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Abstract:

Plant roots are known to- chemically modify their environment. To the- extent that they dissolve
insoluble compounds in the substrate, they are credited with a corresponding amount of "feeding
power" for the particular nutrient in question. the objective of this investigation was to- determine the
relative contributions, to phosphorus "feeding power" of four plant species, made by certain
phenomena occurring at the root-substrate interface.

The results obtained indicate that the majority of the dissolution can be attributed to absorption and
adsorption of calcium by the plants. These phenomena are presumed to function by decreasing the
concentration Of calcium- in the soil solution and thereby' shifting the solubility equilibria of calcium
phosphates. Intimate contact between roots- and solid phase favored "feeding power". In view of the
above findings, this is attributed to the formation of a closed system in the microenvironment of the
root in which the calcium concentration is yery effectively decreased.

The effect of the secretion Of carbon dioxide and complexing agents by plant roots upon the
solubilization of the fluorapatite used in this investigation was determined to be negligible.
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ABSTRACT

Plant roots- are known. to- chemically modify their -envirenment. To
the. extent that they dissolye imsoluble -compounds in the substrate,
they are credited with a .corresponding emount of "feeding. power” for
the particular nutrient in question. The objectiye of ‘this inyestiga-
tion was to determine the relative contributions, to phosphorus "feeding
power” of four plant, species, made by certain phenomena occurring at
the root-substrate interface. '

The results obtained indicate that.the majority of the dissolution
can be attributed to.absorption and adsorption of calcium by the plants.
These phenomena  are presumed to function by decreasing the concenbration
of calcium in the seil solution and thereby shifting the solupility
equilibria Of wcalcium phosphates, Intimate contact between roots-and
solid phase fayored 'feeding power”. In view of the above findings,
this is-attributed to the formation of a closed system in the micro-
environment.of the root in which the calcium conceéntration is very
effectively decreased. .

The effect of the. secretion of -carbon dioxide and -complexing agents
by plant roots upon the solubilization of the fluorapatite used in this
investigation was determined to be negligible.
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TNTRODUCTION

‘Phosphorus rapnks fifth in the-order of -abundance of the gssential

nutrient elements-in the 1lthosphere. Wordd. reserves are estimgted to be

26 billion tonms of -phosphate rock;. and phosphorus- comprises approximately
0.10 pet cent. of ~the spil by Wéight,'. A large preportion of the phosphate
reserves in-the lithosphere, howeyer, are low grade minerals. In gd4di-
“tion, - the phosphate minerals of the .soil.are characteristically. inert.
Phosphorus..reporfedly, oceurs in the form. of Cal.Ci:ﬁI[.L?“_ irony..and, .‘a;luminﬁm‘
phosphates (inc¢luding dicalcium phgsphate 5. -o‘ctocaleium_.‘ph‘gsghaftg 5 - bydroxy- |
‘apatite, flgo;ra‘pa.gbite‘,, variscite, stre\ngit;\:ég, ete.), the most. gtable form,
of copurse; -depe’qd&ngj-u@n prevailing chemical conditions. The iﬁertﬁgss
of these compounds is well exemplified by the fact that they haye per-
sigbed in sall despite thoysands of years of _intexmit@en.t le;a;cllzing?,, The ‘
quality of most phosphorus reserves is so pegr, in fact,. that. some
authorities consider phospherus to. cqns,i;i't;lte a major limit,:ig;tmg_r fagtor 4o
filturé production. of food on this.plapet. This iﬂygs-tiga,tiﬁn deals with
& mechanism by which certain plants-have apparently become . adapted to
ubilize existing low grage .phosphate ¢ompounds of ';;lfafcilre;

Miperals.-of the soil are more or:less continuelly.cosbed with ague-
ous films. From-these films; plants obtain the phosphates to beg utilized
in thelr metabolic processes. Im view of the relatige ‘&bundance- of
phosphorus -in soil,. it.appears rather paradoxical that natiye vegetation
. almost inyariably responds fayorably -t phosphorus. treatment . The con-

centration. of phgsphorus in the soil solution; however; seldpm exceeds
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0.5 ppm, and it is known that, umnless a minimum coneentration of approxi-
‘mately 0.05 ppm is maintained in the substrate, green plants may be ex-
pected to become phosphorus.deficient. |

Presumably. the transfer of phosphates from soil solution through
the agueous filmg, extending through the cell wall, approximates con-
ventional diffusion behayior. Taus, the rate of diffusion,_dp/dt, might
be expected to follow Fick'!s law:

dp/dt =. %é (C~Co)

where D is the diffuéion.cOefficient.of the phosphate ion, A is the
effective area.of the plant roots, L is the effective path length from
soil to root surfgce, C is-the cencentration of phosphate in the soil

solution, and Cy is the congcentration. of phosphate at the roat surface.

