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Abstract – The water absorption by terminal branch roots of mature oak, beech and spruce trees was measured in situ with miniature sap flow
gauges for 11 consecutive days and related to the suberin and lignin content of the fine root periderm. All fine roots contained a well-developed
periderm, whereas no primary white roots were present. Mean root water uptake decreased in the sequence beech - spruce - oak. Oak roots
contained twice as much suberin and a thicker periderm than beech, and had smaller mean water uptake rates (201 vs. 508 g m–2 root surface d–1).
However, spruce with 2 to 7 times smaller suberin contents had lower uptake rates (346 g m2 d–1) than beech with more suberin. We conclude
that the relationship between periderm chemistry and water absorption is only weak in the three species. Other factors such as hydraulic
resistances in the soil-root interface, or the size of water potential gradients may be more influential in regulating root water uptake.
lignin / miniature sap flow gauge / root hydraulic conductivity / root surface area / suberin
Résumé – Relation entre la composition chimique du périderme et le taux d’absorption d’eau, in situ, des petites racines de chêne, hêtre
et épicéa. On a mesuré, in situ, avec des sondes miniaturisées de flux de sève, pendant 11 jours consécutifs, l’absorption d’eau par les extrêmités
des racines de sujets adultes de chêne, hêtre et épicéa. Celle-ci a été ensuite mise en relation avec le contenu en subérine du périderme des petites
racines. Toutes ces petites racines présentaient un périderme bien développé, sans racines primaires blanches. Les différentes espèces se classent
pour le prélèvement d’eau moyen dans l’ordre décroissant suivant : hêtre, épicéa, chêne. Les racines de chêne contenaient deux fois plus de
subérine et comportaient un périderme plus épais que le hêtre. Leur prélèvement d’eau était en moyenne plus faible (201 contre 508 g m–2 de
surface racinaire et par jour). Cependant, l’épicéa, avec un contenu de subérine 2 à 7 fois inférieur, présentait un taux de prélèvement plus faible
(346 g m2 et par jour) que le hêtre qui a pourtant plus de subérine. Nous en concluons que la relation entre la composition chimique du périderme
et l’absorption d’eau n’est que faible pour les trois espèces. D’autres facteurs, tels que la résistance hydraulique à l’interface sol/racines, ou
l’importance des gradients de potentiels hydriques, pourraient jouer un rôle plus important pour la régulation du prélèvement d’eau.
lignine / sonde miniaturisée de flux de sève / conductivité hydraulique des racines / surface racinaire / subérine

1. INTRODUCTION
Water flow along the soil-plant-atmosphere continuum
(SPAC) crosses two major plant-environment interfaces, the
root surface where plant water uptake occurs, and the leaf mesophyll surface where transpiration takes place. Despite its
importance in the SPAC, relatively little is known about the
factors and processes that govern root water uptake. Major
advances in our understanding of water uptake by plant roots
have been made by introducing pressure probe techniques
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which allow the measurement of root radial hydraulic conductivity (Lpr) in excised roots (root pressure probe), or cell
hydraulic conductivity (Lp) in selected root cells (cell pressure
probe) under defined conditions in the laboratory [40, 41]. By
applying these techniques to root systems of various herbaceous and woody plant species, it has been shown that the
radial hydraulic conductivity of a root may vary considerably
in response to external (e.g. soil moisture, temperature or
anoxia) or internal factors (e.g. plant water and nutrient status),
but may also change with root development and age [7, 30, 41,
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42]. Moreover, comparison among different plant species
revealed large differences in Lpr that partly seem to be species-specific. According to root pressure probe data, the Lpr of
roots of woody species was smaller by an order of magnitude
than that of herbaceous species [41]. Laboratory studies with
young excised root systems indicate that different tree species
may differ significantly in root Lpr as well: Norway spruce
(Picea abies Karst.), sessile oak (Quercus petraea (Matt.)
Liebl.) and European beech (Fagus sylvatica L.) differed at
least fourfold in Lpr with spruce having the highest and beech
the lowest conductivity [34, 43, 44].
A negative relationship between root Lpr and the amount of
suberin in the apoplastic barriers of a root has been found in
several investigations with herbaceous roots [11, 38, 52]. Similarly, the large difference in Lpr between herbaceous and
woody roots was attributed to a higher degree of suberisation
in woody roots [41]. We would expect that the observed differences in Lpr among spruce, oak and beech roots are a consequence of differences in peridermal suberin content in these
species. In the root systems of adult trees of these species,
white growing roots represent only a low percentage of the
total root surface area. The vast majority of fine roots refers to
mature suberised roots with the periderm representing the
main apoplastic barrier [27]. This situation contrasts with that
in most herbaceous roots where endodermis and exodermis
play this role.
Pressure probe studies with excised root systems or
selected root cells can yield valuable insight into the hydraulic
and osmotic properties of root systems but these techniques do
not provide sufficient information for predicting in situ water
absorption rates of roots in the soil. This is because root
hydraulic conductivity is only one factor among others (e.g.
hydraulic conductivity of the root-soil interface, conductivity
of mycorrhizal hyphae, soil-to-root water potential gradient)
which control water flow from the soil into the root. For technical reasons, it has been difficult to quantify water uptake
rates of roots in undisturbed soil and, thus, to extrapolate data
on root hydraulic conductivity to in situ root water uptake
rates. Therefore, the question as to whether differences in root
anatomy, chemistry and hydraulics will lead to substantial differences in water uptake rates in a shared soil volume, or
whether uptake rates among co-existing plant species are more
or less similar, still remains open. There is the possibility that
species-specific differences in root hydraulics are simply lost
at the level of root water uptake under field conditions if other
influential factors are equally or even more important than
Lpr. Experimental data on root water absorption, which are
needed to solve this problem, are virtually non-existent.
The recently developed miniature sap flow technique provides a welcome opportunity to study tree root water uptake in
the soil under in situ conditions [9]. For the first time, a
method allows to measure water absorption of tree terminal
branch roots in the field without disturbing soil structure, soil
moisture and mycorrhizal infection of root tips. In this study,
the miniature sap flow technique in combination with root surface area determination was used to compare water absorption
per root surface area in three co-existing temperate tree species in a mixed stand. In Central Europe, sessile oak, European
beech and Norway spruce have been found to differ in the sensitivity of their leaf water status and growth to soil drought

