
Frontiers in Forests and Global Change 01 frontiersin.org

Drought-related root 
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Quercus rubra L. is a moderately shade-tolerant tree species native to eastern 
North America, readily regenerating since its introduction in the Central and 
Southern European forests to displace the native pedunculate oak (Quercus 
robur). Under a scenario of increasing drought, understanding the seedling 
responses of these two species to water limitation is critical for forest conservation 
and management. To this aim, morphological, physiological and non-structural 
carbohydrates analyzes were performed on very-fine and fine roots of Q. robur 
and Q. rubra seedlings grown under controlled conditions and exposed to two 
levels of drought before allowing them to recover. Results show significant 
differences between species for all the investigated traits. The alien Q. rubra 
showed lower shoot and root biomasses than the native Q. robur, particularly 
for the thicker fine root 1–2  mm diameter class. However, both species equally 
invested more biomass in the shoot than the root system (R:S ratio <1). A 
significant response to drought was observed for the 0.5–1  mm fine root class, 
with moderate and severe droughted seedlings showing slightly higher biomass 
than control, particularly in Q. rubra. The overall growth reduction of Q. rubra 
suggests that the costs associated with the construction and maintenance 
outweigh the inputs from aboveground, as supported by the lower values of 
photochemical efficiency (Fv/Fm), quantum yield (ΦPSII) of PSII and stomatal 
conductance. In particular, the reduced stomatal conductance assured high 
midday leaf water potential (i.e., tissue hydration levels) at the expense of 
growth. The low starch concentration in Q. rubra’s very-fine roots correlated 
positively with the low photochemical efficiency under drought conditions, 
probably due to the reduction of photosynthate inputs from aboveground. 
In contrast to the anisohydric behavior reported, these outcomes highlight a 
rather isohydric behavior for Q. rubra, at least at the seedling stage and in the 
adopted experimental conditions, making this species highly competitive under 
the drier condition in the canopy openings during the summer period.
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1 Introduction

Quercus rubra L. (red oak) is an economically important tree 
species native to eastern North America, well-known for its moderate 
shade-tolerance behavior (Sander, 1990). In addition, red oak is the 
dominant canopy species in many northern hardwood forests, being 
relevant in terms of hydrologic budgets and carbon sequestration 
(Cavender-Bares and Bazzaz, 2000).

Although this species is facing difficulties in regenerating in 
several areas within its native range (Crow, 1992; Abrams, 1996), red 
oak has been successfully regenerating since its introduction in 
Central European forests estimated at the turn of the 17th and 18th 
centuries (Vansteenkiste et  al., 2005; Major et  al., 2013), and in 
Italian forests since the early-19th century (Maniero, 2015). 
Concerns are growing over whether its rapid growth in European 
forests means this non-native species is becoming an aggressive 
invader (Chmura and Sierka, 2005; Vor, 2005; Kuehne et al., 2014), 
as different studies reported adverse effects on native biodiversity 
(Reinhardt et  al., 2003; Chmura, 2020; Dimitrova et  al., 2022). 
Related, an average annual growth of 12 m3 ha−1 year−1 was estimated, 
outperforming all native oak species, including the indigenous 
Quercus robur (English oak, pedunculate oak) (Kiedrzyński et al., 
2011) that reaches only about half of this productivity (Nicolescu 
et al., 2020; Kormann et al., 2023).

Several authors highlighted potential recruitment differences of 
red oak when analyzing the native and introduced ranges in favor of 
the latter (Steiner et al., 1993; Major et al., 2013). In the years following 
the establishment of red oak seedlings, soil moisture content appears 
to play a crucial role in their survival and growth (Jacobs et al., 2009), 
but several studies and regional reports suggest that Q. rubra has 
better resistance to drought than the native Q. robur and Quercus 
petraea (sessile oak) (Nicolescu et al., 2020 and references therein). In 
the native range, red oak drought adaptation is associated with the 
rapid production of large seedlings from large seeds, allowing 
seedlings to avoid drought by quickly accessing water in deeper soil 
layers (Walters et al., 2023). Similar behavior has also been reported 
for Q. robur (Zadworny et al., 2021), whose valid seedling response to 
water limitation appears to similarly depend on the root-to-shoot 
allometry, the taproot development, and carbon reserve mobilization 
for plant functioning under water shortage. In contrast, other evidence 
highlights, particularly for red oak seedlings, that large root systems 
do not show enhanced drought avoidance during their first season 
after field transplant (Jacobs et al., 2009; Walters et al., 2023).

At a finer scale, drought is known to stimulate fine roots (diameter 
<2 mm), especially very-fine root (diameter <0.5 mm) growth 
(Montagnoli et al., 2012, 2019) and starch accumulation (Domingo 
et al., 2023) up to a threshold beyond which growth stops, starch 
consumption and even mortality increase (for a review see Brunner 
et al., 2015; Di Iorio et al., 2016; Domingo et al., 2023). Sustained dry 
soil highlights this pattern also for the fine roots of both Q. robur 
(Gieger and Thomas, 2002; Zadworny et  al., 2021) and Q. rubra 
(Jacobs et al., 2009; Zadworny et al., 2018). Stimulation of very fine 
root growth is often accompanied by increased specific root length 
(SRL, m g−1), i.e., the ratio of the length to root mass, which is 
proportional to resource acquisition (benefit) and construction and 
maintenance (cost), respectively (Eissenstat and Yanai, 1997; 
Montagnoli et  al., 2019). A high SRL value indicates an optimal 
benefit/cost ratio under drought conditions (Ostonen et al., 2007).

