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PPROXIMATELY $500,000 worth of irriga- A	tion water is lost annually from canals west 
of the Mississippi River because of the 
transpiration of weeds, notwithstanding the 

asphalt linings of the canals. The weeds, which are  
able to  pierce such linings as well as  thin linings of 
concrete, are a major problem in all irrigated agri- 
cultures, especially where water is conveyed in open 
canals over long distances. 

Thick linings of concrete would prevent the weeds 
from growing through. Their cost, however, would be 
prohibitive, and their maintenance difficult. Applica- 
tion of arsenates, copper salts, and other herbicidal 
inorganic chemicals to soil supporting the flexible 
bituminous canal linings is an unpromising measure. 
Tolerance of weeds for  such poisons requires rather 
costly applications; the herbicidal effects, if any, are 
apparently temporary; finally, there is a strong op- 
position to  such pretreatment of the soil among the 
users of water, however unreasonable this opposition 
may appear to be. Certain organic compounds, nota- 
bly derivatives of benzene, are  capable of destroying 
weeds economically and r a p i d l ~ . ~  Unfortunately, they 
do not attack the seeds and must be used frequently 
and repeatedly. Technological research may still result 
in the discovery of a cheap weed-resistant material fo r  
the canal linings, or of effective, enduring, and unob- 
jectionable herbicidals for  the sterilization of the soil. 
Developments are slow, however, and disappointments 
are too numerous to be stimulating. 

Such is a rough outline of the problem as I learned 
it  from R. S. Rosenfels and John S. Shaw, in  1947, 
in Denver. I t s  biological aspects reminded me of some 
earlier findings in C a l i f ~ r n i a , ~  confirmed subsequently 
by later investigators.* 

1 I am indebted to the administrative officers of the U. S. 
Bureau of Reclamation a t  the Denver Federal Center for 
their hospitality, to R. S. Rosenfels (now of Richland, Wash.), 
and to  John S. Shaw for their interest and active participa- 
tion in the studies, and to many others of the bureau's staff 
for aid and advice. I am indebted also to G. F. Carter, chair- 
man of the Isaiah Bowman School of Geograph: The Johns 
Hopkins University, for his interest in and encob:?gement of 
these studies : to  C .  F. Miller, of the School of Engineering, 
for his enlightened comment ; and to H. Bentley Glass, of the 
Department of Biology, for  his interest in and criticism of 
the paper. 

2 John S. Shaw. U. S. Bureau of Reclamation, has met with 
some success in this method. 

a Sokoloff, V. P., and Koltz, L. J. Cal i f .  Citvograph, 28, 290, 
308 (Nov. 1943) : Klotz. L. J., and Sokoloff, V. P. Citrus 
Leaves, 23, 1,22 (1943). 

'Curtis, D. S., Chapman, H. D., and Zentmyer, G.A. 1 9 4 9  
Yearbook. Calif. Avocado Soc., 155. 
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These earlier studies dealt with susceptibility of 
feeder roots to certain pathogenic fungi developing 
in consequence of stresses induced in the respiratory 
system of the plants through exposure to weak poi- 
sons or to mechanical-physical shock. Plants so con- 
ditioned would yield to parasites or pathogens, which 
they could resist successfully as  long as stress or shock 
was avoided. The state of susceptibility induced in the 
plants was temporary. A large number of plant spe- 
cies responded to the conditioning in about the same 
manner (citrus, avocado, walnut, corn, wheat, tomato, 
radish, lettuce, cauliflower, etc.), whereas the nature 
of the pathogen seemed relatively unimportant. An 
inference from these earlier findings was reasonable: 

I f  such a state of susceptibility could be induced 
and maintained economically in the germinating seeds 
of noxious weeds, the problem of weed control in  the 
field would be on its way to a satisfactory solution. 
The testing of this hypothesis was carried out as  
follows : 

Tes t  plants. Smooth bron~e  grass, yellow sweet 
clover, buf£alo grass, crested wheat, and Great North- 
ern beans were chosen as test plants fo r  the experi- 
ments. The first four are common weeds in Colorado 
and elsewhere; the beans were used because of their 
vigorous growth and their previously observed capac- 
ity to  penetrate almost any bituminous lining and to 
split thin linings of concrete. My earlier and later ob- 
servations lead me to believe that practically any 
plant, wild or cultivated, would respond in about the 
same way to the succession of regimes described below. 
The seeds were a par t  of Mr. Shawls collection and 
were of excellent quality, yielding practically 100 per 
cent germination in test lots. 

