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Abstract
Key message  Extremely high fine root mortalities were observed under drought in 2018, increasing fine root mortality 
in young trees could be explained by differences in root distribution compared to old trees.
Abstract  Juvenile trees in floodplains are prone to high mortality leading to a low success in reforestation in these habitats. 
One of the reasons contributing to high mortality of juvenile trees could be limited water and nutrient uptake due to a high 
level of fine root mortality, especially during summer droughts on higher terraces of floodplains. Strategies of different tree 
species in hardwood floodplain forests (HFFs) on keeping fine roots alive are still poorly understood. During the record-
breaking summer drought of 2018, we examined the relationship between tree age and fine root dynamics of Quercus robur 
and Ulmus laevis along the Elbe River in Germany. Root area index (RAI), live root density (LRD) and relative root mortal-
ity (RRM) of young and old Q. robur and U. laevis were analysed by taking soil cores three times during the progression of 
a summer drought. Old oaks had a lower RAI in the upper soil than young oaks, while RAI of elms did not differ between 
young and old trees. RRM was very high during summer reaching more than 100% on average. RRM of young trees of both 
species increased with increasing drought during summer, while RRM of old trees did not change. We argue that differences 
in the response of RAI between oaks and elms reflect the sink competition between growing deep roots and shallow roots, 
which is pronounced in oaks due to their characteristic tap root system. Differences in root distribution patterns and the 
ability to perform hydraulic redistribution may explain the differences in RRM between trees of different species and ages.

Keywords  Quercus robur L. · Ulmus laevis Pall. · Fine root mortality · Elbe River · Hardwood floodplain forests

Introduction

Fine roots are of major importance for forest ecosystems 
(Jackson et al. 1997; Matamala et al. 2003) and they play 
a significant role for carbon and nitrogen cycling in forests 
(Edwards and Harris 1977; Hendricks et al. 1993; Jackson 
et al. 1997; McCormack et al. 2015). Fine roots are also 
the trees’ most important structure for absorbing water and 

nutrients. Therefore, their vitality is crucial for the overall 
functioning of single trees and of whole ecosystems. How-
ever, belowground processes in forests are still poorly under-
stood. This is especially true for hardwood floodplain for-
ests (HFFs), which are biodiversity hotspots in Europe and 
elsewhere (Tockner and Stanford 2002). Knowledge on fine 
roots and on factors affecting their dynamics may though be 
crucial for the future adjustment of forest management of 
HFFs in times of global warming.

HFFs develop on upper terraces in river valleys. As a con-
sequence, they are only flooded irregularly during (extreme) 
high water events. In Central Europe, HFFs consist mainly of 
oaks (Quercus spp.), ashes (Fraxinus spp.) and elms (Ulmus 
spp.). HFFs are one of the most productive ecosystems, and 
they provide a number of ecosystem services, including 
fertile soils, habitat for animals and plants, water retention 
(Tockner and Stanford 2002) and organic carbon sequestra-
tion (Cierjacks et al. 2010; Shupe et al. 2021). However, due 
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to agricultural and watercourse regulation, HFFs in Europe 
have been facing a high level of anthropogenic pressure dur-
ing the last centuries (Klimo and Hager 2001; Stojanović 
et al. 2015; Schindler et al. 2016; Machar et al. 2020). Most 
floodplains in Germany have been converted to agricultural 
fields or grasslands, others faced a serious alteration of their 
hydrological regime due to diking. Today, the area of natural 
HFFs is estimated to be 125 km2, which is less than 1% of 
the overall area of floodplains in Germany (Auenzustands-
bericht, BfN 2021).

