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tion with their investigations of the water requirement of crop plants
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amount of water required by crops in the production of a unit weight
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THE. WATER REQUIREMENT OF PLANTS!

II—A REVIEW OF THE LITERATURE.

INTRODUCTION.

The review of the literature relating to the water requirement of
plants here presented was begun in connection with the writers’
investigations on this subject in the Great Plains. The literature
proved to be much more extensive than was anticipated,.and it has
consequently seemed desirable to present independently a summary
of the investigations bearing on this subject, particularly since some
of the papers are not readily accessible and since a review of the whole
subject has apparently not been undertaken heretofore. In reviewing
the papers it has appeared desirable to group them with reference to

the various factors which affect the water requirement. When more

than one phase of the subject is dealt with in the same paper, the
special material relating to each phase of the work has been con-
sidered in its appropriate place. In summarizing the papers the

endeavor has been to give in tabular form the essential data of each _

investigation. This will enable the reader to draw his own conclusions
from the experimental results independently of any interpretation
which the writers may have given.

Among the different subjects which have been investigated in

relation to their effect upon the water requirement may be mentioned
soil-moisture content, type of soil, cultivation, amount of soil used,

fertilizers, temperature, light, humidity, carbon-dioxid content of

the air, relative leaf area, defoliation, and duration and period of
growth, as well as the water requirement of different kinds of plants
when grown under comparable conditions. The division of the sub-
ject into these groups has been largely determined by the character

~ of the investigations which have so far been made, and is not pre-

sented as an ideal division of the water-requirement problem. The
papers which deal with any of the above phases of the water-require-
ment problem, so far as the writers have been able to consult them,

are discussed in the following pages. The full title and reference are

given under “ Literature cited’’ at the end of the bulletin. The year
of publication in parentheses in the text following the author’s

't The preparation of this bulletin was carried on in cooperation at every stage between the Office of

Alkali and Drought Resistant Plant Investigations and the Office of Biophysical Investigations. The .

suthors’ names have been plnoed alpbabetically on the title-page.
9
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10 WATER REQUIREMENT OF PLANTS.

name serves to indicate a citation and to identify the paper to which
reference is made.

In the general subject of transpiration an immense amount of
work has been done, and it is possible in this review to consider only
that phase of the subject which related directly to the water require-
ment. The term ‘water requirement’’ is here used to indicate the
ratio of the weight of water absorbed by a plant during its growth to
the dry matter produced. In most of the investigations described the
plants were grown in open pots, and in some cases no correction for
the water evaporated directly from the soil was attempted. In such
instances we have designated the ratio of the water lost to the dry
matter produced as the “ water requirement including evaporation.”

Much of the work on the effect of the soil or of the nutrient solu-
tion on plant growth and transpiration has been done with seedlings.
In the measurement of the water requirement, however, the exact
determination of the amount of growth is as important a factor as
the measurement of the amount of water transpired. When the
period of growth is short and the plants are harvested during the
seedling stage it is difficult to determine the amount of dry matter
produced. If the total dry weight of the plant at the end of the
experiment is taken to represent the increase in dry matter, the water
requirement will be too low, owing to the error of including much
of the original dry matter contained in the seed. If a correction is
made for the initial weight of the seed, the final weight may show a ‘

‘loss rather than a gain in dry matter (Le Clerc and Breazeale, 1911,

P- 10), and even if a gain in weight is recorded it is impossible to
determine how much weight was lost during the early stages of ger-
mination. If only the aerial portions of the plants are weighed, the
recorded increase is largely due to translocation of material and may
bear no direct relation to actual increase of dry matter. It is there-
fore necessary to lengthen the growth period of the plant until a
sufficient amount of dry matter has been produced to make the error
due to the initial weight of the seed so small as to be inconsequential
if water-requirement measurements or transpiration measurements
based on the increase in weight of the plant are to be of value. For
the above reasons it was decided, after summarizing the data, to
omit from the following discussion, except in’ special cases, water-
requirement measurements based on the weight of seedlings.!
Investigations like that of Hohnel (1881), in which the water
requirement of forest trees was based on the weight of the leaves
1 The following publications (arranged chronologically) contain water-requirement measurements based
on the weight of seedlings: : : ] :
SoRAvER, PauL. ‘-'. :

180, Studien tber Verdunstung. Forschungen suf dem Gebiste der Agrikultur-Phyaik, Bd. 3, pp.
1883, N::;:: 1u den Studien fiber Verdunstung. Forschungen saf dem Gebiete der Agrikultan-
Phyaik, Bd. 6, pp. 79-06. . R S -
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INTRODUCTION. 11

alone, instead of on the total weight of dry matter produced, have

also been omitted.
The earliest water-requirement measurements appear to ha.ve been

. made by Woodward (1699). Lawes (1850) was, however, the first

to extend his experiments so as to include the entire growth period
of annual crop plants. References to some of the earlier papers
dealing with this subject are given by Burgerstein (1904, pp. 154

.158) in his work on transpiration. The methods employed in some

of the more recent investigations of the water requirement of plants
have been summarized by Montgomery (1912).
EFFECT OF SOIL FACTORS ON THE WATER REQUIREMENT.
EFFECT OF SOIL-MOISTURE CONTENT ON THE WATER REQUIREMENT.
IL'ENKOV’S EXPERIMENTS.

The effect of soil-moisture content on the water requirement was

" first investigated by IVenkov (1865, p- 162). Buckwheat (Polygonum

Jagopyrum) was planted in five flowerpots containing garden soil, and
seven plants weregrownin each pot. The pots were exposed in the win-
dows of a room which received the sun at midday. The experiment

PAGNOUL, A.
1898. Essais relatifs & la transpiration des plantes. République Francaise, Departement du Pas-de-
Calais, Statfon Agronomique, Bulletin, pp. 10~15.
LivingsToN, B. E.
1905. Relation of transpiration to growth in wheat. Botanical Gazette, v. 40x no. 3, pp. 178-195.
Reprinted as Contributions from the Hull Botanical Laboratory, 67.
~——- BRITTON, J. C., AND REID, F. R.
1905. Studies on the properties of an unproductive soil. U. 8. Department of Agriculture, Bureau
of Soils, Bulletin 28, 39 pp.
JENSEN, C. A., BREAZEALE, J. F., PEMBER, F. R., AND SKINNER, J. J.

1907. Further studles on the propemes of unproductive soils. U. S. Department of Agriculture,

Bureau of Soils, Bulletin 38, 71 pp.
HARTWELL, B. L., AND PEMBER, F. R. : : ’
1908. Relatiou between the effects of liming and of nutrient solutions containing diﬂ'erent amounts
of acid upon the growth of certain cereals. Rhode Island Agricultural Experiment Statfon,
20th Annual Report, 1906-7, pp. 358-380.
——— WHEELER, H. J., AND PEMBER, F. R. ,
1908. Effect of the addition of sodium to deflefent amounts of potassium upon the growth of plants
in both water and sand cultures. Rhode Island Agricultural Experiment Station, 20th Annual
Report, 1906-7, pp. 299-357, 1 pl
Krauss, F. G.
1908. Rice investigations. Report of first year's experiments. Hawaii Agricultural Experiment Sta-
tion, Annuat Report, 1907, pp. 67-90, pls. 5-9.
GARDNER, F. D.
1908. Fertility of soils as affected by manures. U. S. Department of Agriculture, Burean of Soils,
Bulletin 48, 59 p.
REED, H. S.
1910. Effect of certain chemical agents upon the transpiration and growth of wheat seedlings.
Botanical Gazette, v. 49, no. 2, pp. 81-109, 9 figs.
Bovuyovucos, G.J.
19]2. Transpiration of wheat seedlings as affected by soils, by solutions of different densities, and by
various chemical compounds. Proceedings, American Society of Agronomy, v. 3, 1911, PP-
130-191, 18 figs.  See also Transpiration of wheat seedlings as affected by different demsities
of a complete nutrient solution in water, sand, and soil cultures. Beihefte, Botanisches
Centralblatt, Abt. 1, Bd. 29, Heft 1, pp. 1-20, 3 figs., 1012,
DACHENOWSKI, ALYRED, o -
1912, The nature of the absorption and tolerance of plants in bogs. Botanical Gazette, vol. 54, no. 8,
PpD. 503-514, .
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12 WATER REQUIREMENT OF PLANTS,

was continued for 57 days. The results of the experiments are shown
in Table I. The water-requirement ratio is based on the water added
to each pot instead of on the water actually used.

TasLe I.—Effect of different amounts of water on the water requirement of buckwheat,
according to IUenkov (1865, p. 162).

‘Water added. ;|),—¥l Water

Pot No. weight require-
Relative. Liters. (grams). ment.

1 25.0 6.20 4,030

12.5 13.94 900

6.25 6.28 995

3.12 1.8 1,616

b8 1.56 .39 4,000

Water was not added daily, but pot*No. 1 was kept nearly satu-
rated. The table shows that the water requirement was very high,
owing probably to the fact that the experiment
was conducted in porous pots. Since no account
is taken of evaporation or of the initial and final
moisture content of the soil, the results are far
from conclusive.

FITTBOGEN’S EXPERIMENTS.

Fittbogen (1873) conducted a series of careful
experiments on the influence of soil-moisture con-
tent on the water requirement of the oat plant.
He used glass jars of the form shown in figure 1.
Each jar contained 3 to 4 kilograms of soil, which
rested on a 4-centimeter layer of gravel. The jar
was closed with a zinc cover (a) having two

B iubulures. The center tubulure carried a cork (b)
Fio.1.—Glassjaremployea boTed with a 6-millimeter hole, through which the
by Fittbogen (1873)'1n oemng of the three oat plants passed. The other
quirement of plants. ¢, hnlyre was kept closed with a cork stopper ()
except when water was being applied. Fittbogen thus had a nearly
closed system, and the evaporation loss must have been small.

Five series of experiments were made with different soil-moisture

contents, as shown in Table II. :

TasLe 11.—Effect of different soil-moisture contenis on the water requirement of oats,
according to Fittbogen (1873, p. 359).

‘Water content, in terms of moisture-holding
oapacity.

Froduction. 106020 | 201030 | 30t 40 | 40060 | 604030

per cent. | per cant. | per cent. | per cent. | per cent.
weight, grams? L6 7.8 12.8 12.2 13.7
Dry matter. . {0 Tocgiemant | ssxie| aazio] eaax?| as729| SBais
ean grams oo 0.8 41 6.1 5.3 6.0
Grain........ o et 1,003496 | 79012 | 98435 [1,000:16 | 1,213459

14 pots used in each determination; 3 plants per pot. tComputed from Fitthogen’s data.

280
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EFFECT OF SOIL FACTORS ON WATER REQUIREMENT. 13

Table IT shows that the production of dry matter was very much
reduced by the low soil-moisture content. The water requirement
also decreased gradually but consistently with the decrease in the
‘water content of the soil, except for grain production in the case of
the lowest moisture content, which was apparently too low to sup-
port good growth, as is shown by the small amount of dry matter
- produced. , .
'HELLRIEGEL'S EXPERIMENTS.

. Hellriegel (1883) gives the results of three years’ observations on
the effect of soil-moisture content on the water requirement of bar-
ley. The pots used in his investigation contained about 4 kilograms
of soil. Surface evaporation in the experiments conducted in 1871

was reduced by the use df covers cemented to the pots. The size of -

the opening for the plants is not stated. In his earlier experiments
a ‘correction for the direct evaporation was made, based upon the
loss from the check pots. Hellriegel's results are given in Table IIL.

Tasre ITL.—Effect of different soil-moisture contents on the water requirement of barley
according to Hellriegel (1883). ’

Water content, in terms of moisture-holding capacity.

Year and production.!
5 per 10per | 20per | 30 per | 40 per | 60 per | 80per
cent. cent. cent, cent. cent. cent.” | cent.

1869.
Medn weight.._grams..

17.9 eeananl 89| 254| 245

Dry matter. -..{Water requirement.... . 26410 |.2000000 25842 | 281413 | 2084
Weight. . .....grams. . 0.1 3| 16| 198 2.8| 28] 107

- Dry matter- . .. water requirement. . .. 940 180 168 223 216 240 217

Water content, in terms of moisture-holding
capacity.

Year and production.t

S5tols 15t0 25 20 to 60 40 to 80
percent. | percent. | percent. | percent.

Weight............ eeeneans grams. . 8.1 3.3 9.0 38.9
Dry matter. .. { Water FoGUIFIRORt. oo orerereea. 192 230 261 257

1 Three pots used in each determination in 1869; single pots in 1870 and 1871.

These results indicate also that the water requirement of plants

decreases within limits as the soil-moisture content is lowered, but
is also accompanied by a decrease in dry matter. In the duplicated
series of experiments the reduction of the moisture content from
80 per cent saturation to 20 per cent reduced the water requirement
of barley about 15 per cent. '

_ MAERCKER'S EXPERIMENTS.

~ Maercker (1896) investigated the influence of soil-moisture con-
tent on the water requirement of white mustard in connection with ..
285 : '
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« were harvested just before the milk stage. Pots containing about }9*

14 ’ ‘ WATER REQUIREMENT OF PLANTS.

certain fertilizer expériments. A summary of his results is given
under ‘“Effect of fertilizers on the water requirement’’ (Table XXVII,
p- 36). He found that white mustard grown in soil 20 per cent satu-
rated had a water requirement nearly 30 per cent less than when
grown in soil 60 per cent saturated. His pots were not protected

.from surface evaporation.

SCHROEDER’S EXPERIMENTS.

. Schroeder (1896) investigated the water requirement of barley when
grown in sand moistened with nutrient solutions of different con-

:centration. The effect of different amounts of solution was also

investigated, three series of pots being maintained, respectively, at

- 80, 40, and 20 per cent of the moisture-holding capacity. His results
_.are given in Table IV. The data for 1894 show a consistent reduc-
tion in the water requirement accompanying a reduction of the

moisture content of the soil. Schroeder placed less confidence in
the results for 1893 on account of the imperfect prevention of direct
evaporation by the layer of cotton employed for that purpose.

TaBLe 1V.—Effect of different amounts of nulrient on the waler requirement of barley in
Russia, according to Schroeder (1896, pp. 194-211).

Soil
- moisture, | Concentra-
¥ in terms tion of Dry Water re-
ear. of water- | nutrient | matter. |quirement.
holding solution.
capacity.
Per cent Per cent. Grams.
- 0.6 38.93 568
.4 28,22 547
80 .3 20.81 5868
.2 15.42 576
.1 6. 40 513
: n =
. . 470
)t I RIS 40 K 3 9. 50 536
2 7.72 |. 424
1.2 15.35 338
.8 10.66 39
20 .8 6.36 400
- .4 5.87 429
.2 3.53 360
70 to 100 1.7 8.15 8§79
40t0 70 2.4 8.25 516 - *
5to 40 4.3 3.5 472
b £:1 - P T LT 40to 70 1.2 4.33 414
40to 70 3.7 7.67 541
S5to 40 6.4 4,54 467 -
70 to 100 .85 6.28 320

t Experiments were conducted in glass pots filled with § of sterile sand. The sofl surface
was covered by oilcloth and a layer of cotton. The pots were into a shelter during the night and
in bad weather. Growth continued fromx 70 to 88 days. Only one pot was used in eacgculture. The
{nitial weight of the seed was deducted in estimating the water requirement. The nutrient solution was
m-’i':n{': "mmx:u%by b B o plus 150 grams of peat. 'The surface of the pot was covered

con san
with only a layer of co Growth continued from 71 to 113 days. )

i

- YON SEELHORST'S EXPERIMENTS.

Von Seelhorst (1899) has determined the effect of different percent-
ages of soil moisture. on the water requirement of oat plants which
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EFFECT OF SOIL FACTORS ON WATER REQUIREMENT. 15

" kilograms of soil were used. His results, which are expressed in
“terms of air-dry weight and include also the effects of fertilizers on

the water requirement, are given in Table XXVIII (p. 38). The

-

-range in soil moisture in these experiments was small, and the effect
'upon the water requirement is not marked.

WILMS’S EXPERIMENTS.

Wilms (1899) investigated the effect of different soil-moisture
contents on the water requirement of potato tubers (green weight)
and obtained results which are in accordance with those already noted.
The pots contained about 17 kilograms of soil and were not covered,
but the water was applied through a Liebscher air-circulation tube, so

that the surface soil always remained dry. The results of the investi-

gation, which includes also the effect of various fertilizers on the

water requirement, are given in Table XXTX (p. 39). The mean

values obtained by Wilms are as follows:

Moisture-holding capacity............cceieiaiaann. per cent.. 33,58, 80
Water requirement............................green weight.. 39,50, 62

DASZEWSKI'S EXPERIMENTS.

Daszewskl (1900) determined the dry weight of the tubers from a
few of Wilms’s pots. The combined data (Table V) show that the

‘water requirement was greatly increased in the soil with the higher

water content.
TasLe V.—Effect of d@]’ermt amounts of ml mmsture on the water requirement of potato

tubers.!
‘Water content, in terms of moisture-holding
’ capacity.
N Mean water
Fertilizer used. 33 per cent. 58 per cent. require-
: . ment.
- | Waterre- Water re-
Dry tubers. | - irement, | DFY tubers.| o irement,
Grams.

98 72.5 156 17
84 68.8 161 122
85 8.1 131 108
87 147.0 136 111
922 78.7 150 121
- 1) M7 |evinnnnnnns

t;Comt:inadfrom“lhns(lm,p 288-280) and Dasgewski (1900, p. 240); thsdataasgwmmthemsano!
°P°

FORTIRR’ 8 nnnmsm‘s

Fortier (1903) , using pots 18 inches in diameter, 30 inches deep, and

containing 19 plants of Swedish Select oats, obtained the results given -

in Table VI. . The first column of the table gives the total amount of
water added to each pot expressed in terms of inches of rainfall. . The

water lost apparently includes the evaporation from the soil, though
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~ eral of the series differendes are found which might be considered

16 WATER REQUIREMENT OF PLANTS.

this is not definitely stated. The Pots were apparently weighed o
at the beginning and at the end of the experiment. Although
dry matter increased progressively with the increased supply
water, the water requirement reached its minimum with the use
from 20 to 22 inches of water, increasing with either g greater or
smaller supply of water. :

Tasre VI.—Effect of the amount of water added on the water requirement of oats,
. Bozeman, Mont., according to Fortier (1903, p. 107).

Dry ‘Water re-
Water added. | OV quirement,
Grams,
55 501
15 523
25 434
252 433
264 a3
312 528
316 562

VON SEELHORST AND BUNGER’S EXPERIMENTS.

Von Seelhorst and Biinger (1907) conducted a fertilizer test wit’

high and low soil-moisture conitent, using open pots containing 1. |

OHLMER'S EXPERIMENTS,

“Ohlmer (1908) also employed two different soil-moisture contents
in connection with a fertilizer experiment with wheat at Gottingen
(Table XXXIII, p. 45). The comparison was madc with 11 different
combinations of fertilizers, and in every instance the lower soil-
moisture content gave the lower water requirement. The average
of all the tests shows that a decrease in the soil-moisture content
from 70 per cent of the water-holding capacity to 45 per cent decreases
the mean water requirement by 12 per cent. Open pots were used.

WIMMER’S zxi»nnmnm's.

Wimmer (1908) published the results of an extensive series of ex-
Periments to determine the effect of fertilizer on the water requirement
of carrots and ray-grass. Open pots were used, the method being
the same as that employed by Wilfarth and Wimmer (1902).

" The results (Table VII) show no significant differences that can be

attributed to the different soil-moisture contents employed.. ‘In sev-

significant if they were at all consistent. As a whole, th'e’?!af.a indi-
‘- 288 . ' . e s TR
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W ner’s results

ainty introduced by using open pots, it is not surprising that

E u VII.—-E]‘act of dz_z:rdmt soil-moisture contents on the water requirement of carrots

do not show the mﬂuence of moisture content on

ray-grass, according to Wimmer.!
CARROTS.*

Year, period, and plat. Previous fertilizer Tor | Fertitizer | Soll ]ﬁ?}n ——
ear, and plat. . per mo! req
! ! , pot. | PETPOL | ‘ture. | matter.| ment.
Grams.| Gramas. | Perct.| Grams.
%N 1 e prrieT]
May 3 to Oct, 30, 1003: : ; +
Y Waldau 33, 34, 35...... No potash since 1902. . ....... 7,566 ){ - 20 2 =l seen
L0, 17| 30| 424
.700 20| 43.8] 386%16
.280 14| l19.6| 458%17
% 17| 39| 352x10
F1L,3,57 e . ST 7,586 { 230 R W
2700 17| 28.5| 3%x14
-700 20| 4.2 309x15
RAY-GRASS.
.280 12| 341 30420
May 1 to Nov. 1, 1603: N s 190 0.254 = Bl Lo nxm
Waldau 33, 34, 35. . ... |{N© potash since 1902; 7,556 |} .700 12 43.8| 254x10
»T { gram POy per pot. I 1700 15| 52.3| 22210
.700 18| &.7| 3210
.280 12| 3.9 3812
280 1| &3 Feis
. . . +
F1,3,5 7 ceceeeennns|enens 0uucnenenenteenananns 7,558 1 -2 12| 08| exs
o N ~700 15| 5L7| 250x4
) o 1] 6ol 3051
June 1 to Oct. 18, 1904 - g +
. gomsn, 1891 to 1904; “szzie 18 B1) m=n;
h: 3 T le manure, nmmsss }e,m : 3l 7 343i34
g"eenmanure, 1901. 135 69.9 | 2663
18| 80.3| 3184
151 7.5| 302x8
18| 84.5| 285
7 LT None, 1891 to 1904. .......... 6,903 B 83| =m
15| 68.7| 324+3
18! 72.9| 312+27
15| 57.0| 365x14
18, &4 3671
. +
BS54 eeieiiiiiniinnana Sameas B 1............... - 6,791 18 6.6 37645
: 15| 67.8| 290%17
18] 78.4| 28xll
12| 39.7| 34648
b SO No potash since 1901. ....... 6,397 15; #4.7| 346x13
18, 49.9| 347%9
12} 32.8( 343%16
Waldau 87, 88, 80. ... No potash since 1900. . 7,359 15 45.7| 3:%1l
181 553! 398:43

1Computed (rom ‘Wimmer’s data (1 Pp. 43-89); mean of three determinations except as noted.

2 Thntsa?le q':rtn in ’l‘agle
cent of water, respectivel
l""Eu:hpotreud
¢ The mean of two

" 97991°—Bul. 285--13—2

vndo.MmmolPsO an o. an
N 0. P3O

XLIII (p. 55), under * Effect of nitrogen,’” are recorded under 12, 15, and 18
not show which record is co »
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18 WATER REQUIREMENT OF PLANTS,

TaBLe VII.—Efect of different soil-moisture conlents on the water requirement of carrots
and ray-grass, according to Wimmer—Continued.

RAY-GRASS8—Continued.
. 8ol | pertilizer | Boil Mean | Water
Year, period, and plat. Previous fertilizer. per ¢, | mois- | dry require-
. pot. per pot. | tyre. | matter. ment.
Grams.| Grams. | Perct. | Grams.
1| %8| Ssin
Apr. 17 to Sept. 26, 1005: 1 y +
1 5 03.81 30621
3 . None, 1901 to 1905........... 7,019 18 08.7 3361
15 92.5 3107
18 100. 4 35016
15 90.0 305+13
155 B | e Tori
' . X +
b . B T R 0. -eecrrcrionnecnannans 7,768 155 18 104.3 30817
. 776 15 90.0 312417
718 18 102.1 3117
15 80.2 341 £32
18 90.6 345+12
15 84.7 311111
18 8.5 360+7
15 96.2 262+9
18 95.9 33143
12 41.5 40615
........................... 15 46.2 440+4
18 50.9 439427
12 39.9 352+19
............. 15 48.6 | 39718
18 46.9 458+11
12 43.0 373435
............................... 15 46.0 | 45419
: 18 46.3 523+6
i | H 9 41.5 42346
Juetrichau sand .. ....]..coeciiereniemectieroaaaaaen 8,000 11.5 44.0 44115
i 14 46. 4 461+ 4
R 7 26.0 521+14
Buhlendorfsand L...... . cciiiiemiriericacacenianen 8,000 1.. 9. 36.0 422+
S . l 1 33.8 | 490x%7

! The mean ol‘two determinations.

PREUL’S EXPERIMENTS.

Preul (1908) investigated the effect of different soil-moisture con-
tents for varying periods upon the water requirement of wheat.
The experiments were conducted with two different soils and the
soil moisture was maintained at 45 and at 80 per cent of the mois-
ture-holding capacity. Open pots were used in these experiments.
A correction based upon the evaporation from check pots was made
for evaporation, although it was not clear that a check was provided
for each series of observations. The results (Table VIII) show a
gradual decrease in the water requirement with the increase of the
period during which the lower soil-moisture content was maintained.

