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The purpose of this paper is to establish principles for determining
the quantitative relationships between climate and plant growth.
It is known that the amount of dry matter produced by any plant
and the water it transpires are proportional, and that this relation
is constant for each plant species or variety under a given set of
growing conditions. Using the experimental data of earlier work-
 ers, dry-matter production is plotted against water use—separately
for each level of soil fertility—and equations are formulated to
show the relationships under different conditions. This new anal-
ysis of the published data shows that a correction based on atmo-
spheric humidity accounts for about 90 per cent of the variation
in the ratio of dry-matter production to transpiration when soil
fertility is constant, and that a correction for soil fertility accounts
for about 75 per cent of the variation when climate is constant.
These principles are applied to the interpretation of field experi-
ments dealing with ‘water use by plants. They may be useful in
determining the most advantageous allocation of limited amounts
of irrigation water in different climatic regions, and in many other

ways.
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Rodney J. Arkley

Relationships Between Plant Growth and

Transpiration’

PLANT GROWTH is related in a general
way to the amount of evapotranspira-
tion that occurs during the growth pe-
riod (Arkley and Ulrich, 1961, 1962).
As the word implies, evapotranspiration
is made up of two components: evapo-
ration from the soil and transpiration
from the vegetative surface. To study
the effects of each component on plant
growth, the two must be considered sep-
arately.

It is possible to estimate the amount
of evapotranspiration during a given
period by the ‘“water-balance” approach
(Thornthwaite, 1948; Pruitt, 1958),
wherein the amount of water available
from precipitation, soil moisture, or ir-
rigation is compared with potential
evapotranspiration for the period, cal-
culated from climatic data (Penman,

1948; Blaney and Criddle, 1950; Hal-
kias, Veihmeyer, and Hendrickson,
1955; and many others). Evaporation
from the soil contributes little to plant
growth, except as increased environ-
mental humidity might affect above-
ground parts of the plant. Transpira-
tion, on the other hand, is directly
involved in thé growth of nearly all
higher plants.

The purpose of this paper is to show
to what extent plant growth and tran-
spiration are related and what factors
affect the relationship. Although a great
amount of work on this relationship has
been published, recent investigators
have made little use of the earlier re-
sults, apparently because there was no
way to compare the results from areas
with different climates.

MATERIALS AND METHODS

The present author has taken data
from experiments in the literature, cal-
culated new relationships by means of
various equations, plotted regression
curves from the resulting ratios, and
developed statistical analyses of the sit-
uations revealed by the graphs. In every
experiment involving transpiration
measurements, the plants must be grown
in containers and evaporation from the

T Submitted for publication April 16, 1962.

soil must be prevented by an adequate
method, such as sealing with wax all
openings in the containers. These con-
litions were met in every experiment
zited here. For field experiments, the
amount of transpiration is estimated
from climatic records or from data on
the total amount of water available in
each experiment, calculated from soil-
moisture measurements.
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GENERAL RELATIONSHIP

Although most of the water tran-
spired by plants is considered nonessen-
tial to the processes of plant growth,
transpiration and growth tend to in-
crease together because, obviously, evap-
orative demands on a plant must be met
if the health and vigor of the plant are
to be maintained. As Kramer (1959)
pointed out, “failure to replace water
lost by transpiration results in loss of
turgidity, cessation of growth, and
eventual death from dehydration.”

Graphs were plotted from data of
earlier workers: Hellriegel (1883) and
Schroeder (1896) for barley, Fortier
(1903) for oats, and Wimmer (1908)
for carrots. In every case the graphs
showed a linear relationship between the
amount of dry matter produced (Y)
and the amount of water transpired
(T'r) by a particular species of plant
under given conditions of climate and
soil fertility:

Y=k Tr
constant)

(climate and fertility
(1)

The regression coefficient or proportion-
ality constant, %, is a parameter that de-
pends on the kind of plant. It is the re-
ciprocal of the transpiration ratio. The
slope of the regression line determines
its value, which may be expressed as
the amount of dry matter produced per
unit of water transpired.

Figures 1 and 2, based on data of
Briggs and Shantz (1913ae) for oats and
barley, are typical graphs plotted by
the above procedure. In the same way
I plotted data of Briggs and Shantz for
the weeds Amaranthus retroflexus and
A. graecizans, and also the data of Kies-
selbach (1916) for corn, of Shantz and
Piemeisel (1927) for alfalfa, millet, and
wheat, of Letey et al (1961) for snap-
dragons, and—routinely—many other
data from the literature. All the graphs
showed a linear relationship.