Trees in HFFs are often prone to seasonally contrasting 
stressors of flooding occurring mainly in winter and spring 
and drought developing during summer (Gallardo 2003). 
Drought promotes cell dehydration and water potential 
reduction, which ultimately result in cell death. Experimen-
tal data on the effect of drought on the vitality of fine roots of 
different trees vary dramatically. For example, under drought 
stress, fine root vitality of Norway spruce and Japanese cedar 
was reported to decrease (Konôpka et al. 2007; Gaul et al. 
2008), while drought had no clear effect on fine root vitality 
of Douglas-fir and common oak (Marshall 1986; Van Hees 
1997). Drought-induced root mortality varies among differ-
ent tree species (Pregitzer et al. 1997; Yuan and Chen 2010), 
tree ages (Kern et al. 2004; Yuan and Chen 2012) and dur-
ing the growing season (Hendrick and Pregitzer 1996; Gaul 
et al. 2008). One of the factors explaining the difference 
between drought-induced root mortality could be hydrau-
lic redistribution (HR). HR is water movement from wet to 
dry soil compartments via tree conduits that can improve 
root survival, especially in drought prone top soils (Neu-
mann and Cardon 2012). HR differs significantly between 
tree species (Hafner et al. 2017) and can occur even under 
moderate drought. Differences in the extent of HR between 
tree species can be explained by variation in their sapwood 
area (Meinzer et al. 2004), transpiration rates (Domec et al. 
2012), root conduit size and root hydraulic conductivity 
(Hafner et al. 2019). Species with greater share of sapwood 
area, higher transpiration rates, smaller root conduits and, 
hence, lower root hydraulic conductivity should be less 
capable to perform HR effectively. In addition, the shape 
of the root system (e.g., tap roots) and the distribution pat-
tern of fine roots is of great importance for the capacity to 
perform HR. HR was studied in many ecosystems; however, 
knowledge on HR in HFFs is still scarce.

Episodes of low summer precipitation are hypothesized 
to be threatening for fine roots in temperate climates. In 
European beech stands, a decrease of 42% in annual pre-
cipitation led to a decline in fine root biomass by about 
one third (Meier and Leuschner 2008). In HFFs, however, 
shallow ground water levels can increase the water avail-
ability for older trees also during episodes of low precipita-
tion. As trees of different species differ in root systems and 
root distribution patterns, it could be expected that old trees 

of species with tap roots and the potential to perform HR 
may be able to reduce drought-induced mortality of their 
fine roots in dry top soils of HFFs during summer. To bet-
ter understand what factors influence fine root mortality in 
HFFs, we investigated fine root dynamics of young and old 
U. laevis and Q. robur trees. Roots of mature Q. robur are 
known to reach up to 300 cm depth, while roots of mature 
U. laevis do not grow deeper than 180 cm (Kutschera and 
Lichtenegger 2002). This means that mature oaks may be 
able to reach groundwater during times of drought (Thomsen 
et al. 2020) and that oaks may maintain high fine root vitality 
in dry top soils during summer by transporting water from 
deeper and wetter soil layers to the fine roots subjected to 
drought in the upper 20 cm of the soil. Furthermore, oaks 
may invest more resources in the exploration of deep soil 
layers than elms and consequently have lower fine root bio-
mass in the upper soil. These expectations are tested in this 
study.

Our study was conducted on floodplains of the Elbe river 
in Germany during the record-breaking drought of sum-
mer 2018 (Deutscher Wetterdienst 2021). This allowed us 
to observe fine root dynamics under severe and increasing 
drought during summer. We measured Root Area Index 
(RAI), Live Root Density (LRD) and Relative Root Mortal-
ity (RRM) as proxies for root surface area, live root biomass 
and root turnover, respectively. Our aim was to understand 
(i) whether RAI, LRD and RRM differ between U. laevis 
and Q. robur, (ii) how RAI, LRD and RRM are affected by 
tree age and (iii) how RAI, LRD and RRM are changing 
during the progressive onset of summer drought. We tested 
the hypotheses that due to differences in root allocation pat-
tern, (H1) elms have higher RAI and LRD than oaks in the 
top soil, but lower RAI and LRD than oaks in the deeper 
soil. We further hypothesize that (H2) old trees have higher 
RAI and LRD and lower RRM than young trees. Finally, 
we hypothesize that (H3) due to different species-specific 
structural preconditions (in terms of different rooting depths) 
to perform HR, RAI and LRD will decrease and RRM will 
increase with increasing drought during summer in elms but 
not in oaks.