Water shortage and carbon starvation are the leading causes of fine-
roots and other tree compartments’ mortality (Hartmann et al., 2013). 
Indeed, even very-fine roots are crucial concerning starch dynamics 
since previous studies highlighted that starch and soluble sugars (SS) 
were significantly replenished at the end of the growing season (Nguyen 
et al., 1990; Kosola et al., 2002). However, unlike the well-documented 
physiological and morphological plasticity, existing studies for these 
two species are few and/or of limited scope in terms of temporal 
variation of the starch concentration and growth in response to drought.

Drought resistance and mortality of tree species growing under 
water-shortage conditions have been widely assessed through the iso/
anisohydric classification (Martínez-Vilalta et al., 2014). In particular, 
isohydric species are more prone to carbon starvation, and anisohydric 
ones are more vulnerable to hydraulic failure (Garcia-Forner et al., 
2016). Red oak (Yi et al., 2017), pedunculate oak (Gieger and Thomas, 
2002) and sessile oak (Aranda et al., 2000; Klein, 2014; Martínez-
Sancho et al., 2017) are usually considered anisohydric species, i.e., 
able to maintain high transpiration and stomatal conductance and to 
track environmental fluctuations in water potentials under moderate 
drought conditions (Martínez-Vilalta et  al., 2014). In their native 
range, seedlings of red oak are considered less drought-resistant than 
white (Quercus alba) or black oaks (Quercus velutina) (Sander, 1990). 
In contrast, in the introduced ranges, red oak seedlings appear more 
drought resistant than the native pedunculate and sessile oaks 
(Nicolescu et al., 2020, and references therein). Therefore, red oak 
appears to efficiently regenerate under the drier conditions of the 
exposed soil surface generated by the regular thinning of managed 
European forests. Under a scenario of increasing drought, 
understanding the seedling responses of these two species to water 
limitation becomes critical, as drought represents an abiotic stress that 
in the next future may select the forest tree species composition in 
favor of more drought-resistant alien species. Management activities 
should promote both the native Q. robur for forest biodiversity 
conservation and the alien Q. rubra for its valuable wood properties 
and high economic value (Nicolescu et al., 2020).

Based on this evidence, it was hypothesized that Q. rubra seedlings 
modulate morpho-physiological traits for better coping with severe 
drought stress compared to Q. robur. In particular, for Q. rubra, it was 
expected (i) greater biomass production, (ii) higher specific root 
length (SRL) and starch accumulation, and (iii) higher PSII yield and 
stomatal conductance.

To test this hypothesis, Q. robur and Q. rubra seedlings were 
grown under controlled conditions and exposed to progressive soil 
drying from moderate to severe before being brought to recover. The 
growth and related functional characteristics were evaluated, including 
total biomass, leaf chlorophyll fluorescence, stomatal conductance, 
and water potential for the aboveground portion, fine root length and 
biomass by diameter classes and non-structural carbohydrates (starch 
and soluble sugars) for the very-fine roots only for the 
belowground portion.

2 Materials and methods

2.1 Plant material and growing conditions

Acorns of Q. rubra were collected from a 69 years-old plantation 
located within the Parco Regionale delle Groane (Lentate sul Seveso, 
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Lombardy region, Italy; 45° 41′ 19.748″ N, 9° 8′ 23.308″ E). A similar 
amount of Q. robur acorns were provided by the ‘Centro Nazionale 
per lo studio e la conservazione della Biodiversità Forestale di Peri’ 
(VR, Italy). The season preceding the acorn harvest was not affected 
by extreme climatic events such as severe droughts, heat waves or 
floods. After hydration by immersion for 24 h, 12 acorns were sown at 
an 8 cm distance from each other in a 3.5 L tray (30 × 23 cm height 
10 cm), for a total of five trays and 60 acorns per species, filled with a 
1:1:2 mixture of peat, compost, and sand (pH 6.0–6.8). These trays 
were positioned in a growth chamber under 25/18°C day/night 
temperature, 100 μmol m−2 s−1 PPFD, 16 h photoperiod, and 45/70% 
relative humidity (RH). Thirty days after the germination, 96 
uniformly sized seedlings (48 per species) were transplanted in larger 
pots (24 h × 24 ⌀ cm; volume 9.5 L; one seedling per pot) filled with 
the same medium with the addition of 20 g of slow-release fertilizer 
(NPK 14-7-14). The plants were grown under 25/18°C day/night 
temperature, 350 μmol m−2 s−1 PPFD, 16 h photoperiod, and 45/70% 
relative humidity (RH) throughout the experiment. All plants, 96 in 
total, were watered to 70%–80% field capacity for additional 60 days 
until shoot expansion ceased and then were set up for the experimental 
design (3 months-old seedlings).

