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ABSTRACT
Water release to dry upper soil by alfalfa roots amply supplied

with water in the bottom of the rootzone could not be measured by
gamma-ray attenuation. Variations in the CO2 and O2 concentrations
of the soil water had no measurable effect on water release. After
having been nearly inactive with respect to water uptake in dry soil
for more than SO days, the upper roots took up water at a high rate
immediately after rewetting. If metabolic influences of the plants are
negligible, such polarity between water uptake and release must de-
pend on the location and relative magnitudes of the main resistances
in the two types of flow. Comparison of leaf water and soil water
total potentials indicated little resistance in the xylem and major
resistance in the radial pathway. Water uptake across large radial
resistances causes low water potentials inside the xylem. For this
water to be released to drier soil elsewhere, water potentials there
must be even lower than in the xylem. Associated large soil-root
interface resistances are likely to prevent water release of any sig-
nificance. Such resistances are suggested as an explanation for the
generally observed polarity between water uptake and release.

Additional index words: Leaf water potential, Soil water potential,
Polarity, Plant water resistance, soil-root interface.

PLANTS obtain atmospheric CO2 required for pho-
tosynthesis by diffusion through open leaf sto-

mates. While this is taking place, water in the leaf
parenchyma tissues evaporates into the substomatal
cavities and diffuses through the open stomates into
the atmosphere. This process can create large water
potential differences between the leaves and the soil
surrounding the roots. As a result, water flows from
the soil via the roots and leaves into the atmosphere,
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at the same time providing the plants with water needed
for their physiological functions and cooling them. If
this flow is purely physical, the array of hydraulic re-
sistances in this transpiration stream determines how
large the flux density will be for a given overall po-
tential difference, analogous to Darcy's Law for water
flow in soils. Interaction with other transport processes
in living plants may cause deviations from this simple
relationship. According to Newman (1974) and Kra-
mer (1983), the balance of evidence supports the hy-
pothesis that active water movement, using metabolic
energy, does not contribute significantly to water flow
within the plant. The interaction between water flow
and solute transport can account for the development
of root pressure and exudation, and also for a decrease
in the apparent root resistance to water flow with in-
creasing flux density, particularly, if one allows for
active uptake of solutes (Dalton et al., 1975; Fiscus,
1975). However, the problem is by no means resolved.
For instance, it is not clear why dead root systems
generally have higher conductances than living ones.

Any active influence of the plant on the transpira-
tion process would depend on the pathway of water
through the root and the location of the main resist-
ances to flow. According to Newman (1976), the major
resistance is associated with radial flow between the
root surface and the xylem. Of the three possible path-
ways, he found the symplasm pathway the most likely.
Others favor the cell-wall or apoplast pathway (Kra-
mer, 1983). Membrane resistances appear to depend
on metabolic processes. Additional complications are
associated with longitudinal resistances in roots,
changes in resistances with age, as well as the effects
of environmental conditions such as temperature, O2
and CO2 concentrations', and salinity. The so-called
Poiseuille resistance to water flow over relatively large
distances in xylem tubes with small diameters and lo-
cal restrictions was found to be small by some (Taylor
and Klepper, 1975; Herkelrath et al., 1977a, 1977b;
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Busscher and Fritton, 1978), and significant by others 
(So, 1979; Taylor and Klepper, 1978). There also has 
been much discussion as to whether the major resist- 
ance in the liquid phase is located in the soil or in the 
plant. It appears that for typical root densities and 
transpiration rates, the resistance of the soil becomes 
important only after the soil has dried out significantly 
(Newman, 1969; Reicosky and Ritchie, 1976). 

Evidence is accumulating that the soil-root interface 
(Harley and Scott Russell, 1979) itself also can present 
major resistance to flow. Weatherley (1 976) reported 
that the total resistance temporarily decreased after 
deformation and vibration of the soil, most likely a 
result of improved contact between soil and roots. Ex- 
periments by Taylor and Klepper (1975) with cotton 
also indicated that contact resistances strongly in- 
creased as the soil around the roots became drier. Her- 
kelrath et al. (1977b) could explain their own data 
satisfactorily by assuming that the contact resistance 
was inversely proportional to the water content. Using 
the same model, Nnyamah et al. (1978) found that for 
Douglas fir [Pseudotsuga menziesii (Mirbel) Franco], 
the contact resistance could account for 50% of the 
total resistance between bulk soil and root xylem when 
the soil was moist, and almost 75% when dry. Huck 
et al. (1 970) showed that cotton (Gossypium hirsutum 
L.) roots shrank during the day and swelled during the 
night, thus alternately losing and regaining contact with 
the soil. 

