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Abstract 
 

Two different methods to assess the hydraulic vulnerability of juvenile and mature Norway 
spruce (Picea abies (L.) Karst.) sapwood were compared. Vulnerability curves were constructed 
by using the percent loss of conductivity versus pressure application (classical method) and by 
using cumulative acoustic emission (AE) hits versus the relative loss of water. Acoustic emis-
sions were detected in the high-frequency range of 100 kHz to 1 MHz during drying the wood 
samples. Concerning the classical method, juvenile wood is less sensitive to dehydration than 
mature wood. The two methods gave similar results for the hydraulic vulnerability of juvenile 
wood. In juvenile wood 50% cumulative AEs were recorded after 52.5% relative water loss, 
whereas in mature wood after 71.6% relative water loss. AE recording may provide additional 
information about other physiological wood functions such as water storage, but more investiga-
tions are needed to establish these relationships firmly. 
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1. Introduction 
 

Wood fulfills many of the functions required for survival of a tree, including water and nutri-
ent transport, mechanical support, and storage of water, carbohydrates and secondary com-
pounds. Variability in anatomical structure and composition of wood within a stem includes 
within-ring differences known as early wood and late wood, the radial variations resulting from 
cambial maturation and sapwood ageing, and the differences associated with different heights 
(Gartner 1995). The greatest overall cause of wood variation is the presence of juvenile wood 
and its relative proportion to mature wood. Juvenile wood is directly related to the age of the 
cambium. Thus, regardless of tree age, a juvenile zone occurs at the top of the tree as well as at 
its base. It is characterized by shorter cells, larger microfibril angles, more compression wood, 
different specific gravity and higher lignin content (Zobel and van Buijtenen, 1989). Juvenile 
wood is not much appreciated by the wood industry because of its poor mechanical properties 
and its shrinkage behavior, but for tree survival it is of utmost importance due to its high hydrau-
lic safety compared to mature wood (Domec and Gartner, 2001).  

 
The liquid water in the tracheids is under tension, caused by transpiration from the needles. 

The negative pressures in the conduits require high mechanical strength of the cell walls in order 
to avoid implosion, and hydraulic safety against breakage of the water column. Such a breakage 
of the liquid water columns inside the conduits is defined as cavitation. It is followed by emboli-
zation, the diffusion of dissolved air into the near vacuum thus created. Drought stress-induced 
cavitation occurs when an air bubble is pulled into the lumen of a water-filled conducting ele-
ment via the pores of the pit membranes from an adjacent conduit already embolized (air-filled)



or from intercellular spaces filled with air. Liquid water is thus replaced by water vapor and later 
by air. Consequently, the conduit does not conduct water any longer and the hydraulic conductiv-
ity of the plant is reduced, which leads to impairment of water supply of the transpiring needles 
(Tyree and Zimmermann, 2002). 

 
Vulnerability to cavitation can be determined by the construction of vulnerability curves. A 

vulnerability curve (VC) is a plot of the extent of embolism versus the pressure potential in the 
solution transported in the conduits that induced the embolism or versus the percent loss of water 
content. From VCs the specific water potential or water content thresholds for the onset of cavi-
tation are determined. Methods to induce embolism are dehydration in air, centrifugal force, 
compressed air applied in a pressure collar and air injection. According to the “air seeding” hy-
pothesis, the “positive pressure needed to blow air through the largest water-filled pores should 
be the same in magnitude but opposite in sign to that needed to cause embolism (during drought 
stress)” (Tyree and Sperry, 1989). The classic method to quantify the extent of embolism is the 
determination of the native hydraulic conductivity in relation to the hydraulic conductivity after 
artificially refilling all embolized tracheids. Cavitation events can also be detected directly by 
recording acoustic emission (AE) in the high-frequency range of 100 kHz to 2 MHz (Tyree and 
Dixon, 1983, Jackson and Grace, 1996, Kikuta et al., 2003). AE signals are supposed to be in-
duced by elastic oscillations of conduit cell walls following the cavitation event, because the 
pressure rises rapidly in the tracheid lumen as liquid water at negative pressure is replaced by 
water vapor very near vacuum pressure.  

 
This study was a first attempt to find differences in the cavitation behavior of mature and ju-

venile wood of Norway spruce by detection of acoustic emissions. We also compared the acous-
tic method to other approaches for constructing VCs. 
 