with oak being the least sensitive and spruce the most sensitive
species [2, 12, 23, 48]. Consequently, spruce is restricted to
sites with moderate to high rainfall (> 650 mm) but is absent
from regions with low precipitation and/or sandy soils where,
in many cases, oak dominates over both spruce and beech [12].
We compare the water absorption rates of terminal branch
roots (diameter: 3–4 mm) of co-existing oak, beech and spruce
trees measured in situ and relate them to the contents of
suberin and lignin in the root periderm. This approach contrasts
with earlier laboratory studies on the relationship of radial
hydraulic conductivity and the chemical composition of apoplastic transport barriers in plant roots in two ways: (a) chemical data are expressed in relation to root surface area instead
of root mass, and (b) water absorption instead of hydraulic
conductivity is measured. The following hypotheses are
tested: (i) species-specific differences in water absorption
rates are related to the suberin and lignin contents of the root
periderm, and (ii) suberin and lignin content and, thus, water
absorption, are a function of periderm thickness.
2. MATERIALS AND METHODS
2.1. Study site
Field measurements of root water uptake and sampling of root biomass were conducted in an old-growth mixed beech/oak/spruce stand
in the vicinity of Unterlüss in the southern part of the Lüneburger
Heide (Lower Saxony, Germany, 52° 45’ N, 10° 30’ E). The study
plot is located in close proximity to forest site no. OB5 where root
system structure and root functioning have been studied in mature
beech and oak trees by [5, 16, 22–24]. The plot consists of 90- to 100yr-old beech, 180- to 200-yr-old oak, and 80- to 100-yr-old spruce
trees at similar stem densities (total number of trees per hectare: ca.
250) that form a closed canopy of 28–32 m in height. Shrub and herbaceous layers are missing.
Located in the diluvial lowlands of NW Germany on Saalian melt
water sands (115 m asl), this site is characterised by soil profiles
(spodo-dystric cambisols) with thick organic layers (mean depth of
the entire organic profile, i.e. Of+Oh horizons, is 72 mm). The
organic profile is highly acidic with pH values of 3.0 and 2.6 (in KCl)
and Ca2+/H+ quotients of 0.2 in the equilibrium soil solution of the
upper (Of) and lower organic horizons (Oh), respectively. Measurements using the in situ-soil incubation method [33] showed that about
85% of the profile total of net nitrogen mineralisation is supplied by
these organic horizons, which are much more important for plant
nutrition than the mineral soil [24].
The climate is humid sub-oceanic (annual means: 8.0 °C,
800 mm). The ground water table is far below the rooting horizon.
Periods of low rainfall in summer irregularly lead to substantial water
shortage in the sandy mineral soil and in the forest floor. Gravimetric
monitoring of soil water content (θ) in the densely rooted organic Of
and Oh layers on the forest floor showed that θ may be reduced to less
than 10 vol% during summer which corresponds to soil matric potentials < –1.5 to –2.0 MPa in this substrate [22]. In such periods,
drought-induced fine root mortality can affect the root systems of
beech (but not of oak) in the superficial organic horizons [16, 23].

2.2. Root sampling and anatomical investigation
For investigating root anatomy and peridermal chemistry, we
extracted 11 branch root systems per species in a 3 × 3 m plot bordered by an oak, a beech and a spruce tree separated by about 10 m.