CORRECTION FOR ATMOSPHERIC HUMIDITY

‘When a plant has an adequate supply
of water and nutrients, its rate of
growth increases, within limits, with in-
creasing light and heat. The factors of
light and heat usually increase together,
at the same time increasing evaporative
stress, which the plant meets by in-
creased transpiration—with a simul-
taneous increase in growth. However,
radiation in excess of a plant’s needs,
or the advective energy of dry air, or
both, may cause evaporative stresses
that are entirely independent of the
stress caused by the growth-promoting
light and heat. If the ratios of dry-
matter production to transpiration are
to be compared for different climates,
the equation for each experiment must
be corrected to reflect advective energy
and excess radiation. The following dis-
cussion shows that a correction based

on relative atmospheric humidity serves
this purpose.

Kiesselbach (1916) observed that the
slopes of the regression lines for a given
crop were different in different years.
He studied the effects of various cli-
matic influences at Lincoln, Nebraska,
and concluded that the slope was con-
trolled to a large extent by mean rela-
tive atmospheric humidity during July
and August, the period of most active
growth and transpiration.

Briggs and Shantz (1913¢) and, later,
Shantz and Piemeisel (1927) showed
that there is a relation between T'r/Y—
the “water requirement” or “transpira-
tion ratio,” i.e.,, the amount of water
transpired divided by the yield of dry
matter—and E., the amount of evapo-
ration from an evaporation pan. How-
ever, they did not investigate the effect
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Fig. 1. Relationship between yield of dry matter (¥) and amount of water transpired (7r).
Data of Briggs and Shantz (1913a), Colorado.

of relative atmospheric humidity on the atmospheric humidity®, are combined in
transpiration ratio. This effect is tested one graph with the results of Kiessel-
in figure 3, where data from Shantz and bach. In this graph, the yield of corn
Piemeisel, corrected for mean relative plantsin grams of dry matter is plotted

2 Humidity data were obtained from D. W. Fryrear of the USDA Central Great Plains Experi-
ment Station at Akron, Colorado.
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against T'r/(100-H), i.e., the amount of
transpiration in milliliters of water di-
vided by the relative saturation deficit
during the period of most active growth
and transpiration. H stands for mean
daily relative atmospheric humidity in
per cent. Figure 3 indicates that the re-
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lationship can be expressed in the fol-
lowing form:

Tr
Y=k 100-H (fertility constant) (2a)

The parameter k; is a constant for a
given kind of plant when the soil is kept
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Fig. 2. Relationship between yield of dry matter (¥) and amount of water transpired (Tr).
Data of Briggs and Shantz (1913a), Colorado.
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Fig. 3. Effect on the relationship ¥ /Tr of a correction for mean relative atmospheric
humidity (H) during July and August.
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at a uniform high level of fertility dur-
ing the entire growth period. Calculated
by least squares, the regression equation
for figure 3 is ¥ =0.1475 Tr/(100-H) -
1.9, r =0.959, n=15. The simpler equa-
tion ¥ =0.146 Tr/(100-H) serves just
as well, because the calculated regres-
sion line is not significantly different
from one passing through the origin.

De Wit (1958), using data from
Briggs and Shantz (1913, 1914), found
that the yield of dry matter at Akron,
Colorado, in the semi-arid Great Plains
area, was related to the amount of water
transpired divided by the amount of
water evaporated from an evaporation
pan (E.):

y=wIr
E

(fertility constant) (3)

e

On the other hand, de Wit found that
the function T'r/E, did not apply in the
more humid Netherlands. He considered
this a result of the low sunlight inten-
sities in that country and said: “This
was to be expected because a great deal
of the dry matter is formed during pe-
riods in which the sun is obscured by
clouds and because at this latitude of
52 degrees the amount of radiation par-
ticipating in assimilation is much more
in June than in September.”

The correction based on relative at-
mospheric humidity—equation (2a)—
reconciles the conflicting results ob-
tained in the two different climates. In
the Great Plains area, the average rela-
tive humidity varies considerably from
summer to summer (42 per cent at
Akron in 1913, 67 per cent in 1915)
and contributes greatly to differences in
pan evaporation. In the Netherlands,
the relative humidity remains at an al-
most constant high level during the
summer and contributes very little to
differences in pan evaporation, whereas
other factors may affect pan evapora-
tion. At Groningen, the average hu-
midity for June and July is 71.6 per
cent, and records from year to year vary
from this value only about 4 per cent

Arkley: Plant Growth and Transpiration

in either direction. Thus, where humid-
ity remains essentially constant, equa-
tion (3) should not give a better cor-
relation than equation (1). In faect, de
Wit found that the correlation was
diminished by introducing the evapora-
tion factor into the data from the
Netherlands.