If plants are passive and water moves simply as a 
result of existing potential gradients, water release from 
roots to soil should occur if the total water potential 
is higher in the root xylem than in the soil. This pos- 
sibility gained new significance in recent attempts to 
simulate water transport in the root zone (Molz, 198 1 ; 
Steinhardt et al., 1981; Van Bavel et al., 1984). From 
time to time, the literature contains reports of water 
release from roots to relatively dry soil (e.g., Hunter 
and Kelley, 1946; Muller-Stoll, 1965; Schippers et al., 
1967; Thorup, 1969; Herkelrath, 1975; Molz and Pe- 
terson, 1976; Shone and Wood; 1977; Rowse et al., 
1978). These references generally indicate that, if at 
all, water release occurs at much lower rates than water 
uptake. This suggests a polarity (dependence on di- 
rection of flow) of the hydraulic conductance of the 
soil-root system, possibly with an active role of the 
plant. Already purely physical, the flow of water to 
and from roots is complex because of its radial ge- 
ometry and the decrease with water content of the 
hydraulic conductivity of the soil and the conductance 
of the soil-root interface. 

Another reason for polarity in water movement 
across root boundaries could be a difference in C 0 2  
and O2 concentration of the water in the xylem tubes 
and in the soil. Kramer (1 949) gave various references 
that show that C 0 2  reduces the permeability of roots 
to water. Without detecting an effect of anaerobiosis, 
Glinka and Reinhold (1 962) found that COz acts rap- 
idly to decrease the permeability of cells and roots to 
water, that the observed changes in apparent perme- 
ability are not merely due to osmotic gradients caused 
by salt-sieving (Glinka and Reinhold, 1964), and that 
the C 0 2  effect also applies to diffusional permeability 
(Glinka and Reinhold, 1972). 

In the study reported here, we measured root waiter 
uptake by alfalfa (Medicago sativa L.) under a variety 
of conditions. By comparing leaf and soil water total 
potentials, we evaluated the relative magnitude of the 
radial resistance of roots and the longitudinal resist- 
ance of xylem vessels in roots and stems. We also 
attempted to detect increases in soil water content due 
to water leakage from roots to dry soil. Finally, we 
explored the possibility that differences in C 0 2  and/ 
or O2 concentrations between the water inside and 
outside roots cause differences in the conductance with 
the direction of flow. 

METHODS AND MATERIALS 
The measurements were carried out with alfalfa grown in 

a section of the soil water flow model with two-dimensional 
automatic gamma-ray attenuation scanner described by 
Dirksen and Huber (1 978). The section, 1.07 m high with a 
rectangular cross-section of 0.394 by 0.178 m, was packed 
with Pachappa very fine sandy loam (Mollic Haploxeralfs) 
at a bulk density of about 1570 kg m-3. All reported volu- 
metric water contents (0, m3 m-3) are averages of th'ree 
gamma measurements per depth through the 0.178-m hor- 
izontal dimension of the soil column. In situ soil water sal- 
inities were measured with salinity sensors as electrical con- 
ductivity (EC), but are expressed as osmotic head h,, 
according to 

h,, (m) = -40 X EC (S m-I). 
A 0.52-m wide bank of 12 fluorescent lights was mounled 

in a box with a thin tedlar sheet at the bottom, about 0.80 
m above the soil surface. These lights (Vita-Lite, Duro-Tast 
Corp., North Bergen, NJ)3 are designed specifically for plant 
growth and do not require additional incandescent lights. 
The temperature in the box was controlled by forced, cooled 
convection at 25 "C to keep the heat of the lamps away from 
the plants and to increase the illuminance. The illuminance 
in the canopy was also increased by reflecting shades hung 
from the edge of the lights to a point below the soil surface. 
The lights were on for 12 h per day. The illuminance vaned 
from about 13 500 lux at 0.15 m to 22 500 lux at 0.60 m 
above the soil surface. 

The alfalfa received fertilizers with the irrigation water and 
generally looked healthy. Plant analyses showed normal 
mineral contents. The alfalfa grew up to 0.60 m high and 
was cut every 24 days at 0.12 m above the soil surface to 
promote quick regrowth. The canopy was confined by twine; 
its cross-sectional area near the top was about 2.5 times that 
of the soil surface. Also, to enhance evapotranspiration, air 
was blown from outside the reflecting shades through a per- 
forated tube into the canopy. As a result, the amount of 
evapotranspiration per hour of light increased from about 
0.2 mm just after cutting to about 1 mm at full canopy. The 
room was air-conditioned and its temperature was around 
25 "C day and night. The relative humidity occasionally 
reached 80% in the light, while in the dark it was usually 
around 50%. Leaf water total potentials were measured with 
a pressure chamber (Plant Water Status Console, Model 3005, 
Soilmoisture Equipment Co., Santa Barbara, CA). 

