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INTRODUCTION

The composition of the plant is generally accepted
a8 indicative of the kind end amount of nutrients needed
for its growth. Ffor many years soil and plant sclentists
thought that the only chemical elements essential to life
processes were!: carbon, hydrogen, oxygen, nitrogen, phos-
phorus, potassium, calcium, sulfur, magnesium, and iron.
Acoumulation of information has shown that additional
elements are essential to the desvelopment of certain if
not to all plants. Boron was one of the first of the
minor elements to gain a place in the essential list.
Conventional nutrient solutions now contain boron, copper,
zine, mangenese, and sometimes other elements, in addition
to those previously used. Plant and soil lnvestigations
have shown that many factors influence the manner and the
degree to which elements of the soil are transferred to the
tissues of plants.

Certain crops are more drastically changed by varia-
tions in mineral environment than others. In general,
however, a good nutrient status in the soll tends to produce
plant species of good quality end of good nutritive value.
The fertilization of an area may change the plamt population

in the direction of more profitable crops., Blue grass may



e
be made to crowd out broomsedge. Legum@s may take a more
prominent place in the flora of an area thus giving a
profitable response to the changed mineral level in the
soil. Every farmer knows that additions of lime, phosphate,
and potash make an environment favorable to clover and
alfalfa. Boron is also frequently necessary to produce
healthy alfalfa plants and prolong the life of the stand.

Alfelfa is known to be better adapted to eertain soils
and climates than to others. Soils in the limestone valleys
of Maryland will frequently support a profitable growth of
alfelfa for eight to ten years. Alfalfa stands on the
Pledmont, however, are seldom as permsnent. In this Pledmont
areca the profitable life of a stend is frequently less than
five years. All the reasons fb: this difference are not
known, There are many veried factors to he considered in
the problem including the nutrient requiremsnts of the plant,
resistance to root penetration, molisture supply, and chemigal
eomposition of the soils. Alfalfa roots penetrate to greater
depths in the soils of limestone vallays_than in those of the
Piledmont areas. This may be a response to the difference in
the chemical composition of the soils. In the limestone
valleys there is a gradusl approach to the free lime earbon-
ates while the soils of the Pledmont have an acid reaction to
a considerable depth.

Alfelfa production in the Piedmont calls for a careful
consideration of the whole mineral nutrition system, This

subject presents many unsolved problems, one of whieh is



undertaken in the present investligzation, The principal
features of this study involve the correlation of the
yield of alfalfa with the major and minor element
compogition of the planﬁ, and the vaerliations of the
interrelation of these elements resulting from ohanges

in the mineral nutrient supply of the plant,



REVIEW OF LITERATURR

For more than a decade alfalfa investigations have been
directed primarily ﬁaward learning ths caloium, nagnaaium;
phosphorus, potassium, and boron requircments for best
ylelds. Hunter, Toth, and Bear (13) used Hardistan alfalfa
in pot studles with prepared soils having CaiK ratlos in the
exchange complex varying between 1:1 and 32:1., Other major
and minor nutrients were held oonsvant., They report an
abrupt drop in yield (gramsof hay per pot) when the calcium
content of the plant tissue became greater than 2 per cent,
when potassium became less than 1 per cent, >r when the
Ca:K ratio in the plant exceeded 4:1l. It is coneluded that
alfalfa can adjust itself to wide variations of Caik ratios
in the soil making normal growth at ratios between 1:1 and
1C0:1, The highest total yield and the beat root develop~
ment were prodﬁce& ia»@ailnhgvingla Cask ratio of 1l:1 at
the start of the test. The authors state: "0f great
practical interest is the faet that as long as the soil
contained supplies of both Ca éné.x, aétiéractory yields
were produced at wide ratlos of these elements in the soll.

+e» there would be an economic advantage in meintaining
the Ca:K ratio in the soil at 328:1 rather than at some
lower level."

Heddock and Vandecaveye (12) working with pot eultures
used two western Washington solils and found that the best

yields were obtained when lime, phosphorus, potessium, borou,



and menganese were included in the treaiments. uide differ-
ences in Ca:K, CaiB, and K:B ratics within the plant were
obtained.

Brown, Munsell, and King (6) have studied rate and
frequency of fileld applieatibns of potassium ané borén on
some Connectiout solls. They found that the Caik ratiocs
fluctuated widely among the different cuttings of the same
treatment and also between the different treatments of the
game cutting., The suthors atate: "In a comparison of five
nethods of adding potash, 1t was found thet a single large
treatment before seeding produsced alfalfa very high in
potassium and low in calcium the first year, but the reverse
in the third season. This treatment also resulted ia poorer
stands than where the same total amounts of potash were
. divided into annual or more frequent applications. ...
Although the different potash treatments resulted in wide
fluctuations in caleium, magnesium, and potassium contents
of alfelfa, the milliequivalents of those catlons totalled
approximately the seme. Borex at 20 pounds per acre in
1938 and none sinoe has élmnat enﬁirelf prgiéntgd the eppear-
ance of boron deficiency symptoms amd 1neraasa& the boron
content of alfalfa 60 porvéent through 1944, ... Adding
borex has not prolpnéad the stands ar‘inersasnd the ylelds
of alfalfa, excepting on heavily limed soils or on sandy

soils during very dry periods".
Junsell and Brown (16) report that an application of



20 pounds of borax per aere increased the boron in alfalfa
an average of 73 per cent. ;

Reocent work reported by Bear and Prinoce (8) and b#
Wallace, et al (24) gives evidence supporting the idea of
cation~equivalent constancy in alfalfa., These worksrs
analyzed the leaves, the whole plant, stems, roots, and the
expressed sap for thelr potassium, caleium, and magnesium
econtents, They found that the total content of cations
expressed as milllequivalents, tended tc¢ have a constant
value for the different parts of the plant as well as for
the plant as a whole: Bear and Frince (2) report that the
sodium content of the alfalfe was $00 small to be of eny
significance in eonmection with their conclusions.

The most compreshensive compilation of the chemiecal
composition of alfalfa found in ithe literature is that by
Beeson (4). Other composition studies are reported by
Weathers (27), Snider (23), and Walrath (268).

These and other reports in the literature show that
alfalfa, although sensitive to changes in its mineral
element environment, permits rather wide rlnctﬂationa in
its chemical composition. Yields are variable with
different levels of the nutrient elements end an ideal
cultural situation producing the greatest yield of the
highest quality has not been defined. Little work has
been directed toward determining the interrelation of

the trace constituents among themselves and with the



major elements in alfalfa., The seeming lack of uniformity
in the element ratlos suggests thet the fundamental in-

terrelatlonship has not yet been discovered.



PLOT AREA, HISTCRY, AND TREATMENTS.

The alfalfa samples used for the chemical composition
studies were selcotid from a plot area astaﬁi&ﬂ&aa ;n 1942
for the study of th¢ aagtrn1;1ng'¢ttoot of various fertiliz~
ers on alxalfa yelxgﬁﬁ‘#ua'nn the;yield‘at hay. The
exre riment is enyiail'ﬁrainaé Glanalg_it1t7ipﬁn. It has
been generslly éonsiéazua~a'geoﬁ area for this kind of
study in reap#ct to soll type end topography. ’?he field in
which the plots are located 1s part of & farm that hed been,
for more than a decade, subJeoted to tenant farming, The
soil of this fleld had & pH of 5.2 when the farm was pur-
chased by the present owner in 1989,

Table I gives tnéluail management history of the tield
since 1939. Chart I shows the size and arrangement of the
plots. The treatmenmts of the plots used in this study are
givnﬁ 3&,?§b1e iI.



TABLE I

Crop end 8oil msnagement history of field.

Faxm practice

1939
1940

1941

1942

1948

Hervested % T./A. poor quality mixe& hay.

Land plowed in April for corn. 2000 1lb. ground lime-
stone / A. applied and worked into surface. Corn,

unfertilized, yielded 25 bu. / A. Seeded to wheat in

October with an application of 400 1lb. 0-14-7 / A,

Wheat yielded approximately 12 bu. / A. Wheat stubble
plowed in August for ealfalfa. 1000 1lb. hydrated lime
%45% Ca0 and 8% Big) / A. plowed under. 1000 lb. / A.
of same kind of lime and 500 lb. of 0~14-7 / A. worked
into surfaee. 20 1b. / A. of Kansag common alfelfa
seeded and normal stand obtained,

Eerly in June the lst ocutting of alfalfs ylelded
approximetely 1 T. / A. About June 20 the 24 cutting
growth showed severe yellowing. Plots established
for studying the effect of variocus fertilizers on
alfalfs yellows and yisld.

In December 1500 lb. / A. of hydrated lime (carrying
(8% Mgd) applisd to alfalfa sod.




‘CHART I.

Arrangement of variﬁusly‘rertilizsd experimental plots

within an alfelfa field on Glenelg silt loam.
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TABLE IX.