Both methods—equations (2a) and
(3)—applied to the yield and transpi-
ration data for three different crops at
Akron, Colorado (Shantz and Piemeisel,
1927), give correlations of about equal
accuracy. Figures 4, 5, 6, and 7 show
the linear relationships. The regression
equations are as shown below:

OATS

Y =0.077 Tr / (100-H)-1.4 r=0.974
Y =0.081 Tr/E, — 24.9 r=0.987

CORN

Y =0.140 Tr / (100-H) + 1.0 r=0.996
Y =0.126 Tr/E. + 2.0 r=0.985

SORGHUM

Y=0.178Tr/ (100-H)-1.0 r=0.974
Y=0151Tr/E.+15.0 r=0.996

Figure 4 shows also the data of Masch-
haupt (1938) and of van der Paauw
(1949) for oats in the Netherlands, all
corrected for the average relative hu-
midity of Groningen. The regression
line for these two sets of data is almost
identical with the line for oats in Colo-
rado on the same graph, and the statis-
tical analysis in table 1 shows no sig-
nificant difference between them. There-
fore it appears that, for well-fertilized
oats, the relationship expressed in equa-
tion (2a) applies equally well in these
two very different climates.

Data for peas and for sugar beets
were studied in the same way, with simi-
lar results. Figure 8 shows Boonstra’s
(1934) data for peas in the Netherlands,
corrected for mean relative atmospheric
humidity, together with data for peas
in Colorado (Briggs and Shantz, 1913a,
1914). Although the slope of the regres-
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Fig. 4. Effect on the relationship Y/Tr of a correction for mean relative atmospheric humidity
(H) during June and July, comparing data from Colorado and from the Netherlands.
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sion line for the Netherlands is greater
than that for Colorado, only one point
from the Netherlands—Y =30.4, Tr/
(100-H) =266—appears to be signifi-
cantly divergent from the Colorado re-
gression line.

400 —

300 — Y=0.081 E
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In another experiment (fig. 9), Boon-
stra (1934) weighed both tops and roots
of pea plants and, of course, obtained
a higher average value of k; than for the
aboveground yield of pea plants. In
spite of large differences in values of

OATS, Colorado (same data as in fig. 4)
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Fig. 5. Effect on the relationship ¥ /Tr of a correction based on pan evaporation (E,) during
June and July. Data of Shantz and Piemeisel (1927).
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free water evaporation (from 1.1 mm
per day in October to 4.6 in June), the
scatter of Y plotted against Tr/(100-H)
is only slightly greater than that of ¥
plotted against T'r, as in de Wit’s figure
28.

For sugar beets, tops plus roots
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(Boonstra, 1942), it was not possible to
make individual comparisons of points
in de Wit’s figure 30 with the data of
Briggs and Shantz. Table 2 shows data
from both regions. Again, the adjust-
ment for mean relative atmospheric hu-
midity seems to bring the results from
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Fig. 6. Comparison of two corrections applied to the same data for yield and transpiration:
one correction based on mean relative atmospheric humidity (H) during July and August, the
other based on pan evaporation (E,) during July and August. Data of Shantz and Piemeisel
(1927), Colorado.
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Fig. 7. Comparison of two corrections applied to the same data for yield and transpiration:
one correction based on mean relative atmospheric humidity (H) during June and July, the other
based on pan evaporation (E,) during June and July. Data of Shantz and Piemeisel (1927).

these two different climates close to a
common base. Actually, the average of
daily relative humidities (the only
available data) for the period of most
active growth and transpiration is a
rather crude figure. Daytime relative
humidities weighted according to the
rate of transpiration should give more
accurate results. However, the fact that

the method used here does reconcile di-
vergent transpiration ratios from very
different climates suggests that the rela-
tionship in equation (2a) may have gen-
eral application for crop plants in
moderate climates.