Prior to this particular study, the alfalfa had been grown 
for almost 2 yr and harvested about every 24th day. The soil 
column was irrigated with tap water (h, = -2.4 m), at first 
daily, then at 6-day intervals, and finally it was subimgated 
for 72 days at a 0.55-m depth through three horizontal ce- 
ramic tubes across the 0.394-m breadth (see Fig. 5a). The 
last 19 days of this period, following the last harvest, the 

The mention of commercial equipment by name is for the con- 
venience of the reader and does not imply endorsement of that 
product by the contributing agencies. 
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column received 17.1 mm each day. The study reported here 
covers the following 68 days, starting with the termination 
of subirrigation at the 0.55-mm depth. The experimental 
program is summarized in Table 1 .  Subirrigation at the 1 .OO- 
m depth occurred through two horizontal ceramic tubes about 
12.5 mm in diam across the 0.178-m width. Flushing with 
COz, air and 0, occurred through the three ceramic tubes 
at 0.55 m used previously for subirrigation. 

RESULTS 
Figure 1 shows volumetric water content profiles 

and Fig. 2 osmotic head profiles for selected days 
throughout the study period. They reflect the effects 
of the change of subirrigation depth from 0.55 to 1.00 
m and the variation in rate of water uptake due to 
growth, cutting, and regrowth of the alfalfa. Between 
day 2 and day 10 there was no irrigation and no drain- 
age, and redistribution had essentially ceased. There- 
fore, the observed changes of water content should at 
any depth closely approximate the local water uptake. 
The two water content profiles suggest that during this 
period the water uptake was more or less uniform with 
depth, but this was not the case. Figure 3 shows the 
water content changes as a function of depth during 
35 h of light on days 2 through 4, and 36 h of light 
on days 5 through 7, respectively. During the first pe- 

Table l. Summary of experimental program. 

Day Treatment 

1 
9 

11-60 
37 
39-55 
52-55 
55-58 
58-61 
61-62 
68 

Termination of sub irrigation at  the 0.55-m depth 
Harvest 
Subirrigation a t  the 1.00-m depth, about 22.9 mm every other day 
Harvest 
Irrigation water saturated with CO, 
Column flushed with CO, 
Column flushed with air 
Irrigation water and column flushed with 0, 
Flood irrigation, total 71.4 mm 
Column placed on nailboard to observe root distribution 

h 

E 

f 
v 

h 
0 
Q) 

Water Content (m3m3) 
Fig. 1. Observed water content distributions during the study period. 

riod most uptake occurred at intermediate depths. Af- 
ter the water content in the middle region of the col- 
umn had decreased to about 0.10 m3 m-3, 
corresponding to a pressure head h, = - 18 m, the 
plants began to take up water at the top and bottom 
of the column. This was a result of the salinity dis- 
tribution, which had developed during the 72 days of 
subirrigation at the 0.55-m depth (Fig. 2, day 2); with- 
out excess imgation water for leaching, the solutes 
contained in the irrigation water accumulated at both 
ends of the column. Thus, initially water uptake was 
greatest where the salinity was the lowest, even though 
the water content was more or less uniform (Fig. 1). 
After most of the good quality water had been depleted 
the roots began to take up water from the more saline 

- 

0 -20 -40 -60 -80 
Osmotic Head (m) 

Fig. 2. Observed osmotic head distributions during the study period. 

0, I I I 

-.I 2 -.08 -.04 0 
Water Content Change (m3m3) 

Fig. 3. Distributions of water content change for two time intervals 
after suspension of subirrigation at the 0.55-m depth. 
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regions. On day 10, after the alfalfa had been cut, the 
least saline, middle zone of the soil column was the 
driest (depth 0.55 to 0.70 m: 0 3: 0.06 m3 mw3, ho, > 
- 5 m, h,, u - 200 m), the more saline upper zone 
was at intermediate water content (depth 0.20 m: 0 N 

0.09 m3 m-3, ho, N -35 m, h,, = -30 m), and the 
most saline lower zone was the wettest (depth 1 .OO m: 
0 = 0.15 m3 m-3, ho, 11 - 45 m, h,, N - 3.0 m). The 
corresponding values of the total head of the soil water, 
h,, = h,, + h,,, at these depths were about -200 m, 
-65 m, and --47 m, respectively. Thus, the alfalfa 
did not dry out the soil to uniform total potential, as 
is often suggested in the literature. Low osmotic heads 
diminished water uptake at a much higher value than 
did low pressure heads. 