Soil. The humous A horizon of an alluvial soil from 
the banks of an irrigation canal, Denver Federal Cen- 
ter, was the test material. The soil was a dark-gray, 
heavy, silty clay loam to clay loam with a chernozem- 
like structure and a p H  of 7.4 in 1:1 aqueous sus- 
pensions. This is one of the fertile soils of the area, 
and it  supports a n  abundant growth of weeds and 
also of volunteer oats, alfalfa, wheat, etc. I t s  com-
paction characteristics are  unfavorable because of the 
relatively high silt content. The choice of this par- 
ticular soil f o r  the experiments was determined by 
its unfavorable properties from the point of view of 
weed control. I f  positive experimental results were 
obtained with this control-resistant material, one 



would be encouraged with respect to less difficult soils. 
I n  earlier, unpublished work, I observed nearly the 

same response of plants to the treatment shortly to be 
described on soils ranging in texture from sand to 
clay, as  well as  on peat, muck, gravel, and in water 
cultures-in short, throughout a wide range of test 
materials and conditions, as long as  certain basic 
features of the treatment remained the same. 

Colztainers. Cylindrical tin cans were preferred to 
other containers in our tests, chiefly because of their 
suitability for  the mechanical compaction treatment. 
The inside diameter of the cans was 5.1 inches; their 
inside depth, 5.9 inches; their volume, 155 cubic in- 
ches; and their capacity, about 8 pounds of compacted 
soil a t  100 pounds per cubic foot. 

Chemicals. Chemically pure nitrates of calcium and 
potassium, glucose, and sodium phosphates were used 
as aqueous solutions in distilled water. I n  the second 
series of tests, cane molasses was substituted for  the 
glucose and t a p  water fo r  distilled water. Only refined, 
table-quality cane molasses (Brer Rabbit) was avail- 
able a t  the time, which was somewhat regrettable, al- 
though the results here reported are  not affected by 
quality of the molasses. My preference for  the crudest 
and cheapest cane molasses was determined not only 
by the successful results previously obtained, but by 
its low cost. As a matter of fact, any carbohydrate 
waste such as  sweet-potato peelings or sugar-beet 
refuse would yield about the same results. The com- 
mon impurities in low-grade molasses, both mineral 
and organic, are desirable in the control of weeds. 
The usual variations in their content are unimportant. 
Their presence serves to  obviate the necessity of add- 
ing essentially the same substances to the enrichment 
cultures. 

The following sequence of environments in soil cul- 
tures is generally conducive to the attainment of our 
purpose-namely, the prevention of weed growth : 

Reduction of pore space t o  the practical m in imum.  
This is accomplished by compaction in the presence 
of moisture optimal fo r  the purpose. The function of 
moisture is to serve as a lubricant enabling soil par- 
ticles of various sizes to slide into spaces or inter-
stices between other ~ar t i c les .  There is a maximum 
compaction for  any given soil, corresponding to a 
certain minimum pore space, beyond which it  is not 
possible to go. I n  this particular case the optimum 
compaction moisture was determined to be 21.7 per 
cent, and the maximum attainable density, 90-100 
pounds per cubic foot, corresponding to about 4 0 4 6  
per cent total pore space on a volume basis. Some 
sandy soils may be compacted to 125 pounds per 
cubic foot, corresponding to only 24 per cent total 
pore space, assuming the true density of the soil sub- 
stance to  be 2.65. 

The effect of compaction is to  reduce the total pore 
space to about two thirds of its original proportion 
and accordingly to influence adversely the aeration of 
seeds during their germination. The physical effect of 
the compaction is to increase the mechanical stability 

of the ground and to render it  better suited for  the 
linings or pavement to be imposed. 

Compaction alone is insufficient to prevent the ger- 
mination of seeds, however, with or without the 
asphalt capping of the cultures. 

Further  interference w i th  respiration of germina-
ting seeds. An economic way rapidly to exhaust oxy- 
gen in the soil air is to encourage bacterial growth in 
the soil by enrichment with certain added materials. 
The choice of the type of growth to be encouraged 
and, accordingly, the choice of materials to be added 
are determined by the following considerations : 

1) The bacteria should be a common ubiquitous group, 
facultatively anaerobic, with simple nutritive require-
ments, mesothermal, and nonpathogenic t o  man and 
animal. 