2.2 Drought application and experimental 
design

The experiment lasted 44 days, and a sketch of the design is 
illustrated in Figure 1. A cohort equal to half of the seedlings (24 for 
each species) was maintained at field capacity throughout the 
experiment time course (control). Two drought intensities, moderate-
drought stress (MD) and severe-drought stress (SD), were applied 
sequentially to the exact second-half cohort of seedlings (24 for each 

species). To this aim, volumetric soil water content (SWC, % vol) at 
field capacity was determined by the gravimetric method (Louki and 
Al-Omran, 2022). In detail, (i) potting soil was drenched and left to 
drain overnight, (ii) the following morning, a wet 200 mL soil sample 
was weighed and oven-dried at 105°C to a constant weight, and finally, 
(iii) the dried soil sample was weighed to measure the water mass lost. 
SWC was calculated by multiplying the gravimetric water value by the 
bulk density (0.487 g cm−3) and associated with Time Domain 
Reflectometry (TDR; model ML2x, ΔT Devices, Cambridge, UK) 
measurements with 1% error. Successively, SWC was monitored every 
3–4 days only by TDR.

Volumetric soil water content decreased over time in drought-
treated plants (Figure 2). The MD treatment was fixed at ≈35% of the 
SWC measured at field capacity, reached after 20 days of water 
withheld when SWC dropped from 42.93 ± 1.19 and 45.47 ± 0.49% to 
13.36 ± 0.89% and 16.84 ± 0.38% for Q. robur and Q. rubra, respectively 
(Figure 2). The SD treatment, fixed at ≈17% of field capacity, was 
reached after a further 12 days of progressive water withheld (32 days 
in total), when water content dropped to 5.54 ± 0.65% and 9.94 ± 0.92% 
for Q. robur and Q. rubra, respectively (Figure 2). Two events of stress 
interruption (i.e., rewatering) were applied on six seedlings per species 
on days 20 and 32 by restoring the regular watering regime for 12 days. 
Six seedlings per species per treatment were collected at each of the 
four sampling points corresponding to day 0 (≈ 62 days from seed 
sowing), day 20 (MD and control), day 32 (MD-rewatering, SD, and 
control), and day 44 (SD-rewatering and control).

2.3 Morphological measurements

At each sampling point, seedlings were retrieved from the 
growth chamber. The root system was carefully washed by hand 

FIGURE 1

Sketch of schedule and sequential connection between the control, the two drought treatments and the two rewatering treatments. The numbers 
indicate the day of the experiment (top) and the age of the seedling (bottom). Arrows indicate the experimental days of the beginning of the rewatering 
period (mild and severe drought release).

https://doi.org/10.3389/ffgc.2024.1307340
https://www.frontiersin.org


Di Iorio et al. 10.3389/ffgc.2024.1307340

Frontiers in Forests and Global Change 04 frontiersin.org

using a paintbrush after being freed from the soil to minimize the 
loss of fine roots. All lateral roots were separated with scissors from 
the main axis and scanned immersed in water at a resolution of 400 
dpi with a calibrated flatbed scanner coupled to a lighting system for 
image acquisition (Epson Expression 10000 XL). The obtained 
images were analyzed by WinRhizo Pro V. 2007d (Regent 
Instruments Inc. Quebec). A color-coded diameter classes method 
was utilized to accurately measure the length, surface area, and 
volume of fine roots, according to the protocol described in 
Amolikondori et  al. (2021). Specifically, three sub-classes with 
diameters less than 2 mm, d < 0.5 mm, 0.5 < d < 1.0, and 
1.0 < d < 2.0 mm were set up, and any roots greater than 2 mm were 
excluded. Successively, to evaluate biomass allocation, plants were 
divided into shoots, leaves, taproots, and fine roots. Each component 
was oven-dried to constant weight at 70°C and then weighed. Finally, 
specific root length (SRL, m g−1), defined as the fine root length to 
root dry mass ratio, root tissue density (RTD, g cm−3), defined as the 
fine root dry mass to root volume ratio, and specific leaf area (SLA, 
m2 kg−1), defined as the one-sided leaf surface to dry mass ratio, 
were calculated.

2.4 Physiological measurements

The day before each morphology sampling time, leaf 
chlorophyll fluorescence, leaf stomatal conductance, and leaf water 
potentials were measured sequentially on all treated seedlings, 
according to the protocol described in Chiatante et al. (2015) for 
different species of oak seedlings. Chlorophyll fluorescence was 
measured on two fully expanded leaves per seedling per treatment 
with a portable pulse-modulated fluorometer (OS1-FL, Opti-
Sciences, Inc. United  States). Minimal fluorescence (F0) was 
measured on dark-adapted leaves during the dark period. The 
maximal fluorescence yield (Fm) was recorded after exposing the 
same dark-adapted leaves to a saturating pulse of white light 
(800 ms at about 15,000 μmol photons m−2 s−1). The resulting F0 

and Fm values were used to calculate the maximal photochemical 
efficiency of PSII (Fv/Fm), where Fv is variable fluorescence (Fv = Fm 
– F0).

The Quantum yield of photosystem II (ΦPSII) was measured on 
the same leaves during the light period, i.e., 4 h after the lights were 
switched on. Steady-state fluorescence (Fs) was measured on light-
adapted leaves; the maximal fluorescence yield (Fm′) after exposing 
the same light-adapted leaves to a saturating pulse of white light 
(800 ms at about 15,000 μmol photons m−2 s−1). Values of Fs and Fms 
were used to calculate ΦPSII according to the equation 
ΦPSII = (Fms − Fs)/Fms.