As a result of the harvest on day 9, the start of 
subirrigation at 1 .OO m depth on day 1 1, which shifted 
the active zone of water uptake downward, and the 
gradual increase in water uptake (evapotranspiration) 
due to regrowth of the alfalfa, the water content in the 
bottom half of the soil column first increased until day 
23 and then decreased until the harvest on day 37. 
This pattern was repeated during the next growth pe- 
riod. In the middle zone the water content on day 37 
was still about 0.08 m3 mW3 (hps = - 55 m), compared 
with 0.06 m3 m-3 on day 10, a result of the solutes 
that had moved up from the lower part with the water 
applied as subimgation. The top part of the column 
dried some more between days 23 and 37; thereafter, 
it remained essentially constant until the flood irri- 
gation on day 61. Apparently, the plants could not 
draw any more water from the dry, saline soil in the 
top half of the column. A water content increase as a 
result of water leakage from the roots could not be 
detected-not even on day 8 when the lights were off 
the entire day and two nights. Also, saturating the ir- 
rigation water and the soil atmosphere with CO, (day 
55) or with O2 (day 61) had no measurable effect. The 
osmotic heads in the top part of the column were the 
lowest on day 17, increased somewhat until day 37, 
and remained fairly constant after that day. 

Total leaf water potentials h,, measured after the 
indicated light periods and treatments are listed in the 
upper part of Table 2. All h,, values are averages of 
four to seven replicate measurements. They were all 

Table 2. Total leaf water heads at various stages during and 
before study period. 

Hours of light, 
Day ONlOFF Treatment htl 

5 
6 
55 
58 
61 

( -  191 

(-2211 

( - 225) 

5.0 ON 
1.0 ON 
7.5 ON 
8.0 ON 
9.0 ON 
1.0 ON 
2.3 OFF 
4.5 OFF 
1.5 ON 
3.0 OFF 
1.0 ON 
3.0 OFF 

Air 
Air 
co, 
0, 
0, 

&day irrigation 
6-day irrigation 
6day irrigation 
6-day irrigation 
6-day irrigation 
6-day irrigation 
6-day irrigation 

m 
-114 
- 104 
- 95 
- 104 
- 105 
- 146 
-111 
- 106 
- 92 
- 52 
- 73 
- 45 

essentially the same and relatively high compared with 

intervals. At that time, hfl generally varied between 
-90 and -200 m, but decreased to -265 m whlen 
the alfalfa was allowed to wilt. Table 2 also contains 
all pairs of hfl values measured earlier on the saine 
column after the lights had been on and off for Ihe 
indicated time periods. The number of days prior to 
day 1 on which each pair was measured is indicaled 
in brackets. On three of the four days hfl was at least 
40 rri higher in the dark than in the light. 

After having been completely inactive with respect 
to water uptake or release (judging from frequent, de- 
tailed gamma data) for about 24 days, and nearly in- 
active for twice as long, the roots in the top of the soil 
column were still capable of taking up water imme- 
diately in response to surface irrigation, as shown in 
Fig. 4 by the water contents relative to those prior to 
the irrigation (day 61). The profile for day 63 repre- 
sents the relative water contents after 71.4 mm of sur- 
face irrigation, day 66 those after 30.5 h exposure to 
light. The wetting front of the irrigation water reached 
a depth of 0.50 m. No water content change was ob- 
served between the 0.50-m and 0.60-m depth. This 
indicates that redistribution was negligible and that 
the measured changes in water content between days 
63 and 66 above 0.50 m were due to root water uptake. 
There was no drainage after day 60, and thus the roots 
continued to take up water below the 0.60-m depth. 
Above the 0.90-m depth, root water uptake was roughly 
proportional to the water content. 