2 )  The group in question must not be effective ferment- 
ers of carbohydrates or producers of acid. In  other words, 
the anaerobic metabolism of the bacterial group t o  be 
enriched should be such as not to allow rapid and sig- 
nificant changes in the volume of the gaseous phase of 
the confined soil, in order to protect the bituminous cap. 

3 )  The anaerobic growth of bacteria to be enriched 
should be conducive not only to the deprivation of the 
germinating seeds of oxygen but also to a, production of 
poisons, however mild, further to facilitate the destruc- 
tion of the germinating seeds. 

4 )  The organic substratum of the desired bacterial 
group should be cheap, harmless to man and animal, and 
noncorrosive to the bituminous linings. 

It is evident that only one group of soil microorgan- 
isms satisfies the enumerated conditions, namely, the 
heterotrophic, facultatively anaerobic denitrifiers-
that is, the reducers of nitrate capable of using 
organic substances as donors of h y d r ~ g e n . ~  

The reduction of nitrate has been shown6 to take 
place in the following well-defined steps: 

NO,- t 2H = NO,- tH,O ; i. e., nitrate to nitrite 
NO; + 2H = NO- + H,O ; i. e., nitrite to hyponitrite 
ZNO-+ 2H = N, t 20H-; i. e., nitrate t o  nitrogen gas7 

Denitrification may be arrested a t  either the nitrite 
stage or the hyponitrite stage by controlling the pro- 
portion of the hydrogen donor (i.e., the carbohydrate 
substance) to the hydrogen acceptor (i.e., the oxidized 
forms of N),  preventing thereby the evolution of 
gaseous nitrogen. As to the carbon dioxide and its 
derivatives produced during the denitrification, the 
bulk of the gas may be immobilized in the soil, in  the 
slightly alkaline optimum range of the reaction and 
in the presence of calcium. 

The gaseous economy of the denitrification may be 
5 The taxonolny of this large group is unknown. The Bacil-

lus denilrificans of standard manuals, monographs, etc., cov-
ers a multitude of things. My collection of denitrifiers in 
Rirerside, Calif., in 1940-43, contained more than 60 species,
mostly unidentifled, with many more remaining to be isolated. 

6 "Report on Bacterial Denitrification." University of Cali-
fornia Citrus Experiment Station flles (1941). See also 
Elema. B. De Beaalina van  de  O;o!/datie-Reductievotentiaal 
i n  Bakterienculturea & hare ~eteklcenals  vo r  de &of7wisael- 
in#. Delft : ( 1 9 3 1 ) .  

7 The third stage, hyponitrite to nitrogen gas, is established 
by measurements of NO- and N, as well as of OH-. The pH 
optimum for this Iast stage of the denitrification is on the 
alkaline side of 7. 
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TABLE 1 

EFFECTSOF COA~PACTION, CARBOHYDRATE, ON GERMINATION SEEDSCAPPING, AND NITRATE OF 
IN SOIL CULTURES TO CAPBY PLANTSAND ON DAMAGE OR GAS 

Treatment Eesponse 

Germination Damage to cap 

Corn- Carbo-

pac- Cap hy-

tion trate Brome Clover Wheat Beans By By No. C : N 
gas 

(% of soil) (Number of seeds per 10) 

t* + 10.0 1.2 - O t  - 0 0 0 t 17 34 
t t 7.7 1.8 - 0 - 0 0 0 t 18  17 
T t 5.5 2.4 - 0 - 0 0 0 t 19 9 
t t 3.1 2.8 - 0 - 0 0 0 0 20 5 

-t + 2.2 3.1 - 0 0 0 0 0 21 3 
t f 1.2 3.3 - 0 - 0 0 0 0 22 2 
t t 0.6 3.4 - 0 - 0 0 0 0 23 1 
t t 0 0 - 7 - 5 8 t 0 24 -
t 0 0 0 - 9 - 8 10 t 0 25 -
0 0 0 0 - 8 - 6 10 t 0 3 0 -
0 t 0 0 - 9 8 10 t 0 31 --
0 0 0 0 10 8 6 5 - t 0 1 -
0 0 0 0 10 7 5 5 - i 0 2 -
0 0 0.6 0.5 3 3 0 0 - - - 5 4 
0 0 0.6 0.5 9 0 0 0 - - - 6 4 
0 0 0.6 0 8 3 6 0 - - - 9 -
0 0 0.6 0 8 6 3 4 - - - 10 -
0 0 0 0.5 5 0 0 2 -- - 13 -
0 0 0 0.5 6 0 0 0 - - - 14 -
0 t 0 0 2 2 1 1 - t 0 3 -
0 t 0 0 3 3 1 2 - f 0 4 -
'0 t 0.6 0.5 0 0 0 0 - 0 0 7 4 
0 t 0.6 0.5 0 0 0 0 -- 0 0 8 4 
0 t 0.6 0 0 0 0 0 - 0 t 11 -
0 t 0.6 0 0 0 0 0 - 0 t 12 -
0 t 0 0.5 6 5 0 1 - t 0 15 -
0 t 0 0.5 5 1 0 1 - t 0 16 -
't means "treatment applied." 