Root water absorption

The stem diameters of the trees were representative of the respective
tree species in the stand. The 11 roots were sampled in direct proximity of those roots that were used for root sap flow measurements (see
below). We applied compressed air (0.2–0.4 MPa) to completely
expose the appending root systems without damaging fine rootlets
and peridermal surfaces. The sampled fine root systems had a length
of 0.5 to 0.9 m from the cut to the terminal tip, and were highly
branched with a large number of ectomycorrhizal root tips. The root
material was sealed in plastic bags and transported to the laboratory.
Five roots were analysed for their diameter/distance relationship,
three were used for anatomical investigation, and another three for
chemical analysis. The relationship between root diameter and distance from the terminal root tip was measured with a caliper rule at
20 mm intervals. For anatomical investigation, three branch roots per
species were transferred to ethanol (70%), dehydrated in a sequence
of ethanol/water mixtures, and infiltrated with a solution of Technovit
plus hardener (Fa. Kulzer, Frankfurt, Germany). The solid samples
were cut with a microtom (Leitz, Wetzlar, Germany) at about 6–7,
70–100, 200–300, 400–500, and 600–800 mm from the terminal root
tip (corresponding to root diameters of 0.25, 0.50, 1.0, 2.0 and
3.0 mm, respectively). The transverse cross-sections were stained
with Toluidin blue and Sudan III, and investigated under a microscope (100–1000x) for the following anatomical parameters that may
characterise the radial water water flow path in a root: root diameter
(mean of largest and smallest diagonal), average periderm thickness,
average number of peridermal cell layers, and presence/absence of an
endodermis. In most cross-sections investigated, we were able to
identify annual growth rings based on the vessel structure in the
xylem as well, a parameter used to estimate the minimum age of a
root segment.

2.3. Isolation of cell walls from roots
Three terminal branch roots per species were used for chemical
analysis. Because fresh root material is needed for cell wall analysis,
we did not investigate the instrumented roots but extracted branch
roots in direct vicinity of those roots that were used for sap flow
measurement. The root material was immediately transported to the
laboratory and fractionated into the diameter classes < 0.5 mm, 0.5–
1.0 mm, and 1.0–2.0 mm. The root surface area of all samples was
determined with a WinRhizo (Régent, Quebec, Canada) image analysis unit for relating the suberin and lignin content to peridermal surface area. Cell walls of the root segments in the three diameter classes
were isolated enzymatically in a manner similar to a method
described previously by [39]. Briefly, the freshly harvested root parts
were incubated in an enzymatic buffer solution (10–2 mol L–1 NaAc
at pH 4.50, 25 °C) containing 0.25% (w/v) cellulase (Onozuka R-10,
Serva, Heidelberg, Germany) and 0.25% (w/v) pectinase (Macerozyme R-10, Serva). Peridermal cell walls which resisted the enzymatic attack were separated mechanically under a binocular microscope from the lignified stele using two precision forceps after
approximately three weeks of maceration. The heavily lignified central cylinder was not subjected to further analysis. Isolated cell wall
material was washed twice with borate buffer (10–2 mol L–1
Na2B4O7, pH 9) and deionized water, dried and stored over phosphorus pentoxide for further use.

2.4. Depolymerization and analyses of suberin
and lignin content in isolated peridermal cell walls
Prior to the chemical depolymerization procedures, suberin and
lignin were thoroughly extracted at 60 °C for 12 h using chloroform/
methanol (1:1 v/v) and dried again. The dry material was subjected to
specific chemical degradation methods depolymerizing either suberin
or lignin as described in detail by [49–51]. Chloroform/methanol
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extracts were used for analysis after solvent evaporation without further purification. After transesterification of the remaining cell wall
material, suberin was analysed with methanol borontrifluoride
(MeOH/BF3; Fluka) according to [20]. Thioacidolysis was used for
the detection of lignin [21]. Three replicate samples per root fraction
were investigated.

2.5. In situ-measurement of root water absorption
In the past few years, considerable progress has been made in
measuring water flux in tree roots under in situ conditions in undisturbed soil (e.g., [15, 17, 18, 25]). In this study, the recently introduced miniature sap flow technique [9, 37] was used to measure
water flow in coarse roots (3–4 mm in diameter) of oak, beech and
spruce, and to relate it to the surface of the distal branch root system
in order to obtain water absorption rates per root surface area. Details
on gauge design, operation, and calibration are given in [9]. Briefly,
segments of intact, 3 to 4 mm roots of mature trees are uncovered by
pressurised air (0.2–0.4 MPa) to mount sap flow gauges that are
heated continuously by a film resistance heater with 0.04 to 0.07 W.
The gauge design is in accordance with [35, 36]; it applies the heat
balance equation to small-diameter roots [37]. The dissipation of heat
in distal and radial direction along the root is monitored at time intervals of 15 s with two sets of thermocouples and a thermopile. Axial
water flow in the root is calculated for 15-min averages by solving the
heat balance equation for the portion of heat transported with mass
flow in axial direction. By cutting the root segment under water and
measuring water uptake volumetrically, the gauge data can easily be
calibrated by an independent method [9].
In contrast to earlier attempts to measure root sap flow in coarse
and large roots with diameters > 10 mm, the miniature sap flow technique allows the investigation of roots that are small enough to be
extracted quantitatively with all appending terminal branch roots
after measurement. The appending root systems were extracted with
pressurised air (0.2–0.4 MPa) and sealed in plastic bags prior to transport to the laboratory. The samples were soaked in demineralised
water, and soil residues were removed using a 0.25 mm wire mesh.
Live (biomass) and dead root sections (necromass) were separated
under the dissecting microscope using the degree of cohesion of stele
and periderm, root elasticity, and colour. A dark periderm and stele,
or a white, but non-turgid, stele and periderm, or the complete loss of
the stele were used as indicators of root death. These criteria had been
established in 20 root samples that were stained with triphenyltetrazolium chloride (TTC) according to the procedure described by [19]
and sorted into live and dead fractions according to the presence of
the red stain (reduced TTC). To distinguish the three tree species, differences in colour, periderm surface structure and ramification were
used [16]. The root surface area of the samples (biomass only) was
determined visually with a WinRhizo image analysis unit. Measured
root sap flow was then related to fine root surface area (units: g m–2 d–1
or mol m–2 s–1).
Four to five oak, beech and spruce branch roots each (diameter 3–
4 mm) were selected for study. The 13 studied roots (length to terminal tip: 500 to 900 mm) penetrated the organic Of and Oh horizons
with a multitude of branch roots. The roots co-existed in the 3 × 3 m
plot bordered by an oak, a beech and a spruce tree separated by about
10 m. After measurement the roots were traced to these donor trees.
A soil coring study in a nearby plot had shown that the fine root systems of the three tree species intermingled completely in this mixed
stand [23]; this allows the conclusion that all 13 roots were extracting
water in soil of similar soil moisture status. Sap flow measurements
were conducted on 11 consecutive days during the summer of 1999
(August 29–September 8). This period was selected for being typical
for mid-summer atmospheric and soil moisture conditions. Extensive
rainfall during mid of August had saturated the topsoil to soil moisture contents of 23 to 30 vol%. During the measuring period, a high
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Figure 1. Cross-sections of a beech branch root at 0.5 mm (a) and 60 mm distance (b) from the terminal root tip with a multi-layered periderm
(Pe), phloem (Ph) and xylem (Xy) being visible. Bar = 100 µm.