Leaf water potential was determined on two different fully 
expanded leaves per seedling per treatment, 1 h before lights were 
switched on (Ψpd) and approximately 4 h later when the temperature 
had reached its daily maximum (Ψmd), using a pressure chamber 
(SKPM 1400, Skye Instruments Ltd., United Kingdom).

Stomatal conductance (gs) was measured on the same two leaves 
used for midday water potentials and at the same temperature using a 
steady-state porometer (PMR 3, PPSystem, MA, United States).

2.5 Non-structural carbohydrates 
measurements

Soluble sugar and starch content of the only very-fine root portion 
(d < 0.5 mm) were determined following the method of Landhäusser 
et  al. (2018). Dried samples were ground in a Wiley Mill to pass 
through a 40-mesh screen. A solution of 80% ethanol was used for 
extracting soluble sugars (SS), and a spectrophotometric method via 
phenol–sulfuric acid assay was applied for their content determination. 
Enzymes α-amylase and amyloglucosidase (Sigma-Aldrich, St. Louis, 
MO) were used for digesting the starch remaining in the pellet after 
extraction. The enzyme digestion-obtained glucose was determined 
spectrophotometrically using glucose oxidase/peroxidase-o-
dianisidine solution and converted to starch equivalent. Sugar and 
starch concentrations were calculated as a percent of the sample dry 

FIGURE 2

Temporal pattern of soil volumetric water content (SWC) over the experimental period for 4  months-old Quercus robur (left column) and Quercus 
rubra (right column) seedlings under two drought intensity levels with the respective rewatering events. Continuous (–) and dashed (– – –) lines 
indicate watered and drought conditions, respectively; filled and white circles indicate control and droughted plants, respectively; filled square and 
triangle indicate the release from drought 12  days from MD and SD stress, respectively. Values are the means of 6 replicates ±1SE. Colored strips 
indicate the duration and intensity of the drought treatments: dark-yellow for moderate-drought, red for severe-drought.
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weight. Non-structural-carbohydrates (NSC) concentrations are the 
sum of starch and soluble sugars.

2.6 Statistical analysis

The experiment was a completely randomized design with 
factorial treatments (2 species × 2 watering regimes × 2 drought 
duration). The main and interaction effects for the investigated traits 
were tested with a three-way ANOVA using the General Linear Model 
(SPSS Inc., Chicago, IL). This analysis considered only the control and 
drought (MD and SD) treatments of the second and third sampling 
points, as the first sampling was the same for both. Recovery of 
rewatered plants was tested against MD and SD treatments only. All 
interactions were initially included in the model, the nonsignificant 
ones being stepwise excluded. Before the analysis, all above-and 
below-ground morpho-physiological and chemical data were tested 
with the Kolmogorov–Smirnov test for normality and the Levene test 
for the homoscedasticity assumption. In particular, the stomatal 
conductance and shoot dry mass met these two requirements after 
being square-root and log transformed, respectively, whereas the 
predawn and midday Leaf water potential (Leaf wp), Fv/Fm, and ΦPSII 
did not. For these latter, the non-parametric two-groups Mann–
Whitney test was carried out on the medians of the main factors. For 
each variable, the independent samples student t-test was performed 
among treatments within each sampling point and among droughted 
and rewatered plants for both MD and SD treatments. All differences 
were considered significant at p < 0.05.

Principal component analysis (PCA) was performed on all 
standardized data to detect the pattern of association between the root 
morphological and chemical (Starch and SS) variables and the shoot 
physiological variables (software SYN-TAX 2000, Podani, Budapest, 
Hungary).

3 Results

3.1 Morphological traits

In general, both shoot and root biomasses of control plants were 
more developed in Q. robur than in Q. rubra throughout the 
experiment (time and species main effect p <  0.001, Table  1 and 
Figures 3A–D). However, the shoot biomass was almost double the 
root biomass for both species (Figures 3A–D). For Q. robur, shoot and 
root biomasses of both MD- and SD-treated plants did not differ from 
control (Figures 3A,C). Differently, for Q. rubra, the shoot and root 
biomasses were similar to and significantly higher than those of the 
control for MD- and SD-treated plants, respectively (p < 0.05; 
Figures 3B,D) (S × D interaction p < 0.05, Table 1). For both species, 
rewatering events (MD-rewatering and SD-rewatering) did not 
significantly change the growth parameters from the previous drought 
condition except for root dry mass in Q. robur, which was significantly 
higher (Figure 3C).

In terms of the R:S ratio, Q. robur control plants increased 
momentarily after 32 days, with a similar ratio to Q. rubra occurring 
12 days later (Figures  3E,F). For both species, droughted plants 
showed greater values than the control, highlighting an increase in the 

root portion (drought effect p = 0.037, Table 1); this ratio decreases 
slightly between the second and third (32 days) sampling points. Both 
species responded to MD interruption by increasing the R:S ratio, 
although not significantly (Figures 3E,F), whereas no differences were 
observed when plants were rewatered after SD stress.