t 0 means "treatment not applied" or  "absent." 


controlled, therefore, by the proportion of the carbo- to remove gravel and plant roots, mixed, and stored 
hydrate to the nitrate and by the p H  of the system. in a wooden bin. The air-dry moisture content of the 
For  all practical purposes the carbohydrate-nitrate stock was 3.5 per cent. 
ratio is not critical, provided it  remains below a cer- b )  Eight-pound aliquots of the stock were brought 
tain threshold. This threshold is not affected by the to the optimum compaction moisture of 21.7 per cent, 
nonnitrate nitrogen of the system. I n  our particular placed in the tin cans, and compacted, in layers, to  
case the threshold corresponds to the weight ratio of maximum density.8 
molasses to Ca(NO,), as, roughly, 2 :3 (Table 1 ) .  c) Seeds were planted as described in Table 1and 

An important consequence of the anaerobic metabo- covered by soil five times as thick as the seed's largest 
lism of the denitrifiers is an impairment of the respir- diameter. The soil covering the seed was recompacted, 
atory mechanisms of small roots in contact with the to restore the original surface. 
culture. I t  is this additional effect, accompanying the d)  The asphalt caps were poured over the com-
withdrawal of oxygen from the soil a i r  by the faculta- pacted soil, with care to keep the temperature a t  the 
tive anaerobes, that seems to contribute to the collapse minimum.8 
of the germinated seeds. e) Condition of compacted cultures, plant growth, 

Secomdary invaders. It has been observed consist- etc., were observed daily. 
ently that young rootlets and germinating seeds be- f )  After 23-83 days the experiments were discon- 
come overgrown by fungi in soil cultures previously tinued; the asphalt caps were removed and examined 
enriched with respect to the denitrifying bacteria. The for  damage; condition of seeds was ascertained, to- 
fungi appear to  be parasites or saphrophytes as well gether with the p H  of the incubated soils and other 
as mild pathogens, such as the brown root rot  species. changes in the cultures. 

The importance of this last stage of visible destruc- A summary of observations is given in Table 1. 
tion of germinated seeds remains to be ascertained. The extent of compaction was between 90 and 100 

T h o  ounorimonta onrrioA nnt g r  fnllnlrra . 8 1  am indebted to the Soils Laboratory of the U. S. Bureau ~ x ~ o r o  
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pounds per cubic foot. Thickness of the asphalt cap, 
3 0 4 0  pen., was 1/4 inch in all cases. The carbo-
hydrate was supplied a? cane molasses in Nos. 17-31, 
and as  glucose in  the others; nitrate, as Ca (NO,), in 
Nos. 17-31, and as KNO, in the others. The number 
of seeds planted in staggered rows was 10 of each 
kind, but 8 fo r  the beans. The injury of the asphalt 
cap was by a direct penetration of the germinated 
seed, by pockets of gas trapped in the bituminous sub- 
stance, and, in Nos. 17, 18, and 26, by a disturbance 
of the soil surface under the cap. "0" damage means 
a complete absence of visible damage of any kind. 

The C :N ratio is the atomic ratio of carbon in the 
carbohydrate to nitrogen in the nitrate, assuming 1 
gram-atom C per 41 g of molasses or per 30 g of 
glucose and 1 gram-atom N per 82 g Ca (NO,), or 
101 g KNO,. 

Nos. 17-31 were unbuffered, except by the added 
materials. The others were buffered a t  p H  7.4 a t  
0-time, with the aid of 5 millimols of a phosphate 
buffer per can. All materials added were introduced 
with the moisture used a t  the time of the compaction. 