Materials and methods

Study area

The study was conducted in HFFs at the Middle Elbe River 
(Northern Germany). The Elbe is one of the major rivers of 
Europe, with a length of 1112 km, and a mean annual dis-
charge of 681 m3/s in Wittenberge (DGJ 2014). The region 
has subcontinental climate. Mean annual precipitation is 
606 mm (1988–2017) and varied in these 30 years between 
417 and 872 mm. In 2018, the year of our study, the summer 
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was the second hottest since 1881 and, with an annual pre-
cipitation in the region of 328 mm, the second driest since 
1911. From May to August, the sum of precipitation was 
72 mm (13.8 mm in May, 26.2 mm in June, 12.8 mm in 
July and 19.5 mm in August). This was a deviation of -70% 
from the 30-year mean values (Fig. 1a). As a consequence, 
soil moisture was extremely low and fell below 7% of usa-
ble field capacity (% uFC) during summer months of 2018 
(Fig. 1b) according to results modelled from meteorological 
data measured by a weather station located nearby (Lenzen) 
by the German Weather Service using the agrometeorologi-
cal model AMBAV (Deutscher Wetterdienst 2021, for model 
details see Löpmeier 1994). This was 90–100% lower than 
24-year mean values. Lowest soil moisture during summer 
months were reached in August 2018 with 1.1% uFC at a 
depth of 0–10 cm and even less than 0.1% uFC at a depth 
of 10–20 cm.

Site description

Two old (142–144 years) and two young (19–20 years) 
HFFs with comparable environmental conditions (for 
coordinates and stand characteristics see Supplementary 
Table 1, for overview of experimental design see Supple-
mentary Table 2) were selected for the study along the Elbe 

River. Tree age was estimated based on tree ring measure-
ments of a dominant tree within the plot (Shupe, personal 
communication).

Soil characterization

Soil texture analyses and reference soil group classifica-
tion was conducted according to Heger et al. (2021). The 
dominant reference soil groups (IUSS Working Group WRB, 
2015) were Fluvic Cambisols in the old HFFs. Young for-
ests were dominated by Arenic Fluvic Cambisols and Gleyic 
Cambisols.

Fine root analysis

Within plots of 25 m × 100 m established at each of the four 
HFFs, three oaks and three elms were randomly selected. On 
a radius of 1 m around each of the selected tree stems, soil 
samples were taken with a root corer (diameter: 5 cm, height 
of the soil cylinder: 10 cm, manufacturer: Eijkelkamp) at 
three random points in two depths (0–10 cm and 10–20 cm) 
successively going down from the top. Sampling took place 
three times during summer 2018: 22.–30.05. (”early sum-
mer”), 02.–05.07. (”mid-summer”) and 30.07.–02.08. (“late 
summer”). To reduce the influence of disturbance due to 
the prior sampling, a distance of 40 cm was kept to soil 
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Fig. 1   a Observed values for monthly precipitation [mm] in 
2018 (gray line) compared to 30-year mean values (1988–2017; 
Means ± SD; black line). Data from Lenzen Weather Station (DWD 
2021). b Modelled values for soil moisture [% of usable field capac-
ity] under grass and sandy loam in 2018 (gray solid line for 0–10 cm 

depth, gray dashed line for 10–20  cm depth) compared to 24-year 
mean values (1994–2017; Means ± SD; black solid line for 0–10 cm 
depth, black dashed line for 10–20  cm depth). Data from Lenzen 
Weather Station (DWD 2021). Asterisks denote sampling dates



1108	 Trees (2022) 36:1105–1115

1 3

cores taken at the preceding sampling (Richter et al. 2013). 
Collected soil samples were put into plastic bags (samples 
from different depths were kept separately) and transported 
in a cooled box to the laboratory, where they were stored 
at + 3 °C until further processing.

In the laboratory, fine roots (⌀ < 2 mm) were manually 
separated from the soil using a sieve of 2 mm mesh size 
and washed with tap water. Live and dead roots were dis-
tinguished under a dissecting microscope. White and flex-
ible roots were classified as alive; dark, and easily breakable 
roots were recognized as dead (Hertel and Leuschner 2002). 
To analyse live root surface area, live roots were scanned 
with an Epson scanner (Expression 1680) at a resolution of 
600 dpi. The surface area of the roots was measured using 
the ImageJ area measuring tool (Rasband, W.S., ImageJ, U. 
S. National Institutes of Health, Bethesda, Maryland, USA, 
https://​imagej.​nih.​gov/​ij/, 1997–2018). After scanning, live 
and dead roots were dried for 48 h at 60 °C and weighed 
using a Sartorius Entris 224I-1S balance.

Fine root parameters

To describe dynamics of fine root quantity during summer, 
we determined root area index (RAI) as a measure of fine 
root surface and live root density (LRD) as a measure of 
fine root biomass. To calculate RAI, live root surface area 
of each sample was divided by the area of the corer (19.6 
cm2). LRD was calculated as dry mass of live roots per soil 
volume (mg per 100 ml).