The relative vapor pressure deficit
(100-H) is used in equation (2a) rather
than the absolute vapor pressure deficit

TasBLE 1
ANALYSIS OF DATA FOR OATS IN TWO DIFFERENT CLIMATES
. . Standard error | Standard error :
. Re; Diff > C Rat
Region coegfli"f:iselgltl 1 (e]%noe of re(gg)agslon of d;f]i;nr)enoe D/ E!g
Colorado..............ocoiiinnn. 77.24 19.8-2
3.70 8.15 0.4541
Netherlands....................... 80.94 46.6-2

* Based on the combined value (¥ - ¥) and 17 degrees of freedom.
t No significant difference at probability levels from 0.01 to 0.60 .
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(P,-P), where P, is the saturation vapor
pressure and P is the actual vapor pres-
sure of the atmosphere at a given tem-
perature. The yield data for corn in
Colorado and Nebraska, plotted in fig-
ure 3 against 7r/(100-H), were re-
plotted in figure 10 against Tr/(P,-P).
In the second relationship, the data fit a

PEAS
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family of straight lines, each theoreti-
cally passing through the origin. Their
slopes vary with the mean temperature
during the period of most active growth
and transpiration. As all the points in
figure 3 fall along a single line, it
appears that the use of (100-H) com-
pensates for a temperature function,

Colorado, Briggs and Shantz (1913a, 1914)

+ 1911, June

and July

0O 1911, September and October

o 1913, June

150 |-

YIELD OF DRY MATTER (GRAMS)
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Y:0.10 55-R
/
/
50 |- ; 8
/
///
/
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Netherlands, Boonstra (1934)
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A 1929-1932, September

and July

100-H

1000

_Ir_
100-H

2000

mi
(T)

Fig. 8. Comparison of yield and transpiration data from the Netherlands with data from Colo-
rado, all corrected for mean relative atmospheric humidity (H) during the period of most active
growth and transpiration. (Compare deWit’s fig. 27.)
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PEAS, tops plus roots
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Fig. 9. Effect of correction for mean relative atmospheric humidity (H) on the relationship
Y/Tr where pan evaporation varied widely. Symbols are those of deWit’s figure 28, which gives
the same data without the correction. Data of Boonstra (1934), Netherlands.

whereas the use of (P,-P) does not. The
data for oats in Colorado and in the
Netherlands (fig. 4), recalculated with
the correction for absolute vapor pres-
sure deficit, gave results similar to those
in figure 10.

The nature of the temperature fac-
tor involved is found by comparing the
relationship plotted in figure 3 with
that in figure 10. By definition, H =
100 P/P,; therefore, equation (2a)
may be written also in the form

The main difference between equation
(2b) and the relation of yield to T'r/
(Po-P), used in figure 10, is that equa-
tion (2b) contains an additional tem-
perature-dependent factor, P,, in the
numerator. The temperature depend-
ence of saturation vapor pressure (P,)
is described by the Clausius-Clapeyron
equation, P,=c e *7/L, where T is abso-
lute temperature and c, e, B, and L are
constants.

The use of (100-H) adds the exponen-
tial function of temperature and unifies

Y = 0.01 k,; Tr P _ (2b) the yield data with relation to transpi-
P, — P ration. Plant growth also increases ex-
TABLE 2

COMPARISON OF DATA FOR SUGAR BEETS (TOPS PLUS ROOTS)
GROWN IN COLORADO AND IN THE NETHERLANDS

Region and year* Y/Trt Ht Ky value§
gm/kg per cent
Colorado, 1911, ... .ttt e 2.66 46.5 0.142
Colorado, 1912, ... .. ittt e 3.12 61.9 0.120
Netherlands, 1936 and 1937......... ..ottt 6.1 76.0 0.146

* Data of Briggs and Shantz (1913a, 1914) and of Boonstra (1942).

1 Average value.

t Average relative atmospheric humidity, July-September.

§ See equation (2a).
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ponentially with temperature, with Q,,
approximately 2 (i.e., an increase of 10
degrees absolute results in approxi-
mately twice the growth). In like man-
ner, vapor pressure increases with
temperature. Therefore, it may be con-
cluded that the use of relative vapor

DIFFERENCES IN

Shantz and Piemeisel (1927) reported
large differences in water requirement
(Tr/Y) between plants of different
species but only small differences among
varieties of the same species. They deter-
mined the water requirement for a num-
ber of plants grown at Akron, Colorado,
in highly fertile soils. For several years,
during which the relative humidity in
June, July, and August—the period of
maximum growth—averaged about 53.5
per cent, the average water requirement
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pressure deficit in equation (2a) is fun-
damentally sound; also, it is more useful
than the absolute vapor pressure deficit
for studying the relationship between
plant growth and transpiration, because
a proper temperature variable is in-
herent in the relative humidity values.