_The lowest water requirement was obtained in the soil kept continu-
- ously at the lower water content.

285

TR T




e o B e e
rrpwu‘_“.,:x“g RS

EFFECT OF SOIL FACTORS ON WATER REQUIREMENT. 19

TasLe VIII.—Effect of different soil-moisture contents on the water requirement of
i © squar summer wheat,! according to Preul (1908, pp. 12-13).

Soil moisture, in terms of moisture-holding capacity during period. Water ’&E’m"nt
|

45 per cent. 80 per cent. Richsoil. | Poor soil.

Mar. 123toJuly 31 ..ooiiiiiiiaiicaaees 22444
Mar. 12 to July 1.... . N 22047
Mar. 12 to June 15. 228+7 27443
Mar. 12to Junel. .. 2814-4
Mar. 12 to May 15... 268+4
Mar. 12to May 1 261+3
259+1

July 1 to July 31 263+4
June 15 to July 31. 25042
June 1 to July 31.. 222+5
May 15 to July 31. 25644
May 1 to July 31.. 2464-3

Mean. .....ooiuiiiiiiiiiiiaicaaaeas 253

1Zinc pots were used in these experiments. They were 33 centimeters in height, 25 centimeters in diame-
ter, and contained 20.5 kilograms of soil. Each series consisted of 3 or 4 pots 96 pots being used in all.
The poor soil conaisted of good soil mixed with heath sand. Each pot contained 1.4 grams K;CO, and 1.65
grams CaH,(PO4)s. In addition, each Pot of good soil received 9.11 grams NaNO; and each pot of poor
s0il 3.04 grams of NaNQ,. Each pot of good soil contained 18 wheat plants and the pots of poor soil 9
wheat plants each. Several minor errors occurring in the originai data have been corrected here.

3 The pots of good soil were planted Mar. 12 and those of poor soil Mar. 16.

WIDTSOE'S EXPERIMENTS.

&f Widtsoe (1909) investigated the effect of the soil-moisture con-
tent on the water requirement of wheat, sugar beets, corn, and peas
(Table IX). Maximum water contents of 10 and 20 per cent of
saturation were chosen, and when any plant needed water all pots
% were brought up to weight. The pots were of galvanized iron, 24
. inches in diameter and 30 ifiches high. A single open pot of each
crop was used for each moisture content, the evaporation from a bare
control pot being deducted. The results for the same crop fluctuate
to such an extent from year to year as to render conclusions uncertain
except in the case of corn, where the lower moisture content consist-
! ently gave the higher water requirement.

TaBLe IX.—Influence of soil-moisture content on the water requirement of certain
crops, according to Widtsoe (1909, p. $9).

Water requirement. Ratlo of wate;) mgirement, low to
c Satura- & -
TOp. tion. -
1902 {1003 1904 | 1905 i 1002 | 1903 | 1004 | 1905 | Average.
k Per cent.
Wheat.....oeereeeneenns Bl B W B Relesi|oes| 3|1 oo1xole
Sugar beets. «-.eennennnnn { B D& % Sofsz| .a|veo)rz| L17a .20
0] 40| 20| a2l eor '
O ..cuveennnnnansenes { B Q| B| | Nefrn|roofr1saf2zm 185x .10
10 1,658 209| s10{ 525 .
PoaS....ococeensimesnnens { B “8a| Bl 1,504].%5 12.08| 34| 30 f...... 904 .48
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20 WATER REQUIREMENT OF PLANTS.
- LEATHER’S EXPERIMENTS.

Leather (1910) has slso investigated the influence of the soil-
moisture content on the water requirement of wheat and corn at
N Pusa, India. His determinations are given in detail in Table XXXIX
(p. 51), each determination being based upon a single open jar.
From these measurements the writers have computed the mean water
requirement obtained for each soil-moisture content when different
| fertilizers were used. These means are to be found in the last columns
: : of the tables referred to and: are, of course, comparable only in so far
| ' as they apply to jars of the same size and to the same series of ferti-
lizers. A summary of the observations for each soil-moisture content,
obtained by averaging the mean values found with pots of different
capacity, is also given in Table X. The results are seen to be in
agreement within the limits of experimental error. In other words,
an increase in the moisture content of Pusa soil from 10 to 20 per cent
of the saturation content did not affect the water requirement by an
amount exceeding the experimental error.

TaBLE X.~—Effect of sotl-moisture content on the water requirement of wheat and corn at
Pusa, India, according to Leather (1910, p. 133).

Water requirement with—-
Total pots
Crop. Year S water | 10 t|15 t{20
each wa per cen! per cen cent
content, water. water. ‘;p:rw
e ’ 19067 8 747 707 737
Whet..covermrneneienannniineen e 19078 8 562 |eeeeeeninns 748
COMM.cnmnieiiinreicniniieaeiiennsnen e 1907 9 414 404 436
N KIESSELBACH’'S EXPERIMENTS.

Kiesselbach (1910) has measured the effect of soil-moisture content
on the water requirement of corn at Lincoln, Nebr., using covered
4-gallon glazed stone jars, containing 14.5 kilograins of dry loam.

{ " Water was added through a tube to a reservoir formed by inverting
| a 4-inch flower pot in, the bottom of the jar. Surface evaporation was
' prevented by the use of gravel and paraffined parchment paper.
The plants were grown in a cornfield, one plant to & jar. An oilcloth
cover was used on each jar to keep out rain, and a temporary canvas
cover was put on during rainstorms. The jars were weighed once
in 48 hours and sufficient water added each time to restore the original
weight. The variation in degree of saturation during this, period
ranged from 5 to 10 per cent. The plants were harvested shortly
= after the silking stage. The results are shown in Table XI. The

. - plant grown in soil 20 per cent saturated wilted when the conditions
. .gave rise tohigh transpiration. This may be associated with the

~ slightly lower, water requirement recorded in the case of these plants.
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No differences in the water requirement greater than the probable
error occur in the case of the plants grown at other degrees of satura,-
tlon : ‘

TABLE XI.—Influence of soil-moisture content on the water requmment of corn, accord-
ing to Kiesselbach (1910, p. 125).

Water requirement
based on dry weight.

. Avus?

weight,

Saturatlon. 4rY weight,

roots. Excluding | Including
roots. roots.

Percent. Grams.

98 91.1 270 4245
80 93.1 272 +9
60 100.8 256 227+10
40 92.9 270 233+7
20 83.2 239 201+35

KIESSELBACH AND MONTGOMERY'S EXPERIMENTS.

Kiesselbach and Montgomery (1911) extended Kiesselbach’s
investigation with corn, using large pots in which the plants were -
brought to maturity. Single plants
were grown in galvanized-iron pots 16
inches in diameter and 3 feet deep.
The construction of their potometer
isshown in figure 2. Waterwasadded
through a perforated $-inch brass pipe
15 feet long bent in thd form of a heli- Ll ! )
cal coil. Evaporation from the soil Y

-1
e e,
z

e eeneen @

was minimized by a layer of gravel 3 i 1) || el
inches deep. Rain was excluded with v iy !

the aid of a galvanized-iron lid having ' =1

a 4-inch opening in the center for the © . SH (| E— 3

plant, the opening being covered with
‘oilcloth closely fastened about the |
cornstalk. The potometers were lo- ]
cated in a cornfield and were appar- |
ently sunk in trenches so that the tops [
of the pots were level with the surface :
of the surrounding field. The potom- %"
eters were mounted on small, indi- F‘ﬁoﬁt;oﬁﬁ’ﬁ,{“(“l%‘{’l’)"d ,‘;ﬁ‘&‘f"mﬁ
vidual trucks and were run on ‘
tracks to a platform scale which was mounted on a cross tmk
Five different degrees of soil saturation were maintained, namely,
100, 80, 60, 45, and 35 per cent. Saturation was regn.rded as the

amount of water retained by the soil when drainage had geased after

‘of water :;

pouring water on the scil surface. ©Omne hundred potnds
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EFFECT OF SOIL FACTORS ON WATER REQUIREMENT. 23

out at other times. The experiments extended from Aprll 29 to July
16 and July 30. The results of these investigations are given in Table

XIII. . The plants were grown in open pots, without bare check pots,

but a correction for loss due to evaporation from the soil surface was
made in the following way: The mean value of the water consump-
tion and of dry matter, respectively, for four pots from each moisture-
content series, grown without nitrogen, was subtracted from the water
consumptlon and dry matter of each individual fertilized pot of that
series. The ratio of the remainders was taken to represent the water
requirement of the plants grown in that pot. This correction ranges
from nearly one-half of the total water consumption in the case of the
low-nitrogen pots to about one-seventh of the water consumption in
the high-nitrogen pots.
An analytical examination of thls method of correcting for evapo-
ration shows that it can not be justified.
Let t,=total water transpired and evaporated from pot without mprogen
¢t =total water transpired and evaporated from pot with nitrogen.

e,=water evaporated from soil of pot without nitrogen.

¢ =water evaporated from soil of pot with nitrogen.

w,=dry weight of unfertilized plants.

w =dry weight of fertilized plants.

r,=water requirement of unfertilized plants.

r =water requirement of fertilized plants.

Then, by definition, ot ' @

Wo

and, sumlarly,‘ : . 51—0_e=r. ‘ @
Subtmctmg equatlon 1 from equation 2, we have—

b tyhe,—e=Tw T W, ' (63}

Pfelffer Blanck and Fligel, in calculating the water requlrenfent

took the difference between the water loss from the fertilized and un-

fertilized pots and divided this by the corresponding difference in dry

weight. The quotlent was considered to be the water requirement

of the plants in the fertilized pot. Expressed as an- equation, thxs

becomes—

et . ;_(4)

or, t—ty=rw—TW,. )
Subtracting equation 5 from equation 3, we have—

 eme=(r—rwe (®)

. whlch is the assumption that Pfeiffer, Blanck, and Fligel really make

in following their method of reducing the results. Writing equatlon

6mtheform— . e Lo R T g
. ﬁ___e-f_ro’ e - . . v

: - ; R

it will be seen, first, that thexr assumptlon is that the dxﬂ'erence in the

transpiration ratios of two series is proportlona.l to the dﬂerence in
285
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‘can not be established without further investigation.

24 ‘ ~ WATER REQUIREMENT OF PLANTS,

the amount of soil evaporation from the series, factors which obvi-
ously have no dependence one upon the other; and, second, that
if the soil evaporation from the two series was made equal, the water
requirement of the two series would have to be equal, irrespective of
the method of treatment! It is evident from this analysis that the
method of reduction employed by Pfeiffer, Blanck, and Fliigel is not
sound, and that consequently no weight can be attached to the data
as given. The data without the correction for evaporation are,
unfortunately, not given in the original paper. :

TasLe XIIT.—Effect of different soil-motsture contents on the water requirement of
oats,! according to Pfeiffer. Blanck, and Fligel (1912, p. 230).

Water requirement with—

Py =
app! N g igh water!
per pot.2 H&gg&m Lco:;gg:er -watef con-| content |
10 por cent. | 7 per cent. | tént, 41010{ and shade, | ean-

pe ‘pe *| percent. |10 percent.

0.355 3975 348+ 5 Ml 4068+2 374

.710 388+4 | 341+2 281+4 41942 357

1.065 37243 3047 27343 302+4 336

1.420 373+6 37143 29244 | 40114 359

1775 39744 388+ 5 307+4 433+-4 381

2.130 414.£7 3724 30144 3834 368

Mean 300+2 3542 3002 4104.23 383 -

1 Twenty-four plants of Ligowo oats were grown in each pot. The pots contained 18 kilograms of sand
of low mw* Boiai g capacity. There were four pots for each determination. The dry matter pro-

duced is not given.

3 i\,}:plied as ammonium nitrate.

3 Pleiffer, Blanck, and Flilgel omitted four pots in calculating this mean because the plants were not
artificially shaded. These pots apparently formed the series whose mean is 383 +4.

CONCLUSIONS.

" In general, the results of the experiments herein recorded show an
increase in the water requirement when the water content of the
soil approaches either extreme. Many of the experiments were con-
ducted in open pots and the evaporation estimated by means of
check pots, which is an uncertain procedure. Extreme moisture
conditions might, however, affect the water requirement indirectly.
With a high water content, the aeration would be reduced and the
soil solution would be diluted. In the case of soils kept at a low
water content, the small amount of water required from time to
time to bring the pot to normal weight is sufficient to moisten only
a comparatively small portion of the soil mass. In effect, then, the
low soil-moisture plants are growing in a very restricted soil mass as
compared with plants grown with an optimum soil-moisture content.
This condition might cause an increase in the water requirement of
plants grown in a comparatively dry soil due to a deficiency of plant
food. In view of these considerations the writers believe that the
direct influence of soil-moisture content on the water requirement
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EFFECT OF SOIL FACTORS ON WATER REQUIREMENT, 25

EFFECT OF SOIL TYPE ON THE WATER REQUIREMENT.
MARIE-DAVY’'S EXPERIMENTS.

| " Marid-Davy reports experiments (Table XTV) which were designed
" to show the effect of different soils on the water requirement of wheat
J for grain production. In the first series (1875), 2-liter glass con-
tainers with small necks were employed and direct evaporation
" practically eliminated. Each soil was given 10 different treatments,
but since the different soils received the same series of treatments, a
comparison on the basis of the soil is possible. In the later experi-
i‘ ments (1876) large, open casks, 1 meter square, were employed. A
single cask of soil was used in each treatment, leaf mold being added
in varying amounts. The addition of the leaf mold does not appear
to have had beneficial effects except in the case of soil from Saint-
Ouen. In all other cases it increased the water requirement of
wheat for grain production. The total dry matter is not recorded
and no adequate description of the soils is given. The differences
recorded are probably due partly to soil differences, although the lack
1 of agreement in the two tables indicates rather high experimental
errors. It is probable, however, that had the water requirement
been computed on the total dry matter the results would have been
modified. The addition of leaf mold often increases the straw as
compared with the grain yield, and this may account for the high
water requirement for grain when leaf mold was employed.

TapLe XIV.—Effect of different soils on the water requirement of wheat, according to
i Marie-Davy.

r Water re-

Soil employed. Period. Dry grain. q]l;mixemlex‘t,
grain,

Montsouris plus fertilizer..... ...l 3.99 1,126

Saint-Ouen plus fertilizer........ ... 5.48 1,034

Gravelle plus fertilizer..... 5.65 1,010

Dornecy (brown) plus fertilizer 18741, . ciceeeann.. 4.13 1,435

Ivry plus fertilizer............. 5.09 1,058

Vincennes plus fertilizer.. 6.08 1,015
Fontenay sand * plus fertilizer.. 4.20 1,364

Montsouris plus 25 kilograms leaf mold.... 394 964

Saint-Ouen plus 25 kilograms leafmold...........c........ ] [eceveaiaeideniiinia..,

Saint-Ouen pius 50 kilogmms leaf mol 300 1,160

Gravelle plus 25 kilograms leaf mold.. 380 913

vaelle lus 50 kilograms leaf moid......... . 303 1,122

? rown) plus 50 kilograms leaf moid......... .- 1874.3 256 1,387

T POMbeesegeczccoceensereiicnsoncsaroasenans -|{Feb. 1 to July 23.. 328 1,047
Domecy (red) pma 50 kilograms h-olmmom . g’;’; l,gg

m td

Vlneennu Ius 60 kilograms lead mol 1,163
plnlzgkﬂommllnlmold.... 313 1,105
Ivryplunwkﬂognma eafmold.....coavvieininnnnnnnnnnn. 236 1,576

gvan in tabls. Evaporation from the sof!
givenint.hhhb ucprmhdln.wmvhatdi&ruttwm ‘The water req
is based on total water loss and total dry matter produced by all pots, while the water requirement here
zlvenuthemnforthewb-olpm
o Loty by pohoflmgln e copacity aoa 1 ter surface. N

. 387). open cubic meter ca] and 1 square me 0 oor-
notionwcgnmm!ou vaporation.

i . 285

g . e 3 ety g e et
k uiremen

-~

o, .




&l

R AT TP ET VRh o d o It

26 WATER REQUIREMENT OF PLANTS.,

Taswe XIV.—Effect of different soils on the water requirement of wheat, according to
. Marié—Dmry—(‘ontinuecgu 4 g

]

‘Water re-
Soi d. : quirement,

Soil employed Period. Dry grain. based on

grain.

Montsouris plus chemical fertilizer.......................... 304 918
Saint-Ouen plus chemical fertilizer. - 372 956
> TS 474 728

Gravelle plus chemical fertilizer. 479 7
DOttt aaaanae 425 837
Dornecy (brown) plus chemical fertilizer. . .. 1875. 262 1,385
Peat plus chemical fertilizer............ ..|[Feb. 1 to July 16.. 435 841
Dornecy (red) pius chemical fertilizer. . . .. 424 811
Vlnc];gnea plus chemical fertilizer. ... 387 804

......................... 379

Ivry I})lus chemical fertilizer. .............. ...l 469 738
L 379 957

11876 (p.387). Conducted inopen potsof 1 cubic meter capacity and 1 square meter surface. No cor-
rection was made for evaporation,

In 1875 commercial fertilizer was added to all pots. The differ-

-ences in the water requirement in the different soils were approxi-
- mately the same as during the previous year, although the water

requirement was less for each soil than in 1874.
LIEBSCHER'S EXPERIMENTS.

Liebscher (1895) conducted a series of fertilizer experiments in
clay and sand soils. His results are given in Table XXVI (p. 36).
A comparison of the results for the two soils shows a slightly higher
water requirement in the loam than in the sand, when the whole
series is taken into account. The same is true also of the check
plants grown without the addition of fertilizer.

KING'S EXPERIMENTS.

King (1905) used four different types of soil in his water-require-

.ment investigations. Open pots 4 feet in diameter and 4 feet deep

sunk in the ground in an open space were employed. Since the
experiments were carried on at widely separated locations, differ-
ences due to climatic conditions must also be recognized. The re-
sults (Table XV) include the evaporation from the soil surface, which
was unprotected. Direct-evaporation measurements were also made
simultaneously in similar tanks in which no corn was grown. Taking
the loss from direct evaporation as 100, the total loss from the soil
tanks containing corn at the different stations in the order given in
the tuble was 122, 84, 125, and 118. These ratios illustrate the
uncertainty attending -this method of measuring the water require-
ment of crops.
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Tanre XV.—Effect of different soils on the water requirement of corn, according to
o King (1905, pp. 195~194.) -

;

Evapora-
tion pfer ¢! Wate
N uare foo ater re-
Location, Soil. Drration.| ST quirement.
- , surface
per day
. Days. Pounds.
Goldsboro, N. C...... 97 11 387
Upper Marlboro, Md 128 .08 | 1,152
Lancaster, Psa.... 128 . 796 474
Janesville, Wis. .. 126 .938

t The variety of corn used was Iowa Goldmine.

VON SEELHORST’S EXPERIMENTS.

Von Seelhorst (1906) measured the water requirement of rye and
potatoes in open pots, using loam and sand. The results (Table
XVI) show that rye has a somewhat lower requirement in loam
than in sand. - With potatoes, however, the results were reversed,
the sand giving a slightly lower water requirement. The data are
too meager to be conclusive.

TABLE.' XVI.—Effect of soil type on the water requirement of rye and potatoes at Gottingen
accordtzyng to Von Seelhorst, (1906, p. 316).1 et

Sand. Loam.
Plant.
Mean dry | Waterre- | Mean dry | Water re-
matter. |[quirement.[ matter. |quirement.
Grams. Grams.
S 1PN 306 486415 700 375
POtatoes. « . ooeeeeenc e iaeannaans 1103 600 4,737 66

! The water requirement of potatoes is based on the

green weight. Three determinations were made

with each, crop for sand, one determination for Joam.

WIDTSOE’S EXPERIMENTS.

Widtsoe (1909) has measured the water requirement of corn and
wheat at Logan, Utah, using four types of soil. Pots 24 inches‘in
diameter and 30 inches high were employed. The College loam and
Sanpete clay types were productive soils, while the sand and clay
types were nonproductive. -The experiments extended through a
period of four years. The increased water requirement of crops
when grown in nonproductive soils is clearly shown in the results,
a summary of which is given in Table XVII. .
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28 WATER REQUIREMENT OF PLANTS.

TasLe XVII.—Influence of s0il texture on the water requirements of certain crops at
Logan, Utah according to Widtsoe (1909, p. 57).

Number of trials. . Water requirement.
Crop College | Sanpete College | Sanpete
ollege | Sanpe -ollege | Sanpe!
Sand. loamt, clay. Clay. Sand. 1 : clay Clay.

Corn 46 12 3 561 386 408 601
Wheat 15 2 5 2,017 546 658 917
Sugar beets. . .. U PN PRI S, 497 foieenaeaniferennnn-
Peas, (1 I O R H PN 7% 31 ORI P,

LEATHER’S EXPERIMENTS.

Leather (1910 1911) has investigated the water requirement of
crops grown in several Indian soils. (See effect of fertilizing, Table
XL, p. 52). The same crop sometimes showed a wide variation in its
water requirement when grown in different soils. The water require-
ment of wheat grown in different unfertilized soil types in 1909-10,
for example, was found to be 582, 842, and 526. Other variables enter
in most cases, however, so that Table XL, must be referred to for the

comparisons.
CONCLUSIONS.

The water requirement, according to the data presented, is affected
by the kind of soil used. The factor influencing the water require-
ment seems, however, to be plant food rather than the type of soil.
The water requirement will be higher in a poor soil, whether it be
sand or clay, than in a good soil. The data presented do not indicate
that the water requirement is affected by soil texture alone, when
plant food is equally available in the different soil types.

EFFECT OF CULTIVATION ON THE WATER REQUIREMENT.

SLESKIN’S EXPERIMENT.

.Sléskin (1908) conducted an experiment to determine the effect of
cultivating the soil on the growth of the sugar beet. A portion of a
uniform plat was covered with a layer of cement to prevent all loss of
water by direct evaporation or gain by precipitation. Seventy-two
stakes were driven into the ground where the beets were to be planted
and the cement flowed in around these stakes. Assoon as the cement
had set, the stakes were withdrawn and the holes filled with sand.
The beets were planted in these holes. The remaining portion of the
plat was planted to beets, allowing the same distance between plants,
and was given the best of cultivation. The results shown in Table
XVIII indicate clearly that more dry matter was produced by the
beets grown in the covered portion than in the open plat. The .
reduction in-water content was less in the covered soil than in the
exposed soil, notwithstanding the addition to the open plat of 11 inches
of water in the form of rain.
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- .From a single pot experiment in which 3 beet plants produced 479
- grams of dry matter in a pot containing 420 pounds of soil, Sléskin
- found the water requirement of sugar beets, exclusive of evaporation,
- to be 337. The beets were grown in an open pot, but by alternately
covering the soil surface and leaving it exposed the evaporation was
computed. This in turn was used as a basis for computing the
evaporation loss from the cultivated plat. If the computed evapora-
tion loss is accepted, it follows that the water requirement of the beets,
exclusive of evaporation, was less under the cement-covered than in

the cultivated plat.

TaBLE XVIII.— Water consumption of sugar beets in cement-covered and in cultivated

plats, according to Sléskin (1908).!

Cement- | Culti-

covered | vated
plat. plat. -

Number of beets harvawd .......................................................... 59 78
Weight of beets in kilograms. ......... 26.9 16.1

Water added to soil by rainfail illimeters. .|.......... 226

Computed loss by mpomtion .......... 247

Lossinexcess of 18RIl . . ocvunrteeneiriiriiiiiiiiiniieraiaeeaeeaee @Ol 21
‘Water content of the soil at the end of experiment 3.4 [ 4

1 The writers are indebted to Raphael Zon, Chief of the Office of Silvics of the Forest Service,for assht-
ance in translating Sléskin’s and Schroeder’s articles.

WIDTSOE’S EXPERIMENTS.

* Widtsoe (1909) has investigated the effect of shallow cultivation
on the water requirement of corn (Zea mays). The pots, 24 inches in
diameter by 30 inches high, were cultivated 48 hours after surface
irrigation, and then weekly until irrigated again. The cultivation
was done with a gardener’s comb to a depth of 1 inch. Four pots
were used for each soil type investigated, two being cultivated.
Corn was grown in one cultivated and one uncultivated pot. The
other two pots were without crops. The difference in the amount of
water lost from the cropped and barren pot in each treatment was
taken to represent the transpiration loss of the crop. The experi-
ment was conducted for three years. The results are given in
Table XIX, and show in most instances a marked reduction in the
water requirement, due apparently to the cultivation.

