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Summary 
The notion that most xylem transport in 

stems of ring-porous trees occurs in the outer
most growth ring requires experimental sup
port. Significance of this ring is challenged by 
workers who find tracer dyes appearing in 4 to 
8 growth rings rather than in only the outer
most increment. We test the hypothesis that 
the outermost growth ring is of overriding sig
nificance in fluid transport through stems of 
Ulmus, a ring-porous tree. Fluid flow through 
the outermost ring was quantified by removing 
that ring, calculating gravity flow rates (hydrau
lic conductivity at 10.13 kPa m- I ), and by 
tracing the transport pathway through control 
and experimental stem segments. From mea
surements corroborating theoretical calculations 
based on Poiseuille's law, over 90% of fluid 
flow through the stem occurs through the outer
most ring. Remaining rings combine to account 
for less than 10% of xylem transport. As a re
sult of dependence upon transport in the most 
superficial xylem, ring-porous trees such as elm, 
oak, ash, and chestnut are particularly suscep
tible to xylem pathogens entering from the 
bark. 
Key words: Elm, Ulmus americana, hydraulic 

conductivity, functional wood anatomy. 

Introduction 
Two major components of hydraulic design 

in trees are the distribution and the relative ef
ficiency of conductive elements within the 
woody axis. These are features establishing the 
water flow pathway. Efficiency, or relative 
conductance, of tracheary elements is most sig
nificantly determined by their inside diameter 
as described by the Hagen-Poiseuille equation 
(Zimmermann, 1983). Since flow rate is pro
portional to the fourth power of the tracheary 
radius, slight increases in element diameter re
sult in dramatic rises in relative conductance: 
wide elements can transport far more fluid 
than can narrow ones. However, the usefulness 
of wide conducting elements is limited by their 
greater tendency to become air-blocked, or em-

bolised, and by their small population size 
(Zimmermann, 1983). Thus, although wide ele
ments can conduct greater fluid volume, they 
are more prone to dysfunction than are narrow 
ones, and removal of functioning elements in 
relatively small tracheary populations becomes 
more significant than does tracheary dysfunc
tion in diffuse-porous wood. 

For dicotyledonous trees, vessel diameters 
are among the widest in ring-porous taxa (Weis
ner, 1928; Zimmermann & Brown, 1971). This 
leads to far-reaching implications regarding the 
hydraulic design of ring-porous species. Tra
cheary elements which survive summer acci
dents, such as random cavitation or insect dam
age, will contain water at the onset of winter. 
Once frozen, vessels contain ice. Gases previ
ously dissolved in liquid are now displaced 
from the crystal lattice and occur as inclusions, 
or' bubbles. As the ice thaws in spring, vessels 
will be seeded with air bubbles, and thus be 
blocked. Zimmermann (1983) visualises the 
way in which ring-porous trees survive this 
problem as the 'throw-away' method. He pro
poses that they have such wide and therefore 
efficient vessels ' that a single growth increment 
of the trunk can accommodate enough vessels 
to supply the entire crown with water. The 
increment containing embolised vessels is essen
tially discarded in terms of hydraulic conduc
tivity. New vessels must be produced in the 
spring before leaves emerge (Newbanks et aI., 
1982; Priestley et al., 1935). These will fill 
with thawed water and function until they in 
tum become frozen. 

What evidence is there to support the idea 
that water transport in ring-porous trees occurs 
primarily in the outermost ring? While wide 
vessels theoretically permit high low rates, flow 
velocity within the entire trunk (rather than 
simply considering isolated vessels) is deter
mined by the volume of water transported and 
by the area of xylem devoted to transporting 
that water. Expressed another way: 

vex kvol / A 
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or v (velocity of flow) is linearly proportional 
to kvol (volume of water transported) divided 
by A (the transverse area of conductive tissue). 