PLANT SPECIES

varied from 260 ml/gm for tumbleweed
to 844 ml/gm for alfalfa. The value of
ks in equation (2a) is apparently a con-
stant for a given plant species in soils
of high fertility. To estimate the value
of k; from the water-requirement data
of Shantz and Piemeisel, it is necessary
only to multiply the reciprocal of the
water-requirement value during the pe-
riod of maximum growth by (100-H)—
in this particular case, multiply by
(100-53.5).

AVAILABILITY OF WATER TO PLANTS

De Wit (1958) examined the data for
18 experiments in which soil moisture
was varied in several different ways.
The data on yield in relation to transpi-
ration were “arranged around a straight
line through the origin”; the only im-
portant deviation from the straight line
was the decline in yield per unit of
water transpired at very high soil mois-
tures. De Wit considered that “it is jus-
tified to associate the adverse effect of
high saturation percentages with bad
aeration of the root system.” In sum-

mary, he stated that the transpiration
ratio was “at first approximation inde-
pendent of...availability of water,
provided ... the availability of water
[is] not ‘too high’. ” Apparently this is
true in spite of the fact that the growth
rate declines as soil moisture is depleted,
as has been shown in many cases (Ha-
gan, Vaadia, and Russell, 1959). Evi-
dently this oceurs because transpiration
and growth decline simultaneously, so
that an essentially constant transpira-
tion ratio is maintained.

EFFECT OF SOIL FERTILITY

All the experiments discussed so far
were carried out on highly fertile or
heavily fertilized soils. Kiesselbach’s
(1916) data, corrected for the effect of
relative humidity, illustrate the de-
crease in transpiration ratio (7r/Y)
with inecreasing soil fertility (fig. 11).
The transpiration ratio fell rapidly
when manure was added to the least
fertile soil. In the more fertile soils,

where the addition of manure gave in-
crements of acid-soluble phosphate
higher than 0.1 per cent of the soil
weight, the transpiration ratio fell
slowly. The shape of the curve suggests
that the transpiration ratio approaches
a minimum as the fertility level of a soil
inereases. In this experiment, the data
indicate that phosphate was the more
limiting element in fertility, although
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nitrogen and phosphate applications
varied concurrently because manure
was the source of both.

Of 26 experiments that Briggs and
Shantz (1913b) summarized from the
literature on the effect of fertilizers and
nutrient cultures on the transpiration
ratio, the majority showed the same re-
lationship as that in figure 11. Using
some of these data and also data of Kies-
selbach (1916), the curve in figure 12
evaluates the effect of soil fertility on
the transpiration ratio or, more pre-
cisely, on its reciprocal, the value & in
equation (1). For each level of fertility,
the growth-response factor (Y’;/Y")—
the relative fertility of the soil or plant-
growth medium—was calculated by di-
viding the maximum yield (Y’;) ob-
tained in the series of experiments by
the yield (Y’) in a given test. This fae-

CORN (same data as in fig. 3)

Nebraska, Kiesselbach (1916)
o In the open

Colorado, Shantz and Piemeisel (1927)

A In screened enclosure

500 [~

400 [~ .
(Numbers indicate mean

temperature, June and July)

300

200

YIELD OF DRY MATTER (GRAMS)

100
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tor was plotted against k;/k, the value
of k& for the most fertile soil (k;) divided
by the value of k for the given fertility
level. The regression equation calcu-
lated from 52 measurements is

kr _ 038 Xt
e 0.38 Y
constant)

+ 0.69 (climate

(4)
and the correlation coefficient (r) is
0.87. In other words, plants grown in a
soil of 50 per cent relative fertility, as
determined in greenhouse tests, produce
only about 70 per cent as much dry
matter per unit of water transpired as
do plants in a soil of 100 per cent fer-
tility. Equation (4) can be considered
only approximate, because the points in
figure 12 scatter considerably about the
line. The scatter is not surprising, in
view of the fact that the points repre-

@ In greenhouses with widely differing humidities

84

66.5
-

1

P—P

Fig.

300 400

( inchlgse:)f Hg)

10. Effect of temperature on the relationship ¥/Tr as corrected for absolute vapor

pressure deficit of the atmosphere (P, — P).
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sent the individual data of many work-
ers, who used different plants as well
as methods that varied considerably. In
spite of this, the correlation is remark-
able. For a deficiency of either nitrogen
or potassium, calculated separately, re-
gression coefficients are not significantly
different from the regression coefficient
of the line in figure 12.

In the relationship between transpi-
ration and plant growth, the available
data do not permit determining a pos-
sible interaction between the effects of
relative humidity and those of soil fer-
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cantly different for the years 1911 and
1914. This might suggest that such in-
teraction is not important, except that
the difference in relative humidity be-
tween the two years was only 8.4 per
cent (59.0-50.6). More research is
needed, to cover a wider range of rela-
tive humidities.

