke et al. 2017). To investigate whether provenances with 
wider vessels may have lower drought or frost hardiness, we 
chose hydraulic vessel diameter as a proxy. This trait consid-
ers the importance of hydraulic water transport, the vulner-
ability to drought- or frost-induced embolism, and pathogen 
spreading (Gleason et al. 2015; Hacke et al. 2017).

The findings indicate the absence of a safety-efficiency 
trade-off between vessel diameter and resistance to drought 
(Fig. 5). Here, provenances showed no clear differentiation 
in drought resistance, whereas variable patterns in ves-
sel diameter were observed. Again, the variation in vessel 
diameter may be attributed to slight differences in tree size 
(Anfodillo et al. 2006; Olson et al. 2018) and underlines the 
phenotypically plastic response of provenances to prevailing 
environmental conditions (Schreiber et al. 2015). In contrast, 
we observed a significant relationship between frost resist-
ance and vessel diameter in Dunkelsdorf. Here, introduced 
provenances show higher frost hardiness and higher vessel 
diameter, underlining the importance of a high VNo (wide 
and narrow vessels) associated with a larger TRW, enabling 
an efficient water transport (Buttó et al. 2021). For the other 
sites, no significant relationship could be detected (Fig. 5). 
The overall lowest frost resistance of provenances growing 
in the dry environment may be related to the higher MVA 
(Fig. 1), to ensure an efficient hydraulic conductivity. On the 
other hand, the higher MVA increases the susceptibility to 
frost embolism, resulting in an impaired water uptake and 
consequently in higher growth declines (Gleason et al. 2015; 
Hacke et al. 2017; Olson et al. 2018). While site-specific 
differences were obvious, no unequivocal differentiation in 
cavitation resistance was detected on a provenance level, 
which is comparable to findings for maritime pine (Lamy 
et al. 2011).

The consideration of vessel diameter for the investiga-
tion of the trade-off hypothesis is controversially discussed. 
While some studies recommend this trait as an informative 
vessel trait (Gleason et al. 2015; Hacke et al. 2017), other 
studies plead for a more comprehensive view, because using 
vessel diameter only as a comparative trait can be mislead-
ing. On one hand, the formation of the vessel diameter is 
subject to a variety of unknowns (e.g. xylem chemistry, cell 
wall thickness, local temperature or pressure differences), 
and on the other hand, the relationship of the trade-off at the 
whole-plant level shows strong variation (e.g. in the xylem 
between roots and stems or branches) (Lens et al. 2022). 
Therefore, considering adaptations in pit membranes and 
other mechanical wood properties provides deeper insight 
into resistance to air embolism (Lens et al. 2011, 2013), 
which further complicates the understanding at whole-plant 
level (Lens et al. 2022). The results presented in this study 
may serve as an indicator of how provenances respond to 
environmental conditions in the introduced range. How-
ever, there is need for further research including differences 
in drought- or frost-induced cavitation at the whole tree 
level, since differences in vessel diameters between trunk, 
branches and roots may occur (Lens et al. 2022).

Conclusions

Although red oak was introduced in Europe over 300 years 
ago, the knowledge of how this species responds at wood 
anatomical level to climate variability and extreme events in 
the introduced range is scarce. In times of increasing tem-
peratures and altered precipitation regimes, this knowledge 
can be used to provide the best suited reproductive material 
for adaptive forest management. The evaluation of different 
vessel traits as ecological indicators to study adaptability 
(Campelo et al. 2010), and their association with climate 
parameters at provenance level is an unprecedented compari-
son for this species, highlighting a high plasticity of these 
traits to local environmental conditions. The different trait 
formation under favorable and dry environments indicates an 
adaptive behavior to the respective climate (VNo vs. MVA). 
However, the implications of the different strategies were 
manifested in the response to an extreme late frost event, 
being detrimental for individuals with higher MVA accord-
ing to the safety-efficiency trade-off (Gleason et al. 2015). 
In contrast to the site-specific variability, provenance dif-
ferentiation was only detected for vessel size-related traits 
and under humid conditions. Here, (introduced) provenances 
with high vessel size show higher frost hardiness, provid-
ing opportunities for forest management. The observed high 
plasticity and associated weak signals of local adaptation 
reflect the behavior of this species in its natural distribu-
tion (Leites et al. 2019; Leites and Benito Garzón 2023), 
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allowing this species to thrive under different environmental 
conditions in the introduced range.
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