atmospheric water demand prevailed on bright or partly overcast
days, which led to a soil moisture reduction to 17 vol% on September 8.
Thus, a natural soil drying cycle with moderate drought effects in
early September was included in the study. Detailed results of these
flux measurements are presented in [11].

2.6. In situ-estimation of root hydraulic conductivity Lp
Root hydraulic conductivity Lp can be obtained from Js, the volumetric flux density across the root surface (in m3 m–2 s–1) and the
water potential gradient Ψsurface – Ψxylem (in Pa) by equation (1)
Lp = Js / (Ψsurface – Ψxylem)

(1)

if variations in membrane permeability to solutes are neglected. Flux
density Js equals root water absorption (Jv, in m3 s–1) divided by root
surface area Ar (in m2). We attempted to obtain Lp for the tree branch
roots under in situ conditions in the undisturbed rhizosphere. We calculated Lp by recording surface-related water absorption with miniature sap flow gauges, and by measuring the corresponding water
potential gradient between root xylem and soil with a pressure chamber and tensiometers. Root water absorption on a surface area basis
was recorded at 15-min intervals for several hours. Five terminal
branch roots (length about 100 mm, diameter c.1 mm) were carefully
uncovered with pressurised air without damage to root surfaces, cut
and the pressure potential of the root xylem immediately measured
with a pressure chamber (PMS, Corvallis, Oregon, USA) [28]. The
chamber measurements were conducted in a similar manner as done
with leaves and completed within 1 min after the cut to minimise
errors due to water loss. Three tensiometers with ceramic cups of
20 × 50 mm being equipped with pressure transducers recorded the soil
matric potential in close proximity of the studied branch roots to obtain
a crude estimate of the water potential at the root surface (Ψsurface).
The tensiometer data were taken every 15 min and averaged over the
three instruments. The potential gradient Ψsurface – Ψxylem was calcu-

lated as the difference between pressure chamber and tensiometer
readings assuming that the osmotic potential of the soil can be
neglected in the very poor sandy soils of this site. We investigated
4 to 5 branch roots per species in the mineral topsoil (0 to 100 mm)
on 4 days between June 24 and September 9, 1999.

2.7. Statistical analysis
We used Scheffé’s multiple comparison procedure to test for significant differences among the three species with respect to root water
absorption rates, root anatomical properties, and suberin and lignin
contents in the periderm. Scheffé’s test was also applied for comparing root diameter classes for their suberin and lignin contents in the
periderm.

3. RESULTS
3.1. Root anatomy
All oak, beech and spruce branch roots which were investigated for anatomy showed the mature second stage of tree
root development. A thin but clearly differentiated periderm
was already present at a distance of about 5 mm from the terminal root tip. As an example for the three species, Figure 1
shows cross-sections of beech branch roots at two distances
from the root tip. The primary stage of root development with
stele, endodermis, cortex and exodermis was not found in any
of the studied fine roots. Fragments of the endodermis and cortex were only recognised in a few cuts taken from root segments in close proximity to the terminal root tip. Counts of
annual growth rings in the root stele indicated a remarkably
high age of the fine and coarse roots of the three species. For

Root water absorption
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Figure 3. Amounts of aliphatic suberin in isolated peridermal cell
walls of oak, beech and spruce root segments expressed on a root surface area basis. Three different diameter classes were distinguished
(mean ± SD, n = 3). Different capitals indicate significant differences
(P < 0.05) among the species for a root diameter class, different small
letters stand for significant differences among the diameter classes of
a species.