2. Materials and Methods 
 
2.1 Plant material 

Samples of wood produced by cambium of different age were obtained in the following way:  
a.) Wood boles (20 cm length) from the base of freshly felled 40-year-old Norway spruce trees 

(Picea abies (L.) Karst.) were debarked and brought to the laboratory. Outer sapwood sam-
ples with a transverse surface of about 1.2 x 1.2 cm were isolated by splitting the wood along 
the grain with a chisel. Beams with a cross section of 0.8 x 0.8 cm and a length of 13 cm 
were machined from the samples, with the wood rays parallel to the edges. Tangential and 
radial faces of the beams were planed on a sliding microtome. During all these steps wood 
samples were kept wet. The final standard shape of the samples was 0.65 x 0.65 x    10.0 cm.  

b.) Four-year-old Norway spruce trees were debarked in the laboratory, and wood samples of    
10 cm length (Ø 0.5 – 0.9 cm) were prepared. 

All samples were soaked in distilled water under vacuum for at least 48 h to refill embolized 
tracheids. 

  
2.2 VCs based on percent loss of conductivity (PLC) and applied pressure 

Specific conductivity (ks) describes the permeability of a wood segment following Darcy´s 
Law and is defined as:  
 

 ks = Q · l · As
-1 · ∆P-1 [m2s-1MPa-1],       [1] 
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where Q is the volume flow rate [m3s-1], l is the length of the segment [m], As is the sapwood 
cross-sectional area [m2], and ∆P is the pressure difference between the two ends of the segment 
[MPa]. Calculated conductivity data were corrected to 20°C to account for changes in fluid vis-
cosity. The modified Sperry Apparatus designed by Mayr (2002) was used to measure the vol-
ume flow rate. Conductivity measurements were carried out under a hydraulic pressure head of 
0.008 MPa with distilled, filtered (0.22 µm), and degassed water containing 0.005 vol. % Micro-
pur (Katadyn Products Inc.) to prevent microbial growth (Sperry et al., 1988). VCs were ob-
tained with methods described by Spicer and Gartner (1998) and Domec and Gartner (2001). 
These methods involved measuring the PLC on wood samples taken directly from the trunk and 
saturated in water. After determination of the conductivity at full saturation (ks(i)), a pressure (P) 
was applied to the lateral sides of the samples, while the transverse ends protruded from a dou-
ble-ended pressure chamber (PMS Instruments Co., Corvallis, Oregon), to induce cavitation. 
After pressure treatment samples were wrapped in parafilm for about 30 min to permit diffu-
sion of air into cavitated tracheids. Then hydraulic conductivity was measured again (ks(P)). Ini-
tially, the pressure chamber was pressurized to 0.5 MPa, and the pressure was subsequently in-
creased after each conductivity measurement in steps of 0.5 – 1.0 MPa till more than 95% PLC 
was reached. PLC at a given pressure was calculated using the following equation: 
 

PLC = (ks(i) - ks(P))/ ks(i) · 100 [%]       [2] 
 
Hydraulic VCs were fitted by the least square method based on a sigmoidal function:  
 

PLC [%] = 100/(1 + exp (a(P - b)),       [3] 
 
where a indicates the slope of the linear part of the curve and b is the potential at which 50 PLC 
occurred. 
 
2.3 VCs based on AE rate and relative water loss 
 Monitoring of AEs was achieved with the µDiSP Digital AE system from Physical 
Acoustics Corporation. Two PCI-2 cards in a portable, 4-channel notebook-based chassis al-
lowed simultaneous measurement of 4 samples. Preamplifiers (40 dB) were used in connection 
with resonant 150 kHz R15C sensors over a standard frequency range of 50 – 200 kHz. Data 
acquisition was performed with a detection threshold of 31 dB (0 dB = 1 µV input), a frequency 
range between 100 kHz and 1 MHz (Sandford and Grace, 1985), and a rate of 5 Msamples/s. 
Parameters recorded were cumulative AE hits and the rate of AE hits versus time. 