This is a subject regarding which it is extremely difficult to obtain
reliable and concordant results. The uncertainty arises in the
assumption that the evaporation loss from the cropped pots is the
same as from the barren pots. The pots must be left open and freely
exposed, and this means a high evaporation loss. In fact, the average
transpiration of all the cropped pots in Widtsoe’s experiments was
but 55 per cent of the total loss, the extreme values being 14 and
82 per cent.

It seems remarkable that the cultivation of the surface mch of
soil should have had an appreciable influence on the actual water
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requirement, and further experiments are desirable, using a larger
number of pots to reduce the experimental error.

TapLe XIX.—Efect of cultivation on the waler requirement of corn, according to Widt-
s0e (1909, p. 19).

‘Water require- Ratio, cultivated
Satura- ment. uncultivated.
Soil. tion. Treatment.
1902 | 1903 | 1904 | 1902 | 1903 | 1904 | Mean.
Per cent. | - X
Band. oo 15 (O cimervatod. 1| g | oonl o el Ll
College loam......oeeuuen.n. 20 {%ﬁmﬁ@:‘_:: 29235 %;g %58 }56 0.62 | 0.25 |.484.09
Sanpeteclay............... 25 %‘:}mxt'&f.::: 3388 ggg g%g }.64 .68 {1.03 |.78+.10-
Cultivated........ 582 1..... .[......
CIaY.coeeeennmnnnnaaaanes 30 |{ultivated. - i P ] R — .18
CONCLUSIONS.

The results of Sléskin and of Widtsoe lead to opposite conclusions
regarding the effect of cultivation on the water requirement. Neither
experiment is free from certain assumptions relative to the amount
of evaporation from the soil, and consequently neither experiment
can be considered as showing conclusively that cultivation has a
direct effect on the water requirement independent of soil evaporation.

EFFECT OF THE SOIL MASS ON THE WATER REQUIREMENT.
HELLRIEGEL’S EXPERIMENTS.

Hellriegel (1883) measured the water requirement of red clover
uging culture jars of different sizes. The results are given in
Table XLIX (p. 59). The differences shown in his experiments are

" without significance, owing to the high probable errors. A similar
series dealing with barley is given in Table LII (p. 62). No con-
sistent difference in the water requirement was found attributable
to the amount of soil used.

: ’ LEATHER'S EXPERIMENTS.
Leather (1910) used in his fertilizer experiments jars ranging in

* capacity from 15 to 31 kilograms of soil. He states that this varia-

tion in the mass of soil used may affect the transpiration ratio 10 to
20 per cent, the smaller jars giving the higher water requirement.
His results are given in Table XXXTIX (p. 51) in connection with
his fertilizer experiments. The writers have combined these results
in Table XX, calculated with respect to the size of the jar used.!
The mean values show with one exception that the use of the smaller
jar gives a higher water requirement.

1 The average result for each set of jars of a given size includes several fertilizer treatments. The kind
of treatmentand the number of jars used with each treatment are, however, uniform for a given cropand
year for tach size of jar, so that the results for the same crop and year are comparable.
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EFFECT OF SOIL FACTORS ON WATER REQUIREMENT. 31

- Leather adopted for his later experiments jars containing about
50 kilograms of soil. Plants like maize and juar (jowar) were found
to develop much better in these large jars than when grown in jars
holding one-fourth as much soil. : L

TapLe XX.—Effect of the amount of soil used on the water requirement of wheat and

maize, accor

] ding to Leather (1910).

Number | Amount of
‘Water re-
Crop. Year. of jars | soil used
v Used. | perjar. |duirement.
feomms 2
L [OOSR 1006-7 12 ({ z st
E 1 7 T R R ARl 1907-8 6 97 590
. 15 415
Maize..... ......... 1907 9 21 41
31 393
CONCLUSIONS.

Leather’s data are conclusive in showing the influence of the soil
mass on the water requirement. An insufficient soil mass increases
the water requirement, probably as a result of an insufficient supply
of plant food.

EFFECT OF FERTILIZERS ON THE WATER REQUIREMENT.
Soim CULTURES.
LAWES’S EXPERIMENTS.

The earliest investigations regarding the effect of plant food on
the water requirement were carried on with water cultures and will
be considered in a subsequent section. Lawes (1850) appears to
have been the first to use fertilizers in connection with soil cultures
in investigating the water requirement. His results, which were
obtained at the Rothamsted Station, England, are shown in Table
XXI.

TasrLe XXI.—Efect of fertilizers on the water requirement of different. crop plants,
according to Lawes (1850, p. 54).

Mean water
requirement.
. D Water ‘Water
Fertilizer and crop. matrtZr i trans- require- | Wheat,
v pired.! ment. barlgy, All
an plants.
clover.
Grame. | Kilograms.
20.7 7.35 247
30.2 7.78 258 258
13.3 3.57 269
34.8 7.27 200 [..oooennns
27.3 7.07 259 {..oonennnn
28.6 6.36 222
32.5 8.32 256 26
15.2 3.48 229 :
34.8 7.64 29 |.eeeennens
29.6 6.24 P N I
17.8 3.63 206
20.3 5.52 272 209 |........
6.0 .89 148
1 Data recalculated to metric units.
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The jars used (fig. 3) were of glass, 14 inches deep, 9 inches in diam-
eter, and held about 42 pounds of soil. The direct evaporation was
cut off by the use of a glass plate cemented to the top of the pot, a
3-inch hole being provided in the center for the plants. A check pot
without a crop was supplied to determine the loss from evaporation
through the central opening. The loss thus measured amounted to
about 3 per cent of that from jars containing plants. This correction
was not applied, however, Lawes believing ‘“that the indications of
this experiment should serve rather to prevent any too nice applica-
tion of the numerical results
obtained in relation to the
plants than as providing any
available means of correct-
ing them.”

The comparison of the two
series will show that the
water requirement was re-
duced by the use of mineral
manures. The plantsin the
series in which ammoniacal

\J salts were used made such a
poor growth that Lawes at-
tributed little significance to
the results.

MARIE-DAVY’S EXPERIMENTS.

Marié-Davy (1875) inves-
tigated the effect of various
fertilizers on the water re-
quirement of wheat for grain
. production. The pots used
F16. 3.—Apparat usused by Lawes §1850) in measuring the WEI® 2-liter flasks with SII}&H

| water requirsment of plaits. necks, the direct evaporation

from the soil being very small. The results of this experiment are

recorded in Table XXII and represent the mean values obtained

with six different soils. Each treatment lowered the water require-

ment as compared with the check series, which received no fertilizer.
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TaLe XXII. —Effect of fertilizers on the water requirement of wheat, according to Marie-

Davy (1875, pp. 305-309).}

v _— Dy | e
. ry require-
tment.! grain, ment of
grain,
Grams. !
2.32 1,546
5.40 968
5.52 1,181
. 2.58 1,393
KNO., and CaS0q 4.98 1,008
witﬁ solution containing 94 (NH})s POy, 200 milligrams
NH.NO. 05 milligrams KN Oy, and 16 NaCl per liter.... 4.20 1,046
As above ius 10 per cent leaf ‘mol . 7.50 889
10 per cent leaf mold . 4.18 088
20 per cent leaf mold eees 4.65 1,165
40 percent leal MOl . . connmmenmne e 9.72 981

1 Each treatment was repeated on six different soils. (See Table XIV, p. 252] The treatment given for
th]ijs gx ent by Marie-Davy (1874) does not conform exactly to the record here given. It is not clear
whic!

HELLRIEGEL’'S EXPERIMENTS.

" Hellriegel (1883) carried on several experiments to determine the
effect of different amounts of fertilizer on the water requirement,

using open pots containing 4 kilograms of quartz sand. His results.
(Table XXIII) show a great decrease in the water requirement as- "~

the amount of fertilizer is increased. The water requirement was
doubled by the absence of potassium and trebled by the absence of

nitrogen. A correction for direct evaporation from the soil had to..
be made, which introduced an element of uncertainty into the results. :

An abnormally high water requirement would, however, be expected
in the case of a plant growing in a soil which was deficient in any
essential element of plant food. Its growth would be arrested but
transpiration would still go on.

Tasre XXIII. —E'ﬁ'ect of calcium nitrate and potash on tlw water reqmrmwnt of barley,

according to Hellrwgcl (1883, pp. 629-631 ).

Milligram equivalents of calcium nitrate.!

Period. Determination,
20 16 12 10 8 6 4 0
Apr. 30toAug 6,1868, 98 |{ Water requirement... ... 349 | 352 | 426 | 481 982
ARYS cocucvavennnconnze Dry matter.....grams.. J13.5112.2) 9.5 6.61° X
Mayato July 24, 1869, 82 |{ Water requirement......| 292 R -~ 7 8 S 309 [2706+53
PrS £ O, Dry matter..... grams..| 25.5 | 23.0 | 18.3 |......[ 13.9 |...... 1.1£0
. Milligram equivalents of potash.?
Period. ) Determination. -
. : 30|22 16]12] 08| 04 0
ater requirement...... 330 | 362| 390 | 453 | 422 | 525 618
Apr. 0o Aug. 6"868 98 days.. {grymntger ..... gracis (| 208 | 18.4 | 17.3 | 157 | 154 | 108] 6.4 -

wﬁ used: Four k:llogmms of quarts sand plus 2 xn.ro., 1 KC, and 1.6 MgSO4 in mmimmnqum—

3 l(ean of two measuremen
8 Soil used: Four kilograms o( quartz sand plus 1.6 Ca (NOs)s and 1.6 MgSO, in milligram equivslenm.

97991°—Bul. 285—-13—3
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DEHERAIN’S EXPERIMENTS.

Dehérain (1892) reported experiments on the effect of different
fertilizers upon the water requirement of ray-grass and clover (Table
XXIV). To determine the water consumed, the amount of water
which drained through the soil was deducted from the amount which
fell upon the.soil as rain. No correction was made for differences
in the water content of the soil at the time of planting and at harvest,
or for the direct loss by evaporation. The results show a lower water
requirement in a manured soil than in a poor soil not manured.

TABLE XXIV.—Eﬁ'eét of different fertilizers on the water requirement of ray-grass and
clover, according to Dehérain (1892, pp. $71-473). .

Ray-grass. Clover.

Soil and treatment.!
Dry ‘Water re- Dry ‘Water re-
matter. |quirement.| matter. |quirement.

Grams. Grams.

Good Soil. ... .eoiiiiiii it eei e 45 630 89 322
Poorsofl.......cooiiiinecianisecnnnaananaas - 39 682 65 454
Poor soil and K, N, and P fertilizer .. 102 2266 72 398
Poor soil and manure water in 1890; X, N, and P i

lizer In 1891 ... .o iiieiiiiiiiaeniaiiisaas 64 435 99 255
Poor soil and manure water in 1890 and 1891; K, N, and

Pinl801. ..ttt 65 449 95 272

1 The water loss included evaporation. Each pot contained about 60 kilograms of soil, and the water
content was assumed to be the same at the time of est as at the time of &la.nting. The ambunt of K, N,
and P was practieallg:be same in the last three pots; the first contained N in the form of nitrate of soda

and ammonium sulp , while the last two contained organic nitrogen. The experiment continued from

Apr. 7 to Sept. 4, 1891 (?).
?Dehémin erroneously gives 233.

KING’S EXPERIMENTS.

- King (1894) investigated the effect of fertilizers on the water
requirement of potatoes and corn, using large open pots. In the
work with the potato, 6 galvanized-iron cylinders, 18 inches in
diameter and 42 inches deep, were used. These stood above ground
and were protected on the south side by a screen of boards. Each
pot was watered through a 3-inch draintile set vertically in the pot
against one side. The level of standing water in the pots was not
allowed to rise over 6 inches from the bottom. The pots were pro-
tected at night and during rainy weather by a tent of heavy duck.
The fertilized pots each received 5.3 grams of potassium nitrate
before planting and the same amount the preceding year, during
which time the pots were kept fallow. The results, which are given
in detail in Table XXV, indicate that the useof potassium nitrate
does not affect the water requirement of potatoes. In the case of
corn the use of manure apparently reduced the water requirement

_markedly, but the result is affected with a large probable error.
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TasLE XXV. —Efect of fertilizer on the water requirement of potatoes and corn, acoordmg
to King (1894, 1895).

Water r oment
L . b on— :
Pot : Dry
No. Crop. . - Fertiliger. matter. Tubers.! | Water. -
Dry [Weight of
matter. | tubers. -
Grams. | Grams Kilos.
151.4 75.5 88.8 | 587 1,176
2 {}Potatoes?............. KNOg..oeueiirennnnn. 227.1 9.1 100.2 | 481 1,102
204.3 97.2 105.6 | 517 1,086
Mean......ooovi|ieniiiiiiiiiiiiiienend]iiieee i feeesenneed]eneeean.n. 5284-23 | 1,121121
227.7 112.2 107.5 | 472 958
5 [¢Potatoes?............. None.....coevveeennn.. 163.1 87.2 97.4 | 3597 1,117
246.1 104.4 112.8 | 458 1,081
Mean.....oooooifieniniiiiiiiniacncninedeeranennnafoceccsnnnduiinaannn. 509135 | 1,0524-38
3| Combnne. Monured.............. (S| Wi &
B R PO RO I A40+14§....:..... .
1] Oorm oo Not manured.......... { Wbl WIE oo
Mean.....ooooo i e e 390+91 |.......... N

1 From King’s data (1895, p. 246).

2 King (1895, pp 242, mS The variety used was Alexander’s Prolific.

3 King gives 497 for this ratio, which is evidently an error.

¢ King (1894, p 157) A flint variety was used. The amount of manure used is not stated It is de-

& laced 5 inches below the surface.
in' King gi% 223 for value, which from his data is evidently an error; the ratio was appamntly takeu
inverse order.

LIEBSCHER’S EXPERIMENTS.

Liebscher (1895) measured the water requirement of oats as

affected by different fertilizers. The pots, which were open and con-

tained from 9 to 11 kilograms of soil, were equipped with Liebscher’s
air-circulation apparatus (1895, p. 144). This consists of a half
cylinder of zinc located at the bottom of the pot, with the opening on
the under side. A zinc tube 1 centimeter in diameter is soldered to
each end of the half cylinder and rises upward along the inner wall of
. the pot. One tube ends at the top of the pot; the other rises 15
centimeters above the upper edge. The pot is so oriented that the
longer tube is on the south side, where it becomes strongly heated in
the sun, and thus induces an air circulation through the half cylinder
below. No statement could be found regarding the method of pro-
tecting the pots from rain, or as to whether the water was added
through the ventilating apparatus or to the surface soil. The results
are given in Table XXVI. These results are as a whole consistent
and conclusive. The check series, both with clay and sand, gave a .
higher water requirement than any other series, while the complete
fertilizer (KNP) gave the lowest water requu'ement Phosphorus
alone gave better results in the clay than in sand, while potassium
gave a hlgher requlrement. than elther mtrogen or phosphorus used
285 . N s itd t
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singly. In the clay soil phosphorus and nitrogen combined gave a
water requirement lower than either phosphorus and potassium or
potassium and nitrogen. In the sand phosphorus and nitrogen gave
the same result as potassium and nitrogen, while potassium and
phosphorus gave a somewhat higher water requirement.

TasLe XXVL ——Eﬁ"ect of different fertilizers on the water requirement' of oats
at Gottingen, according to Liebscher (1895, p. 211).

‘Water requirement, using—

K N P | KNP [Check.] KN [ KP | PN |Mean,

Clay, 9,160 grams; .
Woter, 2,210 rams. .| Water require | 344:9] 31141 27047 1732.3| 349.+90| 31947 26422 17722

[Dry matter, 32.1| 45.6 43.20 123.2] 232.1] 42.2, 42.6 122.8} s
ment.

Sand, 11,700 grams; grams.
waw,i740gmms ater require-| 31318f 19421 307+5| 1784 1] 3324+ 7 19242129916 1921

{Dry matter, 35.21 129.7| 35.7| 140.3] 34.0f 133.3( 36.0 139.7} 51
ment.

1 Probable errors are computed by the writers from Liebscher’s data; three pots were used in each deter-
minsgge b’.}‘hm a hcst:%n:wo! ertﬂjz?ergremmade dml'hll’gothe s%a%ogds the amouxlxit’soapplied per pot
each as follows: grams of grams o ; an grams of

2 Liebscher gives 32 7, which is evidently an error. =

MAERCKER’S EXPERIMENTS.

Maercker (1896) investigated the effect of various potassium fer-
tilizers and of sodium chlorid on the water requirement of white
mustard. As a source of potassium he used kainit (a hydrous magne-
sium sulphate containing potassium chlorid) and carnallit (a hydrous
chlorid of magnesium and potassium). The soil used was sand
with an admixture of 2.5 per cent of peat. The capacity of the pots
is not stated, but was probably small, 6 kilograms of soil being used
in other fertilizer experiments with mustard. The pots were not
covered, and check pots without plants were not used. The sum-
mary of results (Table XXVII) shows that all the fertilizers used,
including sodium chlorid, reduced the water requirement.

TasLe XXVII. —Efact of potassium and sodium salts on the water reqmre'nwnt oj‘ white
mustard,! accarding to Maercker (1896, p. 21).

60 per cent of mois- | 20 pu'eento!mok-
ture-h e turo-holdin;
pacity (18 per | pacity per
cent water). oent waw)
water
require-
Water | o | Water ment.
ment, | 28%er. | “ment.
Grams. )
357 12.6 282 320
308 12.1 226 208
305 9.5 143 224
333 12.2 200 267
821 9.9 197 250
325 |.eennn..s 210 [.ooiueeaee
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SCHROEDER’S EXPERIMENTS.

Schroeder (1896) used the same nutrient solution previously
employed by Hellriegel. The results of his experiments given in
Table IV (p. 14) do not show a decrease in the water requirement
with an increase of concentration of the nutrient solution.

VON SEELHORST'S EXPERIMENTS.

Von Seelhorst (1899) has investigated the effect of different nutri-
ents upon the water requirement of oats. His first experiments, the
results of which are given in Table XX VIII, were made in zinc cans
holding about 20 kilograms of earth. Two pots were used for each
treatment, but the data for the individual pots are not given, so that

it is not possible to calculate the probable error. Each fertilizer

treatment was carried on with three different soil-moisture contents,
so that the mean water requirement as given in the eighth column of
the table represents the average of 6 pots in each case. It is interest-
ing to note that the addition of potassium had no effect on the water
requirement, phosphorus caused only a slight reduction, while a

marked reduction accompanied the use of nitrogen, both alone and

in combination. ‘
In another experiment Von Seelhorst compared the water require-

ment of oats with the same crop following mustard. Two series of -

fertilized pots were prepared, one of which was planted to mustard,
while the other remained fallow. The next year both series were
planted to oats without additional fertilizer. These results, also

given in Table XXVIII, are apparently limited to a single pot for
-each treatment. The introduction of the mustard crop increased

the water requirement of the oat crop 67 per cent. The oats follow-
ing fertilizer showed a slight reduction in the water requirement, due
to the use of phosphorus, while the oats following mustard showed
the greatest reduction with the nitrogen fertilizers.
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38 WATER REQUIREMENT OF PLANTS.

TaBrLe XXVIIL.—Efect of diﬁ'eren‘gfertilizeré and crop sequence on the water requirement
of oats, according to Von Seelhorst (1899, pp. 872, 376-877).

- ‘Water content, in terms of moisture-holding Crop-sequence experiment.?

capacity.?
49to5iper | 59tos4per | 64to7d per Onts, Oats follow-
Fertilizer.! cent. cent, cent, Mean ing mustard.
water
re-
Dry Wrae-ter Dry Wr:-ter Dry Wr:_ter quire-{ Dry nge' Dry Wr:-ter
mat- quire- mat- quire- mat- quire- ment. | mat- quire- mat- quire-
ter. | ment.| e |ment.| "% |ment. ter. | ment.| YT |ment.
Grams. Grams. Grams. Grams.
200 | 51.2 201 | 47.9 302 294 | 62.5 201 17.5 542
230 | 67.5 43| 75.5 231 25| 62.4 363 { 36.4 343
268 | 49.9 200 | 54.4 280 F 72.6 255 | 16.3 584
225 | 88.7 27| 95.1 232 21, 90.3 258 | 21.2 403
260 | 48.8 313 | 52.6 307 293 | 67.4 280 | 18.1 506
2271 65.9 2251 92.9 222 225 | 79.3 277 | 81.3 350
247 | 52.9 291 | 5.5 308 281 | 76.0 249 | 16.8 535
236 | 84.0 220 | 108.3 216 24§ 91.5 254 23.3 457
25 [-vnnn.. 264 |....... 262 .o ]aeanans 218 1....... 465

1 P represents 1 gram of phosphoric acid; K, 1 gram of potash; N, 1 gram of nitrogen, .

2 Har\I;ted justggafore tge milk stage; 20 k'ilograms per pot. Two pots were used in each treatment,
but the data for the individual pots are not given.

3 Eleven kilograms of earth per pot.

WILMS’S EXPERIMENTS.

Wilms (1899) conducted a somewhat more elaborate experiment
with early potatoes. The results of this experiment are given in
Table XXIX, the water requirement being expressed in terms of
the green weight. The zinc pots in which the experiments were
conducted held about 15 kilograms of soil. The surface soil was left
dry throughout the experiment, water being added below the surface
through Liebscher’s aerating device. All tubers under 5 grams in
weight were discarded and the ratio is expressed in the green weight
of the remaining tubers. An analysis of the soil preparatory to
the experiment showed it to be rather poor in phosphoric acid,
and 1 gram of phosphoric acid (P,0s) was therefore added in
the form of ammonium calcium phosphate to each pot. The mean
water requirement for each treatment shows that the various salts
reduced the water requirement very slightly. The low yield and
high water requirement when potassium chlorid was used is attrib-
uted to the fact that this salt was impure, containing about 4 per
cent of potassium chlorate.
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EFFECT OF SOIL FACTORS ON WATER REQUIREMENT. 39
TasLe XXIX.—Effect of different .é"e;{tilizers on the water requirement of potatoes,! accord-
wng to Wilms (1899, pp. 288-289).
Water content, in terms of moisture-holding capacity.
, 33 per cent. 58 per cent, 80 per cent,
Fertilizer. - . Mean
. water
Water Water : ‘Water | require-
Tubers, | require- | Tubers. | require- | Tubers. | require- | ment,
ment. ) ment. ment.
Grams, Grams,
40 =0 178. 4 4842 196. 5 571 48
55 43 47.9 8316 41.8 138+5 94
36 +2 190. 2 47+2 246, 4- 5241 45
37 1 30. 4 51£1 380.5 53£0 47
35 +2 204.1 4+1 240.9 4910 43
36 +0 192.7 43+1 192.8 5740 45
36 +2 179.7 4440 181. 4 6241 47
40 0 279.2 4942 311.0 5441 48
39 10 183.3 4640 28.7 53+1 46
39 +0 168.8 4810 205.0 5541 47
39 +1 185. 4 47+1 206. 2 5742 48
39 +1 192.8 4610 ?193.3 61+2 49
30 ... [ T PO, 62 l ..........

1 The water requirement, based on the grean weight of the tubers only, is recalculated from the data,
Two open pots containing about 17 kilograms of soil were used for each determination. The amounts of
the various salts were equivalent to 3 grams of K5O, 3 grams of Na;O, and 3 grams of MgO. The variely
used was Paulsen’s July.

* Wilms gives 197.3, which appears to be an error.

DASZEWSKI'S EXPERIMENTS.

Daszewski (1900) determined the dry weight of some of the potatoes
grown by Wilms and expressed the water requirement in terms of
the dry weight of the tubers. The results are given in Table V.
From these results it would appear that the use of potassium nitrate
and potassium sulphate reduced the water requirement slightly.

WILFARTH AND WIMMER’S EXPERIMENTS.

Wilfarth and Wimmer (1902), using the results obtained in con-
nection with an ‘extensive series of fertilizer experiments, have
determined the effect of varying amounts of potash and other salts
upon the water requirement of various crops. The experiments
were for the most part made in small, open pots, containing only
a few kilograms of soil. Each experiment was duplicated, but in
calculating the water requirement the results were combined as if
only a single pot of double the capacity had been used. This method
does not show to what extent the duplicate determinations agree.
Accordingly, the water requirement for each individual pot has been
recalculated by the writers and the probable error of the mean com-

puted. One determination only was made where no probable error
_is given. In cases where more than two determinations were made

the treatment was not exactly the same for all pots of the series.
The pots received the amounts of fertilizer indicated in Table
XXX and XXXI, but for a full report of the treatment the reader

is referred to the original publication. These results include meas- -
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WATER REQUIREMENT OF PLANTS.

urements made with potatoes, tobacco, buckwheat, mustard, chicory,

and oats.

immer (1902, pp. 10-15).

