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ABSTRACT

When pea (Pisum sativum) seeds were wetted, a sharp front separated
the wet and dry portions, the seeds swelled, and the water content in the
wetted portion continued to increase for a long time. A model was
proposed and tested that takes into account these three characteristics and
in particular does not postulate a constant diffusivity. The parameters of
the model are simply the rate of penetration of the wetting front and a
swelling factor.

Recently the early water uptake and swelling of phloem has
been examined. The uptake was interpreted in terms of both a
constant diffusivity (5) and of a diffusivity that varied rapidly
with water content (7). Although the variable diffusivity fitted
the observations somewhat better, the total water uptake by the
entire structure is insensitive to the effect of water content upon
diffusivity, and the nature of diffusion in plant tissue can be
solved only by observing the water profile in the tissue. The
water content and profile vary smoothly when diffusivity is
constant and abruptly when diffusivity increases rapidly with
moisture. Because phloem or leaves are so thin that the water
profile cannot be observed easily in them, we decided to ob-
serve water uptake and the profile of wetting in large seeds.
As in any other living tissue, water uptake in dry seed is first

controlled by permeation and then by growth (1). Since permea-
tion and growth in seed occur on different time scales, they are
easily separated. In addition, dead seeds, e.g., split peas (11),
or swelling in water too cold for growth (4) can be observed.
The equation so far used (8, 10) to model uptake by spherical

seed was derived from three assumptions: (a) constant diffusiv-
ity, (b) no swelling, (c) constant water content near the surface
after the first wetting. These are not borne out by observations;
thus, a variable diffusivity was required to fit observations (8,
10). The seeds swelled to about double their size (8, 10, 11), and
such swelling requires a different definition of coordinates (9).
Finally, the swelling makes more room for water, the flux
through the surface scarcely changes for a long time (11), and
the water content near the surface increases for a long time (6).
Our task is to observe the water profile in seed to show the

inconstancy of the diffusivity and then to propose a model that
does not require a constant diffusivity but does take into ac-
count swelling and the continuing change of water content as
the surface expands.

THEORY

Fundamentally, our theory depends upon two things. First,
see Figure 1, a location in the spherical seed is identified by its

I This investigation of water movement into seeds is dedicated to
Leon Bernstein whose investigations, scholarship, and editing have
advanced knowledge of how plants get water and exchange salt.

original distance r(o) from the center and by a swelling factor X:

X = 8r(t)/0r(o) (1)
where Fr(o) and Mr(t) are the distances between nearby locations
before and after wetting for time t. In general, X varies with
water content and temperature. Second, we visualize water
moving into the seed behind a wetting front and replace the
concept of a diffusion coefficient by the position rXt) of the
wetting front.
The water content 6 at an original location of r(o) is the

volume of water per dry volume, and the volume of the wet
seed relative to the dry is I + 6. The initial volume 4 Hr(o)2 8
r(o) of the dry shell of thickness 8r(o) swells to 4 Hlr2(t) Sr(t)
after permeation of water for time t. The volume of wet relative
to the dry shell is

1 + 6 = r'2(a8r(t)/r2(o)8r(o) = [rf(t) + f X dr] r2(o) (2)

That is, br(t)/8r(o) is replaced by X, and r(t) is replaced by the
dry length rAt) plus the wet, swollen length. Note that the
outward swelling A is more than the circumferential stretching

[rAt) + A dr r(o).

This is because the outward swelling is not constrained, while
the circumferential stretching is constrained. We can say that
the swelling is anisotropic.
Note that just behind the front, where the water content is o,,

the location r/t) is approximately r(o), and the thickness of the
wet, swollen layer is approximately zero, making

I + Of = X(o,) (3)

Equation 2 defines 6 at location r(o) in terms of rf and A,
which must now be estimated. The location rf of the wetting
front can be observed, but we must obtain A in observable
terms.