However, if we assume that there is
no important interaction between the
effects of relative humidity and those
of soil fertility, we ean combine equa-
tions (2a) and (4) and obtain

kaT

tility. Regression coefficients based on Y= (5)
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Fig. 11. Effect of soil fertility on the transpiration ratio: Different amounts of phosphate in
soil measured by acid extraction, using three different soils, with and without manure; water
supply constant. Each point is the mean of three or four pots; vertical bars indicate range of
values about the mean. Data of Kiesselbach (1916), Nebraska.
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In view of the scatter in figure 12, equa-
tion (5) cannot be expected to prediect
yields more accurately than *+ 26 per
cent. However, the relationships shown
here between plant growth, climate, and
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soil fertility are certainly real and, with
further refinement of the parameters, a
knowledge of the prineiples involved
should be useful in the study of plant-
climate and plant-soil relationships.

TRANSPIRATION AND PLANT GROWTH IN THE FIELD

To test the application to field condi-
tions of the relationships developed
above, I analyzed the duty-of-water ex-
periments with alfalfa at Davis, 1910—
1915, reported by Beckett and Robert-
son (1917). Figure 13 shows the results.
At first glance there seems to be little
consistency in the data, except that
yieldsincreased with increasing amounts
of irrigation water up to about 36 inches
but leveled off or decreased with addi-
tional irrigation. Because the potential
evapotranspiration during a season is
limited, the plants apparently could use
no more than 36 inches of water, and
the surplus was wasted by percolating
below the reach of the roots.

For 1910, 1911, and 1912, projection
of the regression lines to zero precipita-
tion suggests that from 2.9 to 4.7 tons
of alfalfa were produced as a result of
moisture which is unaccounted for by
either rainfall or irrigation. Presumably
additional water was obtained by the
plants from a water table or from lateral
movement in aquifers, which are com-
mon in the Yolo soils at Davis. De Wit
(1958) drew the same conclusion. For
1913, 1914, and 1915, when the situation
was quite different, figure 14 shows the
results separately—omitting data for
irrigation quantities above 24-36 inches,
where there were no further important
increases. In these years, yield was re-

lated by straight lines to the amount
of water used by the plants, except for
point 4 in 1913, in a plot which received
no irrigation® Evidently the plants ob-
tained a little water from some source
in addition to the rainfall of 8.7 inches.
Omitting point A4, each of the regres-
sion lines in figure 14 has a correlation
coefficient greater than 0.99.

The values of k; in equation (2a),
calculated for field-grown alfalfa at
Davis from data on relative humidity
at Sacramento, 13 miles east of Davis,
were 0.071 for 1913, 0.079 for 1914, and
0.074 for 1915. They appear to be higher
than the values of k; for alfalfa grown
in containers at Akron, Colorado, from
1911 to 1917, which ranged from 0.070
t0 0.046 (data of Shantz and Piemeisel).
There are several possible explanations:
The Yolo soil at Davis is highly fertile
and may have been even more fertile
than the fertilized soil used at Akron.
Different varieties of alfalfa were used
in the two sets of experiments. Also,
plants grown in containers, as at Akron,
tend to receive more advective energy
from wind than do plants growing in
larger field plots, as at Davis, because
of a more pronounced “border effect.”

A projection of the 1914 line inter-
cepts the axis (Y =0) at 18.1, and a
projection of the 1915 line intercepts
it at 10.3, indieating the amounts of

Fig. 12. Effect of soil fertility on the transpiration ratio. Data as follows: Amount of K
varied: Data of Hellriegel (1883) for barley; data of Wilfarth and Wimmer (1902) for buck-
wheat, chicory, mustard, tobacco. Amount of NO, varied: Data of Hellriegel (1883) for barley;
data of Wilfarth and Wimmer (1902) for buckwheat, chicory, oats. Amount of NPK varied:
Data of Liebscher (1895) for oats. Amounts of NPK and manure varied, separately and in com-
bination: Data of Dehérain (1892) for raygrass (ryegrass) and clover. Amount of manure
varied: Data of von Seelhorst (1899) for oats. All of these tests—in France and Germany—
were summarized by Briggs and Shantz (1913b). Data of Kiesselbach (1916) for corn in Ne-
braska, in three soils, with and without manure (same data as in fig. 11).
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water lost to the plants by evaporation
or by percolation beyond root depth.
Subtracting the unused amounts of
water from the amount of seasonal rain-
fall leaves 10.6 inches of precipitation
available to the plants in 1914 and 10.2
inches in 1915. In 1913 there were only
8.7 inches of rainfall, so no percolation

ALFALFA, California
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loss would be expected; the fact that
the projection of the straight portion
of the 1913 line passes through the
origin suggests that any rainwater lost
by evaporation was probably compen-
sated for by water from some other
source, as in 1910, 1911, and 1912. The
linearity of the curves suggests that
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Fig. 13. Relationship between yield of dry hay and total amount of water (W) supplied by
precipitation and irrigation. Field data of Beckett and Robertson (1917).