These two Quercus species differed significantly (p < 0.05) for most 
of the traits when fine roots were analyzed as one pool <2 mm in 
diameter, except for the length (p = 0.336; Table 1). If fine roots were 
analyzed at the subclass level, significant differences between the two 
species emerged for the length, with lower and higher values for 
0.5–1 mm and 1–2 mm classes in Q. robur than Q. rubra, respectively 
(Figures  4A,B). All classes slightly increased their values under 
drought conditions.

Fine root (<2 mm) biomass (p = 0.017) and RTD (p = 0.019) were 
significantly higher in Q. robur than in Q. rubra (Table  1 and 
Figures 5A,B), the opposite for SRL (p = 0.014, Table 1 and Figure 5C). 
In particular, SRL showed a significant decrease over time in both 
species (p < 0.001, Table 1 and Figures 6A,B), more marked in Q. robur.

A significant response to drought alone was observed only for the 
fine root (<2 mm) biomass trait (p = 0.003, Table 1), with MD and SD 
slightly higher than control in both species, in particular in Q. rubra 
(Figures  6C,D). For both control and drought-treated plants, the 
biomass significantly increased over time (from MD to SD) only in 
Q. robur (T × S interaction p = 0.021, Table 1 and Figures 6C,D).

For both species, rewatering events (MD-rewatering and 
SD-rewatering) did not significantly change the growth parameters 
from the previous drought condition except for SRL in Q. robur, which 
was significantly lower (Figure 6A).

3.2 Physiological traits

Species significantly differed for all the investigated physiological 
traits except for predawn LWP (Table 1). Q. rubra generally showed 
mean values lower than Q. robur for the stomatal conductance 
(Figure 7A), the maximal photochemical efficiency (Fv/Fm; Figure 7B), 
and the quantum Yield (Φ; Figure 7C) of PSII, the opposite for the 
midday LWP (Figure 7D).

During the experiment, predawn LWP did not differ between 
species (Table  1) and remained higher than midday-LWP 
(Figures  8A–D), although drought significantly decreased both 
potentials in both species (Table 1). A significant drop of LWP to 
−2.74 ± 0.22 MPa at predawn (Figure 8A) and to −3.40 ± 0.18 MPa at 
midday (Figure  8C) occurred only in Q. robur after 32 days of 
progressively soil drying. Leaf water potential was the trait that better 
indicated the response to the rewatering, partially increasing after MD 
and significantly recovering to control values 12 days after SD 
(Figures 8A–D). The stomatal conductance was significantly higher 
for well-watered than drought-treated plants in Q. robur (Figure 8E), 
whereas no differences emerged in Q. rubra (S × D interaction 
p = 0.001, Table 1; Figure 8F).

3.3 Non-structural carbohydrates

Species significantly differed for the starch rather than the SS 
concentrations (Table  1), with the overall mean of starch 
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concentration significantly higher (p < 0.001) in Q. robur than in 
Q. rubra (Figures 9A,D). In both species, drought significantly 
reduced both starch (p = 0.004) and SS (p = 0.031) concentrations 
(Table  1). These differences were of higher magnitude after 
32 days of progressive soil drying (T × D interaction p = 0.02, 
Table 1; Figures 9B,C,E,F).

In both species, 12 days of rewatering after 20 (MD-rewatering) 
and 32 (SD-rewatering) days from water withholding significantly 
increased the starch and the SS concentrations from the previous 
drought condition (Figures  9B,C,E,F), except for the SS in 
MD-rewatering Q. robur plants (Figure 9E).

3.4 Multivariate analysis

The most striking difference among all types of investigated traits 
reflected by the first component of PCA (24.37% of total variance) could 
be attributed to the different responses to SWC changes of the two 
species, being all Q. rubra treatments grouped toward negative loadings 
in the coincidence of SWC score, the opposite for most of Q. robur 
treatments (Figure 10). Q. rubra is associated with high LWP and SRL 
values, particularly for control and SD-interrupted plants. On the other 
hand, Q. robur is associated with growth traits (shoot and root dry mass, 
RTD), photochemical efficiency, and starch concentration.

FIGURE 3

Temporal pattern of shoot (A,B) and root (C,D) dry mass and root-to-shoot ratio (E,F) over the experimental period for 4  months-old Quercus robur 
(left column) and Quercus rubra (right column) seedlings under two drought intensity levels with the respective rewatering events. Continuous (–) and 
dashed (– – –) lines indicate watered and drought conditions, respectively; filled and white circles indicate control and droughted plants, respectively; 
filled square and triangle indicate the recovery from drought 12  days from MD and SD stress, respectively. Values are the means of 6 replicates ±1SE. 
Colored strips indicate the duration and intensity of the drought treatments: dark-yellow for moderate-drought, red for severe-drought. If written, a, b, 
c and x, y, z indicate significant differences between different sampling points within control and drought treatments, respectively (LSD, p  <  0.05); * 
indicate significant differences between control and drought within each sampling point, and ‡ between droughted and rewatered plants for both MD 
and SD treatments (student’s t-test, p  <  0.05).
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The second component explained 18.36% of the total variance. It 
divided most of the well-watered (controls and MD-and 
SD-rewatering) from the drought-treated plants, particularly for 

Q. robur. Moreover, PC2 highlighted the different responses to 
drought between the morphological structure of fine roots and the 
physiology of the shoot, with LWP, stomatal conductance, 

TABLE 1 p-values of ANOVA (general linear model) for the effects of time (at 20 and 32  days only), species and drought intensity on morphological and 
chemical traits for the fine and very-fine roots, respectively, and physiological traits for the leaves of Quercus robur and Quercus rubra.