In practice, when the swelling factor A is a slowly varying
function of water content 6, then the average A for the two
extremes of of at the wetting front and O, at the outer surface will
be approximately the relative change in thickness of the wet
layer:

r,(t)- rt) X(6f) + X(6,)
r.(o) - r$t) 2 (4)

Since X(6,) is nearly A(6f) at short times, X(Of) is calculated
from equation 4 alone at short times. At any time, equation 4
then gives X(6,), when the radius r, of the seed and the location
rf of the wetting front are observed. The corresponding value of
6, is then obtained by applying equation 2 at the surface. Since
the stretched radius in brackets is r.,t), equation 2 becomes:

(5)

which yields 6,.
A simple situation occurs when A is approximately constant.

Since A certainly does not decrease with 6, the constancy of X
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can be established by checking that X (i) after the first or initial
wetting is approximately equal to X(oo) after a long time or
equivalently that X(i) equals

[X(i) + X(oo)]/2.
After a very long time, the left hand side of equation 4 becomes
rj(oo)fr(o), and the right hand side becomes

[X(i) + X(oo)]I2.
Hence we check constancy of X by checking whether

(6)r., (001r,(O) =- A(i)

In this simple case of constant A, equation 4 becomes

rt) [xr.(o) - r,(t)]/(x - 1)

and equation 5 yields

FIG. 1. Schematic diagram of a swelling pea. The outer radius of the
pea swells from rj(o) to r,(t) during a time t, while the wetting front
penetrates from r,(o) to rAt). A location r(o) in the dry pea moves to r(t)
on wetting, while an element 8r(o) stretches into Sr(t). The stretching
factor is 8r(t)/8r(o).

I + 0 AX[Xr(o) - (A - I)rAt)J2/r(o)2 (8)
Equation 7 gives the location of the wetting front rf(t) when the
swollen radius r,() is measured, and equation 8 specifies the
water profile by giving 0 as a function of r(o).
Thus the purpose of the experiments is to test equation 6 to

see whether A is constant. Then use equations 7 and 8. If
equation 6 does not hold, use the more complex equations 4 and
5 to obtain X(8) and obtain the profile with equation 2.

MATERIALS AND METHODS

Pea seeds (Pisum sativum) were chosen because of their
sphericity. The average weight of a seed was 0.15 g, the density
of oven-dried peas was 1.3, and they contained 13% water when
air-dried.
The seeds were wet in a bath of distilled H20. The H20 was at

room temperature, 20 C + 2 C, or maintained at 0 C by ice. At
0 C the effect of growth on H20 uptake is minimal (4). At
intervals, e.g., every 15 min, the seeds were removed from the
H20, dried with tissue paper, and weighed. The drying and
weighing took less than 30 sec for a batch of 20 seeds. The seed
coats were removed to decrease variability because they were
usually cracked, and when the coats are wet, they tend to fall
apart.
Some peas were killed by placing them overnight in an oven

at 100 C. Although the peas tended to split in two toward the
end of the experiment, increasing the area of contact with H20,
the oven-dried peas tended to preserve their spherical shape.
Water uptake in peas split before the experiments was also
observed.

Besides H20 uptake, the position of the wetting front was
observed by two methods. The first method was cutting the pea
in two, marking the wetted part with LiCI and photographing it
(Fig. 2). The other method was to scrape the wet layer off with a
blade, and to weigh it and the dry core both before and after
drying in the oven.

RESULTS AND DISCUSSION

Figure 2 shows a wetting front as H20 permeates a pea. The
H20 content varies abruptly at the wetting front rather than
smoothly. This is the observation that could not be made in a
thin phloem (7) and confirms that using a constant diffusivity in

FIG. 2. Wetting front in a pea shown by LiCl strain.
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a model is inappropriate, at least for peas and hence possibly for
other plant tissues as well, such as phloem.

Figure 3 shows the course of water uptake by six batches of
20 peas. The curves have been normalized to represent the H20
uptake per initial volume of seeds, i.e. [r83(t)r8-3(o) - 1].
The uptake of H20 by the live peas essentially stopped after

300 min, but when they were left overnight they increased
slowly in weight, showing some growth. The live peas tended to
split visibly during the early stages of H20 uptake. By compari-
son the H20 uptake after a day by oven-dried peas was slightly
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FIG. 3. Water uptake relative to the volume of the dry pea. Two

batches of 20 live peas each (0); two batches of 20 dead, split peas (A);
one batch of 20 dead, whole peas (@). The foregoing were wet at room
temperature. One batch of 20 dead, whole peas wet at 0 C (U).
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less than by the live ones. Except for growth, the dead, oven-
dried, split peas and live peas absorbed H20 similarly.
On the other hand, the oven-dried, but unsplit peas took up