HILGARDIA - Vol. 34, No. 13 - September, 1963 577

very little of the irrigation water added, tionship between yield and water use
up to 24 to 36 inches, was lost either by can be made for wheat and barley grown
evaporation or by deep percolation. at Davis in 1913, reported by Beckett

Similar interpretations of the rela- and Huberty (1928). Both regression

8]

ALFALFA, California

YIELD OF DRY HAY (TONS/ACRE)

RAINFALL
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1915 20.5
v/
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PRECIPITATION + IRRIGATION, W (INCHES)

Fig. 14. Relationship between yield of dry hay and total amount of water (W) supplied by
precipitation and irrigation. Same data as in fig. 13, using the curves for only three of the six
years and omitting data for irrigations that did not increase yields. Field data of Beckett and
Robertson (1917).
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lines (fig. 15) intercept the axis (¥ =0)
between 7 and 8 inches of added water,
indicating the amount of water lost to
the plants. As the rainfall at Davis in
1913 was only 8.7 inches, it appears that
less than 2 inches of the precipitation
was actually transpired by the barley
plants. Probably the remainder was lost
by evaporation rather than by deep per-
colation, because the rainfall was dis-
tributed rather evenly throughout the
season, with an inch or less per month
from September to May, except that
January had more than 3 inches.
Power, Grunes, and Reichman (1961)
studied the growth of wheat in relation
to moisture supply and phosphorus fer-
tilizer at Sidney, Montana. Figures 16
and 17 show their data on dry-matter
production, not included in the pub-
lished results but obtained from the
authors and plotted here against total

Arkley: Plant Growth and Transpiration

water use. The field plots were sampled
for yield of dry matter and for soil-
moisture content at seeding, on April
30, 1958, and at four stages of growth:
on June 2, June 25, July 22, and August
8. Dry-matter production and water use
were related linearly throughout the
period of growth from seeding to har-
vest, with correlation coefficients of 0.93
and 0.99. Plots fertilized with 11 pounds
per acre of phosphorus (fig. 17) showed
more efficient water use than did the
unfertilized plots (fig. 16), as indicated
by a higher regression coefficient (k;).
However, the difference is barely sig-
nificant at the 5 per cent level. Yield
from fertilized plots was 531 pounds of
dry matter per acre-inch of water used;
yield from unfertilized plots was 424
pounds. The standard error of regres-
sion is 20.15 for the fertilized plots and
45.65 for the unfertilized. The inter-

T California, 1913

ol A WHEAT
- O BARLEY
w
o)
< 7=
N
[72)
=)
5
o ¢
o
§ 5 Y = 980 (W —7.8)
E r=0.97
10
N e Y=564(W-7.1)
8 3+ r=0.93
.
o
9 2
o
>

I —

| | | 1
5 10 15 20

PRECIPITATION + IRRIGATION, W (INCHES)

Fig. 15. Relationship between yield of dry matter (¥') and total amount of water (W) supplied by
precipitation and irrigation. Field data of Beckett and Huberty (1928).
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Fig. 16. Relationship between yield of dry matter (¥) and total water use (W’) on unfer-

tilized soil. Each point is the mean of four plots. Field data of Power, Grunes, and Reichman
(1961).
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WHEAT, Montana o
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Fig. 17. Relationship between yield of dry matter (¥) and total water use (W’) on soil fer-
tilized with phosphate. Each point is the mean of four plots. Field data of Power, Grunes, and
Reichman (1961).
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cepts of the ¥ =0 axis represent 1.2 and
1.6 inches of water—presumably the
amounts of precipitation diverted from
the soil or lost by evaporation from it.
The difference between these amounts
is not statistically significant. No per-
colation losses were detected.