Time Species Drought T  ×  S T  ×  D S  ×  D T  ×  S  ×  D

df  =  1 df  =  1 df  =  1 df  =  1 df  =  1 df  =  1 df  =  1

Plant dry mass

Shoot DM (g) <0.001 <0.001 0.957 — — 0.045 —

Root DM (g) <0.001 <0.001 0.170 0.008 — — —

R:S ratio 0.503 0.142 0.037 — — — —

Fine-root morphological traits

Length 0.988 0.336 0.250 — — — —

DM 0.129 0.017 0.003 0.021 — — —

RTD 0.242 0.019 0.139 — — — —

SRL <0.001 0.014 0.322 — — — —

Leaf physiological traits

Leaf Wp predawn <0.001 0.477 0.002 N/A N/A N/A N/A

Leaf Wp midday 0.18 <0.001 0.002 N/A N/A N/A N/A

Stomatal conductance <0.001 0.014 0.002 — — 0.001 —

Fv/Fm 0.877 <0.001 0.619 N/A N/A N/A N/A

Yield 0.163 0.019 0.211 N/A N/A N/A N/A

Fine-root chemical traits

Starch <0.001 <0.001 0.004 — 0.02 — —

Soluble sugars 0.024 0.466 0.031 — — — —

Non-significant interaction effects were excluded from the model (—). The non-parametric two-groups Mann–Whitney test was performed for each factor for the predawn and midday Leaf Wp, Fv/Fm and 
yield. Boldface p-values are significant at a probability level of p < 0.05. N/A, not applicable; DM, dry mass; RTD, root tissue density; SRL, specific root length; Wp, water potential.

FIGURE 4

Root length for different diameter classes of Quercus robur (green) and Quercus rubra (dark red) under well-watered (A) and drought treatments (B). 
Values refer to and pool the 20–32  days temporal range; each bar represents the mean of 24 replicates ±1SE. An asterisk (*) indicates a significant 
difference between species within each diameter class (student’s t-test, p  <  0.05).
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FIGURE 6

Temporal pattern of specific root length (A,B) and dry mass (C,D) of very-fine roots over the experimental period for 4  months-old Quercus robur (left 
column) and Quercus rubra (right column) seedlings under two drought intensity levels with the respective rewatering events. Continuous (–) and 
dashed (– – –) lines indicate watered and drought conditions, respectively; filled and white circles indicate control and droughted plants, respectively; 
filled square and triangle indicate the recovery from drought 12  days from MD and SD stress, respectively. Values are the means of 6 replicates ±1SE. 
Colored strips indicate the duration and intensity of the drought treatments: dark-yellow for moderate-drought, red for severe-drought. If written, a, b, 
c and x, y, z indicate significant differences between different sampling points within control and drought treatments, respectively (LSD, p  <  0.05); * 
indicate significant differences between control and drought within each sampling point, and ‡ between droughted and rewatered plants for both MD 
and SD treatments (student’s t-test, p  <  0.05).

FIGURE 5

Fine root (<2  mm) dry mass (A), RTD (B) and SRL (C) for 4  months-old Quercus robur (green) and Quercus rubra (dark red) seedlings. Values refer to the 
20–32  days temporal range and pooled well-watered and drought treatments (n  =  24). An asterisk (*) indicates a significant difference between species 
(three-way ANOVA main factor, p  <  0.05). Vertical boxes represent approximately 50% of the observations (25th to 75th percentiles), and lines extending 
from each box are the upper and lower 25% of the distribution. Within each box, the solid horizontal line indicates the median, while the squared filled 
dot represents the mean.
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photochemical efficiency and starch positively correlated with SWC 
than RTD and SRL, which are positioned on the other side (Figure 10). 
Starch and SS concentrations also decreased with the increasing 
drought intensity (Figure 10).

4 Discussion

Outcomes from this study highlighted that Q. rubra had 
significantly lower biomass than Q. robur independently from the 
treatments rejecting the first (i) hypothesis, although both species 
equally invested much more biomass in the shoot than the root. 
Moreover, although not measured, based on the literature, the seed 
size’s effect on plant growth may be excluded, as there is no significant 
difference in average dry weight between the two species (Devetaković 
et al., 2019; Woziwoda et al., 2023). The alien Q. rubra responds to 
drought differently from the native Q. robur. In particular, the alien 
Q. rubra responded to drought, increasing both shoot and root 
biomasses, while the biomass of the native Q. robur remained 
unchanged when it underwent drought stress. Moreover, the alien 
Q. rubra seemed to respond better to severe drought since this cohort 
of plants had similar biomass values to those of the non-stressed 
ones. On the other hand, the native Q. robur suffered the severe 

drought, as demonstrated by the unchanged values of SD-rewatered 
plants after 12 days of water supply.