1

Plots chosen from the experimentael area for comsideration of crop yields

in relation to chemical composition of alfalfa,

-
-

Plot Nos.:  Date of application and rate of materials added as poaxma per acre.
3 June 1942 : April 1945 'Get.mi&-wa nm/A.
2 , 3 , uﬁmc 1946 n. W
1,16 12000 (0-20-0 H :5—-1@-—8@
2,17 12000 (0-20-0);160 KC1 3 10-12~13 .
3,18 12000 (0-20-~0};1600 EC1 : $0=-10=-20
4 H 160 KC1 - $2-12-12
8,83 12000 (0-20-0) ;160 KC1;160 Borax @ $0=12-123160 Borax
. 9,24 312000 {(0-20-~0 *3.696 KC1;160 Borax: $10-10-203160 Borax
14 :2000 5&-8@-& ,3.&6 KC1l:;160 mixt.*: $0-12-123160 mixt.*
30 12000 (0-20-0) 31600 KCl;160mixt.*: :a-m.-za;}.se nixt.*
81,49,54 @ :500{0-10-80) :0=10-20
32,48,58 @ :1500{ 0-10-20} ;26Borax :0-10-20
53,4‘7,53 : 1500{0-10-20) ; 100Borax:0-10~20
34,46,58 : .5&0(0—1&—39 ;853@31 :0-10-20
H 100 mtt 4
35,45,55 : :580(0—10-2@}, mi:t :0-10-20
H mixt.* :
38 H 2 596{ 5~10-20) :15-10=20
40 H '560( 5«10-203 100 :5-10-20
mixt.*

*7his materlal is a privately compounded mixture containing minor elements;
composition unpublished,

1t
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AKALETICAL TECHNIQUES

The samples of alfalfs were collected at the middle
bloom stage from a 40-inch strip mown across the genter of
the plots. The green material was collected, weighed, and
ohopped into half ineh lemgths. After thorough mixing a
sample was taken t@y-yiala Gntaq -Anether sampla~(l‘kile~
gram green welght) was air dried for the spectrochemical
analysis. After dryiag, these samples were ground through
a ¥iley mill with 20-mesh aorean and mixed. Approximately
$ grams of this mixture were gﬁéund through a 30-mesh screen,
dried in an oven7atflbe° ¢ for 2& hours, and stored in a
desiccator. In 1946 composite semples werevmaab of the
shopped green material from plots receiving the same treat-
ments end analyses made of the composited material. In 1947
the material from eash plot was drled and analyzed separately.

During the past two ‘Me‘ia;&ﬁ,mh progross hﬁt been made
in adapting the spectrochemicel teshnique to analytical problems.
A'eéa@rehansivp review of this development and ﬁhs epplications
of the method are found in the bibliography compiled by
Seribner and Meggers (15),{81), eand published by the Ameriscan
Socisty for Testing Materials. Bxun;tatter’aﬁd,gaara {7,
(8),(17), formerly of the Buresu of Plant Industry, have
hed a leading part in adapting the technique to the analysis
of ‘plant materisls. Other workers (;); (14}'&&?3 also used
spectrochemical techniques tﬁr-ylan$~aamy@aitign studies,
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The Spectirochemical Laboratory of the National Bureau
¢f Standards was available after regular working hours for
the gquelitative work and that of ithe Bureau of rlant
Industry for the quantitative portion of this study,

ixploratory qualitetive speotrochemical snelyses of
the alfalfs samples were made ’m determine the number et
elements deteotable and to learn the best prcﬁoénras for
the quantitative measursments, It was found that pellets
of the ground material nou).é be made by simply applying
yressure, The best results were obtained uiﬁh 20 milli=-
grams of ground materisl making a pellet approximately
2% millimeters long and 3% millimeters in diameter. The
spectrum of a sample was made by using two sueh pellets
and supsrimposing the exposure of the second pellet on the
first., The pellets were suitable for qualitative work but
proved unsatisfactory for quantitative analysis,

The spectrochemical technique involves the applicatien
of physical phenomena to the soclution of ohemical problems
(10). Very small amounts of material are required and
usually several olements can be determined simultenccusly
with one exposure., The adventage of uaing the method lies
in its sensitivity and time-saving features when compared to
regular chemical procedures. It 1s esmpecially useful in
plant nutrition work when it can be adapted to the determina-
tion of both major and minor constituents 1in plunt‘nntaricll;
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THE COMPOSITION OF ALFALFA

The qualitative spectrochemical examination of alfalfa
¢ollected from various plots indicated more then twenty
elements to be detectable. Table III lists the composition
of a typlcal sample,

TABLE III.

Compogition of alfalfa determined by
gqualitative spectrochemicel analysis

Element Estimated _ Element Estimated
percentage range _...percentaze range

Ca 10+ Mo .Oﬂl -. 40k

K 10+ B . 0003 -.001

P l1-10 Ccr 0001 ~,001

8i 1«10 Cu «000)1 -.001

Ll 01 - l Ei 09001 ""-661

Ba d -1 Pb. 0001 ~.001

Fe l -1 8n «0001 .00

Mg 1l -1 Ti «000) «,001

Ka ol - 1 b 4 0001 «,001

3r 1l ~ 1 Zn +0001 =.001 (?)

i‘n 001"' 01 A-g ?

In qualitative wbrk;ﬁéhé ardsr of eﬁnoentré%iaﬁvor én element
is estimated by visual eampariaon of apeotral lins danaitiel,
and the rasulta are recorded in estimated pexnantage ranges

of 1 to 10. Refore begimning $ha_apsetroehq&;§a;.qgantitatiyu
measurement of elsments in a material of unknpiﬁ composition,
it is necessary to determime its gemeral composition by ex-
ploratory qnalitative'anélysid. Enraruntian‘aa acquired is
recorded in the manner illustrated in Table IXI. This

systen yrovidesﬂsu&tahin margin for obtaining repeatable
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results under comparatively uncontrolled analytical con-
ditions as well as furnishing necessary information for
establishing the routine procedure for conducting quantita-
tive analysis.

Tables IV - IX present the results of the quantitative
determinations with the data listed in order of increasing
yleld vertioally and in general order of inereasing abundance
of elements horizontally. Ir this manner any obvious trends
of composition in respect to yield should be discernible.

The difference in yield between 1946 and 1947 is out-
standing. Since the weather was comparable for the two
years, the explanation of the varietion must be in the
effect of the treatments (Tables I and II). The 1946 yields
were extremely low; the highest was lower then the lowest
of 1947. It 1s evident that the greatest response to the
fertilizer and lime was given the second crop year after
application. This delay in response indicates that a year
or more is necessary for plant nutrients to influence the
growth of alfalfa when applled to a five-year-old socd.

The second outstanding feature of the data (Tables IV
end V) is the difference in total mierograms of elements
per gram of alfslfa, comparing the samples of 1946 with
those of 1947. Translating into per cent and averaging the
four highest ylelds of each year, the 1946 samples have
3.7 per cent total minerals, while those of 1947 have 5.4,

a difference of 1.7 per cent, Goodall and Gregory (lla)
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point out that such variations in_ahami¢a1 composition
oocur when plants grow under deficlemt nutrient conditions.
Considering the history of fiald and plot treatments and
erop removal pravioua to 1946 it 1s reasonable to econclude
that the low yields of 1946 were due to a deficianey of
plant nutrients (Charts II and III)., The conoentration of
each of the slements, except sodium, is greater in 1949
than in 1946. Thig indicates a tendensy for sodium to
substltute for the other bases under conditions of low base
lsvel in the nutrient supply. The increase of 1,7 per oent
in total minerals for 1947 must be attributed to the lime
and fertilizer applications. By far the greater proportion
of this mineral content is calolum and potassium. The
data in this investigatlion ashow that the better ylelding
hay contains more minerals.

The reletionsghip of minbral gomposition to practicael
soil management for the production of alfalfa is signifieant.
In producing a good yleld of hay as compared to a poor
yield, not only must sufficlent plant nutrients be available
to provide for the increase in production at the same rate
of absorpition per unit of yield, but an additional quantity
must be supplied to provide for the lnecrease in percentage
compesition. A comparison of the pounds of elements removed
per acre (Tables VI and VII) emphasizes ﬁhialtnﬁt. Using
the average of the four highest ylelds of each year as &
basis, an increase of 283 per ocent in yield for 1947, as



is

ecompared to that of 1946, is accompanied by & 400 per cent
inerease in pounds of minerals removed. Triplipg the yield
of alfalfa quadruples the demand on the nutrient supply.

Examination of Tebles VIII and IX shows a relation
that may be significant in regard to veriation of total
milliegquivalent composition of all the samples analyzed for
both years. Considering yields .48 (Table VIII) and 1,58
{Table IX), it is observed that the range in composition
extonds from 144 milliequivalents in the first instance to
284 in the second. The average for these extreme values
is 214, while the average of all samples for 1946 and 1947
is 212, In the consideration of extireme individual samples
or of the range of concentration of all samples, aspproxi-
mately 153 per cent milliequivalent ecomposition is the limit
of deviation from the averaege in this work.

The variation in the mineral composition of alfalfa is
evident from the tables. The effeot of this variabliity 1s
quite marked in Tables VI and VII. Consider, for example,
samples 2 and 33 in Table VII. No. £ with a yleld of 1.68
tons per acre removes 68.04 pounds of potassium, while Ko,
33 with & yleld of 1.08 tons per acre, removes 73.44 pounds
of potassium. JIu this instence a smaller yleld removes

more of a nutrient element then a larger yield. This type
of relation in the data is the rule and not the exception

and results from variations in percentage composition of



TABLE IV.

Yields end micrograms of elements obtained per gram of mwuwwmm.wwwu.ooswomudm samples.

rlot 1Yie wuv“
in oom- :toms/A. 3
posite :{Av. of ".
samples :plots in :

..acmmomw«o.