The relative humidity at Sidney,
Montana, during June and July, 1958,
averaged about 55 per cent, nearly the
same as the average at Akron, Colorado,
during the period when Briggs and
Shantz were making measurements.
Therefore, it would be expected that the
regression coefficients for wheat at Sid-
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ney would be about the same as those
at Akron. The 531 pounds of wheat dry
matter per acre-inch of water used on
fertilized soil at Sidney was consider-
ably higher than the yield at Akron,
but the 424 pounds on unfertilized soil
at Sidney was about the same as the
yield at Akron. As with the alfalfa data,
the regression coefficients for wheat
plants grown in the field were slightly
higher than for those grown in pots. In
other words, container-grown plants at
Akron showed the same relationship to
field-grown plants at Sidney as to those
at Davis.

APPLICATIONS OF THE PRINCIPLES

The relationships based on equations
(1), (2a), and (4) yield new insight
into the efficient use of water by plants,
as shown in the above interpretations
of field experiments. Disparate results
obtained in experiments on water-use
efficiency in different years and dif-
ferent localities and on soils of different
fertility can be reconciled or properly
compared if the effects of climate and
soil fertility are taken into account, as
by equations (2a) and (4). Only with
these factors accounted for can any de-
viation from a striet proportionality be-
tween yield of dry matter and water use
be explained, as in figures 13, 14, and 15.

The data show that a given amount
of added water will result in more plant
growth in an area of high atmospheric
humidity than in one of low humidity.
Where irrigation water is very scarce,
it is elear that humidity might well be
an important consideration in determin-
ing the allocation of irrigation water to
different parts of an area.

Students of plant ecology should be
able to apply these principles to the
analysis of factors that affect plant dis-
tribution where moisture is a limiting
factor in plant survival. Even though
temperature and precipitation are simi-
lar in two areas, the factor of atmo-
spheric humidity may well play an

important role in determining the kinds
of plants that will predominate in each
area.

Briggs and Shantz (1913e) found
that Esperanza, a drought-resistant va-
riety of corn from Mexico, has a sig-
nificantly lower water requirement than
the corn varieties commonly grown in
the Midwest. Plant breeders interested
in developing varieties of crops for
desert regions might find equation (2a)
helpful in isolating the plant factors in-
volved in adaptation to low humidity.

In many kinds of plant-growth ex-
periments, it is desirable to follow the
rate of growth without disturbing the
plants. Under controlled conditions, the
simple equation (1) can often be used
for this purpose; if the environment is
not kept constant, equation (2a) may
be more useful.

Arkley and Ulrich (1962) suggested
the use of potential evapotranspiration
(ET,) and actual evapotranspiration
(ET,), calculated from climatic data,
as indexes of potential plant growth in
the classification of climate and land. It
now appears that a correction for atmo-
spheric humidity should be applied to
these values if they are to be useful
over more than a limited area. The more
universally applicable indexes would be
ET,/(100-H) and ET,/(100-H).
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SUMMARY AND CONCLUSIONS

This study has revealed that most of
the differences in the transpiration
ratios obtained for a given plant in dif-
ferent seasons or at different locations
are due primarily to differences in
either climatic conditions or soil fer-
tility. A eorrection for climate based on
mean monthly relative atmospherie hu-
midity makes it possible to combine the
data on yield and transpiration from
different years and different localities,
with correlation coefficients greater
than 0.95. This amount of correlation
(r?=0.90) accounts for about 90 per
cent of the variation among different
experiments, provided that soil fertility
is controlled at a constant level. The
data available for determining a correc-
tion based on differences in soil fertility
are less reliable than those used for the
humidity correction, but the combined
data from different workers suggest that
a tentative relationship, equation (4),
accounts for about 75 per cent of the
variability other than that due to eli-
matic differences. Equation (5) ecom-
bines the two corrections, but this re-
quires the assumption that there is no
interaction between the effects of the

two variables, relative humidity and soil
fertility.

Examination of field experiments in
the light of these principles sheds new
light on the efficiency of water use by
plants. When yield of dry matter is
plotted against water use, the slope of
the straight-line portion of the curve
can be interpreted in terms of soil fer-
tility or of atmospheric humidity,
whichever is subject to variation. Devia-
tion from a straight line with increasing
moisture reveals the effect of overirriga-
tion; reversal in slope suggests water-
logging or poor aeration in the soil. An
intercept of the axis of zero yield or of
zero water use can be interpreted in
terms of water lost or of water used but
unaccounted for by irrigation or precip-
itation.

In conclusion, it seems evident that
quantitative expressions for the rela-
tionship between plant growth and tran-
spiration and for the effect thereon of
changing soil or environmental condi-
tions should be significant in any study
concerned with the use of water by
plants and also in some other kinds of
plant-growth research.
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