Figure 2. (a) Root peridermal thickness versus distance from the terminal root tip. Square: oak, circle: beech, triangle: spruce (3 roots per
species). Oak: y = 89.72 × x/(0.025 + x), r = 0.62; beech: y =
55.56 × x/(0.038 + x), r = 0.93; spruce: y = 323.03 × x/(1.17 + x),
r = 0.93. (b) Number of peridermal cell layers versus distance from the
terminal root tip (3 roots per species). Oak: y = 12.83 × x/(0.021 + x),
r = 0.66; beech: y = 9.81 × x/(0.031 + x), r = 0.84; spruce: y =
2.39 × x/(0.010 + x), r = 0.60.

3-mm roots of beech, oak and spruce, an age of 10 years or
more was determined in all samples. Rootlets having a diameter of 1 mm at 150 to 200 mm distance from the terminal tip
must have been at least 5 years old, and seem to have grown
less than 40 mm per year since their initiation.
Root tips of oak, beech and spruce had diameters of 100
to 300 µm and were almost completely infected with ectomycorrhizal fungi. The root diameter of fine branch roots
increased continuously with distance from the terminal root tip
in the three species and corresponded to increasing numbers of
periderm cell layers. Root diameter increase with distance
from the tip was largest in spruce, intermediate in oak, and
smallest in beech (oak: y = 0.31 × x/(3.7 + x), r = 0.92; beech:
y = 0.27 × x/(3.33 + x), r = 0.91; spruce: y = 0.13 × x/(5.66 + x),
r = 0.97; with y being root diameter (mm) and x the distance
from the terminal tip (m)).
3.2. Structure of the periderm
Similar to overall root diameter, root periderm thickness
increased non-linearly with distance from the terminal root tip
with a rapid increase in the first 50 to 70 mm and a much
slower increase in the subsequent 0.5 m (Fig. 2a). A multi-

layered periderm of 12 to 45 µm was present at 60 to 70 mm
distance from the terminal root tip in all species. At 500 mm
distance from the tip, periderm thickness had increased to
50 µm in beech and spruce, and to 70 µm in oak.
In beech and oak rootlets, the periderm consisted of only 2
to 3 cell layers close to the root tip but increased to 7–8 (beech)
or even 10 layers (oak) at distances > 200 mm (Fig. 2b).
Spruce roots, in contrast, had less than 4 peridermal cell layers
along the first 400 mm of a branch root. Thus, at distances
> 70 mm from the tip, oak fine roots possessed a significantly
thicker periderm with more cell layers than the two other species. Spruce had a much smaller number of peridermal cell
layers than the two broad-leaved trees but the overall periderm
thickness was similar to that of beech because its peridermal
cork cells were comparably large.
3.3. Suberin and lignin contents of isolated root
peridermal cell wall samples
Suberin was detected at high concentrations (14–135 mg g–1
DW or 1–14%) in isolated peridermal cell walls of oak, beech
and spruce roots. When aliphatic suberin content is expressed
per root surface area, large differences were evident among the
species (Fig. 3). Oak roots had suberin contents that were three
times higher in the thinnest root diameter class (0–5 mm), and by
a factor of 10 higher in the largest diameter class (1.0–2.0 mm)
than those of spruce roots. Beech fine roots showed values
intermediate between spruce and oak for all diameter classes.
When the root diameter classes are compared, suberin content
showed a large and significant increase with diameter for oak,
a moderate increase for beech, and no change with diameter for
spruce (Fig. 3). Solvent extracts exhibited large quantities of
triterpenoids in concentrations of 1 to 9 g m–2, which varied
among species and root size classes in a pattern similar to that
found for suberin; long-chain aliphatic substances were, however, rare (data not shown).
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Table I. Water absorption rates and related dry mass and surface area of 4 to 5 oak, beech and spruce branch roots as determined with
miniature sap flow gauges in the field. Given are mean values (± standard deviation) of measurements on 11 consecutive days in the period
August 29–September 8, 1999, in the mixed Unterlüss forest. The roots had a diameter of 3–4 mm at the gauge mounting point; the different
branch roots of a species belonged to the same tree individual. The standard deviation results from averaging over different days and roots.
Different letters indicate significantly different values among the three species (P < 0.05).
Beech
Daily water uptake [g

m–2 d–1]

Daily water uptake [mmol m–2 s–1]
Variation coefficient for uptake rates [%]
Total surface area

[m2]

Oak

Spruce

109a

346 ± 117a

0.38 ± 0.25

0.13 ± 0.07

0.22 ± 0.08

65.8

54.5

33.8

588 ±

0.0852 ±

387a

0.0434a
3.8a

200 ±

0.0949 ±

3.1a

0.0871 ± 0.0412a
2.3 ± 0.38b

Fraction d < 0.5 mm [%]

26.5 ±

Fraction d 0.5–1 mm [%]

41.0 ± 7.8a

53.2 ± 4.5b

32.7 ± 3.4a

5.5a

2.4a

41.7 ± 2.0b

11.83 ± 6.5ab

5.4 ± 4.7a

22.2 ± 5.3b

6.26 ± 2.8a

4.6 ± 1.9a

9.8 ± 5.0a

Fraction d 1–2 mm [%]
Fraction d > 2 mm [%]

20.7 ±

Total biomass [g dry weight]

18.4ab

Fraction d < 1 mm [%]

46.4 ±

Fraction d 1–2 mm [%]

19.4 ± 7.2ab

Fraction d > 2 mm [%]
Number of roots investigated

34.2 ±
4

17.27a

26.6 ±

0.0483a

14.8 ±

65.4 ±

15.2a

16.6 ± 5.5a
18.0 ±
5

14.9a

33.8 ± 11.5b
27.9 ± 2.8b
38.3 ± 12.1a
4

3.4. In situ water absorption rates of terminal branch
roots

Figure 4. Amounts of lignin in isolated peridermal cell walls of oak,
beech and spruce root segments (data expressed on a root surface
area basis). Three different diameter classes were distinguished
(mean ± SD, n = 3). Different capitals indicate significant differences
(P < 0.05) among the species for a root diameter class, different small
letters stand for significant differences among the diameter classes of
a species.