Absolute root mortality (in g dry mass per g of soil) was 
calculated using a decision matrix described in McClaugh-
erty et al. (1982) as a difference either in dead biomass or 
in live biomass between sampling times. Relative root mor-
tality (RRM; in %) was determined as absolute mortality 
divided by the live root biomass at the beginning of a sam-
pling interval.

Data analysis

As soil sand content influences water relations between soil 
and plants and, as a consequence, plant above- and below-
ground performance (Bouma and Bryla 2000), we decided 
to test for a correlation between RAI and LRD and for a 
dependence of fine root parameters on soil sand content by a 
regression analysis. The analysis showed that soil sand con-
tent had a weak, but significant influence on RAI (R2 = 0.18, 
p < 0.001) and LRD (R2 = 0.29, p < 0.001), and not on RRM 
(R2 = 0.002, p > 0.05). To test for differences in RAI and 
LRD between species, tree ages and time of sampling, Lin-
ear Mixed Models (LMMs) were used accounting for tree 
age (young vs old), tree species (elm vs oak) and time of 
sampling (early, mid and late summer 2018) as fixed fac-
tors and soil sand content as a covariate. The same LMM 

was used to estimate the influence of above-named factors 
on RRM, but the soil sand content was not included as a 
covariate here (as RRM was not affected by sand content, 
see above). LMM analyses were followed by a Fisher LSD 
test. Prior to the analyses, the data were tested with Kol-
mogorov–Smirnov-Test for variance homogeneity and were 
log-transformed for normalisation. The data were analysed 
separately for two depths (0–10 cm, 10–20 cm). All analyses 
were carried out using TIBCO Software Inc. (2017). Statis-
tica, Version 13. http://​stati​stica.​io.

Results

During the summer of 2018, RAI ranged from 0.07 to 4.27 
cm2  cm−2, and LRD from 9 to 956 mg dm 100  ml−1 in 
elms and oaks of different ages (see Supplementary Figs. 1 
and 2). RAI and LRD were significantly correlated (oak: 
R2 = 0.908, p < 0.001; elm: R2 = 0.933, p < 0.001). However, 
the pronounced difference in slope of the regression lines for 
different ages of Ulmus laevis (Fig. 2b) shows that old elms 
have greater root surface area per root biomass than young 
trees. In oaks, no difference in the slope of the regression 
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lines was found between young and old trees (Fig. 2a), indi-
cating no pronounced age specific difference in the relation 
between RAI and LRD.

Comparing fine roots of the two species at the depth 
0–10 cm, old elms had higher RAI than old oaks, while 
there was no difference between young trees of the two spe-
cies (significant interaction age × species). Young oaks had 
higher RAI than old oaks at both soil depths, while there 
was no significant difference between young and old elms 
(Table 1; Fig. 3). As can be expected from the correlation 
between RAI and LRD, the LRD roughly confirmed the 
described pattern of RAI (see Supplementary Figs. 4, 5).

Including the factor “time” into the analysis, the LMM 
revealed no significant differences in RAI nor in LRD 

between early, mid and late summer in both soil depths 
for both species. In addition, with one exception no sig-
nificant interaction with the factor “time” was observed: 
Only for RAI, a significant interaction of species and time 
was found at the depth 10–20 cm. Here, RAI significantly 
decreased during summer in oaks, while RAI of elms did 
not change (Table 1; Fig. 4). However, the latter result 
does not oppose the general observation that RAI and 
LRD overall remained nearly constant and showed no 
pronounced decrease with increasing drought in summer 
2018.

This constant fine root quantity throughout the summer 
was obviously not due to root survival, as RRM reached over 
100% on average (Fig. 5 and Supplementary Fig. 3). This 

Table 1   Summary of F values 
and significance levels from 
LMMs for dynamics in fine 
root quantities (RAI, LRD) 
and fine root mortality (RMM) 
at two soil depths (0–10 cm, 
10–20 cm) of hardwood 
floodplain forests at the Middle 
Elbe river (Northern Germany) 
during summer 2018

In LMMs, RAI, LRD and RRM were defined as dependent variables and tree age (young vs old), species 
(oaks, elms), time of sampling (early, mid and late summer) and their interactions as fixed factors
Significant effects are represented in bold