,Hw.m“‘pm.»u 40,0t 70.0: _ ,_;wam w,*»mua

: + 52 :

1. .34 1 01 34,08 72,0:

5. 435 & 9 W25 40,0: 90,03

H «36 $110.0: 20.0: 28.0: 82.0:

H o8 210.4: 10,0: 58.0: 94,0:

: .38  :10.4: 14.0: 64,0:100.0:

H «42 110.4: 16,02 40.0: 926.0: 58.0: @voﬁwwcaaa,wmoaa 18000: wmwmm«ﬁ&wwqa
H .43  :12.0: 18,0: 40.0: 82.0: 48.0: 950¢ 1800: 2500: 19500: 14000: 38950
$ W46 3 9.8: 17.6: 32.0: 76.0: 46.0: 850: 1580: 2000: 17000: 12000; 33551
: .48  :21.,0: 14.0: 25.0: 58.0: 48,0: 650: 920: 1680: 26000: 8000: 37414
H 02 2110.8: 25,05 30.0: 78.0: 64.0: 1300: 2100: 2700: 14500: 14800: 35608
o .58 : 8.0: 40.0: 36.0: 76.0: 64.0: 1950: 1520: 1800: 18500: 10400: 34394
: .wa : 9.0: 25.0: 31,0: 66.0: 50.0: 1000: 1200: 1560: 23500: B8800: 36241
b4 74 :10.8:¢

21.0: 40.0:120.0: 92.0: 1150: 1800: 2500: 20500: 16000: 42234
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TABLE V.
Yislds end micrograms of slements obtained per gram of alfalfa, 1947

t.uantity of elemchts 6Xpressed 1h mlerograms per gram and arrange& in .
Flot: Yislﬁ eneral order of lpereeas abundancs. ,
Mo. 3 gg & Cw 3 B, & Mm : Fe yé% T He 7 T X : ca : Total

H 3 : : : 3
ttons/Asugn/ gms -mf; Sm iRy g1 ugmy s Ueiny SIS ugkny/ g Uiy g1 Ugny gie 9;;’: £m 3 ugny gol ugn/ gn

S8 T .80 ¢ 1b.2: 20.0 t 104.0: 270 3 580 : 900 : 200D 1 3800 : 25000t 20000: 535580
313 .83 : 11,2: 18,4 : 58,0t 68 : 48 : 600 : 2060 3»399993 11600: 47364
54 1 .86 1 34.0: 16.0 ¢ 88.0: 400 ; 700 : BBO 3 2500 : : zaﬁeo:Jggaﬁegfgssaa
S8 1 L8l 1 13.2: 31.0 1 80.07 112 s 108 : 7650 : 2600 ¢ 89000: 18400: 54194
17 ¢+ .98 : 12.0: 13,2 : 52.03 124 : 108 :1050 : 3000 : ¢ RES00: 15600: 45759
24 : 1.01 3 34.0: 96,0 : 80.0:1000 : 920 : 600 § 1780 1 - : 21560: 10800: 41790
34 1 1.06 ¢ 1i.2: 30.0 2 80.0: 70 : 46 : 560 : 3800 .: ¢ 27000: 14400: 47287
35 : 1,08 ¢ 13.2: 351.0 : 96,0t 80 ¢ 62 : 750 ; BEOO : ¢ 34000: 13600: 54132
Y 3 3.10 ¢ 13.23 18.8 ¢ 54.0: 112 : 100 800 178800 3 ! b 3 29000: 18000: 54097
35%1»3&6 H . 10.33 5339 H %iﬁﬁ 12& 3.- 2@0 - : ' * A 2 i‘i“{’ v ] 3 825@@3 wm% “*’3&?
56 : 1,13 3 12,8 36,0 1 96,0: 78 : V8 :1000 3 3000 1 3 20500: 20000: 48293
35 :1.16 ¢ 12.8: 34,03 80,0: 128 : 1328 : 850 : 28600 3 b : 310001 18400: 56937
47 ¢ 1.18 ¢ 10,0: 21.0:: 68.0: 86 : 68 : 7506 : 1840 1 : 290003 14400: 49031

4 ¢ 1,18 ¢ 11.2: 11.0 : 62.0: X328 : 120 : 700 : 3000 3 . 3 190003 18000: 43736
8 11,19 : 10.0: 58.0 : 44.0: 160 1 180 11350 : 2600 1 | ) 3 21000: 180001 466802
16 ¢ 1.B21 3 12.4: 28.0 : 60.0: 140 ¢ 100 31100 "¢ 2800 1t 3 23800: D 8
40 : 1,25 : 13.2: 28.0 ¢ 80.0: 112 : 120 : 700 saeafz“v;sj : BR000: 16000: 545563

9 5 1,27 : 10.8: 46.0 ¢t 54.0f 92 : 58 3 600 ¢ 1980 . ¢ S3000: 11200: 50119
20 5 1,87 ¢ 11.2: 28,0 ¢ 70.0: 102 : 120 : 750 3 1680 : T s 330002 11600: &

52 : 1,82 : 31,0t 28,0 1 96.0: 680 : 940 & 950 : 2500 1 ) 3 190001 16400:

33 1.40 ¢ 9,22 17.2:t 42,0t 84 : 54 3 550 : 1680 3 $ $1000: 1200071 47936
18 ® 1.43 ¢ 1l.8: 22,0 @ 54.0: 814 : 210 : 700 : 2600 : ¢ B8000: 19200: 64812
45 & l.44 ¢ 13.,2: 28.0 : 70.0: 1288 : 160 : B0O : 2500 3 : B9000: 24000: 60093
53 ¢ 1.47 ¢ 14.0: 27,0 ¢ 62.0: 116 : 180 :1000 1 2700 : : 28000: 18B00: 54499
14 ¢ 1.48 : 11.6: 35.0 ¢ 48,03 112 : 86 311000 : BBGO 1. : 20000: 14000: 41293
88 1 1.48 ¢ 34.0: 19.8 : 104.0: 700 : 940 : 960 : 2500 13 -3 20000 14800: 45748
49 ¢ 1.58 : 14.0: 14.4 : 96.0: 270 : 320 : 800 : 2800 : : SE000: 22000: €2ll4

23 1.62 3 1ll.6: 20,0 : D4.0: 120 : 100 :1000 ¢ 3800 : 1 21000: 19200: 48208
46 : 1,71 ¢ 13.8: 33.0 : 112,0: 184 : 180 ¢ 600 3 B700 : 1 E7000: 22000: 56422
48 : 1.79 & 12.8: 18.0 : 78.0: 104 : 100 :1000 : 2800 : 83000: 18800: 48913
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TABLE V1.

Yield and pounds of elements removed per acre by alfalfa ,2946
composite samples.

3 : 3 3 -3 : H : : : : :
Plot iYield a8 : Cu ¢ B : Man : Fe : Al : Na "‘Mm s P 3 K : Ca : Total
No. "Mowu\»w $1b/A. ¢ 1b/As1b/A. :1b/A. :1b/A. s1b/A :1b/A. s1b/A 31b/A. 3 1b/A.: 1b/A.
s{Av. © H 3 : ) : s H $ $ s :
tplots in @ : : : : : H : H : :
soomposite: H - H : H : 2 : 3
:samples) 3 I 3 3 $ 3 2 :
: 30 3 EIEE : .8 s . s H : s .
1,18 3 .38  :.0072:,0105:.0256:.0448:.0435: ,608: wamm. 1.41: 18.5 : 12,29: 28.2
4,19 ¥ T .34  :.0076:,0095:.0831:.0490:.0422;  .476:°1.22¢°1.17:°20.2 & - 7.34; 20.54
40 3, .35 ".oomm..mwwo“.m&mo..camo..ommmwwmwm;wNu__ -1.54: 15.75: 34: 29.81
33,47,58: .36  :,0072:,0144:.0202:.0446:.0302:1,26 : 1.,81: 1.66: 14.76: 10.08: 290.08
31,49,54: .38  :.0079:.,0076:.0441:.0714:.0608:1.06 : 1.34: 1.60: 14,063 <183 27.37
32,48,88:¢ .38  :,0079:.0106:.0486:.0760:.0532: .68 : 1.34: 1.82: 14.82: .64: 29,50
'34,46,58: .41  :,0072:.0180:,0262:.0656:.0443: .53 :'1.31;: 2.05: 15.99: 30.21
38, 42,57: 42 $.0087:,0134: ,0336: ,0806: .0487: .55 :°'1.68: 2.10: 15.96: 33.24
35,45,55: «4%  $,0108:,0155:.0344:.0705:,0413: .82 : 1.55: 2.15: 16.77: ,04: 33,50
8,17 - +46 $.0085: ,0168; ,0294:,0700: ,0423: .78 : 1.40:-1.84: 15.64: 11.04: 30,87
3,18 3 .48  :,0202:,0134:,0221:,0557:.0461: .68 t .,8B8:'1.61l: 24.96: 7.68: 35.98
14,29 ¢ 58 t.0112:.0260:.0312:.0811:.0666:1.35 : 2,18: 2.81: 15.08: 15.39: 37.03
8,23 : o583  :.0085:,0424:.0382:.,0806:.0678:2.07 ¢ 1,61: 1.91: 19.61: 11.08: 36.46
9,24 : «80 t.0108:,0300:.0372:.0792:.0800:1.20 3 1l.44: 1.87: 28,8 ¢ 10.56: 43.49
15,30 : 74 :.0160:.0325:.0592: .1776:.1362:1.70 : 2.68: 3.70: 30.34: 23.68: 62.51
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TABLE VIII.

Yleld and milliequivalents of elements obtained per 100 grams
of alfalfe 1946 composite samples.