Lignin was detected in much smaller quantities in the peridermal cell walls than suberin. In oak and beech roots, the
lignin content per surface area was roughly five times smaller
than that of suberin (Fig. 4). Relatively large amounts of lignin
were found in spruce fine roots where the thinnest rootlets
(< 0.5 mm) contained similar amounts of suberin and lignin
(about 1.5 mmol m–2 root surface area for both components).
Relatively high lignin contents were also detected in the periderm of thicker (1–2 mm) beech roots.

Concurrent sap flow measurements on 5 oak, 4 beech and
4 spruce small-diameter roots in close vicinity to each other in
the organic Of and Oh horizons gave mean water absorption
rates of 201 (oak), 588 (beech) and 346 (spruce) g m–2 d–1 in
the period August 29–September 8, 1999 (averages over all
day and night hours, Tab. I). These numbers express the water
absorption per total surface area of all appending branch roots
(including root tips) distal to the gauge measuring point, and
are equivalent to 0.38 (beech), 0.13 (oak) and 0.22 (spruce)
mmol water m–2 s–1. The daily mean absorption rates of
beech, oak and spruce roots were not significantly different
from each other; however, a trend with beech > spruce > oak
existed.
3.5. Root-soil water potential gradient and Lp
In an attempt to quantify root hydraulic conductivity Lp
for roots under in situ-conditions in the soil, measured root
water absorption rates were confronted with synchronous
measurements of root xylem (Ψroot) and soil water potentials
(Ψsurface) to characterise the principal driving force of water
uptake. On four days during summer 1999, the matric potential of the soil in close proximity to the studied roots varied
between –0.008 (moist soil) and –0.061 MPa (moderately dry
soil). The corresponding pressure chamber values of root
xylem pressure potential varied between –0.44 and –1.52 MPa
(Tab. II). Based on these measurements, the water potential
gradient between root surface and root xylem Ψsurface – Ψroot
was estimated at 0.4 to 1.5 MPa with largest gradients apparently existing in beech roots. Root hydraulic conductivity was
then obtained from Ψsurface – Ψroot and the corresponding flux
rate Jv. The estimated Lp values of the three species ranged
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Table II. Estimation of root hydraulic conductivity Lp of beech, oak and spruce branch roots under in situ-conditions in the undisturbed soil
based on sap flow measurements of root water absorption (Jv), and synchronous water potential measurements in terminal branch roots
(pressure chamber values) and in the adjacent soil (tensiometer readings). See equation (1) in text. Different letters indicate significantly
different values among the three species on a measuring day (P < 0.05). In parentheses: standard deviation.
Ψsurface
MPa

Ψroot
MPa

Ar
m2

Jv
m3 s–1

Lp
m s–1 MPa–1 × 10–8

June 24
Beech
Oak
Spruce

–0.008
–0.008
–0.008

–0.65
–0.44
–0.46

0.09 (0.05)
0.28 (0.30)
0.08 (0.06)
July 12

1.31 (0.40)
1.50 (1.23)
n.d.

2.66 (1.18)a
1.70 (1.53)a
n.d.

Beech
Oak
Spruce

–0.052
–0.052
–0.052

–1.52
–0.76
–0.89

0.09 (0.05)
0.28 (0.30)
0.08 (0.06)
September 2

3.77 (3.15)
1.82 (1.19)
0.84 (0.78)

3.22 (2.36)a
1.57 (1.50)ab
1.06 (0.25)b

Beech
Oak
Spruce

–0.030
–0.030
–0.030

–0.81
–0.64
–0.45

0.09 (0.04)
0.09 (0.05)
0.09 (0.04)
September 9

1.72 (0.78)
0.58 (0.15)
1.34 (0.48)

2.87 (1.66)a
1.27 (0.67)b
3.94 (1.08)a

Beech
Oak
Spruce

–0.061
–0.061
–0.061

–1.30
–1.22
–0.66

0.09 (0.04)
0.09 (0.05)
0.09 (0.04)

1.68 (0.64)
0.68 (0.13)
0.86 (0.37)