Consistent with this study, an R:S ratio lower than one was 
observed in both species at the sapling stage under different canopy 
openings (Kuehne et al., 2014). This behavior is the opposite of the 
Mediterranean oak species Quercus pubescens (Di Iorio et al., 2011), 
Quercus ilex and Quercus suber (Ramírez-Valiente et al., 2018), which 
invest much more in the belowground compartment (R:S ratio >1) at 
the initial growth stages, even under well-watered conditions. Plants 
would allocate more biomass to the roots in their early seedling stages 
and direct it to the shoots soon after. For example, the R:S ratio 
significantly decreases with stem biomass and tree height for forests, 
with the accumulation of standing aboveground biomass for shrubs 
and grasses (Mokany et al., 2006; Hui et al., 2014). Conversely, the R:S 
ratio significantly increases with elevation and latitude, i.e., under 
colder and drier conditions (Qi et al., 2019; Leuschner, 2020). The 
optimal partitioning hypothesis (Bloom et al., 1985; Chapin et al., 
1987) suggests that under more stressful conditions, such as those 
characterized by low-nutrient or dry soils, greater biomass is allocated 
to roots to optimize resource use. Moreover, in both temperate 
(Thomas and Gausling, 2000) and mediterranean (Chiatante et al., 
2006,  Chiatante et al., 2015; Di Iorio et al., 2011) oak species, the 
predominant process in the short-term response to drought has been 

FIGURE 7

Stomatal conductance (A), Fv/Fm (B), yield (C), and midday LWP (D) for 4 months-old Quercus robur (green) and Quercus rubra (dark red) 
seedlings. Values refer to the 20–32 days temporal range and pooled well-watered and drought treatments (n  = 24). An asterisk (*) indicates a 
significant difference between species (three-way ANOVA main factor for stomatal conductance, non-parametric Mann–Whitney test for Fv/
Fm, yield, and midday LWP, p  < 0.05). Vertical boxes represent approximately 50% of the observations, and lines extending from each box are 
the upper and lower 25% of the distribution. Within each box, the solid horizontal line indicates the median, while the squared filled dot 
represents the mean.
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FIGURE 8

Temporal pattern of predawn (A,B) and midday (C,D) LWP and stomatal conductance (E,F) over the experimental period for 4  months-old Quercus 
robur (left column) and Quercus rubra (right column) seedlings under two drought intensity levels with the respective rewatering events. Continuous 
(–) and dashed (– – –) lines indicate watered and drought conditions, respectively; filled and white circles indicate control and droughted plants, 
respectively; filled square and triangle indicate the recovery from drought 12  days from MD and SD stress, respectively. Values are the means of 6 
replicates ±1SE. Colored strips indicate the duration and intensity of the drought treatments: dark-yellow for moderate-drought, red for severe-
drought. If written, a, b, c and x, y, z indicate significant differences between different sampling points within control and drought treatments, 
respectively (LSD, p  <  0.05); * indicate significant differences between control and drought within each sampling point, and ‡ between droughted and 
rewatered plants for both MD and SD treatments (student’s t-test, p  <  0.05). Differences were considered significant at p  <  0.05.

found to involve redistribution of biomass toward the fine roots to 
increase the soil’s exploitable volume. In this study, the short-term 
response of both species to dry conditions mirrors the acclimation 
and adaptation pattern of the oak species, with more biomass 
allocation to the very-fine and fine roots (Figures 6C,D). SRL resulted 
higher in Q. rubra than Q. robur independently from the drought 
treatments, supporting the first part of the second hypothesis. 

However, over time, the increased fine root biomass was not linked to 
a proportional increase in length, resulting in a general decrease of the 
specific root length in both species, that is a reduction in resource 
acquisition (Eissenstat and Yanai, 1997; Ostonen et  al., 2007; 
Montagnoli et al., 2019). In particular, in Q. rubra, the magnitude of 
the SRL reduction was lower than in Q. robur, regardless of the 
drought intensity experienced; this difference might be related to the 
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lower contribution of the heavier 1–2 mm diameter class 
(Figures 4A,B) in Q. rubra than in Q. robur. Similar behavior was 
mirrored at the leaf level, with a higher SLA for Q. rubra 
(Supplementary Figure S1).

Therefore, it is possible to speculate that the lower biomass for 
the 1–2 mm fine root portion might be related to the lower inputs 
from aboveground, which did not balance construction and 
maintenance costs. Indeed, in contrast with the (iii) hypothesis, 
photochemical efficiency (Fv/Fm), the quantum yield (ΦPSII) of 
PSII, and stomatal conductance were consistently lower in 
Q. rubra during the experimental period, probably impacting 
photosynthesis by reducing the maximum activity of PSII and 
limiting the CO2 availability at the chloroplast level (Cornic, 
1994). Moreover, the low root starch concentration, although 
limited only to the very-fine class, found in Q. rubra after 32 days 
of progressive soil drying does not support the second part of the 
(ii) hypothesis and strongly correlates with the low photochemical 
efficiency (Figure  10), probably being due to the reduction of 

photosynthate inputs from aboveground. This hypothesis is 
further supported by the significantly low SS concentration in 
droughted plants of both species, like the beech seedlings under 
similar drought stress conditions (Domingo et al., 2023).