Flot :Yield aa t Cuf : B & Hn°F : "t AL T Mg  P¥¥F¥ : K 1 Ca : Totarl
Ke. :tons/A. :m.e./:m.e./:m.0./ :m.e./:m,a /.m.e./ m.e./ im.e./:m.e, /:m.a./.m.a./
s{Av. of :100 :100 : 100 :100 .100 :100 :100 :100 1100 3100
tplots in 3. gme l:gm. § gme. : ogMe O gm. v;f&no . gm, {.gm.e :gm, 1 gm, i g,
, zeompesite: 3 . 8 R : : 3 : : :
: 38mp les ) s g s g : 3 R ST 3 -
H H t L s H K - ST - H H
1, 16 2 32  :.,03568:.0455: .291 : .376: .756: 4.13: 18.5 1 : t 202,
4,19 3 34  :.,0358:.,0388: .248 : .%87: .680: 3.04: 22.4 : : 35 146,
40 : .35 :1.0296:.0477: .291 : .484: ,601: 2.61: 13.2 : 3 +73 1885,
35,&? 52? « 36 :.0815:.,08686: .670 : .383: .467: 7.61: 13.8 : H 3.8: 181,
A,zs,gs 53: 38  :1.0327:,0388: .486 : ,537: .779: 38.91: 14.5 : ”“fl?&.
S4, 45,5$; o4l  2.,0277:,06610: .23% : .430: .601l: 2.83: 13.2 : : - 168,
38,42, 57: «42  :.,0827:.0444: .291 : .516: .645: 2.83: 16,5 :  184.
5 45 55: 43  :1.0378:.,0499: .201 : ,441: .534: 4.13: 14.8 : 179,
8 l? 3 «46 :.0289:.0488: 233 : ,408: .518: 3.70: 12.5 : : 158,
3,18 $ .48 :.,0321:.0388;: .168 : .312: .534: 2.83: 7.57: 144,
14,29 : 52  :,0340:.0693: .219 : .419: .718: 5.85: 17.3 : 178,
8,283 : «53 :.0852:.1109: .262 : ,408: .712: €.48: 20.1 : 1568.
9,24 +80 :.0283:.,0693; 226 ; .3565: .556: 4.35: 9.87: 144.
15 30 t 74 :.0340:.0588;: .291 : .645:1.023: 5.00: 14.8 : 40.3: 193.

*Valence = 2. **Valenee = 4. ***Valence = 5,

e
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alfalfa. This cheracterlstic of plant composition data is
mentioned by Goodall and Gregory (1lb) as a serious handicap
in using results of plant analysis &s a basis of diagnosis
in nutrition studies. There is no doudbt that this condition
poses & problem in evaluating date for determining the
relation of composition to yield. Under the system of tabu-
latlion used in these tables, however, definite trends can be
observed. Tables VI and VII show that as yleld increases the
quantity of elements removed per ac¢re also incresses. This
trend, aslthough negated by many individusl semples in

respect to different elements, is nevertheless definitely
established by the volume of data. This feature demonstrates
the reed for apalyszing & large number of plant sempleg for
severel elements when trends in mineral content are to be
related to yleld. The spectrochemical téchnigue is at
present the most practiocal method of obtaining plant ¢ompo-
sition data in suech a study.

Although data show plant compositlon to be varlable,
there 1s, however, a certein order of concentratlion for each
element. When the quantity of an element exceeds the
meximum or minimum requirement of the plant for that element,
certain physiologleel disorders result. Plents manifest
persistent nutrient unbalence by exhibitiﬁg charactericstles
of growth, color, or tissue malformation peculiar to the
physiological function of the element {(26). It has been
the ambition of plant physiclogists to be able %o recognize



26

and interpret element deficlency and excess symptoms so
that future practices of fertilization and mansgement of
crops and soils could be indloated by past performsnce of
plents grown under known nutrient conditlons. Accumulation
of information from such investigations has been helpful
to practlical agriculture end has served %o prove the
complexity of the problem of plant nutrition. It has been
satablisghed that a so-called "defloclency" of cne element
may be due to an excess of another. 4 "deficlency" symptom
of magnesium sppearance in the leaf, for exeample, may be
caused by an excess acoumulation of potassium (5). Shear,
Crane and Myers (284) have found thaf the same effeot may
result from the acoumulation of calecium. Magnesium or
caleium accumulatlion, or a combination of both, may also
produce potassium "deficlency". The first and sometimes
only symptom of a deficiency is a reduoced rate of growth.
The appearance of visual symptoms means that a radically
unbelaneed nutrition hes existed for some fime. These
sauthors also state: "All other factors being constant,
plant growth ias a runétian of the two variables of
nutrition, intensity and balence, as they are reflected

in the composition of leaves when the plants are in the
same stages of growth or development. At any given level
of nutritional intensity (total egquivalent concentration
of all functional nutrient elements in the leaf) a mul-
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tiplicity of ratios may exist between these elememts.

Neny investlgators use various ratios of the concene
trations and combinations of concentrations of elements in
expressing nutrient interrelations. %The objeetive of such
evaluations is to correlats mineral composition with the
yield &nﬁ.ﬁhﬂ nutrient supply of the plant. Due to the
extent of variation of plent composition, within the limita-
tions of maximum and minimum requirements, waich result
from the innumerable feotors involved in plant growth and
relative nutrient absorption and acoumulation, such correla-
tions beeome almost meaningless (llec). It is generally
recognized, however, that there must be some relation between
the proportiom of the elements present in the plant and the
proportien supplied to the plamt: The knowledge of methods
establishing this relation is meager. Goa&@ll and Gregory
(1&&) statet "To base the coneclusions from aiagnastiﬁ
analyses on the data for a single element will in general
‘ba unsatisfactory. ... the increess in yleld to be expected
from an increase in the supply of a nutrient is related
not only to the internal concentration of thet nuirient,
but also to that of other nutrients. Consequently & method
of interpretation of the results of diagnostic anelyses
must not only take accourt of the value for the nutrient
primarily considered, but must also allow for variations

in the internal concentration of the other nutrients.”
It 1s further pointed out that such an "exhsustive ireatment"
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of date has never been attempted., The method of data analyais
later described in this investigation is a step toward the
formulation of such a treatment.

The data collected in this study show variations in
plant ecomposition similar to those reported by other workers
(6), (12), (18). The extensive chemical composition determima-
tions and the wide varlation in yleld, however, offerccertain
advantages for interpretation not provided by most investiga-
tiong. The tabular arrangement used with the volume of data
show definite trenda that would not be dissernible from
individual samples and fewer eclement determinations, This
indicates that a statistical method of data analysis would
be valuable in the study of element interrelations in
plants and in correlatling these interrelations with yleld
and treatment.

Millisquivalent values are sometimes used in ratio
studies for expressing clements in torms of their chemisal
significance. In calculating and tebulating the millie-
quivalent velues (Tebles VIII and IX) it was noticed thet
the elements could be grouped, in general, according to a
logarithmie relatior of their concentrations. This is
consldered the key %o the formulation of the method of
data evaluation proposed in this thesis, Plotting log
milliequivalent concentration of elements againet log
milliequivalent per cent composition (a lineer fumotion
with slope of ons), revealed a puzzling varlation of the
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elements with respect to yleld. Thought was directed toward
establighing a method for measuring thls linear movement.
The logical proeedurs would have been to formulate a method
for compering the oampasitién of different semples with
sultable standards. 'Binna standards of alfalfa composition
do not exist, the composition of the s&hples from the four
highest ylelding plots wers used. Goodall amd Gregory
{lle) eite the often used practice of choosing the best
gample as a standard, but eonsider a "normal range based

on good plants from a considerable number of dlverse sites”
a better basis of comparison. After several trials for
dstafmining the best method of comparing samples the present

formulation was eétabliahed.
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THE BASIC RATIO METHOD OF PLANT GQM?GSI?IOH DATA
BVALUATION.
(Brief outline of the method)

I, BEstablishment of the relative proportion of elements
and the econstruction of nutrient element interre~
lation curves

Ao Arrangement of data

B. Calculation of the basic ratios of elamaats
weighted progresaively toward the
values of the best ylelds

Ce. Caloulation of the relative proportion of
elemants

D. Gomputation of the composition of a theoret-
lcal sample

E. Construction of nutrient element interrela-
tion curves

1I. Comparison of samples
A. Calculation of the per cent. daviatien of
elements from the theoretical valuss
B. Computation of nutrient ezamant inéax
- numbers
C. Tebulation of element index naﬁbers scoord-
ing %o nutrient element granpa,

(Detailed deseription of method)

I.Establishement of the relative proportion of elemants
‘and the construction of nutrient element interrela-
tion curves
Ao Arra§§e the data as illustrated in Tables ViiX
B. Select the highest ylelds end calculate the basie

retios of the elements weighted progressively

toward the highest ylelds.

1.The basic ratios are derived by caleulating
the ratio of each element to the preceding
olement in the general order of next lower
milliegquivelent value us listed in Table IX.

{Table X illustrates the entire procedure.)



Pable X

Calculation of element basic ratios, relative
milliequivalent proportion of elements, and
the composition of a theoretical sample.

Yiela Computation Xlement

ag label in least
tons/4. m.e.
guantity Ratios of elements from their milliequivalent values
O
Cu B/eu ¥n/B Fe/Mn Al/Fe HNa/Al Mg/Na P/Mg K/P Ca/K
1.58 D .0440 .91 17.50 2.08 2,45 .98 6.62 2,66 1l.34 1,32
1.62 C .0365 1.52 7.08 1l.64 1.72 391 6.23 2.02 98 1.76
1.71 B .0415 2.21 8.91 1.21 2.03 1.30 8.51 2.61 1.19 1.57
1.79 A .,0403 1.24 11.38 98 1.99 3,91 b.29 2.10 1l.22 1.57
A+B+C+D 1623 5.88 44.87 5.91 B8.19 10.10 26.60 9.39 4.73 6.22
A+B+C 1183 4,97 27.37 3.83 bH.74 9.12 20.03 6.73 3.39 4.90
A+B .0818 3.456 20.29 2,19 4.02 5.71 13.80 4.71 2.41 3.l4
w=zav.of A+B+C+D.0406 1.47 11.22 1.48 2,06 2.52 6.66 2,36 1.18 1.5656
x=" " A+B+:C .0394 1.66 9.12 1.28 1.91 3.04 6.68 2.24 1.13 1.63
y=" " A#B «0409 1.72 10.14 1.09 2.01 2.60 6,90 2.35 1.21 1.57
Z = A .0403 l.24 11.38 98 1.99 3.91 5,29 7,10 1l1l.22 1.57
W+X+Y+2 .1612 6.09 41.86 4.83 "7.96 12,07 25,63 9.04 4.74 6.32
BV.oW+X+Y+% .0403 1.52 10.46 1.21 1.99 3.02 6.38 7,26 1.19 1.58
Klement basic
ratios Unity 1.5 10, 1.2 2.0 3.0 6.4 2.3 1.2 1.6
Element Cu B Mn Fe Al Na Mg P X Ca

Relative milli-
squivalent pro-

portion of
elements 1 1.5 156 18 36 108 691 15689 1907 3051
Theoretical
gsample ™ 0403 0606 .60560 .7254 1.4B51 4.35 27.85 64.04 76.85 123.

