Hydraulic conductivity of a wheat crop with a complete cover
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Abstract

The concept of whole crop hydraulic conductivity (§) for the
wheat ctop was defined and evaluated. Measurements of leaf
water potential (i), soil water potential {1p;) and crop evaporz-
tion (E) wete used. Hydraulic conductivity was found to be
lineasly related to evaporation rate. This implies that some feed-
back mechanism operates which requires the maintenance of a
constant vertical potential gradient through the crop for the given
growth stage.

Introduction

Movement of water from the roots o the leaves of a plant is essen-
tial for its survival. In order to maintain a balance between
transpiration and absorption, the water column in the conduc-
tion system must be continuous. As atmospheric demand in-
creases, transpiration will increase in response to the decrease in
water potential which takes place in the xylem sap of the leaves.
Water now flows from the high potential areas of the soil and
roots to the leaves which are at low potential. Under excessive
transpiration, water becomes limiting and the supply may not be
able to meet the evaporative demand.

An OQhm's law analogy berween the flow of electricity
through a conductor and the flow of water through the soil-plant-
aumosphere continuum has been used to explain the water
transfer process (De Jager and Kaiser, 1977; Hansen, 1974a;
Hansen, 1974b; and Lawlor and Lake, 1976). This analogy re-
quires water to move along gradients of decreasing water poten-
tial. One complicating factor in the biclogical system is the
change in state of water from liquid to vapour which occurs at
evaporating surfaces such as the leaf and soil surface. For this
reason water movement through the soil-plant-atmosphere con-
tinuum is treated in two stages. In soils and plants the movement
of water is by the flow of liquid, while from evaporating surfaces
to the air, water transfer is in the form of vapour diffusion. The
driving forces and resistances to flow in the liquid and vapoutr dif-
fer entirely and should not be confused.

One dimensional movement of liquid phase water can be ex-
pressed according to Camphell (1977) as

dy
E= —458 (1)
where
E = the water flux densiry,
¢ = the hydraulic conductivity,
% = the water potential gradient,
i = the water porential, and
z = the height.
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A practical application of the concept results from the solu-
tion of Eqn. 1, bur requites pre-knowledge of the value of the
hydraulic conductivity, $. If ¢ is known, Eqn. 1 may be used to
calculate leaf water potential given transpiration rate and soil
water potential. This calculated leaf water potential may then be
used to indicate whether the existing atmospheric and soil water
conditions are inducing planc water stress and are adversely
affecting growth rate. This type of information is essential for the
marhematical simulation of crop growth, final yield prediction
and irrigation scheduling.

The objecsive of the work here reported has been to:

® investigate the behaviour of crop hydraulic conductivity (¢} of
2 wheat crop with a complete cover under various soil and
weather conditions, and

@ cstablish the relationship of ¢ to aunospheric evaporative de-
mand and soil water condition.

Theory

In order to tarry out the investigarion the following assumptions
were made:

® The whole wheat crop hypothetically approximates a conduit
with water flowing into 2 bottom horizontal plane surface
(toots) and evaporating from a top horizontal plane surface
(leaves). The momenrum exchange surface, computed as 0,77
x crop height (Monteith, 1973), is deemed to be the top effec-
tive horizontal plane.

® The bottom surface of concern is stenated 0,2 m below the soil
surface. This is the level at which the roots were predominant-
ly concentrated during the measurement period. 1t shall
henceforward be refetred to as the effective tooting depth,

® The length of the conduit is taken to be equal to the distance
berween the momentum exchange surface and the effective
rooting depth.

® There is no Jateral exchange of water vapour above the top ef-
fective crop surface.

® A continuous mass flow of water exists from the soif through
the conduit (the roots, stems and leaves) and out inw the at-
mosphere, i.e. the liquid flow rate through the plant equals
the rate of evaporation 4t any given time.

® The crop is considered to be an inert conduit. The various in-
terfaces between soil and root and leaf and air are not treated
separately and all leaves effectively operate at the momentum
exchange sutface.
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@ Soil evaporation is considered negligible for a crop with full
canopy cover.

@ Storage of waier in the whear plants is negligible.

Hence, for a complete vegetative surface, the mass flow
equacion (Eqn. 1} can be wransformed to the integrated form

E- '4’%;:%:3—) .............................. @

where, for the units used in this study,

E = the crop evaporation rate (mm h~'},

$ = the hydraulic conductivicy {mm h~'.mbar=7),

1y = the leaf water potential {bar: 1 bar = 100 kPa)

1, = the soil water potential (bar),

zy = the height of the momentum exchange surface (m),
and

z, = the depth at which y, is rneasured (m).