TaBLE XXX.—Effect of different amounts of potash on the water requirement of crops,
, accordz{zg to Wilfarth and V{

tubers, and roots are included. .
- A Mthliuser variety

~; 4 Mean of eight de!
exoept where no error is
includes roots. (See Wilfarth
used with s

[

used.
8 Geheimrat Thiel variety used.

e, in whieh cas o2l one

2. Tholeaves hgtmtod.t)dmogyntﬁmumdthonowprbuds cut off.

. Fertilizer per pot. Mean
Mean | o ter
Crop and period. Boil, etc., per pot. dry mat- require-
: K;O. N. ter. ment,
Grams. | Grams. | Grams.
""""" Lio| 7| Soera
0. 094 . . *
Potatoes:!
eveoeanaas eveeeenanaa Sand and turf............... -188 | 1.400 3.7 | 42x11
940 | 2.388 76.9 | 201+4
1.504| 2:388| 102.8| 254%2
' 188 | 1.680 35.0| 453%15
Sand, 3,760 grams; turf, 240
Apr. 29 to Sept. 8, 18973.. ... s 391 oo, 1.504| 2.3%0 90.2 | 257+5
P Pe5 = grams; water, 1,000 grams. { £700| 2,800 114.0| 230+15
2.450 30.8| 63730
Sand, 6,670 grams;_turf, 455 -4 £4
3 9 Uy 9 »
May 2 to Sept. 13, 1868 3....- { grams; water, 1,800 grams. 282 3.920 65.3| soT+32
846!  3.920| 100.3| 396x12
1692 3.920| 12831 339x7
' ] 1.120 33.8 | 1,3454.55
1.120 50.5| 878x72
Sand, 6,670 gramf&%lrf, 455 2,800 0.3 502
grams; water grams; 3 3 +76
May 5 to Sept. 13, 1800°...... water increased Aug. 24 2.800 82.8| 283+4
to 2,010 grams. 2.800 | 121.5| 26710
2.800 | 165.1| 198%5
. 2.800 | 176.4 | 260x2
Sand, 6,670 grams; turf, 455
grams; water, 1,780 grams; 3.290 2.940 199.3 23246
Apr. 25 to Sept. 15,1000% ... water increased July 5 to |} 6.580 | 2.940 | 2l4.4| 42l4x2
o 2,250, and July 18 102,375 || 9.400| 2.940| 188:8 | 235114
grams.
' : L0235 1:400 17.0 | 909+41
To = ' Sand, 3,760 grams; turf, 240 o0 2530 ?g'; Préa)
an grams; tur L SN . . %
Apr. 6to Aug. 20, 1897 ¢...... grams; water, 1,000 grams. || 1.410 2,380 83.9| 37242
- 2.585 2.380 75.7 | 71403%5
’ L0235 2.0% 4.4 89313
1098 | . 2.030 2.1  626£0
Sand. 4445 wrt 305 | 1 2.030 |+ 26.8| 665£30
a1 grams;
Apr. 21 to Sept. 17, 18985. ... grams; water, 1,200 grams. .188 3.500 20.3 [ 556&12
-564 3.500 52.7 | 443%4
2.115 3.500 87.0| 419
2.820 3.500 83.2| 434
L0235  L120 20.3| 6963
.282 1.120 52.4| 457+28
Sand, 4,445 gramte lséof)u“’ 308 0235 2520 4 22423
grams, water, grams; . I} . +
Apr. 24 to Oct. 5,9 18998..... water increased July 13 to | .282 2,520 55.4 | a382+24
1,370 grams. -846 2.520 85.2 | 300£11
1,880 2.520 84.5| 29745
2.820 2.520 93.31 2132

t Computed from data of Wilfarth and Wimmer (1902, pp. 10-15). Duplicate determinations were made
except where probable error is not given, in which case only one determination was made. (See Wilfarth
and Wimmer, 1902, pp. 8-9, form A, for a complete record of the fertilizers used with potatoes.) Tops,

On page 13, in columns 17 and 18, are errors.

ih terminations. .

7 » Computed from data of Wilfarth and Wimmer (1902, pp. 44-51). Duplicate determinations were made
determination was made. Thedry
, form B, for a complete record of the fertilizers

matter

|
|
\




EFFECT OF SOIL FACTORS ON WATER REQUIREMENT, 41

TaBLE XXX.—Effect of different amounts of potash on the waler requirement of crops,
. according to Wil arth and Wimmer (1902, pp. 10-15)—Continued.

- UEROEE N S B Fertilizer per pot. Mean Mean
Crop and period. : . 8oll, ete., per pot. dry mat- require-
, . . Ky0. N ver. ment.
. - ) ’ Grams. | Grams. | Grams.
% White ? Sand, 2,350 vurt, 150 || %008 o 700 e iy
” £V grams; . . . +
Apr. 12 to July 13, 187. . ... ( ‘grams; water, 635 grams. 188 ~700 35.8 | 511430
376 .700 37.3| 498121
......... .084 5.3 |1,133:179
376 .084 4.2 1,193+ 8
) FSand 2500 tart, 1 .04; 224 11.6 | 74149
1 Apr. 19 to July 26, 1900........ grams; water, 6865 gmimw . 37 . :%3 gii g(lgitlf
N o7 | . 700 21.6 E3
! 1175 .700 28.5| 562410
R .700 20.1| 500+8
Buckwheat: ¢ - ’
. wratep |feeceseeen .700 | 51} 920
Apr. 14 to July 16, 1897...... B iy Grams; water, { o4 Tl 139 ez
......... 112 8.5 9961-8:;
.564 112 11.21 70943
. . . 3 +
Apr. 23 to July 26, 1900.......|..... LT SR & lig 975-;3*2
.047 . . +
141 .420 14.6 | 772+0
. 564 .420 30.4| 415118
L N .0235 14 14.5| 698168
. 3.290 .140 12.1| 790156
Chicory, Magdeburg: ¢. Sand, 4,465 turt, 285 || 350 250 20| dooxio
: grams; 3 . N +
Apr. 28 t6 Nov. 17, 1600........ grams; waer, 1,190 grams. 05| Les 6.3 om0
. 1. 52.2 +
.846 1.680 -77.4) 2564412
3.290 1.680 83.2| 217+8
‘ﬁ ......... .084 7.1 11,095427
.376 .084 8.8| 9%48+20
Oats: : Sand, 4,000 gr ter e 5t nel e
grams; wa . . . 74+
Apr. 28 to Ag. 6, 1900. ... { 00 g, & ) SOA T8 girkim
. . . . 3 +
, L1175 .420 18.8 | 688%10
.318 .420 22.3| 6152
1 Computed from data of Wilfarth and Wimmer (1902 W 64-65). Duplicate determinations were made.
The l‘g.ry’ glatrter includes th:ﬂrtol?ts. (See Wilfarth and immer, 1902, pp. 62-63, form D, for a complete
record of the fertilizers used mustard.
3 Computed from data of Wilfarth and v&immer (1902, pp. 54-55). Duplicate determinations were made
except where no probable error is given, in which case onf one determination was made. The dry matter
s, y y
includes the roots. (See Wilfarth and Wimmer, 1902, pp. 52-63, form C, for a complete record of the fer-
ﬁl'izﬁrs usecf'lfwlthdebgmkwheat.) .
! ean of four determinations.
‘{,- ¢ Computed from data of Wilfarth and Wimmer (1902, %8 74-75). Duplicate determinations were made.
The dry matter includes the roots. (See Wilfarth and immer, 1902, pp. 72-73, form E, for a complete

record offertilizers used with chicory.

% Computed from data of Wilfarth'and Wimmer (1902, B 82-83). Duplicate determinations were made,
The dry matter includes the roots. (See Wilforth and r, 1902, p. 81, form F, for a complete record
of the fertilizers used with oats.) : .

The effect of different amounts of potash on potatoes is shown in
Table XXX.  The first series of experiments conducted in 1897 and
those conducted in 1898 show without exception a reduction in the
water requirement when potash is increased. The second series-in
L 1897 is included here, but since both nitrogen and potash were increased
the lower water requirement can not be attributed to potash alone.
The results of 1899 and 1900 showed first a decrease and later an -
: increase in the water requirement when the potash was increased.
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49 WATER REQUIREMENT OF PLANTS.

In general the experiments show a consistent and decided decrease in
the water requirement of potatoes when moderate amounts of potash
are-added, the water requirement decreasing gradually with the increase
in potash until about 0.06 per cent has been added. The addition of
potash in excess of this amount increases the water requirement.

The effect of different amounts of potash on the water requirement
of tobacco is also shown in Table XXX. Here, as in the experiments
with potatoes, the water requirement gradually decreases with the
gradual increase of potash. The lowest water requirement occurs
with about 0.04 per cent of potash.

The results with white mustard show a decrease in water require-
ment with an increase in potash. Similar results are shown for buck-
wheat, for Magdeburg chicory, and for oats (Table XXX).

The results of Wilfarth and Wimmer’s experiments are consistent

- and show practically without exception a gradual decrease in the

water requirement when potash is added in small amounts. If too
much potash is added (more than 0.04 to 0.06 per cent) the water
requirement is again slightly increased.

The effects of different amounts of nitrogen and sodium on the water
requirement of potatoes, tobacco, buckwheat, mustard, chicory, and
oats are shown in Table XXXI. As a rule, the addition of nitrogen
lowers the water requirement of each crop considered. The excep-
tions show a difference so small as to be well within the limit of
probable error. Except in the case of buckwheat, oats, and chicory,
the addition of sodium did not consistently lower the water require-
ment. In some cases it seemed to increase the water requirement, as
in the experiments with potatoes when potash was also added.

TasLe XXXI.—Effect of different amounts of nitrogen and sodium on the water require-
ment of crops,! according to Wilfarth and Wimmer.

Fertilizer per pot. Mean
s X iy Mean water
Crop and period. Soil per pot. dry -

matter.| Fequire-

K0 NasO N ‘| ment.,

Potatoes: Grams.
May § to Sept. 13, | Sand, 6,670 grams; turf, 455 27.0 1,720

1399. grams; water, 1,800 grams; {.. 33.8 |1,345155
water increased Aug. 24 .. 33.7 [1,310+£13
to 2,010 grams. 50.3 | 502176
50.5| 878472
68.7] 648+15

60.5 ! 66212

82.8 | 283+4
108.3 | 407+11
12L.5 | 267+10

105.3 | 4536

- Agr. 25 to Sept. 15, | Sand, 6,670 grams; turf, 455 48.6 | 508425

900, grams; water, 1,780 H 47.3 | 495%1

water increased July 5 to 97.5 | 332x6

2,255 , and July 18 96.4 | 336+23

to 2,375 grams.

"1 Computed from data of Wilfarth and Wimmer (1902), as follows: Potatoes, pp. 10-15; tobacco, Dp.
44-51; buckwheat, pp. 54-55; mustard, pp. 64-65; chicory, pp. 74-75; oats, pp. . Determinations werc
in duplicate except where no probabie error is given, in which case only one determination was made.
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EFFECT OF SOIL FACTORS ON WATER REQUIREMENT. 43
fasLe XXXI.—Effect of different amounts of nitrogen and sodium on the water require-
ment of crops, according to Wilfarth and Wimmer—Continued. -
Fertilizer per pot. - Mean Mean
: - water
Crop and period. Soil per pot. = dry
matter. require-
. KO NasO N “oh! ment. -
ToA * 6 to Aug. 20, | Sand, 3,760 turf, 240 R G'g"s'ﬁo Gras | amas
. T. 0 Aug. an grams; N . .
Yson. B < | ™ gratns; water, 1,000 grams. | 1410 2.380 | 10.8| 32215 .
' 2.585 2,380 | 93.3| 34718
, B 2.585 2.380 | 87.9| 358%5
Apr. 21 to Sept. 17, | Sand, 4,445 grams; turf, 305 .188 2.030] 26.8| 665430
grams; water, 1,200 grams. .188 3. 500 29.3 | 556412
Aggm 24 to Oct. 5, | Sand, 4,445 wgmmsl ; turf, 305 % % 218'(5) %ﬁég
E . ; grams; water, grams; . . 3 +
waterincrew’ed’zJol(llly 1Bto| .02351!. 1120 20.3| 6963
1,370 grams. .0235 2.520 | 20.4| 492123
282 |oeeen.aoe 1120 52.4| 457428
. .282 620 1120 57.21 37248
V282 |eeeeneaene 2.100| 57.4| 363x3
1282 [eececieens 2.520 | 55.4| 382+24
.846 1.820| 82.4| 288k4
.846 1.820| 80.6| 302%3
Buckwheat .848 2.520| 85.2| 30011
uc. eat:
Apr. 23 to July 26, | 8and, 4,000 grams; water, 112 6.5 | 99683
1900, " |~ 700’grams. ! (0] 8.8 950+9
c420| 9.8 642129
2521 12.3) 748
J220| 14.6 77844
420| 120 5754
2| 2| 7093
o252 10.2| 554%25
Mastard 420| 30.4| 415%18
us H ~
A};r. 19 to July 26, | Sand, 2,500 grams; turf, 160 |. 084! 5.31,133+179
900. grams; water, 665 grams. . 700 13.4| 8078
- 24| 16| 74129
s700) 21.6| 650150
.084 4.2 [1,19348 .
224 122 TI8:14
e 700 | 29.11 50048
Chi 700 27.0| 493x17
cory:
Agr. 28 to Nov. 17, | 8and, 4,465 ; turf, 285 L0238 foeennnnaan .140¢ 1451 608168
900. grams; water, 1,190 grams: L0235 teee.n.. .- 1.680 16.3 | 679159
.0235 1.550 1.680| 23.2[ 512481
282 feeeeenene 280 | 28.4 | 455422 -
1> 1 N 1680 | 52.2 331433
.282 1.550 1.680 | 49.7| 29840
846 |ieeeneno.s 1.680| 77.4| 284x12
.846 1.550 1680| 77.7| 232%17
. 290 LM0| 121 790455
. 290 280 | 30.0| 40549
onts . 200 1.680 | 83.2| 217x8
ats: <
A]{r. 23 to Aug. 6, | Sand, 4,000 grams; water, .084 7.111,005+27
900, . 700 grams. . I L4200 7.9 [L,017126
S T e .620 c420| 0.6 94933
.224| 12.9| 813x16
(420 14.0| 806x0
420 22.2| 58648
.420| 18.8] 638x10
420 | 27.71 52319
. ' .084] 88| 048420 .
Ca .24) 18.8| 674%6- :
20| 22.3| 615x2
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44 WATER REQUIREMENT OF PLANTS.
VON SEELHORST AND ntmerm’s EXPERIMENTS.

Von Seelhorst and Biinger (1907) measured the water requirement
of summer wheat grown in pots containing 12 kilograms of soil.
Different fertilizers were used. The results are given in Table XXXTI.
The experiments were conducted in open pots. It is not clear from
Von Seelhorst and Biinger’s description of their experiments whether
the data as given in the table have been corrected for evaporation
from the soil. The fertilizer scheme followed is stated to be the same
as that used in one of the experiment fields at Gottingen, but details
are not given: Both the increased yield and lower water requirement
accompanying the use of nitrogen indicate that nitrogen is the defi-
cient food element in the soil used in this experiment. The higher
mean water requirement obtained with five plants in a pot as com-
pared with a single plant also indicates a deficient supply of some
food element.

TasLe XXXII.—Effect of different fertilizers on the water requirement of summer wheat,
o according to Von Seelhorst and Bilnger (1907, p. 247).

Low water content. High water content.
One plant. Five plants. One plant. Five plants. meater
e
ment,
Water ‘Water Water Water
) Dry Dry Dry :
require- require- require- require-
matter. ment, matter. ment, matter, ment. matter. rgent.
10.6 229 13.1 269 14.1 467 153 |cveene]emmnnnas
24.4 217 31.9 255 49,6 227 72.5 255 29
9.3 197 12.9 240 12.3 405 15.9 368 303
2.7 36.0 P22 3N PR R 74,1 257 [eeanen
10.5 217 12.5 272 13.2 [N N O
28.7 217 41.2 225 56.2 259 68.5 8 45
10.8 197 13.9 261 12.5 344 16.6 362 201
2.7 211 39.4 228 46.2 27| 176.2 267 236
26.5 227 40.3 236 52.6 240 245 27
18.9 215 26.7 247 feeeneeeforneannnn 48,2 |Lieiiiaifennannnn
........ 211 foeenenn. 241 |........ 285 {oeaeanns 208 {.cenneee

1 The pots contained lzknogramsolioamsoﬂ.

OHLMER’S EXPERIMENTS.

Ohlmer (1908) measured the effect of different fertilizers on the
water requirement of squarehead wheat. Open pots were used and

- no correction was made for evaporation from the soil. The results

(Table XXXTIT) show a reduction in the water requirement when
nitrogen is added. The addition of phosphorus, potash, and calcium
slightly increased the water requirement.
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EFFECT OF SOIL FACTORS ON WATER REQUIREMENT. . 45

- Tapie XXXIIL—Efect of different fertilizers on the water requirement of squarehead
wheat,! according to Ohlmer (1900, p. 157).

Water oontent, in terms of moisture-holding

. capacity.
Fertilizer. ) 45 per cent. - 70 per cent.

Dry ‘Water re- Dry ‘Water re-
matter. [ quirement.| matter. |quirement.
Grams. Grams.

18.8 277 22.2 304
57.5 219 105.2 248
19.2 282 2.1 204
69. 5 209 121.9 251
74.4 208 130.8 242
19.4 274 2.8 281
72.2 204 120.0 . 246
20.5 248 21.7 328
64.8 216 111.3 265
17.8 282 21.5 320
68.5 242 120. 4 256
............ b1 2 276

1 Four pots for each determination; bably 20 kilograms of loam ger §°t' The fertilizer was added
get pot as follows: K=1{ gram KsO as Og; N=1.5grams N as NaNOy; Na=1.5 grams N as (NH)»S04;
=1 gram P30; as CaHy(POy)s; Ca=5 grams CaCOa.

PREUL’S EXPERIMENTS.

Preul (1908) used a good and a poor soil in connection with an
investigation of the effect of the soil-moisture content on the water
requirement. The poor soil was simply a mixture of the good soil
with heath sand. The results of his experiments (Table VIII, p. 19)
show a consistently lower water requirement for the wheat grown in
the good soil, in which the average water requirement was approxi-
mately 80 per cent of that of the wheat grown in the poor soil.

SUMMARY OF EXPERIMENTS AT GOTTINGEN, GERMANY.

~ Several of the experiments heretofore cited were carried on at
Gottingen under comparable conditions. The results of the experi-
ments are summarized and combined in Table XXXIV and show that,
with the exception of the potash series, the unfertilized check gave
the highest value. Nitrogen reduced the water requirement decidedly,
whether alone or in combination with phosphorus or potash. The
lowest results have been obtained by a combination of potash, nitro-
gen, and phosphorus. In these results the evaporation from the soil
has apparently been included with the transpiration, and the water
requirement calculated on the basis of the air-dry weight of the crop.

.
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WATER REQUIREMENT OF PLANTS.

TaBLe XXXIV.—Effect of various fertilizers on the water requirement of oats and
wheat at Gottingen, Germany, according to different investigators.

‘Water requirement with—

Crop. Soil. Soil moisture. Notes.
K N P (KNP|Check| KN | KP | PN

Oatsl... { d9 16 ...} 2.21kilograms. . . 344493114 112704+ 7(173 +- 3[349 4 91310+ 7|264 -2/ 177+ 2

N R 11.7...] 1.74 kilograms. ..{.. 313+ 8{104-+ 2(307 £ 5|178+ 1|332+: 7192+ 21200-£6{192£ 1
- 49to 543, ....... 200 (230 (268 (225 260 227 (247 |23
Earth, 20....}{59 to 843. . ...... 201 |243 (200 [237 [313 [225 [201 220
Dos.. 6410 743........ 302|231 (283 {232 (307 (222 {308 {216
Earth. 11 { ................... 201 (363 {255 [258 (280 (277 [249 [254
' Al 542 (343 [584 [403 (506 350 |[535 |457
220 217 (197 - [222 (217 217 [ig7 f2m1
Low water con-
269 (255 (240 [233 (272 (225 (261 |228
Wheat 4| Loam, 12.... r|a67 |221 leos |...... 300 [259 (344 (237
ngh watercon- -
...... 255 (368 (257 |......|278 [362 |267
453, e 277 1219 (282 [209 (274 (204 |8 [216
Dos..| Loam,20(?) [{73a:7:: 7707 304 248 (004 251 (281 (246 (328 |25
246 (204 (243

Mean water requirement$.......... ...l 314 [268 [297 |238 |308

1 Liebscher, 1805, p. 211.
$ Von Seelhorst, 1899 p. 372
s Percentage of moisture-holdi capacity.
: Xon Seel orst and Bﬁnger , P 24
hlmer, 1
& Mean for all daterminatiom except Von Seelhorst and Biinger’s high water content series.

WIMMER’S EXPERIMENTS.

Wimmer (1908) published the results of extended experiments con-
ducted by a large number of collaborators. The data on the effect
of potash and nitrogen on the water requirement are given in Tables

XXXV and XXXVI. '

Glass pots 33 centimeters high with an upper diameter of 21 centi-
meters and a lower diameter of 19 centimeters were used. These pots
were left open and the combined transpiration and evaporation
determined. Apparently no attempt was made to correct for evapo-
ration from the soil surface. The plants were grown to maturity.
Many details of the experiment are given in the tables and need not
be repeated here.