Depth Factor RAI LRD RRM

F p F p F p

0–10 cm Age 3.8 0.055 0.6 0.453 2.4 0.131
Species 15.2  < 0.001 11.8 0.001 0.4 0.524
Time 0.2 0.84 0.7 0.51 3.0 0.091
Age × species 12.3 0.001 10.2 0.002 0.6 0.438
Age × time 0.1 0.881 0.0 0.952 6.5 0.015
Species × time 0.2 0.853 0.3 0.707 0.2 0.634
Age × species × time 0.1 0.913 0.1 0.939 0.1 0.757

10–20 cm Age 9.1 0.004 1.6 0.214 0.1 0.823
Species 0.8 0.362 1.5 0.219 4.9 0.034
Time 1.5 0.224 1.2 0.306 0.0 1.000
Age × species 2.5 0.118 3.2 0.078 0.3 0.576
Age × time 0.6 0.567 0.6 0.574 4.5 0.042
Species × time 3.3 0.042 2.0 0.145 1.5 0.232
Age × species × time 0.2 0.859 0.4 0.683 0.1 0.725
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means that at the actual sampling date more dead roots have 
been found than living roots at the preceding sampling date. 
This indicates that fine root quantity was maintained rather 
by the formation of new roots, which compensated the high 
losses due to extreme soil drought.

In young trees, RRM overall increased during the summer 
in both depths. At the depth 10–20 cm, however, RRM of 
young elms showed a threefold increase (from about 50% to 
more than 150%), while RRM of young oaks in this depth 
did only increase slightly and non-significantly (Fig. 5). 
RRM of old trees did not significantly change during the 
summer, but partly showed high variation among replicate 
trees.

Discussion

Our first hypothesis was partly confirmed: elms had higher 
RAI and LRD than oaks, but this was only pronounced in 
old trees. Our second hypothesis was also partly confirmed: 
old oaks had lower RAI and LRD than young oaks, but 
old elms had higher RAI and LRD than young elms in the 
top soil. Our third hypothesis was not confirmed: RAI and 
LRD were not decreasing during summer with progress-
ing drought. RRM showed a complex pattern that we are 
discussing below.

Trees showed rapid fine root turnover with RRM 
rates of 50–100%

Obviously, the record-breaking drought of summer 2018 
had fatal consequences for fine root vitality, since we found 

high mortality rates of 50 to 100% in HFFs. However, even 
under the extreme stress in 2018, the quantity of fine roots 
remained constant, meaning that nearly all fine roots lost 
through mortality were replaced by newly formed roots upon 
the next sampling. This ecological strategy is known as the 
“fast-strategy” (Reich 2014) and was also shown in Fagus 
sylvatica during a drought in 2003 (Nikolova et al. 2020).

In temperate forest ecosystems, roughly 50% of total net 
primary productivity are allocated below ground (Newman 
et al. 2006), from which a share of about 30% is invested into 
newly formed roots under unstressed conditions (Nadelhof-
fer and Raich 1992). Gross primary production of temperate 
deciduous forests is reported to range between 1000 and 
3000 g carbon (C) m−2 y−1 (Collalti and Prentice 2019). Fine 
root biomass of temperate deciduous forests ranges from 400 
to 1100 g m−2 (Nadelhoffer and Raich 1992; Hertel et al. 
2013) being equivalent to 220 to 600 g C when calculating a 
C content of fine root biomass of 0.55 g g−1 (Terzaghi et al. 
2013). Hence, a complete fine root turnover (100% mortal-
ity and unchanged quantity of living roots) means that trees 
invest around 20% of their annual photosynthetic production 
into fine root biomass. Thus, in our study the C-allocation 
into fine root biomass was likely to be in the order of 40% 
of annually fixed carbon, since over the entire observation 
period (from May to August) the fine-root turnover was very 
high. The share is probably even higher, because at the same 
time, drought causes a decline in leaf assimilation, which 
was reported to be 80% under water stress for Q. petraea 
in France (Epron et al. 1992). Since C-reserves are vital for 
coping with multiple stressors (Adams et al. 2017; Maguire 
and Kobe 2015), its depletion might threaten the prospec-
tive tree vitality in HFFs in a scenario of more consecutive 
droughts coming along with climate change.

Under usual precipitation conditions, fine root mortality 
was shown to be much lower in comparison to values that we 
found under drought. For instance, Eissenstat et al. (2000) 
showed fine root survivorship of at least 80% after 100 days 
after first appearance in sugar maple, and Wells and Eis-
senstat (2001) reported fine root mortality of 50% only after 
more than 200 days after first appearance in apple, while we 
show mortality rates of 50% to 100% after approximately 
40 days under drought.