Flow velocities in undamaged trees have 
been measured seldomly. Most frequently cited 
is Huber's (1935) measurement of heat pulse 
migration. He showed that peak velocities in 
ring-porous trees are often ten times greater 
than in diffuse-porous species. Returning to the 
above equation, in comparing two trees, a 
greater velocity will result if I) a greater volume 
of water is transported or, 2) a smaller trans
verse area is invested in water conduction. Hu
ber reasoned that since transpiration volumes 
of ring-porous and diffuse-porous species do 
not appear to be distinctly different, then vari
ation in conductive area (A) must produce the 
measured differences in velocity. The area of 
xylem responsible for conduction in ring-porous 
trees must be much smaller than that in diffuse
porous wood. Huber (1935) calculated the area 
required to account for the large velocity, and 
concluded that the outermost growth ring can 
account for over 95 % of axial water transport 
in ring-porous trunks. 

The only component of the equation direct
ly measured by Huber (1935) was velocity. 
Other values were inferred. Huber presumed 
that volume of fluid moving through ring
porous and diffuse-porous trees were similar in 
his study popUlation because both species grew 
in the same area, supported by the same cli
mate. For this reason, we designate volume as a 
constant (kvoJ) in our expression of Huber's 
ideas in equation form. Since Huber's work, 
much has been learned about tree ecology, and 
it is now clear that transpired volume, initially 
thought to be constant between adjacent indi
viduals, is in fact quite variable. Differences in 
crown radius, total leaf surface area, architec
tural model, and stomatal resistance all affect 
transpirational volume. The assumption that 
volume is constant opens Huber (1935) to the 
criticism that his analysis requires direct dem
onstration of the area used in transporting fluid 
in ring-porous stems. 

The idea that most water transport in stems 
of ring-porous trees occurs in the outermost 
growth ring still requires direct support. Signi
ficance of this ring is challenged by workers 
who find tracer dyes appearing in two to eight 
growth rings rather than in only the outermost 
increment (Braun, 1970; Wheeler, pers. comm.). 
The purpose of this study is to quantify fluid 
flow in the outermost growth ring of Ulmus 
americana, a ring-porous tree. These experi
ments test the hypothesis that the outermost 
growth ring is of overriding significance in fluid 
traI)sport in ring-porous xylem. 
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Materials and Methods 
Well-watered saplings (7-15 years old) of 

Ulmus americana grown in Harvard Forest, Mas
sachusetts, forty miles west of Boston, were 
handled to minimise induced embolisms. Sam
ples were taken in August, two months after 
cessation of growth. Trees were cut within 30 
minutes of dawn, and the cut end immediately 
placed under water. Branches were removed, 
and the stem quickly enclosed in plastic sheet
ing for transport to the laboratory. Segments 
of stem were cut (Table I), cut surfaces were 
trimmed with fresh razor blades, and the seg
ments then vacuum infiltrated for 30 seconds 
to remove surface bubbles (Salleo et aI., 1984; 
Zimmermann, 1978). 

Contribution of the outermost growth ring 
to fluid flow in the stem was calculated by sub
tracting gravity flow rate through girdled stem 
segments from that through intact controls. 
Gravity flow rate (hydraulic conductivity at a 
pressure gradient of 0.1 bar/m) was determined 
by multiplying the rate of flow (ml/sec) through 
the stem by stem length, and dividing the prod
uct by the average height of the fluid column 
(Fig.la; Zimmermann, 1978). 

Three experimental segments were perfused 
(Table I). They were fed with 5 mM KCI instead 
of distilled water to minimise blockage from 
tissue swelling (Zimmermann, 1978). Diameter 
of segment A was 24 mm (4-year old stem); 
segment B, 35 mm (8 years), C, 45 mm (10 
years). Volume of 5 mM KCI flowing through 
each segment was noted at 30-sec intervals. 
Average flow rate was determined from at least 
three readings per segment. After gravity flow 
rates through intact segments (Fig. I b) were re
corded, experimental segments were girdled to 
provide a perfusion port devoid of the outer
most ring (Fig. Ic). Once again, gravity flow 
rate was determined, and differences between 
flow rate through girdled segments and through 
intact control segments noted (Table I). 