*Milliequivalents of copper x relative proportion of element

1e
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This is done for the four highest yislds.
To aid in clarifying the process, the semples
are labeled A, B, ¢, D, beglinning with the
best yield. |
The ratios of the four samples are weighted
progressively toward the values of the highest
yleld. This is aaean@liuh-a by teking the
total of the ratiocs of the elements in samples
A, B, G, D, of 4, B, C, amd of 4, B, The
average of each ratio of esach 6f ﬁh@#ﬁ groups
is computed and all are combined with the
corresponding ratio of sample As The values
of the highekt yield then appeat‘in ﬁhﬁ total
four times, those of the next ﬁighéét thres
times, and soc forth.
The averages of ihe weighted %Qta;_giva weighted
average ratio values whieh}ara;iaﬁﬁﬁﬁd %o the
nearest number ccntaining two éigiia; The se
values are the basic ratios or'the elements in
alfalfa osourring in the higheet yields of this
investigation. Considered aingiy;y§§uh ratio

‘represents the relation of the twe elaments

(I-B-1 avove). The ratio value depends only
upon the milliequivalent quaatitykbf;tha two
clements used in its calculation. These ratios
taken togzether and listed in the order of the
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inereasing milliequivalent gquantity of elements,

‘a8 illustrated in Table X, give a coordinated

pattern of plant composition as that pattern
exlsts 1ln the ylelds used in the derivation of
the ratio valuaﬁ.- |

Conslder the ratlo valus of the element present
in least millisquivalent quantity (copper in
this date) as unity, and multiply by the basie
ratio of the next element to copper (B/Cu in this
instance). Multiply this product by the ratioc
of the next element to boron (Mn/B in this
instence) and continue ocongecutively, multiply~
ing the previous product by the next ratio.

This procedure is continued for all ratio values

and establishes the relative proportion of each

element in respect to the qnantity’ot the
element present in least value (Table X, lower
section).

Use the welghted value of the plamsaﬁwyrusent

in least milllequivalent qnanﬁiiy (eopper in
this data) obtained in I-B-3 above for calou-
lating $he somposition of a theorstical seample.
This is done by multiplylng the welghted average
value of copper by the relative proportion of
each slement in respect to copper as obtained

in I-C ebove. This gives a "thecreticel sample®
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.ﬁith its ”aampeaitien" derived from the element
interrelations existing in the plant material
produced on the highest ylelding plots. The
nutrient aquilibrium of this theorstical sample
reflects the influence of the nutrient balance
of each of the four higheat yiglda.

E, Plot on log-log paper, one sample per section,
the milliequivalent values of the elements im
each sample against the relative proportion of
elements obtalned in I-C. On the same sectiom
with eaeh sample, plot the eomgutaﬁ milliequiva-
lent values of the clements in the theorstigel
semple. This gives & graphie presentation of
the interrelation and balance of the clements
in each sample with respsot %o the theoretical
linear interrelation established from the best
ylelds (Charts II and III). |

II. Comparison of ssmples and caloulation of element in-
terrelations. (The use of algebrale aigﬂs 18 necessary
in all computations deseribed in this sion.)

A, Subtrect algebraically the thaoretigal millie.
quivalent value of sach element from the actual
value of that element in each sample. This
difference is the deviation from the theoretisal.
(The algebraic sign 1s lmportent at this point.)
A plus sign indicates that the actual value in
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the sample is larger, and a minus sign, that
it is smaller than the theoretical vealue
(Table XI~4). Using these values calculate
the per cent deviation from the theoretiocal
and give to the result the ssme sign as the
deviation (Pable XI-A). This computatlion
applies to each element a valus commensurate
to all elements, It indicates the degree

and the direction of the change in concentra-
tion of each element in reapect to the position
of that element in the nuirient equilibrium of
the theoretical sample.

B. The per cent deviation (obtained in Seotion
II-A and Teble XI-A) of the elements in each
alfalfa sample are compared with the per cent
deviations of the elements of the best yleld.
This is done by algebraic subtraction of the
latter values from the former, and glves values

that will be referred to as nuirient olement

index pumbers (Table XI-B). This comparisen
éhewa the order of change of the conecentration
of elements in lowsr ylelding material in
respest to the change in concentration of
elements in higher ylelding material. The
departure of the elements in the best
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yielding material from the theoretical value
indicates the direction and degree an slemend
ecould ohange and still produce s good ylald.
It followas, then, if an element %ﬂ. snother
semple has a greater d&sr&n&;@ in 8 given
direction, it heas varisé too muck and is
deficient or sxsness with wsmt to a desir~
able eguilibrium; if its divergence is not
80 great, the daficlency or excess of the
elemant u sorrespondingly uai‘ This
sompax Lson @m«a e. basis for measuring
the degree of deviatlon of the contentration
of esch element in all samples from a
desirable eqummslw as mum by the

‘composition of the best ylelding matertal,.

The algebraic differencos eomputed in II-B,
1.9., the nutrient elemsnd index mwmbers,

indieate the interrelaticn of slement oon~
centratvions within a given alfalfa sample.

To eid in ocomprehending the 'em&fhmﬁ of

their interplay, the slements under considera-
tion are divided into three groups end the
index numbers are tadbulated sceordingly.
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TABLE XI - C

Index numbere and element groups

Ko, ias tcnm ?ﬂ group ¥ i1Non-me tal zroupiNetal EToup &
A, _sCUiHn tiesaliiovalir tB iiotal = :Wa THEiK 108ilS
D 1.0 4Bt-BVitTi=01 <18 1+877E1410 —i-B0i0 1+WTi-BTH

1

3 S I B N T

The ne;zammia,‘ boren and phésphorgi,-:é;f‘#éf-‘.refermd to
by Beckanbaeh'w) as buffer censtijtuezit's. Observation
of thﬁir behavior in this data 1n&wates that their
abaarptiou may be relatea to the abaorptmn of various
metal elements. Beaauaa of thia seening *’pivotal"
position in reapwt to the. metala, 'beran and phosphorus
as a ncn-metal group are plam& between twa metal
proups. Copper, mengenese, iron, and alxmimm are
grouped together, wille sodium, megnesium, potessium,
and calcium form another metal group, The metals

seem to fall naturally in this order with respect %o
relative concentration and plent absorption variatiens.
Charts II and III indiocate that a rather definite
"presk" or dividing polnt exists in the portion ef

the element irterrelation curves joining aluminum

with sodium. Certain chemical properties such as
fonic strenzth may also be considered in esteblishing
the metal sroupings. Cooper (9) places magnesium

with the weaker elememts. In this alfalfa investi-

getion, however, becsuse of the similar absorption
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pattern of magnssium and caleium, it seems logical
for purposes of using the index numbers to place

thess two elementis in the same group.
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THE USE OF THE NUTRIENT SLEMENT INDEX NUMBERS FOR THE
“INTERPREPATION OF ZLAMENT INTERRELATIONS.

‘The nutrient elementtinaax numbers of the 1947 alfalfa
samples, caleulated as described above, are tabulased in
Table XII. This tabulation provides a $ool for observing
many relations existing within the nutrition equilibrium
system of the plant as revealed by the element composition
of the @ifferent samples., The relative quantity of sach
element in respect to the composition of the best yisld is
indicated by the index number. Consequently the interre-
lation of changes in the concentration of elamentﬁ-rrum
sample %o sample is autamétically indlcated. This tabulation
provides a definite and coneise meens of comparing the
nutrient level of one sample with another. In aanjunatian
with this table, nutrient element interrelations may also
be studied iﬁ‘charts Ii'an& IIz.

Observation of the date shows that in meny semples
concomi tant and e&patifutib§ §e§6§na1o8 6£Ainterﬁu1 nutrient
concentrations ocour. This 1s espacial&: netioaahle when
the behavior of element group Y is c¢ompared with fhat of
Z. In meny instances the non-metal group increases
simultaneously with group Y. This is in agrecement with
Beckenbaeh (3) working with ﬁamataca: "..sthe phosphate
and borate ions may function interchangeably as essentlal



Distinctive
festures of
trestment

High K
¥ixture
High X
High X
High X
Low B

Low K

. Bxtra High K

 Extrs High B

. High K

Low B
Mixtuxe

High X

High B

High X

High K

Low X

Extra High B
High K

High N

High K
liixture

High X

High B

Low K

Low N

Low X

Extra High B
High X

High KN

High K

High K
Mixture
Extra High K
Extra High B

2lot
Ho.

13]
31
54
2

17
24

34

53

2%
38
35
47

TABLE XI1

Distinctive features of treatments, yield snd nutrient
element interrelations of the 1947 alfalfa samples.