Fine root parameters vary by tree species

Our results confirm our first hypothesis that elms had higher 
RAI and LRD than oaks in the top soil. However, this was 
only true for old and not for young trees. The contrast in spe-
cies-specific root distribution patterns causing the difference 
in RAI and LRD between oaks and elms seem to become 
distinct only at mature ages. This contrast between old elms 
and oaks might be determined by a trade-off between deep 
and shallow root investment. Since below ground primary 
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productivity of trees is C-limited, trees are not able to pro-
duce high root densities along whole soil profiles, but rather 
allocate their roots in particular soil layers or extend them 
to the deeper soil (e.g., Zhou et al. 2020). The difference in 
rooting strategies may result in site-specific and situational 
differences in the success of water uptake and nutrient cap-
ture. As U. laevis mostly allocate its roots in the upper soil 
(Kutschera and Lichtenegger 2002), low precipitation might 
result in insufficient water uptake of elms leading to xylem 
cavitation and the loss of hydraulic conductivity (Maherali 
et al. 2004), a major mortality risk for trees (Adams et al. 
2017). However, xylem cavitation risk depends not only on 
the degree of water shortage, but also on structural differ-
ences of wood anatomy. One of those factors is xylem vessel 
diameter. This parameter is significantly higher (as we calcu-
lated using transversal sections from the wood anatomy atlas 
(Schweingruber 1990) in Q. robur (mean vessel diameter 
0.21 mm) than in U. laevis (mean vessel diameter 0.17 mm). 
The larger vessels a tree has, the more vulnerable to xylem 
cavitation it is (Tyree and Zimmerman 2002). From this 
point of view, oaks having larger vessels than elms should 
have higher cavitation levels. On the other hand, Cuneo et al. 
(2016) showed that structural damage of fine root cortical 
cells provoked by drought disrupts the hydraulic continuum 
from soil to plant and leads to the unrecoverable xylem con-
ductivity loss. From this point of view, elms having higher 
fine root mortality than oaks should have higher cavitation 
levels. To our knowledge, xylem conductivity loss of U. lae-
vis has not yet been studied in situ and, hence, a direct com-
parison with Q. robur regarding vulnerability to cavitation is 
not possible. However, a strong drought adaptation ability of 
Q. robur was reported by Mikac et al. (2018), while Venturas 
et al. (2013) in their studies on elm seedlings, characterize 
U. laevis to be highly vulnerable to cavitation. This might 
indicate what still needs to be evidenced by further studies: 
root distribution patterns are pivotal for fine root mortality, 
consequently, for cavitation risk and, thus, for survival of 
trees under progressive drought incidences.

Tree age influences fine root parameters

Our second hypothesis that old trees have a higher RAI 
and LRD than young trees was only partly confirmed: In 
contrast to our expectation, old oaks generally had lower 
RAI and LRD than young oaks and old elms only had 
higher RAI and LRD in the topsoil (Fig. 3). We assume 
that the sink strength of growing tap roots of old oaks 
lead to a limited allocation of assimilates to roots in the 
top soil, which explains the lower RAI and LRD of old 
compared to young oak trees. Elms allocating the major 
part of their roots in the top soil must reduce investment of 
resources into the deeper roots. In addition, differences in 
RAI and LRD between old and young trees could also be 

caused by an uneven distribution of fine roots around tree 
stems of trees of different ages. The quantity of tree roots 
may not be distributed homogenously in the soil and does 
not always show a linear decline with increasing distance 
to a tree stem (Leuschner et al. 2001; Mulia and Dupraz 
2006). However, we suggest that a mistake due to uneven-
ness of root distribution is not undermining our results, as 
our aim was not to quantify fine root turnover as precise 
as possible, but to measure the relative mortality of fine 
roots. If the mistake is indeed present, it should be equal 
for all samples taken.

In our study, RRM of old trees decreased while that of 
young trees increased during summer 2018 with increasing 
drought. In consequence, RRM was lower in old than in 
young trees in late summer (at a depth 10–20 cm). Similar 
results were reported for Prunus avium, where mortality of 
roots of old trees was also higher than that of young trees 
in autumn, but not in spring (Baddeley and Watson 2005).