Figure 5 shows a photograph of the root system and 
the canopy after the soil had been washed away using 
a nail board. Undoubtedly, some of the fine roots had 
been washed away with the soil, but the relative abum 
dance of fine roots in the bottom half of the colurnn 
was real and a result of the subimgations at the 0.55- 
m and 1 .OO-m depth. This abundance was also visible 

the values measured earlier during the 6-day irrigation - 

0 ,  I I 1 I 1 

-.IO -.05 0 .05 .IO 
Water Content Change (m3m3) - 

-75 Fig. 4. Water content distribution on day 63 and day 66 relative to I - 246) 2.0 ON 6day irrigation 
that on day 61. 6.0 OFF 6day irrigation - 30 
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through the glass wall of the column before the op-
eration. Tap roots reached all the way to the bottom.
The root crowns near the soil surface were up to 15
mm thick; these probably caused the irregular decrease
in water contents towards the soil surface as measured
with the gamma scanner (Fig. 1). Also evident from
the photograph is the abundant canopy of alfalfa after
more than 2 yr of experimentation.

DISCUSSION
Water content and salt concentration decreased si-

multaneously in the top part of the column between
day 23 (salinity there differed little from that on day
17) and day 37, a period when the column was not
irrigated from the top. This observation may have been
associated with diffusive smoothing of a nonuniform,
inadequately characterized salinity distribution, or with
errors in the salinity data itself. Another explanation

is that undetectably small fluxes of relatively salt-free
water out of the roots during the nights alternated with
small fluxes of salt-containing water into the roots dur-
ing the days so that there was an overall net flux of
salts into the roots. Newman (1974) mentioned this
as a possible form of osmotic adjustment by plants.
The few data used in this analysis and the large var-
iability in local salinities observed on other occasions
do not allow to be more than speculative on this point.

The observed soil water contents and salinities be-
tween 0.15 m and 0.30 m depth from day 37 until day
61 corresponded with a soil water pressure head (hps)
and osmotic head (/zos) of about — 60 m and — 40 m,
respectively, making the total soil water head (/zts) about
—100 m. The fact that this value is roughly the same
as the total leaf water heads (/z,i) measured when the
lights were on strongly suggests that the major resist-
ance for the transpiration stream was located in the

Fig. 5. Alfalfa root system on (a) and off (b) nail board used to wash soil away. Note thick root crowns and abundant canopy.



626 AGRONOMY JOURNAL, VOL. 77, JULY-AUGUST 1985

radial pathway between the soil and the xylem and not
in the xylem itself. As the radial flux from the dry soil
to the root xylem approached zero, the head loss across
the radial resistance also approached zero, no matter
how large that resistance. Thus, the total soil water
potential in the dry soil near the surface asymptotically
approached the lowest water potential in the xylem.
If the longitudinal resistance of the xylem in the roots,
stem and leaves had been appreciable, the lowest total
head in the root xylem would have been higher than
the lowest total head in the leaves; thus, hls would not
have decreased as much as it did.

Earlier, gamma data indicated no transpiration at
night while total heads in the leaves were about 40 m
higher at night than during the day (Table 2). There-
fore, also during the nights of this study period, total
heads must have been higher in the roots than in the
dry soil (about — 60 m vs. — 100 m), satisfying the
condition for leakage of water from the roots. A few
times gamma measurements indicated slight increases
in water content due to water release by the roots, but
these could not be distinguished from possible exper-
imental errors. In retrospect, even if the conductance
for release were the same as that for uptake, one could
probably not expect to detect any increase over the
relatively short periods of darkness (12 h). The low
water contents were attained gradually by uptake over
much longer periods of time. With the resulting in-
crease of the soil-root interface resistance (Herkelrath
et al, 1977b), the release flux should be even smaller.
To demonstrate the occurrence of water release by plant
roots in experiments like these, one would need mea-
surements over longer periods of time, or even better,
use of tritium or deuterium as tracers (Shone and
Wood, 1977). The roots were capable of taking up
water at a high rate immediately after water contents
were increased. This shows that the roots in the dry
soil had not become impermeable to radial flow.

The experiments originated with the idea that a
higher CO2 concentration in the water inside the xylem
than that in the soil could explain the generally found
absence of water release by plant roots in dry soil. The
CO2 and O2 treatments had no measurable effect on
the rate of water leakage from the roots. Since these
treatments may not necessarily have affected the CO2
or O2 concentrations in the water inside the roots,
these experiments did not yield conclusive evidence
on this point. On the other hand, they did not yield
any information that conflicts with the assumption of
purely passive, physical water flow across root bound-
aries. Moreover, they offer an explanation why water
release by roots generally would not have much prac-
tical significance: Large radial resistances lower the to-
tal head inside the root xylem such that for water to
leak out elsewhere, the total head (and with it the water
content) in the soil there must decrease to a point
where soil-root interface resistances have become too
large to allow water release of any significance.
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