The effect of potash (Table XXXV) is much less evident than in
the work of Wilfarth and Wimmer (1902), already discussed (p. 39).
Even in the soils showing the lowest content of potash the addition of
pota.sh did not lower the water requirement. None of the soils were
poor in potash. -

, The addition of nitrogen (Table XXXVTI) lowered the water require- °
<" ment with most plants. In Juetrichau sand the high probable error,
o as well as the small amount of dry matter produced, lead one to disre-
gard these data in discussing the results as a whole. -
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TaBLe XXXV.—Effect of potash onWtI_le water requirement of plants,! accordi’hg to
. immer. - -

- Soil used.
K10 | g5y1 [Mean | wyter
" Crop and period. ) Potash and per :gis- g‘;{ req?xjm-
Plat.| Previous fertilization. | sodaby | L | pot. | P0r®: | ter, | Tent.
. . analysis. | Pt
Ray-grass? Per cent. |Grms.|Grms.|Per ct.|Grmas.
JuneltoOct.18,1904.| B 1 tash, 1891 t0 1904..| 0.247 K5O | 6,766|...... - 15 gg’ 30211
. Sta lo manure, 1891 to | .045 Nas0 0.155 15| 63.6] 30139
%gg Green manure, 776 15! 69.9[ 266£3
- b . 18] 76.7} 307421
.155) 18] 78.5} 343134
.7780 18| 80.3) 31614
B3 | None, 1891 to 1904....... .251 K50 | 6,903|...... 16| 71.5| 302+8
. . . 050 NasO . 155 15| 66.3| 322422
e . .776) 15| 68.7) 324%3
...... 18} 84. +5
. 158, 18] 85.9j 276+11
- . 776! 18 72.9 312127
B 5 | No potash, 1891 to 1904..| .295 K30 | 6,791)...... 1 15( §7.0] 365+14
Stable manum 1891 to | .090 NasO .155 15 60. 8| 386155
1895. Green manum, . 776} 15| 67.8| 290+17
Y R |18 9.4| 3671
.155 18 66.6| 37615
.7761 18| 78.4| 283211
Agr. 17 to Sept. 26, | B3 | None, 1901 to 1905....... .244 K20 | 7,919...... ‘ 15| 92.4| 313.+4
905. .044 NasO .155) 15! ©3.8| 30621
. 776‘ 15| 92.5| 3107
ol 18] 95.6] 333417
. .155: 18| 98.7| 33641
] . 776 18{ 100. 4| 35016
F3 l.... [ [ SO 239K40 | 7,768...... 15| 90.0f 305.£13
. 039 Na,O .155 15| 88.4] 319+£32
.776 15| 90.0} 31217
e Y A (A 18{ 113. 4] 2004
* .155) 18( 104.3| 3087
.776 18] 102.1} 31147
H 3 | No potash, 1902 to 1906..] .221 KsO | 7,34...... 15| 80.2{ 341132
.061 NasO .155 15| 84.7f 31111
. 776 15{ 96.2| 262+9
...... 18] 90.6 34512
.155 18] 93.5| 3697
Chicory:$ + 776 18 95.9 3313
Mny3toNov 12,1906.] B 5 | None, 1891 to 1904. ...... 259 K30 | 7,000|...... 18 v 81,2} 220417
Stable manure, 1891 to 068 NasO .155 18| 50.8} 279+12
1805. Green manure, . 776) 18| 64.9f 23543
1901. 1.551 18| 65.4} 20247
G 3 | Nopotash, 190210 1906. . |............ ... ].oe... 18| 64.7} 21848
. .. 155 18| 65.4] 23010
.776 18] 60. 46
- 1.551 18| 65.0] 228+35
F 8 | Potash, 1901 t0 1906.....0............].c.c.. foee..s 18| 55.4] 245411
. 155 18| 55.3| 316164
. 776 18 52.8 282132
1.551 18| 66.9{ 211134
1 Compntad from Wimmer’s data (1908, p. 15-3' Mean of two determina

2Eaehpotmodvedoswgmmde

1805.
lEachpotroedvedlMgmuded "IIOgmnP.O..
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48 WATER REQUIREMENT OF PLANTS.
TABLE }D(XVI —Effect of nitrogen on the water requirement of plants,! according to
*Wimmer.
Soil used. Mean
Boil Water
 Crop and perlod. . Soil R g m 20 n
° L. ~ ‘ 3 ment.
Plat. Previous fertilizer. per pot. ter.
Sugar beet: Grams. | Grama. | Per ct. |Grms.
May 3 to Oct. 15, | Biendorf.......... Well manured..... 8,058  0.224 16| 38.2| 515455
. 1890, .336| » 16| 42.7| 433%25
Re 1..820 16/ 79.1| 3133
% &)31 to Nov. 1, | Waldau 33, 34,35..| N tash since 7,556 . 280 12} 34.1} 230420
; 0.284 gram . 700 12| 43.8] 25410
P.Os per pot.
. 280) 15| 35.4| 372432
. 700 15/ 52.2) 232310
. 280 18| 44.0| 320438
. 700 18] 53.7| 322+10
F1,3,5 Tee..... No potash since | 7,556 .280 12| 33.9: 323+12
1902. . 700 12 39.6" 28548
. 280 150 44.9 302412
- . 700 15) 51.7) 259+4
. 280 18| 48.3| 319119
. 700, 18| 57.7 28+7
: A{ur. 17 to Sept. 26, | F33.............. No potash since | 7,768  .280 12| 41.5| 40645
905, 1. © 1,120 12| 72.2) 29816
|
Waldau 87, 88, 89 4.| No mgol}ash since | 8,042 280 12| 39.9| 352419
1903. | 1120 12| 45.9( 387442
F65 iaanunnnnn. Kainit since 1902..] 7,808  .280| 12| 43.0 373435
| L1220 12| 75.8| 276+6
Juetrichau sand...| 0.284 gram PyO; | 8,000 .280 9| 41.6] 42346
per pot. | 1.120 9 20.7/ 383133
Buhlendorf sand..|..... [ [ TR 8, 000, . 280 7] 26.0 521114
1.120 7| 60.7i 336131
Chioo - :
................ Buhlendorfsand 8.1.....do............| 8,000 . 280 12| 48.9( 28742
A ' Lwo| 12| ge6 221513
0.710 gram PsOs | 8,000 .280 121 55.8| 256413
per pot. , 1. 400 12{ 63.5 227+
Juetrichau sand 7.| 0.284 gram PO; 8,000 . 280 10{ 22.7/ 391+11
per pot. J 1. 400 10/ 10. s‘\ 67617
0.710 gram P;0; | 8,000 .280| 10| 20.3/ 3802
s per pot. 1.400 10| 10.7) 60576
M';&ns to Oct. 30, | Waldau 33,34,35..| No potash since | 7,556 .280 12| 21.4 420425
1903. 1902; 0.284 gram . 700 12! 22.2 362125
P3O per pot.
.280 15 31.0/ 419436
. 700 15( 31.0 412414
. 280) 18 32.1; 46631
. 700 18] 43.8| 386+16
(F1,3,5 Teeeeeeenfennn. do.eennenn.... 7,656 .280 12 19.6] 488417
.700 12 17.3 470: 48
. 250) 15| 31.9| 35210
. 700 15 28.5({ 39314
- 280] 18 32.1( 442422
. 700 18} 44. % 30918

1 Computed from Wimmer’s data
3 Mean of three determinations.
: 'Thissoueonmined!nmmompermt K10 and 0.039

..-" -$This soil contained in 1905 0.254 per cent KO and 0.038 per
* . _ 8This soil contained in 1905 0.259

;- ® This soil contained 0.026
soil contained 0.054 per oent

EcreantKgOnndom
per cent K10 and 0.082 per cent N

cen .
Per eent NasO.

K50 and 0.051 per cent Ni

(1908, pp. 80-114). Mean of two determinations.
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WIDTSOE’S EXPERIMENTS.

7. ™ Widtsoe (1909) conducted during 1904 and 1905 an experiment to

* test the effect of manure and mineral fertilizer on the water Tequire-
ment of corn. The amounts of mineral fertilizers used (Table
XXXVII) were calculated upon the weight of the upper 6 inches of
soil and were added at the beginning of each year. All the fer-
tilizers used were incorporated with the surface soil to a depth of 6
inches. Two open pots of College loam were used with each fer-
tilizer treatment, one pot being planted to corn and the other kept
barren to determine the evaporation from the soil. The pots were

24 inches in diameter and 30 inches high. The results show areduc- -

tion in the water requirement following the use of fertilizers, but the
results for the two seasons are widely at variance.
Widtsoe later used three different types of soil in investigating the
" effect of fertilizers on the water requirement of corn. The results
are also given in Table XXXVII.. One soil consisted of an unpro-
ductive sand from a river wash, while the other two soils were pro-
ductive. The experiments were carried on for but a single year, and
only single pots were used for each fertilizer. The surface of the soil
was not protected, and the evaporation was assumed to be the same
as from bare check pots. :
The soils in the various pots used had been treated differently in
experiments previous to 1905 as regards culture, crops grown,
methods of irrigation, and amount of water applied, but had been
exposed without crop to atmospheric agencies from 1905 to 1908.
“The amount of fertilizer applied in each case was nearly five times

larger than in 1904 and 1905. As a result the depressing effect of .

the fertilizer is observed in a number of cases.” , :

TasLe XXXVIL.—Efect of fertilizers on the water requirement of corn, according to
Widtsoe (1909, pp. 49, 52).

‘Water requirement, using—

Year and soil. 01 0.01 01

No fer- | 4 pounds g
i T cent T cent | per cent
tllizer. | manure. | }N6, | NaNO,. | ¥ KOL

1904, Collegeloam ........ccieimmmnna ) . 208 613 581 257 848
1905, College10am . ...oocvemernereeeranacrnianneeeufoncennanan 315 151 237 431

AVerage....ccoaenaccacoccracacacncesncerarrencforocncanas 464 368 47 640

Year and soil. - No fer-
tilizer.

8l
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KIESSELBACH’S EXPERIMENTS.

. Kiesselbach (1910) measured the water requirement of corn
plants grown in river sand which was kept saturated with Schim-
pers’s normal nutrient solution. Four concentrations, 0.6, 0.4, 0.2,
and 0.1 per cent, were employed. Five pots, each holding about 15
kilograms and containing a single plant, were used for each concen-
tration. The method followed is the same as that described on page
20. With the exception of the highest concentration, which reduced
the growth of the plants, the results (Table XXX VIII) show a slight
increase in the water requirement as the concentration of the solu-
tion is diminished. '

‘ TABLE XXXVIfI.—Inﬂuence of concentration of soil nutrient solution on the water

requirement of corn, according to Kiesselbach (1910).

Dry weight
Strength of ‘Water re-
solution. m‘r’},‘;‘gng { quirement.

Per cent. Grams.

0.6 47.8 224545

.4 74.9 226+ 5

.2 65.3 238+4 d
-1 73.4 26044

LEATHER’S EXPERIMENTS.

Leather (1910, 1911) has investigated the use of nitrogen, potas-
sium, and phosphorus as fertilizers in their relation to the water
requirement of a number of crops in India. These experiments were
conducted with four soils, which may be characterized as follows:
The Pusa soil, where the Pusa Institute is situated, consists of Gan-
getic alluvium and contains a small proportion of clay. It is highly

- calcareous (30 to 40 per cent CaCO,), low in organic matter, and very

poor in available phosphate. Potash salts have no effect on the crop.
The Akola soil is a typical “black cotton” soil, with a high clay con-
tent and from 1 to 3 per cent of calcium carbonate. The Shillong
soil is highly ferruginous and contains much organic matter. The
Palur soil is sandy in character.

The water requirements of crops grown in these soils, showing the
effect of various fertilizers, are given in Table XI.. Each determina-
tion refers to the mean value of the water requirement obtained from
two pots, except in thecase of the earlier measurements for wheat and
corn, which represent the mean of the values given in Table XXXIX.
The soil water content, except in the earlier determinations, was main-
tained as nearly as possible at 20 per cent of the saturation content.
The writers have added the probable error of the mean in each case

.as a guide in making comparisons.!

.1 The probable error, when only two determinations are available, has little value other than that of
serving to show how closely the duplicste determinations agree. Usually in comparing mean valnes to
determine whether s real difference exists, a difference equal to three times the square root of the sum of the
squsares of the two probable errors is considered the minimum significant difference. The probsble error

. - ofthe probable error of the mean of two determinations is one-half thet of the probable error of the mean,
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- These determinations include the variation in water requirement
arising from seasonal differences, kind and amount of soil used, and
the kind of fertilizer employed. The magnitude of the probable
errors shows that there were also in many cases other disturbing fac-
tors of a serious character which were not under control. Although
the water requirement for a given crop varies widely according to
J season, soil, and fertilizer, the results show conclusively a marked
y reduction in the water requirement accompanying the use of phos-
phate as a fertilizer for these soils. Representing the water require-
ment of the unmanured soil in each case by 100, the mean value when
nitrogen alone was used was 97; nitrogen and phosphorus, 75; nitro-
gen, potassium, and phosphorus, 73. These results indicate, there-

- fore, the necessity of an' adequate supply of plant food in order to

secure the most economical use of a given water supply.

TasLe XXXIX.—Influence t}f fgr;ilizers on the water requirement of wheat and corn at

Pusa, India,! according to Leather (1910).
‘Water requirement, using—
Crop and year. Jar capacity. W:g?{ in ' m.
Noler-| N | N4P |N4+P+K|Mean. K
. +
+K,
Wheat ( T'riticum sativum): | Kilograms. | Per cent. .
; 10{ 90| 1,050 543 527
15 15 653 044 540 515
20| 829 1,000 574f.
; L1
10 041 806 593 614
22 156} 1,060 837 504
20 955 . 865 515 [oeueenennn.
Means for 1906-7.. {......0_......|.......... 890137 19174-30 +10 569414 ... .f ... .00
s L) @) asm) s 576 1........
. 200 1,133 3725 4725 |..oennn.... 861 |..e...n.
1907-8. ... ceiiaeaann.,
2 { 10 698 3 500 4446 (... ... 547 |........
20 821 3575 4505 |oeeeecnnn.. 634 4. . ...
g Means for 1907-8....[.............. ool 821475 581135 {56243 o
"J Corn (Zea mays) grown in
} Pusasol: 10 459 404
15 15 368 377
& 20| 604 52
10 500 645
1907, ieiiiaiainnnn. 21 15 580 I........
20 381 527
10 450 412
31 15 . 40 505
1L 1 20 429 480 .
_ Meanstor1907.....[........ SRR It grenenes 467419 485421 | 30247 | 33427

e

1 A single open pot was tised for each treatment. S B EETT

"Themeanvﬂmm“mdfwtheabmttumoﬂheN+P+Ksu’iesinealcu]nﬁngthismean.

lmmmmumnmukovumd,equhnhntwbmmmN 100 grams of soil. L
theso determinations superphosphate plus Pphosphoric acid in rape 'was used, equivalent to10
= Ca(

¢In
mill soluble P3Oy 100 sofl, . .. .. TEUEIE L LTt I RV R
-13 NOs)y=5 ﬁpulooxnmsson; l’x-nltjpufphaphste-loxl:mm uble

“

100 L N T T R I RN R A I e o Syt g
¢ The mean of the N ratios was inphceofth’enbumttcmlncahuhﬂngthﬁl
. < RN It R e

ENRN
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52 WATER REQUIREMENT OF PLANTS.

TasLe XL. —Water requirement of crops at Pusa, India, as modified by soils and fer-
tilizers, according to Leather (1910 1911)

‘Water requirement, using—

Crop and year. Soil. W:’ggt No Torth
. . 4]
: “lizer. N N+P |N+P+K

Wheot ( Trmcum sativum):

....................... - {1 R

...................... .. Shillong... :i)%
14
48
43 .
14{1,093£12011,198+83 [1,000436 |......-...
481 094+ 150} 633+ 3!
42-451 125489
14] 678+1
48] 448431
- 14| 8734210 827437 | 551451 |..........
48 49347 |.......... 388411 [..cuennne
14| 8364-120( 785136 [ 531165
48; 81143 |.......... 595421 |..
141,427 179 (1,166:120; 976130;..
481,2164-160].......... 66011 |..

14 361+76 | 420+58 | 43741 |..........
14| 97641300 850497 | 8111l |.._.......
14 254342 283423 263:2
14] 32640 | 26646 | 3124
14]1,1004:82 |1,245+100] 640+31 | 630221
14/1,082+:15 |1,050::140] 5085 |-..c..... .
47 388470 | 312+13| 21221 |......... .

VON SEELHORST'S LATER EXPERIMENTS.

Von Seelhorst (1910a) conducted experiments on the water require-
ment of rye in pots which had been previously manured for several
years. This experiment was conducted in the large pots shown in
figure 4 and described on page 68. The results are shown in Table
XLV (p. 56). Referring to the water requirement of rye following rye,
it will be seen that the lowest value was obtained by a light applica-

- tion of manure in the spring. The value obtained from a heavy
application of manure in the fall was about 5 per cent higher, while
the water requirement of the check pot, which had received no fer-

~ tilizer, was about 19 per cent higher. The mean water requirement
~of the whole series receiving a heavy application of manure in the
fall was also about 9 per cent higher than that of the series receiving

a8 hght apphcatlon of manure in the spring.
285
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MONTGOMERY AND KIESSELBACH’S EXPERIMENTS.

Montgomery and Kiesselbach (1912) measured the water require-
ments of corn grown in three types of soil, which they characterized
as infertile, intermediate, and fertile. Each soil was used in its orig-
inal condition and also with the addition of manure. Twenty-three

cans were used in all, four being used for each treatment, with a single

exception. The cans were 16 inches in diameter and 36 inches high.
A single corn plant was grown in each can. The potometers were
cbvered, as in their earlier experiments. Modeling clay was used to

make a tight joint between the stalk of the corn and the oilcloth cover.

A summary of the experiments is given in Table XLI.
The marked reduction in water requirement with the increase in

soil fertility is definitely indicated. Another striking fact is the uni- .

formity in the water requirement of corn obtained in all three soil

types when manure was used. The ratios obtained in the three

experiments in which manure was used differ by less than the prob-

able error, either when based upon total dry matter or upon the dry

weight of the ears.*

Tasre XLI.—Water reqmrement of corn as nfluenced by sml Jertility, according to
Montgomery and Kiessel (1912, pp. 10-11).

‘Water requirement based on—
Avetagedryweight
- per plan Total
Soil. 'otal dry matter. Dry ears.
No No No
‘manure, | M8BUTe. | 1onpre, | Manure. | ponyre, | Manure.
: Grams. | Grams. ’ . ;
Infertile.._...... eeieiiieceecieacacanans 113 376 | 550+16 35048 | 2,1361436 602445
. Intermediate...........ccoieniiiiinnnnnn 184 414 | 47911 34144 | 1,160+ 59 67036
Fertile.....oooooiiiioiiiiiiiiiiiinaaas 270 473 | 392+ 6 34716 7994 39 682418

PFEIFFER, BLANCK, AND FLUGEL’S EXPERIMENTS.

Pfeiffer, Blanck, and Fligel (1912), experimenting with the effects
of different amounts of nitrogen on the water requirement of plants,
found that for the particular soil used the addition of nitrogen did not
measurably lower the water requirement. The experiment is dis-
cussed in connection with the effect of soil-moisture content on the
water requirement and the results are shown in Table XIII (p. 24).

CONCLUSIONS.

Almost without exceptlon the experiments herein cited show a
reduction in the water requirement accompanying the use of ferti-

lizers. In highly productive soils this reduction amounts to only a

x'rn.wnmmindebudwmmnmmwumm,mmum -

mmwnmmmwmmmummmammmpm
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b4 WATER REQUIREMENT OF PLANTS.

small percentage. In poor soils the water requirement may be
reduced one-half or even two-thirds by the addition of fertilizers.
Often the high water requirement is due to the deficiency of a
single plant-food element. As the supply of such an element ap-
proaches exhaustion the rate of growth as measured by the assimila-
tion of carbon dioxid is greatly reduced, but no corresponding change

" oceurs in the transpiration. The result is inevitably a high water

requirement.
As a whole, these experiments show clearly that transpiration is not
a measure of growth, even under the same atmospheric conditions,
and that the water requirement is profoundly affected by the plant
food available in the soil.
' WATER CULTURES.

WOODWARD’S EXPERIMENTS.

The earliest experiments conducted for the purpose of determining

the water requirement of plants, so far as the writers are aware, were
made by Woodward in 1699 with water cultures. Plants of known
green weight were transplanted to vials. A cork stopper prevented
loss of water except through the plant, and an accurate record was

kept of the water consumed. The difference between the initial and

final green weight was taken to represent the amount of growth.
‘Woodward’s results, expressed in terms of green weight, are given
in Table XLII. Although his experiments were made on water cul-
tures 200 years ago, the results obtained are of fundamental impor-
tance. He found the water requirement of plants grown in spring
water and in rain water to be higher than when grown in waters con-

taining more soluble matter. Moreover, when impure water was
distilled the water requirement of plants was found to be higher.

when grown in the distillate than when grown in the residue. This
leads at once to the conclusion that the water requirement of plants
is, within limits, dependent on the amount of plant food available.

TapLe XLI1.—Effect of pure and impure water on the water requirement of plants,
according to Woodward (1699, pp. 200-206).

Increase Water an-rs‘-:
Plant, water used, etc. Year. | ingreen trans;ired quirement,

.|~ green

w&ht. weight.
Spearmint: Grams. | Kilograms. :
) 0.97 ogoﬂ.:lﬁ 170
1.134 196 172
.- 1.68 .161 96
_ Hyde Park conduit water g:g ggl lg
Hyde Park conduit water and garden earth. .. 10,88 .608 64
. Hychukmdunmwm.‘ 1603 18.4 960 58
miﬂkoomm, : . 1603 2.66 572 215
N ' ecessassrassingismeaniny . 1603 6.00 .281 (3
‘ BpEing Water......ccoeonnnncoiisenserenne veesepescasenes 91 3.605 .24 ]
%u& eeesesvovarseiesaseceasatssnnes 1001 .227 162 715

G e

Y
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EFFRCT OF SOIL FACTORS ON WATER REQUIREMENT. 55
SORAUER’S EXPERIMENTS.

Soraueér (1883) used water cultures in most of his water-requirement
éxperiments. His results, which deal with the -effect of different
amounts of nutrient sotution on the water requirement of rye, barley,

. wheat, and oats, are given in Table XLIII. The experiments were
of 53 days’ duration, and the water requirement was found to decrease
as the concentration of the nutrient solution increased.

TasLe XLIII.—Efect of the conceniration of the nutrient solution on the water require-
ment of plants,! according to Sorauer (1883, pp. 90-91). :

Concentration of the nutrient solution.

0.25: ertco(x)ig
‘ utrient+0.
0.05 per cefnt. 0.25 per cent. 0.5 per cent. 1 per cent. per cent cal- .
Crop. cium nitrate.
Num- Num- Num- Num- Num-
ber of | WAter | horof | WaKr | per of | WAIeT | per of | Waler | bep of | Water
deter- : deter- H deter- 1 deter- | T% deter- { 1%
ning. | Qe | pine. | quire- | e | quire- | e | quire | g, | quire-

tione, | ment.| Yoo | ment. | Fione | ment. | Gione, | ment. | jone. | ment:”

3 (267421 4 1197£20 5| 236+28
4 |321:+11 4 12808 |.. .
4 60218 |........)...cennn
................ 3 [323432
Mean for rye .
and barley..|........ 57 I 382 |........ 204 l........ 243 fo....odeeeolle.

1 The total dry matter produced was seldom as great as 0.5 gram per pot.

HEINRICH'S EXPERIMENTS.

Heinrich (1894) has determined the water requirements of oa.'t; »

plants when grown in nutrient solutions of different concentration.
The nutrient solution had the following composition: 4 H,KPO,+
~ CaCl,+5 Ca(NO,),+2 MgSO,+2 Fe. Five concentrations were used,
3 grams, 1 gram, 0.5 gram, 0.25 gram, and 0.1 gram per liter. The
iron was supplied in the form of freshly precipitated suspended iron
phosphate. Ten jars, each containing 3 liters of solution, were used
for each of the five concentrations. Three plants were grown in each
jar. An equal number of jars without plants was used to determine
the evaporation taking place directly from the culture solution. The
plants were grown for four months, or until ripe.” The transpiration
was determined by weekly weighings. The plants in the 0.3 per cent
solution consumed about three-fourths of the initial water supply.

The evaporation in this case was only about 2.5 per cent of the tran-

" spiration. Theresults are given in Table XLIV. With the exception

of the weakest solution, the water requirement decreased as the con-"

centration of the solution increased. '

.
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TaBLE XLIV.— Water requirement of oat plants grown in culture solutions of different
concentrations, according to Heinrich (1894, p. 178). )

Watgr uirement
. Dry . Water on—
Concentration of culture solution. matter Grain, tran-
y spired. ’
. Dry
Grain. | yatier.
Kilos.
69.2 12, 800 515
40.9 15,100 550
28.4 48,200 684
19.1 17,900 688
11.3 8,020 642

CONCLUSION.

The water requirement of plants grown in water cultures is increased
if the solution is lacking in a sufficient amount of plant food.

EFFECT OF A PREVIOUS CROP ON THE WATER REQUIREMENT.
VON SEELHORST'S EXPERIMENTS.

The effect of a previous crop on the water requirement of rye is
shown in a series of determinations made by Von Seelhorst (1910a).
These determinations were made in the large pots shown in figure 4
(p. 68). The results of the determinations are given in Table XLV.
The experiments were conducted with two series of pots, one series
having received a light application of manure each spring from 1904 -
to 1907 and the other a heavy application of manure each fall during
the same period. A crop was grown in each pot from 1905 to 1908.
In the fall of 1908 all pots were planted to rye and the crop harvested
in 1909.

TasLe XLV.—Effect of a previous crop on the water requirement of rye, according to Von
Seelhorst (1910a, p. 91).}

Rye, 1008-9.

Application of manure, 1904 to 1907. Crops, 1905 to
- Number | a4, ‘Water re-
of pots. | quirement.

743423
76944
589 -

697

74818
801433
666

738
900

. 1'The water requirement includes evaporation. The sofl was sandy. The results were compfled from
Von Seelhorst’s data. In the late summer and fall of 1906 each pot, With the exception of the unmanured
" set, produced a crop of lupine.
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The results of this experiment show that when rye follows potatoes
the yield and water requirement are not measurably different from

that obtained when rye follows rye. When rye follows barley, how-

ever, the yield is increased and the water requirement is reduced, com-
pared with rye following rye.- The lower water requirement would
naturally result from the increased supply of plant food in the barley
pots, as indicated by the higher yields. .

EFFECT OF SOIL TEMPERATURE ON THE WATER REQUIREMENT.

KING’S EXPERIMENTS.

King (1895) compared the water requirement of potatoes when
grown in pots above ground with similar determinations made in pots
buried in the soil. The pots above ground were protected from the
direct rays of the sun by a board screen placed on the south side.
Galvanized-iron pots 18 inches in diameter and 24 inches high were
used. The plants were covered at night and during rains with a tent
of heavy duck. It was found that the water requirement was appar-
ently less when the pots were placed in the ground, but the difference
observed can not be considered conclusive, since it is less than three
times the probable error (Table XLVI). No data are given regarding
the temperature fluctuations in the two series of pots. It seems
probable that the more exposed position of the plants grown in the
pots above ground would also affect the results. h

TasLE XLVI.—Efect of soil temperature on the water requirement of potatoes,! according
to King (1895, p. 243). R

) Water re-
Treatment of pots. ) m]a)trt{r Water. uireangt
- dry matter
Grams. | Kilograms. ’
27,71 -~ 1W7.4 472
ADOVE GIOUDQ . ceoeevmenrerncnnmnanaserssamuenzaasrosemessnnsansens 163.0 97.4 2507
246.1 112.9 458
509135
SUDK in POLBLo MBI - vveeeneceansnsrnmrassscessasnanssasnreias { B 1.1 s
| azmxe
t Alexander’s Prolific. 1 King gives 497, which is evidently an error.

LEATHER’S EXPERIMENTS.