The interactive effect of tree age and time of sampling on 
RRM was significant at both sampled soil depths. However, 
the prediction that RRM of old trees should generally be 
lower than that of young trees was not confirmed. We did not 
find significant main effects of tree age on RRM (Table 1). In 
contrast to our expectations, old trees generally had higher 
RRM than young trees. This is in agreement with results on 
fine root biomass in differently aged boreal forests in Finland 
and Canada with an increase of fine root necromass and fine 
root mortality with stand age (Makkonen and Helmisaari 
2001; Yuan and Chen 2012). This phenomenon might be 
explained by the optimal allocation model of Trugman et al. 
(2018), showing that following severe drought the costs of 
restoration of xylem function are proportionally higher for 
large than for small trees. Thus, increased tree size oppose 
the recovery to a positive C-balance after drought, leading 
to a shortage of nonstructural carbon that may translate into 
higher mortality of fine roots.

We speculate that the difference in RRM dynamics of 
old and young trees can at least partly be caused by differ-
ent rooting depths among trees of different ages and, there-
fore, by different ability to transport water from deep roots 
(reaching soil layers kept wet by capillary rise from the close 
groundwater) to shallow roots. Old trees of Pseudotsuga 
menziesii and Pinus ponderosa in Oregon, USA, showed 
higher capability to perform HR and were found to lose 
much less root hydraulic conductivity during drought than 
young trees (Domec et al. 2004). We suggest that old trees 
of oaks and elms in HFFs having deeper roots can redistrib-
ute water among their shallow fine roots keeping them alive 
also with increasing drought, while young trees do not have 
access to deeper and presumably wetter soil strata. However, 
to the best of our knowledge, there are no studies that have 
focused on HR in temperate HFFs. Meanwhile, our study 
suggests that hydraulically driven water transport from deep 
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roots to shallow roots might play a role in fine root vitality in 
HFFs in the summer. Therefore, we advocate further studies 
on these processes in HFFs.

RRM significantly changes during the summer, 
but RAI and LRD do not

RAI and LRD were not decreasing during summer with 
increasing drought, as we expected with our third hypoth-
esis. In a study of Büttner and Leuschner (1994), fine root 
biomass and surface area of Q. petraea did neither decrease 
during summer; however, here, fine root biomass peaked in 
August. A peak in fine root elongation in July and August 
was also found in forests dominated by Acer saccharum, 
Fagus grandifolia, Betula alleghaniensis, and Acer rubrum 
(Burke and Raynal 1994). According to our results, RAI 
and LRD did not significantly change during summer, show-
ing neither a clear trend to increase nor to decrease. The 
high RRM rates suggest that constant RAI and LRD val-
ues during summer are due to high production rates of new 
root structures. Indeed, Ponti et al. (2004) showed a steady 
increase in fine root production during summer in Q. robur 
in Italy’s lowland that probably allows trees to sustain the 
necessary amount of fine roots.

In our study, the amount of fine roots of oaks and elms did 
not change during summer in spite of an increase in drought 
conditions. Root biomass of Q. ilex did neither change sig-
nificantly during summer with a strong increase of drought 
in the South of Italy, and the mean annual fine root necro-
mass was higher than live biomass, probably, because trees 
invested many resources into the production of fine roots 
(Montagnoli et al. 2019). In our study, extreme high values 
of RRM also suggest that trees keep their amount of roots 
unchanged not by keeping alive the same roots during the 
whole summer, but due to an enormous root turnover. Over-
all, this means that oaks and elms were able to survive under 
severe drought conditions, because their C-balance allowed 
for the replacement of 50–100% of their fine roots lost due 
to drought.

We found that fine root dynamics differ between oaks 
and elms and between age classes of trees in the HFFs in a 
way that different vulnerabilities to future drought scenarios 
could be expected and should be accounted for by appropri-
ate ecosystem management.

Conclusions

Our results showed that Q. robur and U. laevis keep the 
fine root biomass constant during summer drought. As old 
trees have deeper roots and consequently meet the structural 
requirements to perform HR, this could be a plausible expla-
nation that fine root mortality was lower than those of young 

trees. Elms allocate the major part of their fine roots in the 
top soil, and thus they are more vulnerable to mortality, 
and hence, as plausible consequence, to cavitation. Under 
severe drought, trees invest a lot into the production of new 
fine roots. As a big part of resources is used up for this, the 
long-term survival chances of trees in HFFs can be reduced, 
especially, under stronger and more frequent droughts in 
the future. We assume that the equilibrium between old and 
young trees should be considered in management plans for 
HFFs to allow tree-mediated hydraulic integration processes 
to contribute to root vitality of trees in HFFs.
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