Yield
as
tons
Jhe
.80
«83
+86
«91

.98
1.01

1.06

1.08
1.10
1.10
1.13
1.16
1.16
1.18

8 1.19

16
40

9

1.21
1.26

1.27

Cu
+19
-13

+166
+ 3

-6
+167

-13

+5
+5

Metal Group Y
Al Totsal

¥n
+3E
-23
+14
+4

-4
+3

+3

+28

-27

+23

Hutrient element groups and index numbers
Metal Group Z

Fe

+123 4222 4397

-27
+21b
+6

+1b
+660

-25

-18
+7

+18

+17
-13
+21
+41
+27

+5

=10

-38 =101
4443 +838

+6
+6

+19
-9

+603+1433

-43

-78

-21
-18
+49
-22
+41
-81

+1
+37
-23
+27

-88

P

+21
-2
+36
+ 3

+8
+561
-3

+8

+8

+3

Bon-metal Group

B Totsl

+3 330
+1 -1
-3  +28
+59 +62

-23 =16
+369 4410

+B63 4-50

+59 +67

+2 410
+150 +1568
+83 +96
+71 492

+7 +2
=328 =39
+181 +226
+22 +33
+50 +58

+127 +130

Continued on next page

Na

-10
-39
-45
-2b

+5
-41

-45

-25
-20

+30

+2
-25
-32
+34

+9
~-32

-41

¥g K Ca

+1 46

~-21 423
-8 =8
=B 419

+6 ~2
30 -6

=17 +33

-17 +36

027
-8 <2
+7 -3
-8+26
-28+19
+7-14
-5463

0 -8
-17 +29

-25 433

+5

~-29
-6

Lal
-

-12
-32

-17

Total
+2

-66
-67
~-13

-3
-109

-46

-27
+4

+14

+18
-6l
~-42
#19

-2
-31

-63

42
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TABLE XII (Continued)

Distinctive Plot Yield Hutrient element groups and index numbers
features of fNo. ag i
treatment tons Metal Group Y Kon-metsal Metal Group Z

/A Mn  Pe Al Totey P B TwlNas Mg K Ca Total

Extra High X -
Extre High mx 50 1°27 =12 =9 -2 16 -8 3 445 448 -3 --33 .35 -29 -32

Hgh K 62 1.22 4145 +22 +379+62T 41169 +51 +45 56 -7 -8 <14 -9 <38
- High B 5 v
Extre High K 3 1.40 =27 -43 -15 =36 -121 12 B -15 -46 -3Z +26 -27 =80
- Extra High X 18 1.43 -8 <29 +81 484 +128 +20 +19 +39 852 -F 149 +1 417

Hi 456 1.44 +56 -3 +18 #46 +60 +11 A7 +28 =20 -8 419 4421 +Az2

5% 1.47 +10 <19 +8 +61 +60 +16 +40 +66 O =3 +17 0 +14

ow X 14 1.48 -8 <36 +6 -11 ~50 -6 M6 10 O 0 -i1 =19 =30
ra High Mix.

Ext
High K 658 1.48 +167 132 1438 1644 +1281 +69 +6 A5 -7 -8 ~11 =16 =42
low B
Mixture

- High K 49 1.68 +10 +83 11234164 +320 +20 <17 +3 20 O 430 +13 +23
Lew X 2 1.62 -8 <27 .12 0 -23 +11 +9 +20 0 +14 -7 +1 +8
BHigh X 46 1.71 +6 +41 .59 40 465 +16 +67 483 -41 -3 +13 +13 -18
Low B
Eixture
High X 48 1.79 (Highest Yield)

Lojv B
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julce buffers, or in precipltating out excess cations which
form relatively insoluble selts with these iens, or in both
of these funatioﬁs,” Attention should be'directed partieu-
larly to the action of phosphorus, 1ron “and aluminum in
this respect. (See Table XII for yielda. +80, .86, 1,01,
1,32, and 1,48 - plot 5&). (Yield values are used to denote
samples since the éata are tabulated according to inoreasing
yield for evaluation purpcses. When referance'is made %o
- two samples having the same yleld, the plot'nnmbar‘igagivan
also). The semples frwm the plots receiving the axtra high
béren applications are interesting becsuse of the interplay
of elements in establishing different nutriemt equilibrium
systems under the stress of the seme dominant treatment.
(See Table XII for yielass 1.01, 1.10 - plot 23, 1l.19, and
1.87.) A comparison of the $otal of the index numbsra ot
the respective eloment groups reveals in yield»l«OLVa ’
tendeney to balance high boron uptake with high coppsr,
iron, and aluminum, while group 2 elements are all relative-
1y low. Yieldi l.iolkplot‘zé) and 1,19 show the opposite
tendeney, 1. e., high boron is balenced by an increase of
the group Z alamentl, partiouisrly sedium Ln the first

instance and sodium and potaasium in tha second. Yield
1.87 is unique in.that it is the higheat yiald of the

four unﬂervconsideratian, &nﬁ_yet the metals (grcnper and
%) are low. In contrast to the other semples, however,

potassium is much higher in relatlon to the other group
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Z metala., The yield response, them, must be due to this
relative increase in the potassium level and the reduced
boron as shown by an index number of +127, the lowest of
the four samrlas rﬁaeivingAth@waxtwi high bar@n‘épplzcation.
This discussion serves to lllustrate the effectiveness of
the index numbers in ravaaling‘element’intarruiatiéna and
differences in internal nutrient eqﬁiiibrium systemsa.

All the samples, oither as inﬁiﬁi&u@l'instanees or as
groups, offer potential studles relating various trends

of element concentrations to.yielé'and treatment, In
general the variability of the data of Table XII in

respect to yield demonstrates the significanee of the
statement of Shear, Crane, and Myers (£8b): “Maximum

- growth and yleld occur only upon the eoincidence of optimum
int@nsity'and balance."

The data of this investigation further indicate,
because of the complexity in respect to both yleld and
treatment, that a factor in addition %o internal nutrieat
eoncenxrapien 1s involved. Goodall and @regory‘(llt}
emphasizethat there are at least two major relations in
correlating yiéld withﬂfraatmants (1) natrient supply
and upteke, and {2) nuxriant cencentration within the plant.
This study deals prlmarily with the 1aztar ralaﬁion as it
is affected by variations in the former. It is generally
vraaegnized_that the results of rield plot experimsnts are

subjeet to certain variatioms that are not encountered



in rigidly controlled studies. There may be soil differences
affecting avalilability of nutrients applied in fertilizers;
soils may sometimes supply additional quantities of the seme
nvtrisnts as the fertilizers as well as other nutrients not
contained in the fertilizers. éheée and cother causes of
variation not considered in this work may aecount Por the
seeming lack of correlation of vield with trestment noted
in Table {II, énﬁ #lao to some extent for the complex re-
lations of nuirient clement balance. Under these conditions
& general swuary of the data of Table XII proves more hslpful
tiian sample~to-sample svaluation in cetting & complete picture
of the nutrient element requirements of alfalfa and the
possible correlation of different nutrlent equilibrium systems
with yleld and treatment.

For summarlzing purposes, theo samples liated in Table
ZIT are divided into five groups on the basis of yleld. A
range of .20 tons per acre 1n yield 1s permitted in choosing
the samples ineluded in each group. The averages of the
data of Table xII, compiled in Table XITI, show trends which
become more aignificant when eonsidered against the back-
ground of the relative gquantity of clements a&@ad to the
soll. 7Table AIV illustrates the method of tramslating the
pounds of fortilizers into the relative quantity of autrient
elements in respect to yleld groups. Correlating the data
of Tables XI1II end AIV discloses thcse tendencles: (1)
phosphorus absorpiion remains relatively comstant; (2) the

ineresse of boron and potassium absorption is in general



TABLE XIIX.

Summary of Nutrient ilement Index Numbers, 1947 Samples.

Yield :Plot Nos.:AV. &
group*: tyle-: Nutrlent element groups and index nuwber averages
s :ld ¢ t Non-metal :
: tas :__ Metal Group ) 4 i Group :_Metal Gragp
: stons: : : : $ 5 k3 s B : : B :
1 - :/A. 3 Cu 3 Mn : Fe : Al :Total: P : B :Totel: Na : Mg : K 1 Ca :Totel
’ 155,381,564 T : R : : CAN :
: ’ : o87:454,24,6 :466,:+128,342829,3+41543+7.43+420, $=881=504: 484 19, 1-29.
E3 : : : : : : 1 P : : | f;s' :
H : : t - T | H H 1 b : : ST SR
3 i1, 15 +6, 5.‘9. :+685.3 457, :+120,g»14;1*8?334191.:-10.3-9. =10, 214,
3 : : : : : 3 : t
Yo l 38 +5lo 1‘5053‘}%. ""155. 342?51.-#16‘2#5?. 1*83. :"30. :“20' :"'a& “’20& :"40.
: : : 1 s T
01045."‘850 o‘l?q a489. a+13l.:+226,.-}16. .*25‘ 0*42. :-l?.: 19.:*151 "?g :3.‘19¢

: :
$1.64:42, :418,:465.'442, :+120.:+15‘:+20.:435. :=20,.:+4. :+12..+9. t+4d.

'*Each yield includes & ranze of .20 tons per acre,

**bample 48, the highest yleld, is not included since it waos used as the basis
of camparison in compuping the index numbers.

9%



Yield
group
and
total
no.of  No,of
plots plots
in in
roup  group
From receiv-
Table ing the
XIII) 1level of
ferti-
liger
indicated
by gxmbol
E,5 1,L
D,11 3,0H
2,H
1,L
C,4 1,s5H
1,H
B,6 2,L
A, 1,L

* Refer to Table

sotassium
EH= 1000 1bs.

H=1500
1500 "
L =1000 "
1000 "
1000 "
Boron

Relative quantities of elements *

TABLE XIV

in respect to yielad groups.,

added to plots

Elements applied in varisble guantities in fertilizers

B
of Rela- Ko. of
$1.98 fiug.  plots
in tit in
group fy group
receiv- _° receiv-
ing the nutri- ing the
level o0t level of
indi- ferti-
cated lizer
indicated
by sxgbol
20 low 4,H
: 1,1
an extra 1,20
18 high 5,H
25 high £,EH
256 2,H
o) me- <, 5H
dium &L, H
L, L
33 me- 2,H
dium 1,L

II for treatments

0~10-20 + 1600 1b.