1.78 (0.96)a
0.82 (0.54)a
1.87 (0.92)a

between 0.82 and 3.94 × 10–8 m MPa–1 s–1 and revealed only
minor species differences. Oak tended to have smaller Lp values
than beech on all four days (difference significant on September 2), and spruce differed from beech on July 12.
4. DISCUSSION
This study profits from recent advances in two technologies which have a high relevance for the study of root hydraulics, (i) the miniaturisation of sap flow gauges which allows
calculation of in situ-fluxes per root surface area, and (ii) the
chemical analysis of isolated root cell wall samples. By combining these methods we were able, for the first time, to relate
in situ root water absorption rates to data on the chemical composition of the periderm, which is the principal apoplastic barrier in mature tree fine roots. In contrast to earlier studies on
the chemistry of root cell walls (e.g. [52]), water absorption
and cell wall chemistry were both related to root surface area;
this enables a direct comparison.
It is remarkable that, even in direct vicinity of the root
apex, all fine roots had already reached the mature second stage
of root development with a multi-layered periderm. This contrasts with the results of [27] who found 100-110 and 60–
70 mm long sections without a closed periderm sheath in roots
of Pinus banksiana and Eucalyptus pilularis seedlings. The
nearly complete absence of primary white rootlets in the root
systems of our study may be understood in the light of the
remarkably great age of the studied terminal branch roots
(≥ 5 years for roots of 1 mm in diameter). It remains unclear
whether summer drought (as in July 1999), complete mycorrhizal infection of the root tips [4, 5], or other factors have inhibited further growth of the root apex resulting in a comparably
high age of the rootlets close to the tip.

In the peridermal cell walls of spruce roots, aliphatic suberin
was detected at concentrations comparable to those in the endodermis and hypodermis of corn roots (4–10 and ca. 21 mg g–1,
respectively; [50]). Beech and oak roots exhibited significantly
larger concentrations (40–60 and 90–135 mg g–1) than both
spruce and corn. In contrast to corn roots, aromatic suberin
occurred in the root periderm of the three tree species only in
traces (data not shown). Lignin was found in much smaller
amounts than suberin and showed less clear differences among
the three species. Because the studied roots contained no sections with white unsuberised rootlets lacking a periderm, we
conclude that water entering these roots must pass through peridermal cell layers which contain at least 1.3 (spruce), 5.0
(beech) or 10.0 (oak) mmol suberin m–2.
Water absorption by the 4 to 5 roots of a species showed a
large spatial variability (coefficients of variation: 33.8 to
65.8%) despite the fact that the roots grew in a shared soil volume and the tree canopies were exposed to similar radiation
loads and atmospheric saturation deficits. According to the
much larger flux data set of [8, 10], large differences in water
uptake rates among neighbouring fine roots of a single tree are
a characteristic of the root systems of mature beech, oak and
spruce trees and do not reflect inaccuracies of the measuring
system. We hypothesise that large spatial variation in tree root
water uptake rates is a consequence primarily of small-scale
heterogeneity in soil structure and, thus, soil-root hydraulic
conductivities.
This novel technique for measuring root water absorption
does not allow a precise localisation of water uptake along the
root axis. The branch roots of this study (diameter: 3–4 mm)
had total surface areas of about 0.085 to 0.095 m2 distal to the
gauge mounting point. On average, 80% (oak), 68% (beech)
and 35% (spruce) of the surface area of the potentially absorbing
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branch roots referred to root sections with diameters < 1 mm,
the remaining surface being located on thicker root segments.
The specific role of fine and coarse roots in tree water uptake
is still a matter of dispute (e.g., [13, 32]), Recent research on
water uptake in different zones of onion roots has indicated
that apical root regions have a higher resistance to water
inflow than the more matured and stronger suberised zones
[3]. This agrees with a number of studies who reported a transport of water and ions through peridermal woody roots [1, 6,
26, 46]. However, it is still an open question whether the dead
peridermal cork cells of tree roots are sufficiently permeable
to account for this flow, or whether passage occurs through
breaks in the periderm [27]. If the number of passage cells or
breaks were to determine radial water flow in tree roots, no
close relation between peridermal chemistry and water absorption
could be expected.
In this study, we observed a factor of about 2 between oak
and beech for suberin content in each diameter class, which
was close to the ratio of water uptake rate between the two species. The larger suberin content of oak corresponded with a
thicker periderm and more periderm cell layers compared to
beech. This result might indicate that the degree of suberinisation of peridermal cell walls influences water absorption rates
in these species. A comparison of beech and spruce data, however, reveals that spruce with 2 to 6 times smaller suberin contents
had lower water absorption rates than beech with more
suberin. It appears that the relationship between periderm
chemistry or anatomy, and water absorption is only a weak
one in the three species.
We estimated root hydraulic conductivities (Lp) for absorbing roots in the soil from measured water fluxes into the root
cylinder, and synchronous water potential measurements with
tensiometers and pressure chamber in soil and terminal branch
roots. The only other available conductivity data for beech, oak
and spruce roots were measured at decapitated sapling root systems in the laboratory with the root pressure probe technique
yielding data on root radial conductivity (Lpr) [34, 43, 44].
They are compared with our field-derived Lp data because we
expect total root hydraulic conductivity (Lp) and Lpr to be more
or less similar in the studied roots because root axial conductivity (Kh) typically is one or two orders smaller than Lpr if
expressed in the same unit [28]. The two approaches of conductivity measurement yielded roughly comparable results despite
largely different experimental setups (Tab. III). However, the
species comparison gave contrasting results with root pressure
probe data indicating a substantially higher Lpr in spruce than
in beech or oak roots which is not supported by our measurements under in situ conditions. In the field, neither Lp nor water
absorption rates were higher in spruce than in beech roots.
Moreover, the pressure probe Lpr values are not fully consistent
with our data on periderm chemistry because they do not reflect
the high suberin content of the oak root periderm. If conductivity were a function of suberisation, Lpr values of oak should
have been much lower than those of beech which is not visible
from the pressure probe data.
One possible explanation of the discrepancy between root
pressure probe-derived hydraulic conductivities, anatomical
and chemical properties and in situ water absorption rates is
the fact that root systems of plants with highly different age
(saplings vs. mature trees) were investigated. The high degree

