
Plant Physiol. (1975) 55, 247-250

Water Uptake, Diameter Change, and Nonlinear Diffusion
in Tree Stems

Received for publication May 30, 1974 and in revised form October 2, 1974

JEAN-YVES PARLANGE, NEIL C. TURNER,1 AND PAUL E. WAGGONER
Department of Ecology and Climatology, The
Connecticut 06504

ABSTRACT

A diffusion model for phloem swelling and contraction is
proposed in which the rate of water movement changes mark-
edly with moisture content. Good agreement between the actual
swelling of the phloem of cotton stems and that predicted by
the model was obtained. This result implies that water moves
more readily into the phloem when it becomes wetter. This
model also explains the lag of shrinkage of pine stems behind
the water potential of the foliage and predicts that the lag is
related to the thickness of the phloem.

The diameter of woody stems varies daily between a maxi-
mum near sunrise and a minimum 2 to 4 hr after noon (5). The
shrinkage is caused by dehydration during transpiration (7),
and the magnitude of this diurnal change is related to the
weather (8). In a steady environment, the stem diameter is
closely related to the water potential of the foliage (24), but
in the field, the diurnal changes in diameter lag several hours
behind the diurnal changes in the water potential of the foliage
(6, 14, 21, 22).

Initially Haasis (5) suggested that the changes in xylem
thickness were responsible for the changes in stem diameter,
but because the xylem vessels are relatively incompressible,
Turner and Waggoner (21) suggested that the phloem may also
respond to changes in tension in the xylem. Recently Molz and
Klepper (11) demonstrated that at least 92% of the change
in diameter of cotton stems caused by water stress was located
in the tissues outside the xylem, which they called "phloem"
and suggested that the lag in stem diameter behind leaf water
potential was caused by the gradual lateral diffusion of water
from the phloem in response to deficits in the xylem (10).
Significantly, their model for lateral water movement through
the phloem, further elaborated by Molz et al. (12), is based
on the simplifying assumption that a constant diffusion coeffi-
cient governs water movement through an aggregation of
swelling or shrinking cells. A constant diffusion coefficient
implies that water diffuses in paths that do not vary with
water content, as may occur when water moves through a non-
porous medium such as protoplasm. Because a constant diffu-
sion coefficient leads to a linear diffusion equation, we shall
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refer to the model used by Molz and Klepper (10) as the
"linear" diffusion model.

Considerable evidence indicates that the chief pathway of
water movement within the leaf mesophyll and root cortex is,
in fact, in the porous cell walls (2, 4, 16, 19, 20, 23) although
this is not certain (9). Evidence about the pathway of lateral
water movement in the phloem is lacking, but it is reasonable
to assume that water moves along or between the walls in this
tissue, too. Our experience with other porous media has
indicated that water movement is not governed by a constant
diffusion coefficient, but that the rate of flow of water changes
markedly with moisture content (17, 18). A variable diffusion
coefficient causes a nonlinear equation, and we call the new
model the "nonlinear" one. The purpose of our present paper
is to show that the nonlinear model in which water diffuses
faster as the medium becomes wetter fits the observations of
phloem swelling of cotton equally as well as the linear model
by Molz et al. (12). Moreover, we show that the nonlinear
model explains the lag in the shrinking and swelling of red
pine stems behind the hydration of the foliage.

THEORY

The new model assumes that water content can vary dis-
continuously through the phloem (Fig. 1). If the phloem has an
initial moisture content, 00, then, as water moves from the
xylem through the vascular cambium to the phloem and
swelling commences, the phloem near to the xylem will have a
greater water content, 01. The boundary between the phloem of
greater water content 01 and that with the initial water content
00 is located by the radius of the front, r,, which increases with
time and with wetting. The radius of the outside of the phloem,
r0, varies with time from r0, to rp,. as the stem swells. The
radius of the xylem, r,, is assumed constant (11). The phloem
is considered homogenous, and the thickness of the vascular
cambium is considered negligible.

For a homogenous porous medium, Talsma et al. (18) show
that when the rate of H20 movement, i.e. the diffusivity (D),
varies rapidly with moisture content, then the change in r,
with time is given by:

ln Q) = 01- D (f )d'

where g is a function of time given by

' {L1r0-o - 2 [exp (2gA)I +
when A is the integrated diffusivity given by
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Turner and Waggoner (21) measured the diurnal changes in
stem diameter and leaf water potential of the foliage of 15 m
tall red pine (Pinus resinosa Ait.) in a forest. Some of the trees
had been sprayed with phenylmercuric acetate to partially close
the stomata (22). The stem diameter 140 cm above the ground
was measured with a dendrometer (3) and the foliage potential
with a pressure chamber (15). The phloem thickness was mea-
sured microscopically in cores taken at 140 cm from the
ground. Here "phloem" is the living bark.
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FIG. 1. Schematic diagram of a tree stem. The xylem has a

constant radius, rz. The radius of the phloem, r,, and hence of the
stem, increases as water diffuses from the xylem into the phloem
increasing the water content from the initial Oo to 01 at the front rr.

re
A 10D d 0/(1 - 0o) (3)

0

Eliminating g from equation 1 gives

4-2- 02 In ( I-11 + I (4)

If the dependence of D upon 0 could be measured in the
phloem, then equations 3 and 4 could be used directly.
Although this has not been done, equation 4 can still be used,
but A must be determined empirically.