0-10-20, or
5-10-20, /A.
b-10-20, or
0-12—12+160
2-12-12+160

I’:Cl/do

lb. KCI/A. [ Or
" " "

X

% of ‘Rela~

Plots tive
in van=-
rou %1%y
eceiv~ of

ing the nutri-

level ent

indi-

cated

80 low

20 medium
9 high
64 medium
27

50 extrsa
50 high
33 high
9

67 low
32

EH = 320 1bs. borax/a.

H=100 "
L=25 "

" ”

Mixture

Phosphorus
H =1000
1000

1000

M = 1000
1000
L=1500
1500

P
. e
piotgf plgfé
in
group group
receiv- receiv-
ing the ing the

level of level

ferti- indi-
lizer cated
indicated

by exfbcl

1, H 20
4, L 80
4, H 36
2,M 18
5,L 46
2,H 50
2,L 50
3,0 50
3,L 50
1,H 33
2,L 67

R - I‘T °
tive 01008
quan- in
tity group
of receiv-
nutri- ing the
ent level of
ferti-
lizer
indicated
by sympol
low 1l,L
high 2,L
medium
high 1,EH
1,L
high 1,5H
2,L
low 1,1
medium

1bs. 0-10- 20 + 2000 1b, superphosphate/«., or

0-12-12-2000
5-10-20 + 2000
0-12-12, or
2=-12-12/A,
0-10-20, or
5-10-20/A.

EH= 320 1bs. minor element mixture/&.

L=100

i

"
"

"

Hitrogen
H=1000 1bse
15600 "
L=1000 "

v

5-10-20,
5-10~20/4 .
2-12-12/A.,

Mixture
%18%8 %ila'
in quan-
group tity
receiv- of
ing the nutri-
level ent
indi-
cated
20 low
18 extra
low
25 extrs
25 high
17 high
33
43 me-
fum
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N9s43f
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e
e
lggel of
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- O
o

1,L

47

N

7
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Plots
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** Symbols represent totsl pounds fertilizer aprlied per acre during the period, 1942-1946.
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in proportion to the additions of these elements to the
soil; (3) fluctuations of sodium absorption are small, the
greatest lnecrease in sodium content cosurring uiﬁh‘tha
extra high boron applisation; (4} manganese variétiona
show no apparent relation to yleld, to application of minor
elements, or to the degree of absorption of other elements
under study, with the possible exception of sodium. Although
mangansese fluctuations are in general more marke d, they are
in opposition to sodium,.

If yield response to boron absorption and application
is thought of aa e main premise in evaluating the data of
Tables X1II and XIV, a number of interesting trends in respect
to eléaant intqr:elapipna aﬂd y1eid are noted. Consider first
the relationiervﬁotassiumvabasrﬁtion to the rélative quanti~
ties of potassium additloms and boron absorption. FPotassium
uptake follows the aama‘érnafias péfaasium iddiﬁions with
the exceptlon of yield groups A snd B. (Yield groups in
Tablee XIII and XIV are designated by latters.) Group E
absorbs less poteassium then group A, yet a higher quantity
wes applisd to E. Goﬁparing this with the boron relations,
it 4s observed that boron absorption 1ls lower in group B
than in A. The higher absorption of boron in group A must
have enabled the plant to obtaim a greater quantity of
potassium from a smaller supply (19). Caloium and magnesium

uptake bsar the same relation to each other in ell ylelds.
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Consldering theasc elements in relation to boren absorption,
it 4is seen that a scmewhat Inoreased calcium and magnesium
uptvake occurs at the low boron level, 7Thls tendency 1s
most proancune2d ir groups £ end A. In A, B, end C, where
boron fe gradually Inersasing, while ylelds are graduslly
dacressing, caloium and magnesium show a oconstant decrease
{19). Copper, iron, and aluminum show gradual inereuses
in ebsorptien with Jecrease in yield in groups A, B, C3
that 1s, they increase with borem increass. The behaviar
of these clemsnte ls unique when ylelds D and 3 are observed
in regard to boroa abeorption. The high boron content of
visld D anparently unbhalenced the nutrient equilibrium
resulting in 2 lower upteke of ocopper, iron, and aluminum
and a slizht inerease in ¢aleium and magnesium. In yleld
%, reprosenting the opposite extreme of boron abeorption
{1s €., & low sbsorption) covper, iron, eand aluminum are
s~aln high (19). '"hs uptake of these elements is apparuntly
more closely relatsd to boron abgorption than t¢ the appli-
eations o7 the mipor element mixture.

The overall pieturse of Table XIII indicatss that ylelds
A,B, C are fairly wsell balanded in respeot to the variations
of eopper, iron, aluminum, uné boron and that yleld decresse
is uniform with caloium and megnesium decrease, 1t must be
noted here, however, that potessium upteko skous & graduel
inersese in these semples. In this instence, thex, it is

probable thet the cslelun and megnesium decreass ip due W
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inereased boron and potassium (19), (zi,aéﬁ that the lower
yields are symptoms of boron and potassium excess absorption
in relation to the deficlent absorption of calcium and mag-
nesium (28). It would be interesting to lezarn whether under
the nutrlent equilibrium represemnted by iheaa samples, if
inoreasing the supply of caloium and magnesium would overcome
the deflociency of these elements (in groups B and ¢ as oompared
to A) apparently cauésd by the high baron end potassium uptake.
Doubtleas yield D is low because of the unbalanced
nutrient equilibrium resulting from high boron and lower po-
tassium applications. Evidently the boron absorption is too
large for the quantities of copper, iron, end aluminum., It
mugt be noted in this connection that the application of
minor elements is low. At the sams time that boron upteke has
increased, potassium has slightly deoreased from its value
in yleld C due to & lower application to the soil as well es
to inoreased boron aebsorption (19). This reduced absorption
of potassium apparently rssults in increased uptake of
calcium, megnesium (2), and sodium. Parks (19) working with
tomatoes, found that increasing the absorption of boren
deoreased the absorption of caleium and megnesium. Under
the conditions of this alfalfa study where in this instence,
two variable nutrients, boron and potasslum, are exerting
influence upon the equilibrium system, that of potassium is

apparently dominent over boron in respsct o calcium and
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magnesium uptake. This behavior of caleolum and magnesium is
opposite to that sometimes encountered when boron is the only
variant in the equilibrium system. Comparing yield groups
B end D, where the metal group Z slements are at approximately
the same level (i, e,,-19 and-14, respectively) the chief
difference in the two nutrient equilibrium systems is the un-
balance of boron with the metal group Y elements. This
situation results in a yleld decrease of one-third ton per
acre. 7Yield group E represents the reversse gituation in
comparison with D; boron absorption is low while that of
metal group Y elements is high. Simultaneously with this
relation the elements of metel group Z deoresse as a group,
although calcium and'magnnsium increase slightly because
of the deorease of sodlum and potassium (R). The result
of this equilibrium is the lowest yleld of the five groups
and occurs with a low boron and a low medlum potassium
application, The decrease in borom, sodiwm, and potassium
uptake most certainly reflects the smaller quantity of borax-
and potassium-carrying fertilizers supplied to the soll.
Further comment srhould be made on the implications of
the bahavior of phosphorus, While phosphorus absorption
remains comparatively constent, the slight variations are
all the more significant since they agree almost perfectly
with the variations in the supply. This indicates that
under the conditions of this experiment the effect of other
elements on phospﬁarus upteke in general is not dominent
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over its supply. It also verifles the precision of the
spectrochemical teohnique and the acouracy of the methed of
eveluating data,

Tables XIII and XIV further emphasize the effectiveness
of the index numbers 1n studying nutrient element inter-
relations. Originating as per cent values (Sections II-A and
II-B above) these numbers show the raxati#e,magnitnde of
changes of the elements ocourring from one equilibrium system
to another. (An instance is the behavior of mangenese end
~sodium,) Consequently the influence the degree of absorption
of one element may.have upon the uptaeke of apnother is in-
dicated by comparing the difference in the changes of the
two elements. To illustrate: yield groups A and E show that
potassium 18 four units higher in A than in E, even though
the potaseium supplied to the soil is smaller. This behavior
(noted above as the same as that observed by Parks (19) is
accredited to the influence of increased boron uptake due %0
a greater supply of boron in the soll, The index numbers
show, however, that %o cause an increase of four units im
potassium uptake the boron absorption inereased thirteen
units. Likewise, comparing yleld ¢ with D, it is observed
that a decrsase of five units of potasslum rasults‘(aeeording
to the hypothesis of Bear, et al (2)) in an increase of ten
end eleven units of ealéium and magnesium, reapectively.
These examples seem to indicate thet using the system of
index numbers for determining element. interrelations
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affords a method of observing the efficiency of different
elemente in influeneing ?he absorption of other elements and
in controlling the growth of plants. Further information of
this nature when obtained will doubtless permit more effioi-
ent use of commercial fertilizers end lime than is now
possible.

Consldering ﬁhaxﬂartilizer applications outlined in
Tables XIII end XIV, it 1s significant that the yield
response ls generally < with the exseption of the lowest
supply - in reverse order to the increase of the mineral
element supply and in agreement with the degree of unbalanee
of the equilibrium systems., This is also true of nitrogen
applications, The date demonstrate that the most desirable
supply is 1n the medium renge used in this experimenmt., It
is of no little consequence that the best yields of the
experiment were produoed.by semples showing the lesast overall
element deviation from the theoretical millisquivalent
values of the elements as established by the basie ratios,
that the method of data evaluation is capable of measuring
the relative magnitude of element absorption, and that the
afficiency of elements in controlling the absorption of
other elements and affecting yield is indlcated. This
demonstrates that the application of the el@m&nt basie
ratio prineiple to plant somposition studies should indlocate
the need of the crop for various nutrisnts and could possibly
be used as a gulde for more efficlent use of fertilizers and

lime when correlated with soil composition amnd element

svailability.