The higher leaf water potential and lower stomatal conductance 
of Q. rubra, even under drier conditions, suggests an isohydric 
behavior for this species, at least in the seedling stage and in the 
adopted experimental conditions. The slightly higher soil water 
content measured in Q. rubra pots at the end of the drying period 
further supports the reduced stomatal conductance observed. Q. rubra 
(Yi et  al., 2017) and Q. petraea (Aranda et  al., 2000; Klein, 2014; 
Martínez-Sancho et  al., 2017) are usually considered anisohydric 
species, i.e., able to keep their stomata open during drought, allowing 
their water potential to decrease while still maintaining C assimilation 
rates (Martínez-Vilalta et al., 2014), but with a higher risk of hydraulic 
failure. However, the isohydric-anisohydric spectrum should not 
be considered a fixed binary category, as both species have certain 
degrees of isohydricity (Martínez-Vilalta et al., 2014; Yi et al., 2017), 

FIGURE 9

Temporal pattern of starch (B,C) and soluble sugars (E,F) concentrations (% dw) over the experimental period for 4  months-old Quercus robur (left 
column) and Quercus rubra (right column) seedlings under two drought intensity levels with the respective rewatering events. Continuous (–) and 
dashed (– – –) lines indicate watered and drought conditions, respectively; filled and white circles indicate control and droughted plants, respectively; 
filled square and triangle indicate the recovery from drought 12  days from MD and SD stress, respectively. Values are the means of 6 replicates ±1SE. 
Colored strips indicate the duration and intensity of the drought treatments: dark-yellow for moderate-drought, red for severe-drought. If written, a, b, 
c and x, y, z indicate significant differences between different sampling points within control and drought treatments, respectively (LSD, p  <  0.05); * 
indicate significant differences between control and drought within each sampling point, and ‡ between droughted and rewatered plants for both MD 
and SD treatments (student’s t-test, p  <  0.05). Differences were considered significant at p  <  0.05. On the far-left side, box-plot distribution for the 
starch (A) and soluble sugars (B) concentrations; values refer to the 20–32  days temporal range and pooled well-watered and drought treatments 
(n  =  24) (three-way ANOVA main factor, p  <  0.05).
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FIGURE 10

Principal component analysis (PCA) ordination of the first and second axes showing the relationships between physiological for the leaves, chemical 
and morphological traits for very-fine and fine roots, respectively, shoot and root biomass (arrows) in relation to drought stress condition in 4  months-
old Quercus robur and Quercus rubra seedlings. SRL, specific fine root length; length, fine root length; RTD, root tissue density; SS, soluble sugars; pd 
LWP, predawn leaf water potential; mid LWP, midday leaf water potential; g, stomatal conductance; yield, quantum yield (Φ); Fv/Fm, maximal 
photochemical efficiency; and the shoot and root, total shoot and root biomass.

and drought response strategies may change with ontogeny 
(Cavender-Bares and Bazzaz, 2000). In fact, red oak seedlings coping 
with drought conditions have been observed to reduce the stomata 
opening with a consecutive lowering in carbon uptake. Differently, at 
the mature tree level, red oak addresses drought conditions by 
reaching deeper soil water layers thanks to a deeper root system 
development, sustaining a higher stomatal conductance (Cavender-
Bares and Bazzaz, 2000). The drawback of the isohydric behavior 
observed here in Q. rubra was the overall reduced growth. However, 
isohydricity may not always be considered a carbon limiting factor, for 
example, for the evergreen Q. ilex, whose growth performance was 
similar to the anisohydric Phyllirea latifolia under extreme drought 
(Garcia-Forner et al., 2016).

Both drought releases from MD and SD conditions showed a 
marked recovery of the photochemical efficiency (Fv/Fm) and the 
quantum yield (ΦPSII) of PSII to pre-drought values, indicating a 
resilient photosynthetic apparatus in these species. Instead, this trend 
was not mirrored by the fine roots, whose growth did not recover to 
control values, except for a slight increase for Q. robur. Several studies 
reported a remarkable resistance of PSII photochemistry to dehydration, 
high-temperature and photoinhibition, whether alone or in combination, 
in the similar sessile oak (Epron et al., 1992) or cedar (Ladjal et al., 2000) 
and the sclerophyll Heteromeles arbutifolia (Valladares and Pearcy, 1997).

The adopted PPFD was relatively lower than that of direct summer 
sunlight as the one experienced in a large forest gap (18% of assumed 
≈ 2000 μmol m−2 s−1); this light condition could further explain the 
reduced growth observed for Q. rubra, supporting its profile as 
intermediate shade tolerant and gap specialist.

In conclusion, outcomes from the present study revealed 
isohydric behavior rather than specific functional traits as the 
character that best explains the competitive performance of Q. rubra 
at the seedling stage. The higher resistance to drought under the low 
light intensity adopted in this study makes this species highly 
competitive under the direr conditions in the canopy openings 
during the summer (Amolikondori et  al., 2021). However, the 
response to the interactive effects of combined stressors may differ 
from that elicited when the stresses are imposed singly (Mittler, 2006; 
Suseela et al., 2015), so further experiments combining different light 
and drought intensities are necessary to elucidate better the growth 
performance of this alien species in the European habitat.
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