Method

An area of 1 ha of wheat was established at the Agrometeorology
Observarory of the University of the Orange Free State. The crop
was planted on 4 May, 1979 at a sceding rate of 100 kg ha~'.
Hydraulic conductivity {$) was evaluated from Eqn. 2 under
numerous sets of soil and atmospheric demand conditions which
occurred around anthesis when crop height varied from 0,54 m o
0,63 m. Water flux density measurements were obtained from a
micrometeorological reiterative estimate of crop evaporation
(Bristow and De Jager, 1981). Water flux density was set equal ro
evaporation rate. Hourly mean leaf water potential was determin.-
ed from eight measurements per hour obtained by means of the
Scholander pressure chamber (Scholander, Hammel, Bradstreer
and Hemmingsen, 1965). Soil water potential was determined
daily at a depth of 0,2 m using the gravimetric technique of soil
water meastutement and sorl water charactetistic curves establish-
ed for the experimental site. From these measurements ¢ was
calculated for 40 sets (hourly) of different conditions within the
soil-plant-atmosphere continuum. All measurements were made
berween 09h00 and 16h00.

Results and discussion

Daily data and experimental dates are given in Table 1. The
observations covered a full range of atmospheric and soil water
conditions. The latter varied between field capacity and wilting
point.

Fig. 1 illustrates che typical daily scenario of hydraulic con-
ductivity, vertical water potential gradienc and water flow
through the crop. Note the apparent flattening in the warter
potential gradient curve. This type of curve was noticeable on all
the experimentaf days.

In Fig. 2 the relationship between warer potential gradient,

%—f, and warter flux density is shown. In the electrical case the

relation between potential gradient and cutrent is linear, the
slope of the curve being equal to resistance. This is not the case in
Fig. 2 where the water potential gradient appears to be indepen-
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TABIE 1
THE CROP HEIGHT (h), SOIL WATER POTENTIAL (y,), OPEN
PAN EVAPORATION (E;}) AND DAILY EVAPORATION (E)
DETERMINEL BY THE ITERATIVE METHOD PREVAILING
ON THE EXPERIMENTAL DAYS UPON WHICH ¢ WAS

DETERMINED
Date Crop height W Ey E
(tm) (bar) (mm) {(mm)
11/10/79 54 - 7.4 . 7.1
15/10/79 35 -16,4 7.1 6.5
22/10/79 60 - 0,3 7.0 8.6
29110479 61 - 238 12,4 6.5
oL/L1/79 62 - 2,2 10,5 7.8
05/11/79 63 -2 13,1 7.8

dent of evaporuion rate. The mean (;—tzp value for Fig. 2 is

33 bar m~! whch is indicated by the solid line. The standard
deviation is 3 b:r m ™!, The existence of a constant vertical water
potential gradient implies that hydrautic conductivity must be
linearly related to crop evaporation rate, ac least during the
growth stage during which these measutements were made.

- du . .
Deviation of i from this constant value occurred during the

early morning o: late afternoon when evaporative demand chang-
ed rapidly. Water loss during these time periods is, however, low
{E < 0,2 mm h ~!). Inaccuracies introduced by adopting the con-
stant gradient “heory, or even neglecting these periods, would
have little impact when, for example, simulating dayrime leaf
water potential:..

Rearrangeinent of Eqn. 1 and substitucion of 33 bar m ! for
the water poter tial gradient gives

$ = 003 o (3)

if the same unis are used as in Eqn. 2. This predicts thar the ease
with which wa er flows through the crop improves as the actual
water flux increases. Results obtained by other authors (Stoker
and Weatherks, 1971; Hansen, 1974a; Hansen, 1974b, and
Lawlor ez #/., 1376) on plant resistances confirm this resuit. These
authors found that plant resistance diminished as the flux in-
creases.

De Jager ::nd Kaiser (1977) stated that hydraulic conducrivi-
ty 1s analogou: 10 elecrrical conductivity and that it determines
the rapidity w.th which stressed conditions are induced. A value
of 0,2 mm h~'.mbar~ was suggesied as being appropriate for
the maize crof. just priot to the induction of stress. First approx-
imations thus suggest that the hydraulic conductivity of a whole
maize crop co'ild be as much as six times that of 2 whole wheat
crop.

Evidently some feedback mechanism operates tending o
improve cond activity as evaporative demand and rate of water
movement in:reases. As evaporative demand increases in the
eatly morning, %;E will increase to a value which it will hold for
the rest of th: day until evaporative demand abates. The daily
course of the vertical water potential gradient (Fig. 1) together
with data obs:rved by Bristow e &/, (1981}, support this conclu-
sion,

The scater in the plotted points describing the control of
water potential gradient by crop evaporation rate (Fig. 2) could
result from scil water potential, y,, being measured at only one
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depth {0,2 m). The consequence of soil water porential gradients
upon the determination of ¢ deserves to be investigated.

Conclusion

The firsr approximation function determined in this work sug-
gests that ¢ depends to a large extent upon E. During anthesis ¢
was found to be a predicrable function of E, viz. $=0,03 E.
Variable ¢ implies that some feedback mechanism operated
within the wheat crop which regulated the potential gradiens

dyp. . . . .
(-3—12&) in accordance with E so that it remained constant. As a

result, w,{measured ~ ve) decreased ia the early morning to a cer-
tain value which was maintained constant for the major part of
the day. In the late afternoon w, again increased rending rowards
the value of y, as the soil plant system teached a state of water
status equilibrium under night conditions.
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