 
AE sensors were positioned on fully saturated wood samples using an acrylic resin clamp 

construction (Fig. 1). Continuous water loss was quantified by placing a sensor plus wood sam-
ple on a balance (resolution 10-4 g, Mettler). Sample weight was recorded automatically every 
minute. Hydraulic VCs were fitted by the least square method based on a sigmoidal function: 
 

Cumulative AEs [%] = 100/(1 + exp (a(RWL - b)),     [4] 
 
where a indicates the slope of the linear part of the curve and b is the relative water loss at which 
50 % cumulative AEs occurred. The relative water loss (RWL) was calculated as: 
 

RWL (%) = (1- (actual fresh weight – dry weight)/(saturated weight - dry weight))·100 
           [5] 

Dry weight was obtained by drying wood samples at 103°C to constant weight. Correlations 
were accepted as significant if P was ≤ 0.05. * implies P ≤ 0.05, ** P ≤ 0.01 and *** P ≤ 0.001. 
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Fig. 1 AE monitoring equipment; insert (top left) shows a hit signal of a cavitation event. 

 
3. Results 
 

In juvenile wood 50% conductivity loss (a = 1.03; b = -3.65; R=0.98***, equation 3) re-
quired 3.7 MPa air pressure, whereas in mature wood only 2.2 MPa were needed to achieve the 
same effect (a = 3.79; b = -2.16; R=0.98***, equation 3) (Fig 2a). In juvenile wood 50% cumu-
lative AEs were recorded after 52.5% relative water loss (R=0.99***), whereas in mature wood 
after 71.6% relative water loss (R=0.98***) (Figs. 2b and 3).  
 

A model vulnerability curve was calculated for mature wood, based on the strong relation-
ship of the water content with the applied pressure and with the cumulative AE (%) (cubic re-
gression fit model R=0.98*** and R=0.99***, respectively) (Fig. 2c). VCs based on AE% ver-
sus pressure and VCs based on PLC versus pressure lead to similar results for 50 PLC (3.77 MPa 
and 3.65 MPa) in juvenile wood, whereas 50 PLC calculated for adult wood was 5.22 MPa com-
pared to 2.16 MPa, respectively. However, in the range between 2 and 3 MPa mature wood 
seemed to be more vulnerable to cavitation as indicated by the steeper slope of the regression 
line. 

 
The total number of AE hits was higher in juvenile wood compared to mature wood, indicat-

ing a higher number of tracheids per volume (Fig. 3). Maximum hit rate was reached later in 
mature wood than in juvenile wood. In many samples, especially in mature wood, the hit rate 
showed a double peak. 
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Fig. 2 (a) Vulnerability curves based on the loss of conductivity versus applied positive pressure, 
light lines represent juvenile, dark lines mature wood; (b) Vulnerability curves based on cumula-
tive AE hits (%) versus relative water loss during dehydration. (c) Model vulnerability curve for 
mature wood based on the correlation between relative water loss and applied pressure as well as 
AE rate (dark line), and measured VC of a juvenile twig system (a = 1.71; b = -3.77 MPa: light 
line). Water potential (MPa) was measured with a pressure chamber (Soil Moisture Equipment 
Corp.). 
 
4. Discussion  
 

Monitoring hydraulic vulnerability using VCs based on the PLC versus applied pressure led 
to results similar to those described in the literature for juvenile wood (Cochard, 1992, Lu et al., 
1996). Air pressure of 3.7 MPa resulted in 50% conductivity loss in juvenile wood, whereas in 
mature wood only 2.2 MPa were needed to achieve the same effect, indicating that mature wood 
of Norway spruce is much more vulnerable to dehydration (Fig. 2a). Domec and Gartner (2001) 
were the first to investigate hydraulic vulnerability of mature trunk wood segments and also re-
ported higher hydraulic safety values in juvenile wood compared to mature wood of Douglas fir 
(Pseudotsuga menziesii). The high (less negative) values of “b” (equation 3) for mature wood 
samples indicate wide pit membrane pores of the tracheids and the high numbers of “a“ (equa-
tion 3) suggest a narrow range in maximum pore sizes across tracheids (Pammenter and Vander 
Willigen, 1998). In mature wood, conductivity loss occured over a narrower range of applied 
balance pressures than in juvenile wood (Fig. 2a). 
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Fig. 3 Time courses (seconds) of the cumulative AE hits (absolute numbers and % values) (left), 
and the AE rate/second (right) during the dehydration of a juvenile (above) and a mature sap-
wood sample (below). Bold lines represent the relative water content (actual water content re-
lated to the water content at full saturation (%)) during the dehydration process. 
 