Nos. 17-31 were examined after 83 days of incuba- 
tion; the others, after 23 days. The loss of moisture 
was not appreciable from either the capped or the 
uncapped cultures. There was some evidence of alco- 
holic fermentation in Nos. 17, 18, and 26-the only 
cultures where p H  of the soil fell to 6.3-6.8 after the 
incubation. The p H  of the others ranged from 7.0 to 
8.4. There was no evidence of precipitation of CaCO,. 

The problem of weed control along canal embank- 
ments lined with bituminous materials is nosed rather 
than solved in the present report, despite the rather 
spectacular positive results obtained in the laboratory. 
A complete solution of the problem in the field could 
not be carried out because of the lack of time, funds, 
and interest. A detailed laboratory investigation of the 
possibilities here demonstrated could not be under- 
taken for  the same reasons, plus the lack of facilities 
fo r  the microbiological research. It is my hope, how- 
ever, that the present beginning may stimulate further 
studies by interested agencies or individuals. 

Field tests should not be difficult, once the optimum 
treatment schedules could be established in the labora- 
tory. Assuming an establishment of such schedules, 
the field practice will require attention chiefly with 
respect to the following probable difficulties: 

1 )  Reproducibility of results obtained in closed 
systems in the laboratory, in systems only partially 
confined as in the field. There should be no difficulty 
in applying the carbohydrate-nitrate mixtures to soils 
undergoing compaction or in  controlling rather nicely 
the amounts and the distribution of the solutes in  the 
soil. The existing machinery and skills are adequate 
fo r  the purpose. The real difficulty is likely to arise 
with the stability of the oxygen-impoverished carbo- 
hydrate and nitrate-enriched environment in the com- 
pacted root zone under the linings. This problem can 

be solved only empirically. Regardless of the kind of 
leads or solutions obtainable in the laboratory, only 
a series of field trials could justify the economic ap-  
plication of the method. 

2) Stability of the herbicidal effects in the field 
environment likewise needs to be ascertained. I n  my 
view, there are reasons in favor of the presumption 
of this stability, provided the compaction and the 
stabilization are  performed with care sufficient to 
minimize seepage, capillary exchanges of moisture, 
and the gaseous exchanges between the enriched com- 
pacted zone and its periphery. Here, again, only a 
series of field trials can ascertain this possibility. 

3 )  Costs of materials and treatments were not con- 
sidered in this study. This aspect of the problem 
would be critical in the field. Granted the locally low 
cost of crude cane molasses, fo r  example, there is 
no reason to limit oneself to this articular source 
of carbohydrate. There may be cheaper sources. I n  
fact, practically any carbohydrate can be employed 
in the method proposed here. 

The effects and the relationships observed have sig- 
nificance in many fields of biological knowledge. The 
underlying mechanisms are suggested plausibly but 
not proved conclusively. Their proof lies in the bio- 
chemical fields now only partially or wrongly devel- 
oped. F o r  example, the conventional line of research 
involving isolations of organisms, "pure-culture" stud-
ies, single-substance effects, isolation of '(pure sub- 
stances." etc.. leads more often than not into blind 
alleys, wherein contact with nature is sacrificed to 
conformity with unrealistic standards of the epigoni. 

The relative sterility of modern soil microbiology is 
due to the neglect of mixed culture studies and to the 
adherence to the postulates of Koch, so useful in their 
day, but already transcended, in part,  by modern 
medicine. 

I n  our nroblem we are dealing with more or less 
c. 


controlled cultures, mixed and impure, and with sus- 
ceptibility-resistance phenomena in germinating seeds, 
which are understood but imperfectly; with shifting 
balances between components of soil populations; and 
with delayed effects and aftereffects of factors and 
substances remaining to be ascertained. The techno- 
logical problem posed is of a field engineering type, 
where the method must fit the need. I n  this study it 
has been observed that (1)  seeds of brome grass, 
buffalo grass, yellow sweet clover, crested wheat, and 
beans can be largely prevented from germination and 
the growth of germinated seeds can be effectively 
arrested in  compacted asphalt-capped soil cultures re- 
ceiving a mixture of carbohydrate-nitrate, under cer- 
tain conditions; and that (2)  the evolution of gas 
in the carbohydrate-nitrate enriched cultures can be 
minimized by a control of the C : N ratio in the soil 
solution whereby the asphalt capping remains un-
impaired. 

These laboratory findings may be useful in the bio- 
logical control of weeds in irrigation canals, and field 
tests to determine their utility appear to be in order. 