54

SUMMARY

Alfalfa samples from ditferently fertilized field
plots on Glenelg soil wers analyzed specirochemically to
determine the detectable elements and to measure the
quantity of the major and of some minor elements. Varia-
tions in yleld, resulting from different nutrient lavels
in the soil, were correlated with fertilizer treatments,
minaral element compogition, pounds of nutrients remcved
per acre, end element lnterrelations within the plant.

A detalled deseription of the fexmulatién of an element
basie ratio method and its application im evaluating
plant composition date for the determination and interpre-
tation of element interreletions is given.

The data indicate several significsnt features:

(1) when lime and fertilizers are epplied to alfalfa
sod, at least a year 1s required for nutrients to in-
fluence the growth of five-year-old plants; (2) hay pro-
dueed at & higher level of nutrlent supply contains more
minerals per ton than hay produced at a lower level of
nutrient supply; (3) tripling the yiseld of alfalfa quad-
ruples the removal of plant nutrients from the soil; (4)
compariéon of 1ndividugl alfalfa samples shows a wids.
variation in compositionj (5) the average of all samples

collected in two different years and analyzed for the
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content of ten elements indicates that the variation in total
milliequivalent composition is no greater than tas per cent.

An arrangement of the ten elements studied in this inves-
tlgatlion revealed a general pattern of element compoaition.
The disclosure of a logarithmic relation resulted in the
expression of alfalfa composition by element basic ratios,
Using these ratlios, curves were constructed end element index
numbers were derived that show nutrient element interrela-~
tions. Elements were grouped es metals and non-metals
according to their plant absorption characteristics and
different plant nutrient element equilibrium systems were
compared, Correlations with yield and fertilizer treatmsnts
showed that an increesing degree of unbalanee in the equi-
librium system resulted in decreased yield and that the
influence on plant growth of increasing appllications of
fertilizers was subordinate to the influence of the equi-
librium system.

A summary of element interrelations indlecated that
under the conditions of this experiment, phosphorus remained
relatively constant; manganese uptake was ln gensral in
opposition to that of sodium; boron and potassium absorptiom
was in proportion to the additions of these elements to the
soll, or in relation to their interaction within the nutrient
equilibrium system of the plant, and that the interaction
of these two principal varients with bth@r elements resulted

in the differentiel absorption of calcium, magnesium, sodium,
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aluminum, iron, and copper,

This investigation demomstrates: (1) that the spestro-
chemicel technique can be used ez an snalyticel tool in
plant nutritiorn studles; (2) that the best yio&ﬁa of alrairu
are produced when the nutrient esquilibrium system of the
plant approachss that expressed by the basic retios of the
elements; (3) that the use of oloment index mumbers for
evaluating the magnitude of the sffect of one olement on
the absorption of snother promises %o indicate the correoct
nutrient balanae‘naeaésaxy for efficlent and oconcmical use
of fertilizers and lime; (4) that natwitha#anéing wide
veriations in nutrient element abmorption, thers is a general
pattern of nutrient requirement for the best growth of
alfalfa.
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Logarithmic plotting of milliequivalent values
against the relative proportion of elements,
1946 composite samples.

(Broken line:represents the weighted
average of the four highest 1947 yields.
Solid line represents individual samples),
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CHART III

n of elements,

Logarithmic plotting of milliequivelent values

against the relative proportio:

1947 samples.

individual samples).

ghest yields.

(Broken line represents the weighted

average of the four hi,

Sc0lid line represents



1.

2.

e

4.

5.

6.

7.

8.

59

LITERATURE CITED

Ballard, Stenley S, The Role of the Spectrograsph in
the Analysls of Agricultural Materisls, Hawalien
Planters Record 44:35-48, 1940,

Bear, Firmen E., and Arthur L. Prince, Cation-
Equivalent Constaney in Alfalfa, Amer, Soc. Agron,
Jour. 37:217-228, Merch, 1945,

Beckenbach, J. R, Functional Relationships between
Boron and Various Anions in the Nutrition of the
Tomato. Fla. Agr. Bxpt., Sta. Bul. 395. p. 34,
1944.

Beeson, Kenneth C. The Mineral Composition of Crops
with Particular Referencs to the Solls in which
They wWere Grown: A Review and Compilation. U. S.
Dept. Agr. Miseo, Pub, 369. March, 194l.

Boynton, Damon, and A, B. Burrell., Potassium Indused
Magnesium Deficiency in the McIntosh Apple Tres.
3011 561. 583441“'4:5“0 194‘0

Brown, B. A., R. I. Munsell, end A, V. King. Potassium
and Boron Fertilizetion of Alfalfa on & Few
Connectiocut Soils. Soil Sel. Soe. Amer. Proc,
10:134-140, 1945, ‘

Brunstetter, B. C., and A. T. Myers. Some Horticul~
tural Applications of Spectrochemical Analysis.
Jour, Optieal Soe. Amer. 31:163-166, February,
le4l.

H. L. Wilkins, and M. A.
Heln., oSimultaneous quantitative Determination
of Seven Elements in Grasses and Legumes
Speotrogrephically. Proe. Sixth Summer Conf.
Spectroscopy. July, 1938,

Cooper, H. P. 7The Relation of the Relative Ener%y
Properties of Ions to the Availability in Soil
end the Intensity of Absorption of Plant
Nutrients. Mimeo. Release. llpp. (1948J.

g LD
o064



10.

11,

i2.

13.

14.

5.

18.

17,

18,

19.

60

Gerlach, .alther, and fugen Schweitzer. Foundations
and Methods of Chemical Analysis by the Emission
Spectrum. (No date), Adem Hilger Lta., London,

Goodall, D, #., and ¥, G, Gregory. Chemical Com-
position of Plants as an Index of Their
Nutritionel Status, Imperial Bur. Hort. and
Plantation Crops Tech. Com, 17. July, 1947,

(g) p. 59 (d) pp., 92~93
(b) pp. 58-59 (e)p., 92
(¢) pp, 58-60 (£)p. 47

Haddook, J. L. und s, C. Vandeocaveye. Yield and
Chemicel Composition of Alfalfa on Two Western
Washington Soil Types. Solil Sei. Soe. aAmer, Proe,
10:129-133. 19485,

Hunter, Albert S., Stephen J. Toth, end Firmsn E. Bear.
Calecium~-Potassium Ratios for Alfalfa. Soil sei,
55:161-72, January, 1943.

uﬁgargﬂﬂ, Je 3:, E. B. erﬂtt, and ¥, 3, Hﬁd&ki“.
Spectrosscopic Methods for the Determination of
Boron in Plant and Animal Materials. Soll Sei, Soe.
A\mero Pr@c- 4:508"5090 1959.

Meggers, willliem F,, and Bourdon F, Scribmer. Index
to the Literature on Spectrochemical Analysis
1920~1929, 24 Bdition. Amer, Soc, for Testing
Materials, Philsdelphia, Pa., 1941,

Munsell, R. I., and B, A, Brown, The Boron Content of
Certain Forage and Vegeteble Crops, Amer. Soe,
Agrom, Jour. 35:401-408. May, 1943,

Myers, A, T.,; snd B. C. Brunstetter, Spectrographie
Determination of Mineral Composition of the Tung
Leaf as Influenced by the Position on the Plant,
Amer. Soc, Hort, Sei. Froe, 47:169-174., 1946,

. B. 3., Dyal, and J, W. Borlemd, The Flame
rhotometer in Soil and Plant Analysis. To be
published in Soil 3Sel. Amer, Proc. 12, 1947,

Parks, R. Q., C+ B. Lyon, and 8. L. Hood, Some iffects

of Boron Supply on the Chemical Composition of
Tomato Leaflets. FPlant Physiol. 19:404-419, 1944,



20.

21,

22.

23.

24.

25.

g6,

27.

61

Sawyer, Relph A. ZExperimental Spectroscopy. Prentice-
Hell, Ince., New York. 1944,

Seribner, Bourdon F., and #illiam F. Meggers. Index to
the Literature on Spectrochemical Anelysis, Part
11, 1940~-1945, Amer. Soc¢. for Testing Materials,
Philadelphia, Pa. 1947,

Shear, C. B., Hs L. Crane, and A. T. Myers. RNutrlent-
Zlement Balance: A Fundamental Conceptv in Plant
Nutritien. Amer. Sos. Hort. Gei. Proe. 47:239-
348. 19460 ‘

Snider, H. J. Chemlical Composition of Hay and Forage
Crops as Affected by Various Soll Treatments.
I11l. agr. kxpt. sta, Bul, 518, pp. 260-265.

May, 1946.

Wallsee, Arthur, Stephen J. Toth, and Firmen K. Bear.
Further kvidence Supporting Catiom-Equivalent
Constaney in Alfe)lfa. Amer. So¢, Agron. Jour.
40:80-87, January 1948,

Wallace, T. The Diagnoeis of Mineral Defielencies in
Plants. Univ. of Bristol Agr. and Hort. Resesrch
wta., Long Ashton, Bristol. 1943,

salrath, B, K., R. Z. ward, and O. I. Struve. Yield
and Composition of Forage Grown on One Conneetiocud
Tarm in 1946. 301l Sci. 65:259-273. Iarch, 1948,

Weathers, 8. K. Mineral and Nitrogen Content of
Lespedezas and Other Hay Crops in Tennessee., Tenn,
Agr. EXpt. Sta. B{ul. 166, P 28. Qctober. 1038,

Wood, Robert #. Physical Gptics. pp. 101-264, The
Macmillan Co,., New York., 1923,