Results obtained by recording AE hits versus weight loss were difficult to interpret. In juve-
nile wood 50% cumulative AE hits corresponded to 52.5% relative water loss, whereas in mature 
wood to 71.6% relative water loss (Fig. 2b). In mature wood, the bulk of AE hits occurred after 
50% relative water loss. One may suggest that mature wood is less vulnerable to cavitation than 
juvenile wood. However, concerning hydraulic conductivity, emissions detected after 50% rela-
tive water loss cannot be of any physiological relevance for tree survival: a relative water loss of 
only 36.6 % leads to 50% loss of hydraulic conductivity in mature wood (R=0.98***, data not 
shown). 
 

The characteristic slopes of the AE hit rate versus relative water loss may reflect that the 
physiological and mechanical functions of wood differ with cambial age. After an exponential 
increase of AE hit rate during dehydration of juvenile wood, the hit rate decreased slowly over a 
relatively long period of time. The hit rate of mature wood was very low at the beginning, in-
creased rapidly till it reached a peak of about 17 hits/s and decreased quickly afterwards till a 
second peak was reached (Fig. 3). In mature wood, AE hits emitted at a low rate at the beginning 
should be the most important ones for conductivity loss. Vulnerability of a tracheid to embolism 
is a direct function of its diameter (Lo Gullo and Salleo, 1991, Jackson and Grace, 1996). Lumen 
diameter and tracheid length of Norway spruce wood increase with cambial age (Brändström, 
2001). The cavitation of a small number of very large (and thus very vulnerable) tracheids may 
have a dramatic effect on conductivity, since flow rate is proportional to the 4th power of the ra-
dius of a capillary. Mature wood of Norway spruce contains much more free water than juvenile 
wood because it consists of tracheids with wider lumina, contains less compression wood and is 
thus less dense. We calculated 220% water content per unit dry weight in mature, and about 
100% in juvenile wood. Wood at the base of the trunk is known to have higher water storage
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capacities than juvenile wood from the top of conifer trees (Domec and Gartner, 2001). AE hits 
recorded after 50 PCL may represent cavitations in tracheids that are not primarily needed for 
hydraulic conductance but for other functions, such as storage of water. The rapid increase of AE 
signals caused by small water losses in juvenile wood may represent the cavitation events in 
compression wood. Compression wood typically occurs in juvenile trunk wood and branch wood 
and is very sensitive to cavitation; its main function is to achieve mechanical safety (Spicer and 
Gartner, 1998, Mayr and Cochard, 2003). 

 
The successive increase of AE signals in mature wood after 70% relative water loss (Fig. 3), 

when PLC has already reached values of 95%, may be produced by mechanical failure during 
shrinking processes. The cell shrinkage causes intracellular and intercellular micro-cracks. High 
signal rates, including a second peak, were still measured around the “fiber saturation point”, 
when the slope of the relative water content became almost linear. Similar results have been re-
ported from lumber drying experiments (Ogino et al., 1986, Beall, 2002, Beall et al., 2003), al-
though they were performed at higher temperatures and sometimes on heartwood only. Niemz et 
al. (1994) and Cunderlik et al. (1996) could distinguish two phases during Norway spruce lumber 
drying by analyzing AE burst rates. The first peak in the AE hit rate was interpreted as checking 
caused by surface tension stress, the second peak (below the fiber saturation point) as checking 
caused by tensile stresses inside the samples. Booker et al. (2001) suppose that in radiata pine 
(Pinus radiata) sapwood within-ring internal checking is caused by water tension and not by 
differential shrinkage, because checking occurred before the fiber saturation point was reached. 
Kawamoto and Willliams (2002) report that most AE waves detected by 150 kHz transducers 
during drying are associated with moisture movement, and that it is difficult to distinguish AEs 
caused by checking from those associated with movement of free water (capillary action). 
Analysis of the spectra of signals emitted during drying may help to gain more knowledge about 
these relationships. 
 
5. Conclusions 
 

The AE method is useful for monitoring vulnerability to dehydration in young Norway 
spruce stems or twigs. For mature wood samples additional measurements are needed, such as 
the measurement of the hydraulic conductivity in combination with the pressure applied or the 
relative water loss. Concerning VCs based on PLC and applied pressure, juvenile wood is less 
sensitive to dehydration than mature wood. For mature wood, AE recording can provide addi-
tional information about properties such as the water storage potential of the trunk wood, but 
many more investigations are needed to establish these relationships firmly. 
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