The pot-culture method of measuring the water requirement of
plants subjects the soil to greater temperature fluctuations than occur
under field conditions, owing to the exposure of the pots to the direct
rays of the sun. To determine the effect of this exposure, Leather

- (1910) thermally insulated jars in which maize and wheat were grow-

ing by surroundirig them with from 5 to 7 inches of sawdust through-
out the period of growth. These were compared with jars fu]}ly
285 . Lo o N __,!1'1:: [ERTURLTRNN S+ 3 74 S
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exposed to the sun but otherwise similarin everyrespect. The results,
which are given in Table XLVII, show that the effect of the exposure
of the pots to the sun is within the limits of other experimental errors.

TapLe XLVII.—Water requirement of plants as influenced by the exposure of culture
: pots to the sun, according to Leather (1910, p. 142).

Water requirement.

. Crop. Fertilizer. Pots pro- | Pots ex-

: tected | posed to

from sun.| sun.
itrate and pPhoSphate. .. ..ocenereeean it iieaaes 428 382
Corn..oeeennnnnnnes NO TOTGIZRT o e oeeeeesssmmsiesseommo oo soennnnn 830 506
Rape cake and Phosphate. .. .....ooememmriueianiiaiieiiien 832 725
. Wheat............. N OHOTHLZET -« omerreme oo eoemenes ORISR 1,014 | 1,133
B Y 7Y SO OO P PPPUPPOUPPOPPPPPP PP 726 712
CONCLUSIONS.

From the data at hand no conclusion can be drawn concerning
the effect of soil temperature on the water requirement. Leather’s
data indicate that the greater fluctuation in soil temperature accom-
panying the exposure of the pots to the sun does not materially
affect the water reqairement.

EFFECT OF CLIMATIC FACTORS ON THE WATER REQUIREMENT.

EFFECT OF DIFFERENT ATMOSPHERIC CONDITIONS ON THE WATER
c o REQUIREMENT. T

That atmospheric factors profoundly influence the water require-
ment is evident from the data of numerous investigators. The
effects of temperature, light, humidity, ete., will be discussed later.
Here we wish to present the results which can be considered only
as due to a difference in atmospheric conditions as a whole.

FITTBOGEN’S EXPERIMENTS.

Fittbogen (1874) published the results of measurements of the
water requirement made in a plant house and in the open at the
south side of the plant house. The culture method was the same
as that used in 1873 (p. 12). The soil-moisture content was 50 to:
60 per cent of the moisture-holding capacity. The difference in
the water requirement (Table XLVIII) of the plants grown inside
and outside was 1546, which is without significance when the
probable error is considered. The plants grown in the plant house
were probably warmer, but were at the same time slightly shaded.
On the other hand, the outside set received somewhat more solar
radiation and was exposed to freer wind movement. . It is impos-
sible from data of-this kind to draw conclusions as to the specific
effect of temperature, light, or humidity upon the water require-
ment, since none of these factors were comparable for the two series.
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TasLe XLVIII.—Effect of different amospheric conditions on the water requirement of
} . oats, a_cwrding’to Fittbogen.

‘Water muimment 1
. : .} Number Dry on—
Position. of deter- matier. Grain.

Grain. |Dry matter.

Grams. Grams.
13.7 7.01 TT7+£10 398+6
12.7 8.46 81043 4131

Inside of plant house...........cc.cccennnee
Outside of plant house, on south side........

L3 3

rCalculated from Fittbogen’s data (1874, p. 145).

HELLRIEGEL’S EXPERIMENTS.

Hellriegel (1883) determined the effect of seasonal differences upon
the water requirement by a series of measurements. The re-

‘sults are given in Table XLIX. Red clover was used in this

experiment, croppings being made at four different times during a
period of two years and the water requirement of each crop deter-
mined. It will be seen from this table that the water require-
ment was much higher for the crops harvested in September and
January than for the crops harvested in June and July, owing to
variation in the climatic conditions with different periods of the year.
Hellriegel also conducted a series of experiments which show the

effect of different years on the water requirement. (Table LXVII,

p. 75.) The water requirement of barley in 1868 was almost 40
per cent higher than in 1870. Similar results were obtained during
different seasons with other crops.

TasLe XLIX.—Effect of the agen‘od 0 7 owth on the water requirement of red clover,
ing to He

accor riegel (1883, p. 634).
Pot used. - Date of cropping.
July 17, 1872. Sept. 14, 1872. Jan. 8, 1873. June 5, 1873.
Height. No. Dry | Water | pry Water | o | Water | Wati.er
require- require- require- uire-
matter.| 700 | matier.] "don,” | matier. “ipeny | matter ey
Grams. Grams. Grams. Grams.
15 centimeters. ........ 34| 12.8) 362 12.8 | 435 0.5 [1,588 26.6 [ 292
315| 15.0] 311 8.4| 671 1.2 {1,645 18.2 | 467
DY e VDU (S R 337422 [-een-e 5534100 |..c.... 1,617£25 [.oauaeee 38076
34 centimeters. ........ 346 | 262 | 349 Not crosgfed 23.6| 763 6.8 [ 264
7| 14.3) 401 14.3 2.5| 854 50.8 | 302
MAD....eenneencfonmansfeanvanns k£ > 3 FOUU SRR 809+£39 |- ....... 283416
65 centimeters......... 48| 30.0| 293 25.8 | 439 10.2| 451 1ur.s| 256
39| 210| 47 212 | 546 5.2| 649 08.4| 285
1Y Y DU IO R veee| 355283 |....oo.. 493448 |-oooeens (7O ] pewe .| 18
96 centimeters. ........ 350 [ 26.2| 387 Not orobgyed 52.5| 680 168.2{ 248
.351| 25.0| 410 17.4 | 110} 563 157.0 | 263
MeaD...ccccereeiafomnace]oracennas 384+28 ocecmecalsocooncena]oranaasd 622450 |........ 25348
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KING'S EXPERIMENTS.

King (1905) measured the water requirement of corn in several
different places in the United States. (Table XYV, p. 27.) Different
types of soil were employed, and the differences in the water require-
ment can not therefore be entirely attributed to varying climatic
conditions.

VON SEELHORST'S EXPERIMENTS

In his experiments with pasture and grassland plants Von Seelhorst
(1910) found that the water requirement varied greatly at different
periods of the year. His results (Table LIX, p.69) show that the water
requirement of the pasture crop was the lowest from April 1 to May 16;
from May 16 to June 20 it was 58 per cent higher; from June 20 to J uly
29, 350 per cent higher; and from July 29 to September 16, 110 per cent
higher. The results of the following year show the water require-
ment of pasture plants to be over 90 per cent higher for the period
June 4.to June 28 than for the period April 6 to June 4. Similar
results were obtained with the grassland pots.

BRIGGS AND SHANTZ’S EXPERIMENTS.

The writers in their work at Akron, Colo., have found that thér

_ - water requirement of alfalfa (Table L) was the lowest for the period

from September 18 to October 22. From May 13 to July 19 it was
94 per cent higher, and from July 19 to September 18, 160 per cent
higher. With sweet clover the water requirement for the period
from July 19 to September 21 was 17 per cent higher than for the
period from May 13 to July 19.

" Tasue L.—Effect of the period of growth on the water requirement of crops, according to
Briggs and Shantz (1918, p. 81.)

Water Water
Crop. Period of growth. require- Crop. Period of growth. require-
ment. ment.
May 13to July 19..... 1,008:26 May 13 to July 19..... 6755
Alalfa. ........ Tuly 19 to Sept. 15.....| 1,354422 || Sweet clover.... {July 19 to Sept. 21..... 793112
Sept. 18 to Oct. 22.....[ 52049

A comparison of the writers’ measurements of the water require—
ment of wheat and sorghum grown in northeastern Colorado and in
the Panhandle of Texas during the seasons of 1910 and 1911 is given
in Table LI. The results show a higher water requirement for the
crops grown in Texas, but the difference is relatively much greater
for wheat than for sorghum indicating that at least one of the crops

is better a.dapted to one region than to the other.




e R A

EFFECT OF CLIMATIC FACTORS ON WATER REQUIREMENT. 61

TaBLe LI.—Comparison of evaporation and water requirement in Colorado and Texas,
ling to Briggs and Shaniz (1918 p- 45).

‘Wheat. ) Sorghum.
Water re- e Water re-
- Evapora- Evapora-
Years and quire- uire-
stations. tion. ment. tion. Tent,
Period of growth, Period of growth.
Ac- | Rel- | Ac- | Rel- Ac- | Rel- | Ac- | Rel-
tual. ;ative. jtual. [ative. tual. [ative. [tual. |ative.
1910. )
Akron, Colo...| Apr. 1§to Aug. 2..[ 27.7 | 100 | 664 | 100 | May 25 to Sept. 28.| 33.0 | 100 { 356 100
Amarillo, Tex.| Apr.5toJuly 19..| 34.0 | 122 | 853 | 128 | May 10 to Aug. 28.| 37.7 | 114 | 359 101
1911,
Akron, Colo...| May 13 to-Aug. 2..} 24.8 | 100 | 468 | 100 | May 12 to Sept. 4..| 385.0 | 100 ( 208 100
Dalhart Tex.. Apr. 25 to July 18. 28.5 | 115 | 673 | 143 | May 14 to Sept. 12.| 41.9 | 120 | 313 105

CONCLUSIONS.

The data here presented show clearly that the water requirement
is profoundly affected by atmospheric conditions. Measurements of
the water requirement conducted during different periods of the year
show great differences. Experiments conducted at different places
during the same period, using the same variety, give different values
for the water requirement, owing to differences in the climatic con-
ditions. Even though the methods and soil conditions are the same
for two different years, profound differences are often recorded in the
water requirement. :

EFFECT OF AIR TEMPERATURE ON THE WATER REQUIREMENT. -

The effect of temperature on the water requirement of plants does
not appear ever to have been investigated under control conditions.
Seasonal changes in temperature are accompanied by changes in the
saturation deficit, so that the differences observed in the water require-
ment of plants resulting from the march of the seasons can not be
attributed to temperature alone. The investigations which have so
far been made on this subject have only a qualitative bearing. See
Fittbogen (1874), Table XLVIII (p. 59); Hellriegel (1883), Table
XLIX (p. 59); King (1905), Table XV (p. 27); Von Seelhorst (1910), -
Table LIX (p. 69); and Briggs and Shantz (1913), Table L (p. 60)
and Table LI (p. 61).

EFFECT OF SHADE ON THE WATER REQUIREM];J‘NT.

It is well recognized that sunlight is an important factor in increas-
ing transpiration. It is also known that in ordinary sunlight more
solar energy is received by the plants than is necessary for photo—
synthesis. It seems evident, therefore, that an increase in solar in-
tensity would cause an increase in the rate of loss of water from the,
plant without changing the rate of carbon fixation.  Under such con+
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ditions increased sunlight would, of course, increase the water require-
ment,
On the other hand, the use of shade might be expected to lower the
water requirement, so long as photosynthesis is not interfered with.
If the shading is carried so far as to prevent carbon fixation at the
" normal rate, then the water requirement would again increase.

SORAUER’S EXPERIMENTS.

Sorauer (1880, p. 463) determined the water requirement of bean
plants in the dark and in the light. The plants were grown for 20
days under bell jars, four pots being used in each experiment. The
water requirement of plants grown in the dark was 2143, and of
plants in the light, 47+1. This experiment does not really afford
any evidence with respect to the effect of light upon the water Tequire-
ment, since no elaboration of carbohydrates is possible in the dark.
Furthermore, no correction was made for the initial weight of the
seedling plants, and the apparently low water requirement of plants
grown in the dark is due to this. This experiment illustrates the
possibility of securing misleading results from the use of seedlings in

~ water-requirement measurements.

HELLRIEGEL’S EXPERIMENTS. .

The experiments of Hellriegel (1883) are more conclusive. The
. results are given in Table LII. The water requirement was found
- to be lowest when the plants were grown in full light, and increased
with increasing shade. The actual light reduction resulting from the
use of the different screens is not stated. The ‘““medium” screen
* increased the water requirement of the barley approximately 50 per
cent and of the peas about 75 per cent.

TasLe LII.—Effect of different light intensities on the water requirement of barley and
Ppeas,! according to Hellriegel (1883, p. 633). :

Fuil light. Shade. -
. . . Wide screen. | Medium screen.| Close screen.
Plant. Size of pot. Dry Wa t;er
matier.[TPJUIre- Water Water ‘Water
ment. | Dry Dry D
uire- uire-| uire-
mater.| "TAE) matter.| TEAUIre matier. e
. Grams. Grams. Grams. Grams.
Bark 65 by 67 centimeters...] 57.3 360 15.3 498 10.8 510 7.7 609
arley....---\34 by 35 centimeters...| 28.0| 338 12.2| 468| 118 52| 65| ou
Mean..f..ceemennecncnnnneeniadoneann 34949 |........ 483413 |........ 51948 |........ 576129
y 38.4 o J) ISR ISR IR FURSUOY ST TR
Peas......... 34 by 35 centimeters. . { | see 1IN eI
Y Y OO SR 35429 [........|..... S AU SRR I JOUY] USROS

. 1 Garden soil was used. The amount of soil did not‘:ﬂ'ect the water requirement. Evaporation was
prevented by waxed-board covers. Each given determination of water requirement is the mean value
of two measurements, except that the one for shaded pee is a single measurement, - i
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PFEIFFER, BLANCK, AND FLUGEL'S EXPERIMENTS.

Pfeiffer, Blanck, and Fliigel (1912) obtained a slight increase in the
water requirement of oats, due to shade. Unfortunately, however, no
idea is given of the light reduction resulting from the use of the shade.
Their results are given in Table XIII (p. 24). The difference in the
‘water requirement of the shaded series and the series in full light was
20+3, which corresponds to an increase of about 5 per cent due to
shading. '

. CONCLUSIONS.

The intensity of the sunlight or the extent to which it was reduced
by the various shades used is not stated in any of the above investi-
gations, so that it is not possible to draw specific conclusions from the
data here presented. All of these data, however, indicate that shad-

ing produces an increase in the water requirement. It seems probable
that in these experiments the shade was so dense as to reduce photo-
synthesis. This would in turn decrease the rate of growth and so
increase the water requirement.

EFFECT OF AIR HUMIDITY ON THE WATER REQUIREMENT. -

SORAUER’S EXPERIMENTS.

Sorauer (1880) investigated the effect of humidity on the water
requirement by growing a number of woody plants in moist air and
in dry air. (Table LIII.) The water requirement in moist air aver-
aged about 80 per cent of the water requirement in dry air.

TasLe LII1.—Effect of dry and moist air on the water requirement "of woody plants,
according to Sorauer (1880, p. 435).

Moist air. Dry air.

Plants. ) Duration. Number of | Water re- | Number of | Water re-
determi- quire- determi- . quire-
nations. ment. nations. ment,

Days.
Pyrus communis. ......._................. 39 1 284 1 353
US. ..ol 39 3 146+3 2 233427
Vitis vinifera................. 39 2 113+8 2 220447
Ailanthus glandulosa............ 39 1 497 1 467
Robinia pseudoacacia 39 | 1 331 1 441
Mean.. . ..o 1 ............ 274 |l 343

HEINRICH'S EXPERIMENTS.

Heinrich (1894) grew oats in damp air and in air dried by calcium
chlorid. (Table LIV.) The plants were grown in glass pots, only one
pot being used in each experiment. The relative humidity of the air
is not given in either experiment. The results are very striking, the
water requirement of the plants grown in dry air being over five times
that of the plants grown in moist air, : .

285 V : :
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TaBLe LIV.—Effect of dry and moist air on the water requirement of oats,! according to
Heinrich (1894, pp. 170-171).

‘Water re-
Treatment. D r{egxat- Water. g;nlr’e&?ise%t}
dry matter.
Grams. | Kilograms.
5. 444 0. 6549 2120
8.995 5. 5567 618

1 Duration of experiment, May 14 to July 29; 3 plants per pot.
2 Heinrich gives 102, which is evidently an en'orI.) perpo

MONTGOMERY AND KIESSELBACH'S EXPERIMENTS.

The most conclusive experiments on this subject are those of Mont~
gomery and Kiesselbach (1912) with corn. Two greenhouses were
'used, one of which was ventilated and the other kept as humid as pos-
sible by wetting the floors and by using atomizers on the water system.
'The experiments were conducted in June and July. Apparently 4
large, covered pots, each containing 2 corn plants, were used in each
house. Self-registering thermometers and hygrometers were used to
record the temperature and humidity in each house and the evapora-
tion from a free water surface (36 square inches) was also measured.

Montgomery and Kiesselbach’s summary of the conditions in the
two houses and the resulting water requirement is given in Table LV,

TaBLe LV.—Relation of humidity and other factors to the water requirement of corn,
according ta Montgomery and Kiesselbach (1912, p. 3

D'ry Humid | Ratio
green- | green- | humid
house. house. | todry.

Mean temperature:

12hoursof might. . ... oeinin i °F.. 80
12hours Of day...ocvuenvenanacuneneruamaecaoaeaacrececaoneaacens °F.. 91
Mean relative humidit;

12 hours of night........ Cetesteaeeaneecesaaasaaanarann per cent.. 48
12 hours Of day. .. cccevreinieiirrerascaroamencsasaoannsanens do.... 37
Total weightof 8 plants.._........... -- creemaneaanaen grams. .| 670,36
Average leafarea per plant.._........... . ..square inches. . 1,079
Total water used. ....ccoeuienemimnimnaerocsceocacaccacuannnas kilograms..| 227.785

‘Water requirement:

Based on dry weight. .............. 340
Based on square inches of leaf area.. ..do.... 27.3
‘Water evaporated from 36 square inches of free-water surface. . .. .. do.... 3,801

Table LV shows that the corn grown in the dry house had a water
requirement 56 per cent higher than that in the humid house. It
is of special interest to note that the evaporation from a free water
surface in the dry house exceeded that in the huinid house by th
same amount, 56 per cent. :
. Another point of interest in connection with the above data
which was not brought out by Montgomery and Kiesselbach arises
285
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from the constdef‘atlon ‘of the relative humidity of the two houses.
Other things bemg equafl ‘the rate of evaporation would be propor-
tional to the saturatlon deficit.” Thits ¢iii, furthermore, be limited to

the saturation deficit durmg the day, since the tra.nsplratlon at night

is s0 small that it can be dmregarded '

“The pressure of aqueous vapor in saturated air at the mean day

temperatures of the dry and humid houses is 31.67 and 31.11 milli-

meters, respectively. The corresponding saturation deficits ex-

pressed in terms of vapor pressure would then be

- . 31.67<(1.00—0.37)=19.95 millimeters,

- and 31.11X(1.00—0.58)==13.05 millimeters.

-~ =+The ratio of these saturation deficits is 1.53, as compared with 1.56
-’ obtained experimentally as the ratio of the water requirements.
R The linear relationship which is thus indicated between the saturation

" deficit and the water requirement must, of course, be considered only
as tentative until its validity shall have been determined *through
further experiments. It affords, however, a possible method of deter-
mining indirectly from the mean relative humldlty the relative water
requirement of crops in different sections of the country, provided the
temperature and the other climatic factors are equally favorable for
growth.

CONCLUSIONS.

All of the investigations that have been made relative to the effect
of humidity on the water requirement of plants show conclusively
that the water requirement is greater in dry than in moist air.

Montgomery and Kiesselbach have found that the water require-
ment of corn is proportional to the evaporation from a small free’
water surface. From their data the writers have shown that the
H water requirement is also approximately proportional to the satura-

tion deficit.

EFFECT OF THE CARBON-DIOXID CONTENT OF THE AIR ON THE WATER
1 S REQUIREMENT.

SORAUER’S. EXPERIMENTS.

Sorauer (1880) measured the effect of the carbon-dioxid content
of the atmosphere upon the water requirement (Table LVI). Rape
was grown in free air and also under two bell jars. In one of the bell
jars a solution of potassium hydrate was kept to reduce the carbon
dioxid of the air. The results indicate that the water requirement is
greatly - increased by reducmg the ca.rbon-dloxld content of the
atmosphere. " [, 17 HEE ke T e . S
97991°—Bul. 285-—13——5
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TasLe LVI.—Efect of insufficient carbon diozid in the air on the water requirement of |
rape, according to Sorauer (1880, p. 467).

Under bell jar, with
In free air. Under bell jar. tassium hydrate..
Duration. Number of Number of Number of
- umber o umber o umber o
s ‘Water re- ‘Water re- f ‘Water re-
dettt;orglsx.na- quirement. deﬁ;ﬂf’”‘ quirement. det:};ﬁfm' quirement.
Days.
20 4 282111 3 24345 2 355615
CONCLUSIONS.

The effect of the carbon-dioxid content of the atmosphere upon the
water requirement appears to have been investigated only by Sorauer.
He found the water requirement to increase when the carbon-dioxid
content was diminished. This is in accord with what is now known
regardify the réle of carbon dioxid in photosynthesis.

EFFECT OF PARASITES ON THE WATER REQUIREMENT.

WIMMER’S EXPERIMENTS.

Wimmer (1908) reported a series of experiments to show the effect
of nematode-infested soil on the water requirement of sugar beets
and celery. The results (Table LVII) show without exception an
increase in the water requirement due to the action of the parasitic
worms. This is probably due to the fact that infested plants grow
much more slowly than those not infested, as is indicated by the
weight of dry matter produced in each case.

TaBLe LVII.—Effect of nematodes® on the water requirement of sugar beets and celery,
. according to Wimmer.

Fertilizer per pot.
Weight | woma- per pot Soil- | Mean of | Water
Crop and plat. of soil todes. moisture drg'er require-
per pot. K0 N P04 content. | mat ment.
Sugar beets: Grams. Grams. | Per cent.| Grams.
8,106 Dead... 0.355 16 47.8 | 419+4
4 Alive.. .388 16 19.1 ( 933118
ATn 8, 106 |{Dead... .355 16 75.9 | 336111
e A 4 Alive .355 16 36.81 567485
8,106 |{Dead .355 12 45.4 | 305114
4 Alive. .366 12 34.4 | 474126
8,202 ead .355 16 21.9 [ 710441
4 Alive, - .355 16 6.6 |2,083+£57
8, 106 |{Dead.... .70 224 W335 | 14to15 52.2 | 200+49
4 Alive.... .705 .224 L3351 14to15 33.5| 368k15%
8 202 |{Dead.... (3 P, .335 | 14t018 40.5 | 422120%
4 Alive.... J708 |.enean.... 3351 14t018 23.7 ! 521+4

! The nematodes were killed by carbon-bisulphid treatment. Computed from Wimmer’s data (1908, pp.
142-143, 154-155). A7n is the mean of two determinations, Asn the mean of three, except as noted.

2 Mean of four determinations. .

3 Mean of two determinations.
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omn FAC'I‘ORS IN’FL‘D’ENCING THE WATER REQUEEMENT

1

TBE EF'FECT OF RELATIVE LEAF AREA ON THE WATER BEQUIREMENT

MONTGOMEBY 8 EXPERIMENTB

7

Montgomery (1911) has mvestlga.ted the influence of the leaf area
of corn on its water requirement, using for this purpose selected
strains having a high leaf area and a low leaf area, respectively.
The plants were grown in large potometers of two sizes, one con-
taining 1,000 pounds and the other 350 pounds of soil. The larger
potometers contained two plants each, the smaller ones a single
plant. The results of the experiments, which cover a period of
three years, are given in Table LVIII, and show that, with an average
difference in relative leafiness of 14 per cent, the more leafy type
had a water requirement 7 per cent higher than the less leafy strain.
The leafy plants required 16 per cent more water to produce an
equal weight of ear.

TasLe LVIIL.—Effect of relative leaf area on the water requirement of corn, according
to Montgomery (1911, p. 150).

Ratio of leafarea | ~ ‘Water require-
to dry weight. Ratio of ment. Ratio of
Year. high to high to
Low leaf | Highleaf| 10W- Low | High | oW

area. area. leaf. leaf.
1907 ceeeneaneacanenraneacansanancancannnns 2.31 2.65 | 1.14 220 242 | 1.10
1909, 0 iiiiriiaiicaiiciniiia it icaaaa. 2.33 2.73 | 1.17 263 287 { 1.09
p1) s P, eereeravnrrvoneanancans 2.10 2.36 ] 1.12 26 240 [ 1.02

Mean. ....... semencmanancessscsmacast]ecnccceaaafacnnonnane 1.144.01 [ fieaao... 1.074.02

" The transpiration per unit area of leaf was higher in the less leafy .
types, the ratio of low to high leaf area for the three years being 1.04,
1.07, 1.10. But some transplratlon takes place also from the stalk
which would be relatively greater in the type with low leaf area, and
, the effect of this would be to make the transpiration of the low leaf-
& area strain per unit area appear higher than it really is. This effect
is not sufficient, however, to account for the differences found between
high leaf-area and low leaf-area types. From a computation made
. by the writers it appears that, in order to account for the observed
* differences in transpiration per unit area of leaf, the stalk would have
to possess an area which is the equivalent as regards transpiration
of 20 to 40 per cent of the total leaf area.
* Montgomery’s results indicate that the transpiration loss of corn
m proportlon to the growth mdde is decreased by a decreased leaf
”*Tt is possible, however, that the narrow-leaved type developed
through selectlon possessed a]so a varietal eﬂicmncy in the use of

R
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‘grown. The results of two years’ work are shown in Table LIX,

_under pasture-land conditions than under grassland conditions. From
‘these results, one would conclude that the frequent and continued

e R

68 'WATER REQUIREMENT OF PLANTS.

water independent of its leaf area. Further experihléntation',"usiﬁg

strains of other plants with high and low leaf areas, is desirable in this

‘connection. '
EFFECT OF FREQUENT CUTTING ON THE WATER REQUIREMENT.