If the water moving into the phloem makes it swell by an
equal volume, then

(01 - O0) (rf2 r-X2) = ( -,2 ?
2

(5)

When swelling ceases, the front rt has reached the outer
boundary of the phloem, r0,, and

rt = *,,) - r), (6)

At any intermediate time the uptake of water, it, as a fraction
of the final uptake at an infinite time is

(,2
2 /()_2 2

) (7)

or, by substituting from equation 5,

1i = (rf2- rj2)/(r12, - (8)

Thus for a known A and r,, equation 4 gives the boundary r-

for any time, and for any I'pr,, equation 8 gives the fractional
uptake, it, and stem radius, r,.

EXPERIMENTAL

Molz et al. (12) measured the stem diameter of several 3-
month-old, potted cotton plants (Gossypilumii hirsutum I. cv.
'Auburn 7-683') in a growth room with a linear variable dis-
placement transducer attached to the stem a few centimeters
above the soil. The soil was allowed to dry until the stem con-
tracted and then plastic bags were tied around the plant to
prevent further shrinkage. After a 2- to 5-hr equilibration, the
stem was cut under water, and the expansion of the stem was

measured for the following 140 min. The final stem diameter
and phloem thickness were measured with a micrometer
caliper. Subsequently, Molz et al. (13) observed the swelling for
longer times. It should be remembered that here "phloem" is
the tissues outside the xylem.
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RESULTS AND DISCUSSION

Swelling of Cotton Stems. The swelling of a stressed cotton
stem after severing under water is shown in Figure 2 (12).
The diameter (2 r.) of the xylem of this stem was 0.4178 cm
and Figure 2 shows that 2 r0, was 0.6195 and 2 r,cc was 0.6360
cm.

The course of swelling predicted by the nonlinear model,
using equations 4 and 8 and A of 1.2 X 10(- cm2 sec-' is shown
by the solid line in Figure 2. Clearly, for the chosen value of A,
the nonlinear diffusion model, which assumes that there is a

sharp change in moisture content at a wetting front, agrees
closely with the observations.
The stem increased less rapidly than predicted between 60

and 120 min because the transition from 0o to 01 in the phloem
cannot, in fact, occur discontinuously, but must occur over a

finite but short distance. Hence the observations suggest that
after 60 min, as water begins to reach the outside of the stem,
the wetting and swelling slows down. The discrepancy between
the predictions and observations after this time indicates
further that the transition from 00 to 0, occurs over a distance
of 0.002 cm. i.e. the difference between the diameter at 60
min and 140 min. Because this 0.002 cm is only 14% of the
total swelling of the phloem, it indicates that the transition
from 0,, to 0, is sharp and that use of a discontinuity is a

justifiable approximation.
The dashed line in Figure 2 shows the swelling of the cotton

stem predicted by Molz et al. (12) assuming linear diffusion
and using an average diffusion coefficient, D, of 1.72 x 10-'
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FIG. 2. Change in stem diameter after a desiccated cotton stem
is severed under water at zero time. The points (0) are the observed
swelling, the solid line the swelling predicted by our non-linear
diffusion model and the dashed line by the linear diffusion model of
Molz et al (11).
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cm sec'. Clearly, the agreement between the predicted and
actual swelling is adequate. In this case, however, the stem
swells more rapidly than predicted. If the diffusivity is constant
the outside of the stem reduces at once the amount of water
diffusing into the phloem, hence reducing the predicted swelling
below the swelling predicted when the diffusivity changes
sharply with moisture (solid line, Fig. 2).
The values of A and D were obtained independently by

fitting the two models to observations for moderate times, i.e.
20 to 40 min. A and D are not equal, but if the water intakes
for very short times are equated, it can be shown that

7r A = 2D (9)