To visualise the pathway of fluid movement, 
5 mM KCI was chased by filtered 0.5% safranin 
(w/v), staining walls of conductive elements. In
dividual conducting elements are thus marked 
and could be distinguished in 40 pm transverse 
sections of the wood taken from some distance 
from the perfusion port (Fig. 2). Sections were 
made on a sliding microtome, and were floated 
in water as briefly as possible to prevent leach
ing of safranin from cells. Once tied onto slides 
sections were dehydrated to xylene and mount
ed with no additional staining. Wood prepared 
in this way is unstained except for bright red 
cell walls delineating conducting elements (Figs. 
ld, e; 2). Both girdled and control segments 
were perfused with dye. 
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Theoretical relative conductance in different 
growth rings was calculated using safranin-infus
ed control segments. Relative flow rate predict
ed by the Hagen-Poiseuille equation (Giordano 
et aI. , 1978) was determined by summating the 
fourth powers of inside vessel radii (r) for con
ductive vessels. Sectors along the arc of two
year old growth rings were photographed. At 
this stage, stained vessels represent conductive 
late wood elements, while non-conductive early
wood vessels remain unstained (Fig. 2). Slight 
errors in measuring stained vessel diameter 
would result in large errors in calculated relative 
conductance. Error was minimised by making 
enlarged photocopies of printed micrographs. 
Measurements were taken from the photocopies 
which consistently provided distinct edges be
tween lumen and tracheary wall. Based on mea
surements (Jeje & Zimmermann, 1979) from 
photocopies, ~r~ (theoretical relative conduc
tance) of earlywood and of latewood was cal
culated. 

b H d~ 

a .~ 
c 

Fig. I. Fluid descent through stem segments. -
a: Perfusion configuration whereby solution 
enters the stem from a fluid-fIlled perfusion 
port fed by a pipette. Gravity flow calculated 
by dividing measured flow rate by average 
height of fluid column (arrows), then multi
plying by stem length. - b : Perfusion port of 
control stem segment, with all growth rings 
available for fluid entry. - c: Perfusion port of 
girdled stem segment showing that the outer
most ring is unavailable for fluid entry. - d & e: 
Dye (shading) distribution in six-year old stem 
perfused with safranin. Sections taken 50-100 
cm away from perfusion port. - d: Control seg
ment. - e: Girdled segment. 
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Results and Discussion 

Effect of girdling on gravity flow rate 
Gravity flow rates in intact stem segments 

ranged from 0.91 to 2.75 ml/sec (Table I). Sub
sequently, the outermost growth ring was re
moved at the fluid entry point (perfusion port). 
We designate these as 'girdled' segments (Fig. 
I c). After gravity flow rates through intact seg
ments (Fig. Ib) were recorded, those same seg
ments were girdled (Fig. Ic). Once devoid of 
the outermost ring at the perfusion port, stems 
accommodated an average of only 8% of the 
flow rate achieved in intact segments (Table I). 
The outermost growth increment thus appears 
to be responsible for 92 % (x) of the flow rate 
through stems of Ulmus americana. Gravity 
flow rate was restored to within 5 % of its ori
ginal high value after the girdled end was cut 
off, producing a new perfusion port with its 
cross section once again intact (Fig. I b). 

Decrease in transverse area must partially 
contribute to the sharp decline in flow rate 
found in girdled stems. As a result of girdling, 
transverse area open to fluid entry at the per
fusion port (Fig. I b) was reduced by 44, 46, 
and 20% for segments A, B, and C (Table I). If 
transverse area alone were responsible for fluid 
flow rate , we would see a decrease in flow rate 
matching the 37 % average decrease in area for 
girdled perfusion ports. Instead, the average 
decrease was 92%, indicating that removal of 
the outermost growth ring imposes far greater 
resistance to flow than can be attributed to de
crease in area alone. 

Two alternatives can account for increase 
resistance to flow by girdled stems. Fluid may 
pass laterally through the stem before using the 
same channels as in intact segments. According 
to this view, fluids would pass radially through 
cell walls and intracellular spaces in order to 
reach the full transverse area . beneath the port. 
Resistance would be conferred by the slow pas
sage through cell walls (Petty & Palin, 1983) 
and by the lack of ray vessels (Braun, 1970; 
Zimmermann, 1983). Alternatively, fluid in 
girdled stems may not enter the outer growth 
ring at all. If this were true, the much reduced 
flow rate in girdled stems (Table I) represents 
the rate accommodated exclusively by xylem 
older than one year of age. Indeed, we found 
this to be the case. 

Tracing the pathway of fluid flow 
By feeding safranin into perfusion ports, we 

were able to visualise the course of fluid flow 
through stem segments. Intact (control) stems 
transported fluid throughout the outermost 
ring, as well as in the latewood of rings up to 
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Table I. Gravity flow rates through elm stem. 