VON SEELHORST'S EXPERIMENTS.

* Von Seelhorst (1910) conducted an experiment to determine the
water requirement of grassland and pasture. The pots used by Von
Seelhorst (1902, p. 276) had a surface 1 square meter in area, a
depth of 1.3 meters, and were mounted upon trucks in a trench run-
Ting ‘east and west, which was provided with cement walls and floor

Fig. 4 —Apparatus used by Von Seelhorst (1902) ilgn zs later measurements of the water requirement of
: P 3

(fig. 4). The bottom of the pot (a¢) was so constructed as to permit
free drainage. The scales (b) for weighing the trucks were built in
as a part of the trench (d). The rainfall was determined from the
rain-gauge measurements or directly by weighing, and the drainage
water was also collected. No correction was made for evaporation.
The pots which represented pasture were cropped more often than-
those which represented grassland. This was apparently the only
difference in treatinent. Ordinary grassland and pasture grasses were

from which it will be seen that the water requirement was higher

‘eropping as the result of pasturing increases the water requirément
TR
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OTHER FACTORS INFLUENCING WATER REQUIREMENT, 69

per unit of dry matter produced, and thatvgi‘aésla.nd' can produce dry
matter more economically when allowed to continue its growth
uncropped for a longer period. ’ - t

‘Tasre LIX.—Relative water requirement of pasture and_ grassland, ng 1o Vom
: Seelhorst (1910, pp. 84-87). orery 2]

Pasture. Grassland.

Perijod of growth.
Dry ‘Water re- Dry Water re-
matter. |quirement.| matter. |quirement.

Apr.1toMay 16............. s
lA‘},:r.11'4)1\11.‘1913....

June 13 to July 29.
June 20°to July 29.
July 29 to Sept. 16...

‘Whole period, Apr.1to Sept. 16................. 542.1 620 972.5 496

Apr.6toJuned... ...........ooiiiiiiiiiian.
Apr. 6 to June 28

‘Whole period, Apr. 6 to June 28

1 Determinations were made in large pots, shown in figure 4 and described by Von Seelhorst ’(1902).
Ordinary grassland and pasture plants were used. The experiment was continued until Sept. 27, 1908,
but no comparable data are given after June 28, 1909.

EFFECT OF DEFOLIATION ON THE WATER REQUIREMENT.

SORAUER’S EXPERIMENTS.

Sorauer (1880) determined the effect of defoliation upqn the
water requirement of a grapevine grown in distilled water. The
experiment was continued from July 14 to September 14. The
results (Table LXIX) indicate that the removal of the leaves at the
beginning of the experimient increased the water requirement over
50 per cent. ‘

TasLeE LX.—Effect of defoliation on the water requirement of a grapevine, according to
Sorauer (1880, p. 461). '

In leaf. Defoliated at start.
Plant. {
dNeut;nmber inoa‘ ‘Water re- tIiIeumbe'r of! Water re-
tions. quirement. tions. quirement.
Vitis vinifers (Jaques)....vececemercacaainriaaoann. o2 122413 2 18648
T 288
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70 WATER REQUIREMENT OF PLANTS.

EFFECT OF THE AMOUNT OF GROWTH OR NUMBER OF PLANTS PER

' UNIT OF SOIL MASS ON THE WATER REQUIREMENT. t

.

VON SEELHORST AND BUNGER’S EXPERIMENTS.

Von Seethorst and Biinger (1907) measured the water requirement
of summer wheat when five plants were grown in each pot and when
single plants were used. The experiments were carried out in pots
containing 12 kilograms of soil. The results are given in Table
XXXII (p.44). In 14 outof 15 trials a higher water requirement was
obtained when five plants were grown in a pot than when single plants
were used. The increase in the water requirement was, however,

-small, averaging about 15 per cent for the low water-content series,

and about 4 per cent for the high water-content series. It will be
noted that the amount of dry matter produced varied greatly ac-
cording to the treatment, and that in every case a single plant pro-
duced more than one-half as much dry matter as five plants taken
together. As already suggested (p. 44), this indicates a deficiency
of plant food in the small pots containing the five plants.

EFFECT OF THE AGE OF THE PLANT ON THE WATER REQUIREMENT.
VON SEELHORST’'S EXPERIMENTS.

Von Seelhorst (1908a) experimented with lupine to determine the
effect of duration of growth on the water requirement. The experi-
ments were started on August 2, and the plants in eight pots were

1'Von Seelhorst (1910a, p. 91) in presenting the data used in compiling Table XLV (p. 56) arranged the pots
without respect to previous treatment or previous crop, in the order of decreasing yields, as follows: -

‘Water requirement,

Dry matter. including evaporation.

A}:tua.l. Mean. Actual. Mean.

g
BRESS

CMOPUR PR WO "
-3
(=]
-

-
=
=

gE2anggg

From these results he concludes that the water requirement increases as the production of dry matter
decreases. The amount of growth was, however, greatly influenced by the fact that some pots contained
more plant food than others, due to differences in the previous treatment. The unfertilized pot produced
a light crop, aud, as already shown in the section dealing with the effect of fertilizers on the water require-
ment, a deficiency in the plant-food supply greatly increases the water requirement.

" It does not necessarily follow from this experiment, therefore, that the water requirement is inversely
proportionsl to the amount of growth. These data are of value rather in showing the effect of fertiliver
and of the previous crop upon the water requirement, and have been thus considered by the writers.
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OTHER FACTORS INFLUENCING WATER REQUIREMENT. 71

harvested October 8. The plants in the remaining four pots were
harvested December 7. The water requirement of the pots last
harvested was about 40 per cent higher than those first harvested.
These results (Table LXT) indicate that the water requirement
during the later period of growth was greater than that during the
earlier period of growth. . Climatic conditions influence the water .
requirement so profoundly that it is unsafe to draw conclusmns
from this experiment. e “y

TasLe LXI.—Efect of length of the growth period on the water reqmremmt of lupmc,
according to Von Seelhorst (1908a, pp. 199-201).} -

P Ndumber of Dry ‘Water
eriod etermi- aire-

: nations, | matter. t:lnn_t.
Aug. 2to OCt. Beieaicieierinscetnasacanaaanasnsaaaarsranenanenaan 8 31048 (2168
Aug. 2 to Dec. L CGICCTIEPTEURI O P EPEOPROTPERIPRES . 4 264& 300*10

1 For correction of data, see Von Seethorst (1909). An error occurs in Von Seelhorst’s paper where the
water requirement for pot 5 is given as 613 instead of 316.
A uniform correction is applied for evaporation based upon the evaporation from a bare check pot; but
ouly 70 per cent of the eva] somtnm loss from the check pot is deducted.

e probable error includes differences due to previous treatment. One half of the %ﬁs for each period
of growth were fertilized lightly in the spring and the other half heavily in the fall. Hal{ of the pots for
the short period had pre y produced rye and half, potatoes. The same is true for the long-

e:g]t):gat barley and potatoes were the previous crops The experiment was conducted in the
on page 68

FEST'S ExmnﬁmNTs.

Fest (1908) determined the water requirement of the bush bean
at different times during its growth, using 72 pots, each containing
20 kilograms of soil. Ten beans were planted in each of 70 of the

pots and 2 were left as checks. Shade was provided for the check - '

pots as the crop developed. The shade was a disk of roofing paper
cut radially inward from the circumference into narrow strips to a
depth of 10 centimeters. Alternate strips were bent inward more
or less to obtain the shade desired. Each pot was given 1 gram
each of potassium, nitrogen, and phosphorus, and 2 grams of calcium
carbonate. The pots were kept in the plant house during the experi-
ment. The results (Table LXII) indicate a higher water require-
ment during the later periods of growth. This may be due to the
period of growth, but no check was provided against a change in
climatic conditions during the progress of .the experiment. The
later part of the experiment was conducted during the warmest
months of the year and this would increase the water requirement.
For this reason the experiment as conducted does not seem to the
writers to be conclusive as regards the relative water requu'ement
at different stages of growth
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79 WATER REQUIREMENT OF PLANTS.

TaBLE LXI1.—Effect of duration of growth on the water. requirement of the bush bean at
Gottingen, according to Fest (1908, p. 84).1

Number of
) Dry mat- | Water re-
Period of growth. Condition at harvest. N alx"]ve;tt:d ter. quirement,
Grams.
Third leafformed............... 350 . 265.8 134
Beginning of bloom....... e 229 " 450.8 211
Endofbloom.:........... 150 438.4 192
Fruit formed 104 881.3 261
............................ 25 497.8 304

1 Twenty kilograms of soil per pot; water content, 70 per cent of moisture-holding capacity.

VON SEELHORST’'S LATER EXPERIMENTS.

The results obtained by Von Seelhorst in 1910, already given in
Table LIX (p. 69), lead to the conclusion that the older growth on
grassland consumes less water in proportion to the dry matter pro-

_ duced than does the younger growth or that following cutting. This

would indicate that the results previously recorded in this section
were largely an expression of climatic differences.

CONCLUSIONS.

Most of the evidence presented regarding the effect of the age of
the plant on the water requirement does not seem to be conclusive,
since the changes in climatic conditions have not been eliminated.
Von Seelhorst’s later work indicates that a nearly matured plant has
a lower water requirement than a young plant.

.

WATER REQUIREMENT OF DIFFERENT KINDS OF PLANTS.

WOODWARD’S8 EXPERIMENTS.

Woodward (1699) was the first to show that different kinds of
plants do not have the same water requirement. His experiments
with culture solutions (p. 54) included also the determination of the
water requirement of different plants grown in spring water. His
results, which are based on green weight, are summarized in

Table LXIII.

TasLe LXIII.— Water requirement of plants in England, according to Woodward (1699
pp. 200-201).
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WATER REQUIREMENT OF DIFFERENT KINDS OF PLANTS. 738

: The results are of interest chiefly because of the early date at which
they were obtained. ‘It is evident that Lathyrus made very little
growth but continued to transpire, thus i mcreasmg its water reqmra— ‘

ment . g AT BT TS SRR NS S
LAWES'S Exrnnmnn'rs .

IR Ry -y

Lawes (1850) was the first to make a careful comparison of the‘
water requirement of crop plants The results of his expenments
have been discussed and are given in Table XXI (p- 31). The water -
requirement of the different plants measured is summa.nzed in
Table LXIV.

TABLE LXIV.—Water requirement of crop plt;nts n England according to Lawes (1850
54 TS

p.
: Number of :

R Mean dry | Water re-

Crop. Culture. degtlaorltln;na- matter. | quirement.

Grams.

3 25.3 225

3 27.6 262

3 11.4 216

2 29.1 235

2 31.3 258

2 34.8 214

2 28.5 235

2 14.2 251

- No probable error can be applled to these results, since three series
of determinations were made, one with manured soil, one with
unmanured soil, and one with soil contammg mineral manure. The
wheat, barley, and clover were treated in the same way and the
results are directly comparable. The results show but little differ-
ence in the water requirement of the different crops. In the order of
increasing water requirement the crops are beans, peas, wheat,
clover, and barley. These results agree with those of the writers in
placing the water requirement of barley above that of wheat.

WOLLNY’S EXPERIMENTS.

Wollny (1877) determined the water requirement of a number of .
plants. He grew the plants in small zinc cylinders of two sizes,
/20 centimeters in height and either 22 or 13 centimeters in dla.meter
Each cylinder was provided with a cover, in the center of which a
tube 2.5 centimeters long and 3 or 4 centimeters in diameter was
soldered. The seeds were planted directly below the tube. The
cylinders were kept on the west side of a house provided with an |
overhanging roof to protect them from the rain. They-were welghed

every three days, and the water lost was replaced. A correction was - ST

made for the water lost through evaporation from the soil by ‘weigh-
ing pots provided with similar covers but conta.mmg no pla.nts
285 - - :
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4 - WATER REQUIREMENT OF PLANTS.

Wollny apparently used but a single pot in the case of each crop.
His experiments extended through approximately four months. No
determinations are given regarding the amount of grain produced.
The ratio of the water transpired to the dry matter! produced in

- Wollny’s experiments is given in Table LXV.

‘TABLE LXYV. —Water requirement ‘l){ erop plants in Munich, Germany, according to

ny (1877, p. 125).

‘Water re- Water re--
Dry
Crop. Dry quire- Crop. quire-
P mater, | FHFE" maiter. | ITe-
Grams,
48.1 233 416
6.4 774 912
10.7 665 843
5.3 447 490
6.4 646

SORAUER’S EXPERIMENTS.

The data presented by Sorauer (1883) which bear on the water
requirement of different crop plants are given in Table LXVI.

Tasre LXVI.—Water requirement of crop plants in Germany, according to Sorauer
(1888, pp. 90-91).

Plant. Culture Duration, | dosertamay| _ Dry e
ant. . 3 jon. ma-
) . tions. matfer. | RO
Days.

53 8 0144 43
53 7 .327 90
53 8 2088 708
53 8 104 600

These data are taken from Table XTIII (p. 55), and include the
two series grown in a weak nutrient solution. The results are not in
accord either with our results for the four crops or with those of
Lawes for barley and wheat or with Wollny for oats and barley.
This may be due to the fact that the plants did not reach maturity.

HELLRIEGEL’S EXPERIMENTS,

Hellriegel (1883) conducted a series of water-requirement experi-
ments extending over a period of seven years and including a number
of crop plants. By a series of ratios Hellriegel has also compared
the relative water requirement of the crops not grown simultaneously.
His results for each year are given in Table LXVII and the mean
va.lues are given in the last column. .
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6 WATER REQUIREMENT OF PLANTS.

Previous to 1871 the experiments were conducted in open jars
containing about 4 kilograms of sand. Check pots were used to
estimate the loss by evaporation. In 1871 and during succeeding
years the soil was covered with a board infiltrated with a wax and
paraffin mixture, which greatly reduced the direct evaporation.  The
crops grown during the year 1867, arranged in the order of increasing
water requirement, are barley, rye, wheat, and oats. During the
year 1868 the water requirement of all the crops was higher than
in 1867. In 1871 the horse bean had the lowest requirement, followed
by barley and yellow lupine in order. The order of these crops was
the same in 1872. The crops grown in 1872 arranged in order of
increasing water requirement are pea, horse bean, barley, rape, red
clover, buckwheat, and yellow lupine. The results in 1873 as com-
pared with those of the same crops grown during 1872 shows the order
to be exactly reversed. The differences are small in most cases, when

_ the probable error is considered.

A comparison of the results in the last column of Table LXVII
shows the water requirement of barley and of red clover to be the
same, wheat 9 per cent higher, rye 14 per cent higher, and oats 21
per cent higher than barley. Of the other crops, the horse bean and
pea have the lowest water requirement, while the remaining crops
exceed the water requirement of barley.

KING’'S EXPERIMENTS.

During the years 1891 to 1894 King (1892 to 1895) conducted a
series of experiments dealing largely with the relative water require-
ments of different crops. Correction was made for rainfall, but not
for evaporation. King does not give the results of his duplicate
determinations except for corn, the other results being expressed as
mean values. The comparable results are shown in Table LXVIII.

TaBLE LXVIIL.—Water requirement of crop plants in Wisconsin, according to King
- (1889 to 1895).!

Sum- | Relative water requirement
1891 1892 1803 1894 mary. compared with gats
S | g |8 ¢ |8 s |3 éa-“sgg
Crop. [ ‘.5 [ n..g Fo ,.,5 b e ;.g “3§E
28/ o8 28 05 22 o8 |28| o8 128123 crop. | 1801 | 1802 | 1804
SR EE R A8 [EY 25 N 2f BN |
Z Bz | B |z | BEE Z | BE [z |88
b 310( Oats.......
.. 390| Barley.....
2
p
Red clover...|... .| 2
Potatoeg......... ......

1 In this table the writers have endeavored to eliminate errors in comparison. Consquently, they have
omitted the determinations which were specially fertilized and have not used a weighted miean in the
. The experiments in 1891 were made in 50-gallon barrels, painted and sunk level with the sur-
face of ground. In 1802 galvanized cans 18 by 40 inches were used in place of the barrels. In 1894 -
gabplazgti: a.g;ls Pots were protected from rain by a temporary cover of heavy duck. The potato cans were
ches.
8 Pride of the North variety used.
3 For an error in King’s data in connection with this value, see Table XXV (p. 35). -
¢ There were two pots, but the results are given only as a mean,
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' From these results it would appear that the water requirements of
oats, clover, and 'field peas are about the ‘same. Potatoes and
ba.rIey have a somewhat lower water requirement, and derit corn
requires about 40 per cent less water tha.n oats for the production of

an equal amount of dry matter.

VON SEELHORST S EXPEBmENTS

purpose of determining the effect of various environmental factors on
the water requirement. In his experiments, published in 1906 and
1908, different crops were grown simultaneously under. compa.ra.ble
condmons as shown in Table LXTX. ; The, experiments with rye,
barley, and potatoes were conducted m the la.rge pots described on
page 68. '

TaBLE LXIX.—Water re irement of crop plants at Gott-mgm, Germany, a¢oordmg to
n Seelhorst (1906 1908, and 1908a)‘ S

.

P o

Number

Senes, date of publication, and | Crop. ’ Sofl type. of deter- | Dry Wafer Period of gmw;th.

page reference. mina- | matter. | require-
tions. ‘. ment.
Grams.
‘Wheat....| Loam... 1 942 333 | Oct. 8, 1904, to
ug.'2, 1905.
First series, 1906, p. 329.......... Rye....... ...do.... 1 700 375 | Oct. 8, 1904, to
- Aug,'3, 1905

Potatoes..|...do.... -

[

1,173 32268 | Apr. 26 to Ogt.
905,

ye..... ..l Sand.... 2 364 480 Aug 10, 11%%54, to
Second series, 1906, pp. 340-342..{ Barley....I.. do.... 1 457 | 454 M"mzo% to Ang
|{Potatoes. .|...do.... 31 31,68 360 Agr 26 to Aug
Rye....... Loam... 1 883 307 | Oct. 17, 1906, to

Aug. 12, 1967
Third series, 1908, pp. 195-197. . .[{Barley....{...do.... 1 827 346 Ma; 13&71;0 ug
Beets.....|...do.... 1 T 823 268 May ‘11 to Nov.

: , 5,1907. .
Potatoes, .| Sand.... .. 8 286 - 204 A};r.l%to Aug.
Fourth series, 1908a, pp. 203-207.{Rye....... vdoa.l -4 343 383 | Oct. 12, 1906, to

, : - - ‘Aug, 7, 1907.
Barley....|...do.... 2 457 295 | Mar, 30 to Avug.

. : - : 7, 1007.
T The experiments were mainly conducted in squa.re-meter pots (p 68) The data in each grou

comparable, but the diﬂerent gmups can not be intercompared. ~In the last serfes half of the determination
for each crop is from pots that received heavy fertilizer in the fall and half that received light fertilizer in

the spring. (See ’I‘able XLV Pp.74.) Each pot mdueedamp oqupincintholatesummerand fall of

1908, The probable error is therefore not given. . The second series, rye, barley, and pmtou,mwnln

1905, were all in pots which were given a1 npplicathnotmnnninihupdng. §

* Water uirement based on greent t, 66, IR

'Green:re&ghtorbaso_d n green
285 . . -




78 WATER REQUIREMENT OF PLANTS.

_Tamie LXIX.—Water reg::t:mmt of crop plants at Gottingen, Germany, according to

Von Seelhorst (1906, 1908, and 1908a)—Continued.

RILATIVE WATER REQUIREMENT COMPARED WITH RYE.

Second | Third | Fourth
series. series. series.

100 100 100
95 112 kil
.- 77

_ According to the above figures, rye and barley have about the same

water requirement. Potatoes have a water requirement three-fourths
that of rye, while wheat and beets are intermediate.

WIDTSOE’'S EXPERIMENTS.

Widtsoe (1909) gives the average water requirement found for
each of the crops used during the 4-year period covered by his experi-
ments. (Table XVII, p. 28.) The results obtained using ““College
loam” soil may be considered as representing the water requirement
of crops at Logan, Utah, when grown in productive soils. Widtsoe
gives the following values for the water requirement of crops in this
soil: Corn, 386; wheat, 546; sugar beets, 407; and peas, 843. These
results are in agreement with those obtained by the writers in north-
eastern Colorado, with the exception of sugar beets, the water require-

~ ment of which is 32 per cent higher than the ratio obtained there.

LEATHER’S EXPERIMENTS.

Leather (1910, 1911) has measured the water requirement of a num-
ber of crops at Pusa, India. His experiments were carried on in
glazed stone jars of various sizes, 9 or 12 inches in diameter and
from 12 to 22 inches in depth, ranging in capacity from 12 to 48
kilograms of soil. The jars were not covered, the loss of water from
the soil being estimated by the use of check jars in which no plants
were grown. When a number of crops were grown in the same soil,
four blank jars, two of which contained manured soil, were used, and
the arithmetical mean of the losses taking place from the four jars
was assumed to represent the- amount of water which evaporated
directly from the soil during the experiment.!

1 Leather cites in fllustration four blank jars which lost 9.98, 10.68, 13.03, and 14.11 kilograms, respec-
tively, during the growing period. He states that the differences are not attributable to the presence of
_manure. The probable error of a single determination as calculated from the sbove figures is 1.6 kilograms.
The water transpired by juse with different treatments during the perfod covered by the above figures is
a8 follows: Unfertilized, 3.4 and 6.7 kilograms; with nitrogen, 6.2 and 7.1 kilograms; with nitrogen snd
phosphoric acid, 36.1 and 28.1 kilograms. The probable error of the evaporation correction thus amounts
to about 5 per mto{thomulmmphtbnmthamoofmmmyphnm. ‘With the unfertflized plants
it is 47 and 24 per cent, respectively. This uncertainty arises from the differences in the evaporation from
blank jars even when they are treated alike. A further error which can not be estimated results from the
kctthatthewﬂ!nthomlwropohhshaddmddrbdbythoplmumwlng in it
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. The jars were supported on small cars, which ran on tracks extend-
ing to the culture house from an inclosure covered with wire netting.
During the day when the weather was good the jars occupied the
screened inclosure. At night and during ‘wet weather they were
brought under cover. . - T -

The jars were weighed each morning, which was accomplished by a
large beam scale sensitive to 5 grams with a maximum load of 100
kilograms. By means of a cross track, jars from any track could be
brought under the balance for weighing. . ' .

Water was added through unglazed earthenware cylinders about
5 centimeters in diameter and from 15 to 20. centimeters deep, pro-
vided with small holes in the bottom and the lower part of the sides.
These cylinders were fixed in position in the center of the jar, so that
the upper edge coincided approximately with that of the sides of the
jar. By watering through these cylinders the surface soil remained
Joose, friable, and nearly air-dry, and cracking was avoided. The
direct loss of water from the soil was also much reduced, -being only
about one-third as much as when the water is added to the surface o
the soil. The roots were not found to be unusually abundant about
the cylinders. Clean well water was used for watering the plants.