Molz et al. (12) took a value for D of 1.72 X 10- cm2 sec-1.
According to equation 9 this D corresponds to an A of 1.1 X
101 cm2 sec-' which is only slightly less than the 1.2 X
10-' cm2 sec' obtained by fitting the nonlinear model to the
data. This agreement simply indicates that the two solutions
which by construction yield the same result for moderate times
differ slightly in the very short time limit. This is unimportant
because the experimental data for very short times are probably
less reliable.
Molz et al. (12) attributed the small discrepancy between ob-

served and predicted swelling to growth during the 140 min of
measurement. However, when swelling was measured for 1320
min in a subsequent study, growth did not contribute signifi-
cantly to swelling during the first 240 min (11). Furthermore,
since their model utilizes the final stem diameter, rP., reduc-
tion of this diameter to account for growth would also reduce
the predicted values below the dashed curve in Figure 2 and
maintain the discrepancy.
The linear diffusion model does reasonably predict swelling,

but does not prove that the diffusion coefficient is constant as
suggested by Molz et al. (12). Indeed the nonlinear model fits
the observed swelling equally well, if not better than the
linear diffusion model, and suggests that the diffusivity varies
markedly with moisture. An analogous situation arises in
soils: with a diffusivity measured a priori and known to vary
rapidly with moisture content, linear diffusion models are
often used to predict water intake with reasonable precision
(17). However, the water profiles in the material predicted by
a linear diffusion model are unrealistic. Clearly, for phloem
the real nature of the material's wetting properties will be
truly understood only when water profiles within the phloem
are measured rather than the swelling alone.
Stem Contractions in Red Pine. The diurnal shrinkage of

stems and decrease in water potential of foliage of red pine
that had been sprayed with phenylmercuric acetate or left
unsprayed are shown in Figure 3. Both changes were decreased
by the spray that closed stomata. In both sprayed and un-
sprayed trees the shrinkage of the stem lagged 2 hr behind the
water potential of the foliage in the crown (Fig. 4).
The phloem of the pines was about 0.2 cm thick, much less

than the stem diameter of 18 cm hence r./ rf is close to 1, and
equation 4 reduces to

2At r- rr)2 (10)

or

(rt - r2) (2 A t)12 (11)
Substituting this expression in equation 8 yields
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FIG. 3. Diurnal variation in the contraction of the stem and
the water potential of foliage in red pines sprayed with a stomatal-
closing compound (0) or left unsprayed (-).
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FIG. 4. Relation between the contraction of the stem and the
water potential of the foliage of red pines sprayed with a stomatal-
closing compound (0) or left unsprayed (U). A: Contraction related
to the potential at the same time; B: contraction related to the
potential 2 hr earlier.

water uptake by the phloem depends on the thickness of the
phloem, but not on the stem diameter.
The driving force for the changes in water content in the

phloem of the stem is the water potential in the adjacent xylem.
The water potential in the stem xylem varies with the water
potential of the foliage (1). Equation 12 indicates that when the
water potential suddenly changes in the xylem, the phloem
reaches its equilibrium state, i.e. u = 1, in a finite time, T,
where:

- (rp, - r,)2/2A
where use has been made of the fact that (rp. r_) (rp.
r,) for the red pine phloem. Equation 12 shows that when the
phloem thickness is much less than the stem diameter, the

(13)

However, under field conditions the potential in the xylem
changes continuously rather than suddenly (Fig. 3). During a

continuous change in potential, the equilibrium phloem radius,

(12)
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rpx, corresponding to a particular xylem potential at a given
time is reached after a time lag, T.

According to Equation 12, a small potential change during
and proportional to an interval dt of time will, after a longer
time t, change the diameter of the phloem in proportion of
t"'2 dt. The eventual change, after a time 7 is then proportional
to _1'2 dt. Thus, the eventual change in the diameter produced
when the xylem potential is changing smoothly and con-
tinuously over many dt, as in Figure 3, can be obtained by
summing each contribution 71/2 dt over 7:

T
T' 2 dt = T: 2

i.e. the diameter changes linearly with time with proportionality
factor 7,/2. However, because of the lag in reaching an equilib-
rium diameter after a change in xylem potenial, one of the
small continuing changes in potenial at time t during 7 can

change the diameter only for a time less than 7, namely
(, t) and the consequence of each change is proportional to
(7 t)1/2 according to equation 12. Again summing each con-
tribution (7 -t)112 dt over 7,

fT

(T 6).' dt = 2/3 T'P2

i.e., only 2/3 of the change caused by continuing changes during
is observed by the end of r. Now the lag T is the additional

time for the diameter to increase by the remaining1/3. Since the
diameter changes linearly with time, the lag T is simply 1/3 7.
From equations 13 and 15 it can be seen that T is 5556

sec or 1.54 hr for the red pine with 0.2 cm phloem, if we use

the same A as obtained for cotton stems. This estimated lag
is slightly less than that observed in Figure 4, but since the
average diffusivity of cotton stems varied about a quarter (12),
the observed lag is clearly within the range of the predicted
lag. The reasonable agreement between the estimated and
the measured lag in stem contraction during a change in
water potential in the foliage suggests that the A in red pine
is about the same as in cotton. If, as this analysis of cotton
and pine suggest, diverse stems have similar diffusion char-
acteristics, then the course of drying (equation 12) and hence
of shrinkage, the time for reaching an equilibrium diameter
(equation 13), and the lag of diameter behind potential are all
related to the thickness of the phloem. This postulate, and the
consistency with observation of a conception of water moving
faster as the phloem moistens, are the chief outcomes of our

analysis.
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