H20 more slowly. The ratio of the uptake rates by split and
unsplit peas was about 1.55 and is essentially equal to the 1.5
ratio of the areas in contact with free H2O.
The asymptotic H20 uptakes at freezing and room tempera-

ture are about the same, suggesting that X(68) is not greatly
influenced by temperature. On the other hand the rate of H20
uptake is much slower at cooler temperatures, and at 0 C the
rate is about a third the rate at 20 C. Thus r,(t) is greatly
influenced by temperature.

In all cases, the intake curves are made of three components,
a rapid initial intake, a long and nearly linear "main curve" and
finally a slow increase before saturation. The initial transient
phenomenon lasts about 30 min, which is of the order of the
characteristic time for permeation of a single cell 100 ,um in
length, calculated from a conductivity through the cell mem-
brane 5 x 10-7 cm/sec-bar (3) and a potential difference of 10
bars. The final portion may or may not include some growth,
depending on whether the peas are alive. Different regimes of
H20 intake, i.e., a transient behavior at first, followed by a
more steady permeation later, are not unusual for porous media
(2). This description agrees with Shull's observation (11), with
our "main curves" being even more remarkably linear than
Shull's. Note that "the effect of the initial rapid intake is to
throw the main part of the curve upward from base line" ( 11). It
is also interesting that all the main curves extrapolate to the
same point at zero time.

Figure 4 shows a continuing increase in the average H20
content of the wetted layer of the peas as a function of time in
four experiments. Weighing the "'dry" cores showed that they
were slightly wet, but their H20 content was rather less than the
variability in the data in Figure 4 and the H20 in the dry core

was ignored. In addition, the removal of the wet layer was

imperfect, and parts of it may have been left around the core,

explaining some of the variability in Figure 4. This suggests that
the measured content in the wet layer may be too large, since
the parts left around the core would be the driest parts of the
wetted layer.

Clearly the diffusivity is not constant since there is an abrupt
change in H20 content at the wetting front, and equations 4 and
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FIG. 4. Change in average H 20 content in the wet layers of four batches of 10 peas each. The H 20 content is the content per dry volume of the
wet layer.
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5 are to be used. Equations 4 and 5 require measurements of
r5(t) and r/t) to deduce X(O) and thus calculate wetting profiles
by equation 2. The r.(t) can be obtained from Figure 3, and r/t)
can be obtained from Figures 3 and 4 together. If, however, X
happens to be constant, then its constant value plus ri(t) taken
from Figure 3 defines the wetting profile by equation 7. To
check whether A is constant we must return to equation 6,
measure its left and right hand sides, and verify that they are
equal. The left hand side is estimated from Figure 3 as the cube
root of the asymptotic H2O contents plus 1, i.e., I + 0, of the
dead peas. The rt(jx)/r(o) was (1.22 + 1)"/: or 1.3. The right hand
side or Mi) is obtained from equation 5 when t approaches zero.
By extrapolating the "main curve" of Figure 3, we find
r52(t)/r52(o) approaches (0.26 + 1)2/3 or 1.17. The O, after initial
wetting is required for equation 5, and is estimated to be 0.51 in
Figure 4. Hence, equation 5 gives a X(i) of 1.51/1.17 or 1.3. Thus
both the left and right hand sides of equation 6 equal about 1.3,
proving that in these seeds A is constant.

Thus, equation 7 describes the profile. In a simple example,
the wetting front in the dead, spherical (i.e., whole) peas will be
20% of the way to the center after 30 min and 90% of the way
after 400 min.

In these particular seeds the equations were simplified by the
observation that A was constant. There is no reason why A
should be constant and no reason why the main portion of the

H20 uptake curve should be straight. Nevertheless, in all cases
where there is a sharp wetting front and the material swells,
equation 2 can be used. Further, the continuing increase in H20
content of the wet shell, as shown in Figure 4, will always
occur.
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