Fertilizers, wherr used, were added either in the dry state to the
air-dried soil or were dissolved in the water used for dampening the
goil before filling the pots. The weight of the plants after drying at
about 100° C. was used in the final calculation of the water require-

_ments. A summary of Leather’s results is given in Table LXX. '

TasLe LXX.—Relative water requirement of crop plants at Pusa, India, based on re.mlb
of soils fertilized with N+P and N+P+K, according to Leather (1910 and 1911).

aper | waser cooer | water
number | wal num wa
Crop. pots used| require- Crop.  |pots used] require-
in tests. ment. in tests. |- ment.
Cold-weather crops: i Monsoon cro ontinued.
Wheat( Triticum sativum). .23 544 £10 Juar (Andropogon sor-
Barley ( Hordeum vulgare). 4| 468312 GAUTRY . veeneaeensens 2| @74
Oats (A vena sativa). ... ... 4| 46940 Murwa (Ragi millet, Ele-
Linseed (Linum usitatis- uUIiNne COTACONG) vveeeo-e 2 263+ 2
JIMUM) . eeeovnncenarvens 6 807149 Kodo (Kodo millet, Pas-
Sarson (kali, Brassice palum scrobiculalttm). ... 1. cooeaaens 312+ 4
mgmria) ............. 6 496132 Rahar (pi§eon-pea, Cajon :
Pea (Pisum sativum). . ... 4 563128 INAICUM) <o occavaanee 4 63515,
Gram (chick-pea, Cicer Guar ( Cyamopsis psora-
Qrigtinum) . .cco.eeencenes 4 81877 lioides, C.tetragonoloba). 2| 598+ &
Monsooncr?s: Rice (Oryzs sativa)........ 2 811411 |
Maize (Zea mays) .-.-.... 31 337+ 5 - Sugar cane (Saccharum
. officinarum) ............ 2 212+ 1
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The cold-weather crops have a higher average water requirement
than the monsoon crops. Barley and oats have the same water
requirement, while wheat is about 16 per cent
higher. Chick-peas, rice, and linseed have
the highest water requirement, which is nearly

Next in efficiency to the sugar cane are millet,
corn, and sorghum.

BRIGGS AND SHANTZ'S EXPERIMENTS.

The writers (1913) have measured the water
requirement of plants in the Great Plains at
Akron, Colo., and at Dalhart and Amarillo,
Tex. For a comparison of the results at
Akron and the Texas stations the reader is
referred to Table LI
(p. 61).

Fig. 5.—Pot used by Briggs and The plants were
Shantz (1913) in measuring the grown in large ga.lvan—
water requirement ot plants. . . .

- ized-iron cans contain-
ing about 115 kilograms of soil. All direct
evaporation from thesoil was practically elimi-
nated by tight covers.and by sealing the open-
ings around the stems of the plants with wax

" (fig. 5). The method of watering is shown in
figure 6. In order to determine the pl:obable ¥10, 0, Skotoh shomlng the
error of the results, six pots were used in each  gevice used by Briges and
determination. Over 200 cans were employed  Shaotz (1913) in adding

. . . . . water to the pots.

in the experiments at Akron in 1911, including

tests with 30 varieties of crop plants. The results are summarized

in Table LXXI.
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ABLE LXXI.—Summary of water-rcqmremmt measurements of varieties and cropi at
... Akron, Colo., 1911, awordmg tangga and Shantz (1913, p. 4’1)"‘;&“”” A~

BASED oN ann'r OF Dnv m'rmn Pnonvc: .

LT e PR
fee tesr b Watenoqukemenh)mﬁ}

Crop. v Varlety. E o N RELE- BN 5, :
o ! CTEE ]| adety. Cmp °°’“q,

. . : . Rt “.‘""*' ‘!ust.
Aolfa. e eeenennens Grimm..........co.hees 1,068’ 1

, ﬂ
© 800 "‘}4"’5153

\rtemisia frigida...}......... 765
............... Spring. R vr!rﬂm :
R S L T 709, 140
BRI LR T
Burt........c..e K . ;5"- e
BES. - eeeeeeiennn STredish Select. TR AL
O PPy P -
BOCKWRORE . ccei.tnafareearerarerasairoseennaibaccundaionuacuennoneocenss 578+13 578
BeardlsS..eeeseevacenvoastioeasenniomasanananscras 544+ 0 L
Beldi......... 54342 539
White Huli-ess. . 54243 "
HANNChON o s veaemecrsnaneammesssannaasensssnsnns 527+8 ~,
O3 e o 11 ST 53414 g
Bluestam.......... 53115
Wheat. . ........... S(,P ..... 506£3 507 0
‘ all os.... ....... 40614
- Kubanka....c....... 4688 o -
ieH
- S, Irish Cobbler. 448111 448 . 88{
M1312 1 7
37748 377 74
42043 . .
368+10 369 - T
3195 H
35614
336+ 5
20547
. 33343
32142
30143
298+4
278+5
28742 }
26315

BASED ON WEIGHT Of GRAIN PRODUCED.

22184100
2215437

1475440
1210438
115518
1134227

1037+33
923.£40

118457
. 80812

ré.d‘ﬁ_.&‘.,}mm& 3
: i




82 WATER REQUIREMENT OF PLANTS.

- Of the crops tested, those most efficient in- the use of water are
the millets, the sorghums, and the corns, their water requirement
ranging from 275 to 370. The legumes, alfalfa, sweet clover, and
Canada pea, have the highest water requirement, ranging from 710
to 1,070, while the small gra.ins, wheat, barley, oats, and rye, have
a water requirement ranging from 510 to 700. Potatoes and sugar
beets are intermediate between the small grams and the corns. The
efficiency of the grain sorghums and millet is again apparent in grain
production. Spring rye and Canada peas are least efficient, while
oats, wheat, barley, and buckwheat are intermediate. Varieties of
barley, wheat, oats, and. sorghum show great differences in the
water requirement for grain production.

In the investigations which have been discussed heretofore the

- determinations of the water requirement have been limited to

different crops. In this investigation the water requirement of
different varieties of the same crop was also determined, and measur-
able differences were found. These varietal dlfferencw suggest not
only the superiority of certain strains but also the desirability of
applymg wa,ter—requlrement measurements in the selection of varie-
tles for semiarid regions.

CONCLUSIONS.

In comparing the results obtained by different investigators rela-

- tive to the water requn-ement of different species of plants, two pomts

should be kept in mind: (1) A real difference in the results is to
be expected if the climatic conditions differ at the places where the
expenments were conducted. From this point of view the observed

differences in the water requirement may be looked upon as a meas- -

ure of the climatic differences. (2) Differences due to the method
of experiment, to the use of different varieties, to the amount of plant
food available, to the period during which the crop was grown, and
to other snmla.r factors must be classed as experimental errors in a
comparison of this kind. The summary of the results of -different
investigators as presented in Table LXXII should then be considered
with the points mentioned above in mind. Often the results are not
strictly compa.rable even when forming part of the same investiga-
tion, owing to differences in the duration or penod of growth, and
the more detailed statement given elsewhere in the bulletin should
be referred to in this connection.
285 -
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TABLE LXXII —-Summary of water requirement deta-mmatwm Jor, d@_p'ermt crops. as

n d !/ 1 . . .
qwmw‘{_‘ " 1ﬂue1we bycnnatc R R ig o e i

A FE

BRI A",':‘H I I e oo e b ESE BN

i ‘ . | Von Beel-

<. Lawes Hell- - ) . B 3

#1880, " [WOnYs | riogel, | King, " | DOt | Widtoos, | Leather, | ]
Rotham- | yonidn 1883, |1892-1805, Gott- : 1900, —1910-11-, Shantg, ;-

7 sted | Dahme, [ Madison, | - | Logad, | “Puss,” | 1013, 1

s “"iEgg: mG:-';' Ger- * .| " | Utah. | Indis hA 'fi
IR e . | . W Ger-' .| Vtab | India. .
A d. : many. . v. il “eolo.

Wheat.......00L0. 5
QOats.... ..

Clovet fred) ..........
Clover (sweet).. ..
Alfalfa .

mlﬂSum:.,ni‘z}lmgd with respecig };o crops w%)thout respect to varieties. lmi;imd. only cro’lpg read sh lcl
Somiic the detanad Alsvasslen o cath tasesHgation In the sasiier Bortions of tu ballettn. ¢ ,°“4 ¥ -

Lawes, working in England, obtained a lower va.lue for the water
requu'ement than any other investigator. Hellriegel and Von Seel-
horst, in Germany, both obtained comparatively low values, whﬂe'
Wollny’s results are comparatively high. King, workmg in Wis-
consin, obtained lower values than the writers obtained in north-
eastern Colorado. "Widtsoe’s results at Logan, Utah, agree closely

_with those of the writers, being from 4 to 7 per cent higher for'all
crops except the sugar beet which was 32 per cent higher. Lea.ther
at Pusa, India, obtained lower values for oats, barley, corn, tmd
peas, but higher values for wheat and sorghum than did the writers.
Wollny’s results are higher than the writers’ in every case where the
same crop was grown, with the single exception of corn.

The relative positions of the different crops vary greatly in the
different investigations. Wheat and barley alternate, wheat having
the higher water requirement in Hellriegel’'s and Leather’s deter- .
minations and barley ranking higher in Lawes’s, Von Seelhorst’s, and
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84 WATER REQUIREMENT OF PLANTS.

the writers’ measurements. Rye has a higher water requirement

‘than wheat or barley in every case. The water requirement of oats

is higher than barley in all cases except in Wollny’s determinations.
Peas gave a water requirement lower than barley in all cases except
Leather’s and the writers’. The water requirement of potatoes was
lower than barley in all cases except in King’s determination.

DETERMINATION OF THE WATER REQUIREMENT OF CROPS
UNDER FIELD CONDITIONS.

CROPS GROWN WITH IRRIGATION.
WIDTSOE’S EXPERIMENTS.

Widtsoe (1912) conducted an extensive field experiment for the~
purpose of determining the effect of different amounts of irrigation
water upon the water requirement. A number of crops were em-
ployed in the investigations. The results are given in Table LXXIII,

‘the amount of irrigation water applied being given in the first column

of the table. In addition to this irrigation water, there was available
to each crop the rainfall of the season, which amounted to about 5
inches, and also the water which was stored in the soil at the be-
ginning of the season as the result of the winter rains. From earlier
measurements Widtsoe has calculated the average amount of stored
water removed from the soil by each of the crops tested. The sum
of the rainfall and the stored moisture used by each crop, according
to Widtsoe's calculations, is given at the bottom of the table. This
sum was added to each amount of irrigation water applied in calcu-
lating the water requirement of the crop. This procedure assumes
that the soil-moisture content was the same at the end of the season
in all of the plats devoted to a given crop without reference to the
amount of irrigation water which had been applied during the season
and which varied from 4 to 70 inches. It is unfortunate that mois-
ture determinations were not made in each plat at the beginning
and at the end of the season in order to avoid the uncertainty arising -
from this assumption.
285




e AL

WATER REQUIREMENT OF CROPS UNDER FIELD CONDITIONS 85

Tasre LXXIII ——Eﬁ'act of different amounts oj irrigation water on the wata- requu-emmt

of crops under ﬁcld conditions, according to Wuitaoe (1912 Pp. 55-57) ‘i

Water requirement, including evaporation, for— * * ' ¢/ ey

Water applied. .
Whest.| Osts. | Barley.| Con. | Alfalfa| SUEST |Garrots,| Pote- ‘g“: Onions.

0. ey
Boil water and rain-
fall used by cro;
in agdmon bo irr]

Inches.......... 13.74 9.68 9.66 5.54 1491} 10.25| 10.25 8.17 5.5¢4 5.54

Widtsoe’s results show clearly the great increase in the water
requirement, which includes the evaporation as well, when theé
quantity of irrigation water applied is increased, the largest. amounts
of water applied resulting in a water requirement of about three times =
that observed when small quantities of irrigation water were used & S

CROPS GROWN WITHOUT IRRIGATION. . N -

LEATHER’S EXPERIMENTS..

Leather (1911) also measured the water requirements of a number
of crops under field conditions. The land selected fer the purpose
was kept fallow during the rainy (monsoon) season, and the crops
were sown at the beginning of the dry season. Moisture determina-
tions were made in each plat soon after the plants were above ground
and again at harvest. The difference in the amount of water in the -
soil at the time of these two measurements plus the water added
through rainfall represented the total loss of water. The rainfall -
during the experimental period was very low, being only 0.4 inch at
Pusa in 1908-9 and 0.2 inch in 1909-10, mtﬂ:mg the conditions excep-
tionally favorable for an experiment of this kind. - Moisture deter- ' -
minations at seeding time and at harvest were also made.in a part-of
the field' which was kept fallow throughout the expernnent ’
difference in these ‘determinations ga.ve ‘the loss due to evaporatic
from the fallow plat. iThe evaporation loss fromi the cropped plsts
was assmedtobethesameasfrom‘hefﬂlowpht 'The differ
between the total: ammmt of water loat |
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tion was ascribed to the transpiration of the crop. This, divided by
the dry matter produced, gave the water requirement. The crops
grown were heavy, amounting to 5,000 pounds or more per acre in the
case of the cereals. About 50 square feet were harvested for deter-

" mining the dry matter produced. The area of this sample included
the point where the initial moisture determination was taken. Mois-
ture samples were taken to a depth of 9 feet. Table LXXIV shows
the results of Leather’s field determinations of the moisture require-
ment and includes also some determinations of the water requirement
of wheat grown under irrigation at Cawnpore, India.

TaLs LXXIV.—Water requirement of crops in India grown uider field conditions,
: according to Leather (1911, pp. 234-279).

‘Water require-
Rainfall ment.
during
experi-
ment, | Noma-
nure.

Crop. Station. Year.
Manure.

Unfortunately, Leather’s experiments were, for the most part,
conducted upon a single plat in each case. It is consequently not
possible to form any definite conception of the probable error of the
experiments. Results from duplicate plats are, however, available
in the case of the irrigated wheat grown at Cawnpore, and the probable
error for a single determination is, in the case of these results, 12 per
cent.and 17 per cent, respectively, of the observed water requirement.
It is therefore evident that a relatively large observational error is
to be expected in this method of determining the water requirement.
Some of the anomalies appearing in the results, notably the higher
water Tequirement obtained in some cases when manure is used, are
probably to be ascribed to experimental error. From investigations
now in progress regarding the loss of water from fallow lands in the
Great. Plains, the writers are inclined to believe that the direct evapo-
ration from the soil of the fallow land is considerably greater than the
corresponding loss from the soil:of the cropped plats. ‘The soil of the
cropped plats is not only .shaded by the growing crop, but is also
considerably protected. from wind, so that the humidity of the air is
285
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relatively higher immediately above the soil surface than over the
fallow land. The crop in its early stages also dries out the surface
soil, so that the water content of the upper layers of the cropped plat

is materially lower than the fallow land. This would tend to reduce .

the evaporation loss from the cropped plat. It would consequently
appear that the correction term for the evaporation loss from the

cropped plats is somewhat too large, which would tend to give too -

low & value for the water requirement under field conditions. . It will
be noted that the values obtained in the field experiments are, almost
without exception, below the mean water requirement obtained from
the pot experiments. (Table XL, p. 52.) Leather calls attention,
however, to the fact that in the latter determinations small pots were
used in a part of the experiments, which tend to give too high a value
for the water requirement. He also suggests as a possible source of
error the capillary rise of water from below the 9-foot level in the

field experiments, but believes the error due to an unmeasured water

supply from this source to be very small. The field experiments of

the writers fully support him in this conclusion.

BRIGGS AND SHANTZ’S EXPERIMENTS. .

The writers’ measurements of the water requirement of wheat under
field conditions at Akron, Colo., were based upon the water removed

by the crop as shown by the difference between the initial and final -

water content combined with the rainfall entering the soil, deter-
mined by daily sampling. No correction for evaporation was
attempted. The results are summarized in Table LXXV. The water

requirement of wheat grown in the field was found by this procedure -

to be higher than that obtained in the pot measurements. However,
when the rainfall during the growth of the crop was not considered,
the water requirement of the wheat grown under field conditions
agreed closely with that obtained in the pot cultures. The writers
attribute this to the fact that the wheat was drawing its supply of
moisture from the subsoil at the time of these rains, and failed to

" develop a surface root system in time to absorb the rainfall befofe it

evaporated.

TapLe LXXV.—Comparison of water requirement of Kubanka wheat uop? groum under
field conditions, 1910 and 1911, according to Briggs and Shantz (1913, p. 41). . -

‘Water requirement.

Including rainfall S
during growth, Excluding mlnhn. -

Chugctero(expeﬂmmta.
Based on | Based on | Based on Bfndan‘.
- . dry matter.| grain. dry matter.| ~grain. % o
486 £1,780 %y
466 1,814 ¥
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CONCLUBSIONS.

" The measurement of the water requirement under field conditions
is uncertain, owing to the difficulty of determining what proportion
of the rainfall during the growing season is actually used by the crop.
This uncertainty arises from a lack of knowledge regarding the
amount of run-off and the amount of rainfall that is evaporated from
the soil surface without becoming available to the crop. The pro-
duction of the crop upon water stored in the subsoil during a period
without rain, as in Leather’s experiments, is an ideal condition for
field measurements of this kind. Under these conditions Leather
obtained a lower water requirement in the field experiments than in
the pot cultures. The writers found that the water requirement was
hlgher under field conditions than in pot cultures if the rainfall dur-
ing the growing period was taken into consideration, but that the
determinations agreed closely if the light rainfall that occurred dur-
/ing the growing season was ignored.

SUMMARY.

The term ‘‘water requirement’’ is used in this paper to indicate the
ratio of the weight of water absorbed by a plant durmg its growth to
the dry matter produced.

The experiments made in connection with the effect of soil-moisture
content on the water requlrement show, as a rule, an increase in the
water requirement when the soil-moisture content approaches either
extreme. Many of these experiments were conducted in open pots
and the direct evaporation estimated from check pots without plants.
Owing to the uncertamty of this method when a wide range in soil- '
moisture content is employed and to the difficulty of securing a uni-
form distribution of soil moisture when the soil is maintained at a low
water content, it would appear that the direct effect of soil-moisture
content on the water requirement is still an open question.

Many investigations have been made regarding the effect of fer-
tilizers on-the water requirement, and with few exceptions the ex-
periments show a reduction in the water requirement accompanying
the use of fertilizers. In highly productive soils this reduction is

slight. In poor soils the water requirement _may be reduced one-
half, or even two-thirds, by the use of fertilizers. Often a high water
re_g_gy_g_n_ggf_]g_due to a deficiency of a single plant-food_element.

As the mpplvwwwn, growth
practwa.lly ceases, while the & trangpiration cc cop,tmues,wh.lch,lead&,.maa.
hi‘gii‘*‘mf"r"i'eulrement This em ha.s1zes the im main-

tan -- a_mlmm"m




‘narrow-leaf type mdqpendent of its leaf area.

SUMMARY. o 89
As a whole, the investigations relative to the effect of fertilizers on
the water requirement show clearly that transpiration is not a
measure of growth, even under the same atmosphericconditions,
since the water requirement is profoundly aﬁecmd by the pla.nt food
available in the soil. ol e
The type of soil used may affect the water requlrement in so far
as it determines the amount of plant food available to the crop.
There is no indication that the texture of the soil, independently of

the plant food it contains, affects the water requirement of plants.:': -

o

The water requirement is influenced by limiting the amount of soil
available to the roots of the plants, the water requirement decreasing

within limits as the amount of soil is jncreased. - This would follow

as a result of an inadequate supply of plant food. In. some cases the§
water requirement has been increased as a res

This would follow from the reduction of the available supply of_ﬂmt
foBH'By the “prévious crop.

No dueTmeasurements have been made of the effect of soﬂ tem- '

perature on the water requirement. Leather found, however, that an

increase in the soil temperature due to the sun shining on the pots =

did not materially affect the water requirement.
The water requirement has been shown to be profoundly affected
by the atmospheric conditions. The water requirement of the same

crop varies greatly according to the period of the year in which it is

grown. Similarly, the same crop will give a widely differing water - -

requirement wheun grown in different regions during the same period.

All of the mvestlgatlons which have so far been made mdlcate '

that shading increases the water requirement. This would follow
if the shade were so dense as to reduce photosynthems .

The water requirement is greater in dry than in moist air. Mont-
gomery and Kiesselbach have found the water requirement of corn
to be proportional to the evaporation from a small free water surface. .
From their data the writers have shown that the water’ requ1rement
was approximately proportional to the saturation deficit of the air. -

Sorauer found the water requirement to increase when the carbon-
dioxid content of the air was diminished, which is ana,logous to 2
deficiency in mineral plant food.

Wimmer has shown that the water requirement of sugar beets and
celery is increased by the attacks of parasitic nematodes. The
infested plants grow more slowly, which would account for the
increase in the water requirement. o

Montgomery has compared the water requirement of narrow-leaf °
and broad-leaf types of corn, and found that the narrow-leaf strain -

i had a lower water reqmrement ‘It is, however, poss1ble that this

difference may have beén dué'to’a ‘superior vaneﬁal eﬂimency of the
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SUMMARY, S 89

As a whole, the investigations relative to the effect of fertilizers on
the water requirement show clearly that transpiration is not a
measure of growth, even under the same atmospheric conditions;
since the water requirement is profoundly a.ﬁected by the pla.nt food
available in the soil. s Lt i
The type of soil used may affect the water requlrement in so fa.r
as it determines the amount of plant food available to the crop:
There is no indication that the texture of the soil, independently of
the plant food it contains, affects the water requirement of plants. ' .
. The water requirement is influenced by limiting the amount of soil
available to the roots of the plants, the water requirement decreasmg ‘
{ within limits as the amount of soil is increased. - This would follow
| as a result of an inadequate supply of pla.nt food. " In. some cases theﬁ "
water requirement has been increased asar
, This would follow from the reduction of the available supBIy o{plmt
| fm'Bz the“previous crop.. .
} N direct measurements have been made of the eﬁect of soxl tem-
perature on the water requirement. Leather found, however, that an
increase in the soil temperature due to the sun sh.injng on the-pots ~
did not materially affect the water requirement.
The water requirement has been shown to be profoundly affected
by the atmospheric conditions. The water requirement of the same
crop varies greatly according to the period of the year in which itis " |
grown. Similarly, the same crop will nge a widely differing water - -
requirement wheun grown in different regions during the same penod
. All of the mvestlgatlons which have so far been made mdlcate '
that shading increases the water requirement. This would follow
if the shade were so dense as to reduce photosynthesns
The water requirement is greater in dry than in moist air. Mont,-
gomery and Kiesselbach have found the water requirement of corn
to be proportional to the evaporation from a small free water surface. .
From their data the writers have shown that the water requlrement
‘ was approximately proportional to the saturation deficit of the air.
o Sorauer found the water requirement to increase when the carbon-
dioxid content of the air was diminished, which is analogous to a
deficiency in mineral plant food.

_ Wimmer has shown that the water requirement of sugar beets and
PO celery is increased by the attacks of parasitic nematodes. The
infested plants grow more slowly, which would account for the
increase in the water requirement. T

) Montgomery has compared the water requlrement of narrow-leaf
A and broad-leaf types of corn, and found that the narrow-leaf straii
” . " had a lower water reqmrement It is, however, posslble that this

| '~ difference may have beén due to'a superior varietal eﬂimency of the
é ‘narrow-leaf type mdependent of its leaf area.
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Von Seelhorst’s experiments on the effect of frequent cutting indi-
cate that grassland can produce dry matter more efficiently than
pasture land. In other words, the water requirement of the grasses
is apparently higher during the earlier stages of growth than at any
other time. These experiments, however, include the loss due to
direct evaporation from the soil, which might be greater during the
earlier stages of the crop.

T - A summary of the water-requirement measurements which have been
o made with different crops is given in Table LXXVI. The varia-
S tion in the water requirement of the same crop as determined by .
different investigators is due largely to soil and climatic conditions,
but probably in part also to the use of different varieties as well as
to experimental errors. The data given in the same investigation
are not always strictly comparable, since the crops were not all
grown during the same period.

o TapLe LXXVI.—Summary of the water-requirement measurements for various crops, a8
e . . determined by different investigators. i

Lawes, | Wollny, | Hellrie- | King, Sw‘liho:rst, Widtsoe, | Leather, B;lilgdgs '

| Ay | EOL1SSS, | 1892 | 1898t | 0007} 101011, | Shanta

Crop. Rotham- | Munich, | Dahme, | to 1895, |1898, Got- Logan Pusa, | 1913,
sted, | Ger- |  Ger- ' |Madison,| tingen, | YpgaD, | Fusa, | 1913,

England.| many. |- many. Wis. Ger- : : Colo.
many. )

- Peas...........

Clover (red)....
Clover (sweet). .
Alfalfa

::One of the most striking features of water-requirement measure-
ments is the marked difference in efficiency exhibited by different
- plants in the use of water. The millet, sorghum, and corn groups
haye been found the most efficient, while alfalfa and sweet clover are
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the least efficient in producing dry matter with a glven amount of
water. The small-grain crops have a water requirement intermedi-
ate between the legumes and corn. Measurable differences in the
water requirement also exist between different varieties of the same
crop, and this suggests the possibility of developing. through selectlon '
_strains which are still more efficient in the use of water. . . i
Leather found that the water requirement of a crop grown under \
field conditions was, as a rule, lower than the water requirement, of N
the same crop determined from pot experiments. - The writers’ meas-
urements of the water requirement of wheat under field conditions
gave a higher value than the corresponding pot determinations. If,

however, the calculations were based,upon the amount of stored
moisture removed by the crop without reference to-the rainfall [ -

received during the growing season, the field results were in close .

agreement with the pot experiments. T
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