Table III. Root hydraulic conductivity (Lp) of small-diameter roots
of beech, oak and spruce estimated under in situ-conditions compared to laboratory measurements of root radial hydraulic conductivity
(Lpr, both in m s–1 MPa–1 × 10–8). Lp was measured with miniature
sap flow gauges in combination with root and soil water potential
measurements by pressure chamber and tensiometer techniques (this
study). Lpr was obtained from pressure relaxation measurements
with excised root systems of saplings in the laboratory. The field
data refer to intact terminal branch roots of mature trees that were
absorbing water under in situ conditions in the soil. Oak refers to
Q. petraea.
Laboratory-measured Lpr1

Field-measured Lp2

Beech

0.35–1.6

1.78–3.22

Oak

0.33–1.1

0.82–1.70

Spruce

4.9–7.8

1.06–3.94

1

After Rüdinger et al., 1994; Steudle and Meshcheryatov, 1996; and
Steudle and Heydt, 1997. 2 This study.

of suberisation found in this study is not a characteristic of tree
seedlings or saplings that were reared in a glasshouse. Moreover, it has to be kept in mind that root pressure probe measurements are conducted under artifical conditions with water
being forced through the root by modification of xylem pressure or applying osmotic gradients. This setup is highly different
from natural potential gradients that exist in the rhizosphere.
We suggest that the most likely explanation of a partial
mismatch among root hydraulics, chemical and anatomical
properties, and measured water absorption is the fact that additional factors, which may control water flow into the root, have
to be considered during the upscaling process from laboratory
to field. Root chemical and anatomical properties and even Lpr
may be less important in controlling in situ water absorption
than they are in a laboratory setup with excised root systems.
(i) The tips of oak, beech and spruce fine roots are nearly completely infected by ectomycorrhizal fungi. In a few studies,
ectomycorrhizas have been found to increase hydraulic conductance of tree roots (e.g. [29, 34]); whereas other authors reported
negative or neutral effects [31]. An only limited effect on water
uptake would be understandable because mycorrhizae affect
the outer part of the root rather than the stele and endodermis
which, for geometric and other reasons, may represent the bottle neck. (ii) In dry soil, the hydraulic conductivity of the rootsoil contact zone has been found to be considerably lower than
that of the path between the root surface and the stele due to
incomplete root-soil contact in certain substrates [47]. A very
rapid decrease in hydraulic conductivity with increasing water
loss is to be expected in soil substrates with a high porosity,
such as the organic forest floor horizons of this study. Root
contraction in drought-stressed plants may contribute to a low
hydraulic conductivity in the perirhizal soil [14]. Therefore, it
is possible that a low conductivity in the root-soil interface has
masked variable Lp values of the three species under field conditions in this study. (iii) Water absorption is also dependent on
the water potential in the root xylem. Comparative measurements with the pressure bomb in terminal branch roots of coexisting oak, beech and spruce roots showed considerable
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differences among the species during periods of drought which
may be the result of differences in either leaf water status or
stem hydraulic conductivity [8]. Comparative measurements
of root water absorption in different soil types and during periods of low and high soil water deficits are needed to assess the
influence exerted by variable soil-root water potential gradients and soil-root hydraulic conductivities on root water
absorption. (iv) It has recently been suggested that a fine regulation of root water uptake is provided by water channels
(aquaporins) in the cell-to-cell passage of water flow in roots
[7, 45]. Opening and closing of the channels could alter Lpr
mainly when the water potential gradient has an osmotic
nature. However, a significant effect of water channels on conductivity could not be detected in corn roots [52]. Whether water
channels are a significant factor, that could explain speciesspecific differences in water absorption among peridermal tree
roots, remains unclear.
There is the possibility that elevated suberin and lignin
contents in tree fine roots are more relevant for root drought
tolerance than they are for root water absorption. Several
authors have found an increase in suberisation of the endo- or
exodermis in herbaceous plant roots following drought or
salinity stress [11, 30]. Oak fine roots may be classified as
rather drought tolerant in the Unterlüss forest because sessile
oak fine root systems showed a more surface-directed distribution
pattern in the topsoil, and were less affected by droughtinduced fine root mortality during a dry summer, than coexisting beech roots [16, 23]. This may correspond to the high
aliphatic suberin content of oak root cell walls. A low suberin
content in Norway spruce roots coincided with a high drought
sensitivity of this species in Central Europe [12]. Experimental testing in field studies with carefully controlled drought
intensities is needed to show whether oak, beech and spruce
indeed differ with respect to drought sensitivity of fine root
growth and mortality. Finally, it is necessary to increase the
spatial resolution of water uptake measurements because the
importance of different root diameter classes in root water
absorption is still unknown.
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