Elm stem segment 

A B C 

Segment length (cm) 69.8 79.0 11.0 

Flow through intact stem (ml/sec) 0.91 2.37 2.75 

Flow through girdled stem (ml/sec) 0.05 0.21 0.28 

% of flow through outer ring 94.5% 91.2% 89.9% 

Flow rates represent average from 3-5 readings taken from each stem segment, 
before and after girdling. All readings fell within IS % of the mean. 

six years old (Fig.ld). In contrast, girdled stems 
only allow transport in growth rings older than 
one year of age (Fig. Ie). The decline in flow 
rate through girdled stems (Table I) is thus a 
consequence of restricting transport to the late
wood. of older rings as transport through the 
outermost ring is prevented. 

In the outermost growth ring, both the wide 
earlywood vessels and narrower late wood ele
ments participate in fluid flow. Only the outer
most ring has conductive earlywood vessels. In 
older rings, dye passes only through narrow ele
ments, leaving earlywood conspicuously un
stained (Fig. 2). 

Fig. 2. Dye pattern in two-year old growth ring. Staining (darkened walls) occurs only in latewood. 
Earlywood vessels (arrows) would be hydraulically more significant, but fluid does not flow through 
them, as evidenced by lack of stain in their walls. Scale bar: 500 ).LIll. 
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Theoretical and actual relative conductance 
Dye-infused segments were used to make 

theoretical calculations of relative conductance 
in different growth rings. Relative flow rate 
predicted by the Hagen-Poiseuille law was de
termined by summating the fourth powers of 
inside vessel radii (r) for functioning (stained) 
vessels. In two -year old growth rings, stained 
vessels represent conductive latewood elements, 
while non-conductive earlywood vessels remain 
unstained (Fig. 2). 

Based on measurements of79 earlywood, and 
232 late wood vessels co-existing in the same 
sectors, ~rrt of earlywood averaged 23 times 
higher than that of latewood. Relative flow 
rate of early wood should therefore theoretical
ly account for 96 % of the flow rate through a 
growth ring, while latewood vessels should ac
count for 4 % despite their three to one majori
ty . This is consistent with results from the gir
dling experiments (Table 1). However, while 
predicted conductivity for latewood is 4%, 
measured values for girdled segments were 6%, 
9%, and 10 %. The higher values are probably 
due to the contribution of late wood in several 
growth rings toward fluid flow (Fig. Ie). 

We have quantified hydraulic conductivity 
of the outermost growth increment of a ring
porous tree, by direct removal of that growth 
ring. Wide vessels, responsible for over 90% of 
the flow rate through a trunk cease to conduct 
after one year, probably due to embolism (Zim
mermann, 1983). It is likely that in other ring
porous trees as well, growth increments are an
nually discarded, leaving the single outermost 
ring responsible for water . conduction in the 
trunk. Compatible with this is the fact that ring
porous trees (e.g. Ulmus, Quercus, Fraxinus, 
Castanea) are most susceptible to fungal wilt 
diseases (Agrios, 1978). Pathogens enter from 
outside the plant body, hence the outermost 
xylem will be the first to be attacked. Since that 
increment is the most hydraulically significant, 
it is easy to conceive how pathogen-induced 
embolism and blockage (Newbanks et aI., 1982; 
Sinclair & Campana, 1978) could cause crown 
wilt and finally death. In contrast, diffuse-po
rous trees apparently rely on several growth 
rings for water conduction, making infection of 
the outermost ring less threatening to tree sur
vival (Braun, 1970). 

Our findings form a physiological basis for 
controlling vascular wilt diseases in ring-porous 
trees because they emphasise the hydraulic sig
nificance of the trunk periphery. Efforts at 
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treating conditions such as Dutch elm disease 
and oak wilt through fungicide injections should 
use the outermost growth ring as the target tis
sue (Phair & Ellmore, 1984). By directing fun
gicide into this hydraulically critical layer, pro
tection will be two-fold. Fungicide will be de
posited in the zone most vulnerable to attack, 
and high conductivity of that ring insures maxi
mum transport of fungicide to the crown. 
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