If C.hecomes less than 0.05 ppm, the concentration gradient (C;CO) could
quite copcelyably become- too low to allaw diffusion to oecur ét a rate
adequate to meet plant redquirements. The dissolution and diffusion
processes are thereby seen to play vital roles in the phosphorus nutri-
tion of -plants.

Evidenge at band suggests that plants themselves play an actiye
role in the dissolution and diffusion processes. Thus, plant.roots
reportedly lower the pH.of the seil splution, secrete organic acids,
and partieipate in ion exchange reactions, and thereby modify the. dis=
-solution process. Rate of diffusion of phosphate ions to the rogt sur-
face is undoubtedly favored by am extensive root system (A in equation

ahoye) and by contipual extension of mew roots into unexploited soil.
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It is the relatlye abllity of the plant.to dbsorb phasphorus from the
svbstrate which is referred to as. the phospﬁorus "'feeding power” of the
plant. Thus, the "feeding power” of a-plapt will be affected by modifi-
cations, Py the plant, of its chemieal enyironment and by -physical phe-
nomena such as.extension of the root sysbem into unexploited substrate
and proximity of root surfaces to the nutrient source.

The relative abilities of four species of -plants to gbsorb phoes-
phorus from substrates containing Virginla Apatite: as the only -soyrce of
phosphorus haye heen studied. As a result of the ipyestigation,, an

attempt ‘has been made to postulzte a more 'inclusiye theo.x;;y -regarding

"feeding power.
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LITERATURE REVIEW

A great degl.of -experimental work has been done:which indiecates that
plants modify -their chemical enyironment, as suggested by the "feeding
power” theories. It is.well known that various types of plants have
varying abilities to absorb.nutrients, hoth from soil and nutrient solu=
“tions. TFor a rather complete reyiew of the.work (prlor to 1930) on . the
subject of "feeding power”,. the reader is referred to Thomas (1930).
Smith (1934), Lyness (1956),,and\Rabid§au, et.al (l950);.shgwed thaf
different varieties of. corn exhibited differing.abilities to. absorhb
phosphorus from putrient solutions. Rabideau- suggested that part of the
reason for these differing abilities was due to extensiyeness of the root
system. Davis, et.al (1950), in a paper criticizing Truog's yiews on
"feeding power™, wer¢ also of the opinion that the size of the root
_gyetem was -a factor in "feeding power”. Fried (195%) congluded that the
"feeding power" of -plants could not he accounted for by the extensiveness
of the root: system alone. He was able to show that, when the effect. of
-rogt size had been separated from other posaible effects, the plants
stlll exhibited differences in ability to obtain phosphorus from the
goil, Mehlich and Reed (1948) found that turnips,. cotton; soybeans,
cowpeas, oats, and wheat had differing.abilities to extract cgleium from
a bentonite~sand mixture. They found that their abllitles to. exbtract
calcium detreased as follows: turnips > cotbon > soyheans > cowpeas >
oats > wheat. Tyner (1935) showed that corn, rape, buckwheat, peas,.

. sorghum, suden grass, soOybeans, and-oats. were poor feldspathic potassiuvm
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feeders, whille alfalfa, alsike cloyer, red claver, and sweet clover were
good feeders. The potasslum content of the good feeders, receiying. feld-
spathic potassium, was significantly increased oyer those not receiying
potassium, whereas the potassium content of 'the poor feeders.did not show
a gignificant increase after receiving feldspathic potassium. Tyner also
eoneluded that the relatiye feeding power” of these plants for potassium
was not related to the chemical form in which the potassium existed in
the cytoplasm. Truog (1915; 1922), on the dther hand, concluded that
PH of the plant sap and the Incorperation of potassium into compdunds
within the plant had a large effect.upon the ”:Eeédipg power” of plants
for potassium. Newton (1928), studying the selective absorption.of in-
-organic elements by yarious plants from both solls.and ‘nutrient. solutionms,
found that the yarious plants had varying abilities to obitain nutrients
from both of these media.

Meny. inyestigators haye suggested that the "feeding power’ of plants
for phgsphorus -may be attributed to the cation exchange capacity of their
roots. Presumably, plant roots, because of thelr ability to-act as cation
exchangers, are able to adsorb calclum apd thereby affect a dissolution
of insgluble ealcium phosphates in the substrate, thus-bringing phosphate
ion into solution. If this be-true, one would .expect that plants haying
roots with high catlon exchange capacities would be more efficlent in
this dissolution precess than plants-haying roots with low cation ex~-
change capacities, and could, therefore, be expected to be better

"feeders”. Drake, et al (1951), Williams and Coleman (1950), Smith and
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Wallace (1956); and Dunha%b,et al (1956),,detérmined the cation exchange
capacities of various plaﬁt roots agd found the roots of differing.species
to haye widely differing, cation exchange capacities. Drake, et al (1951),
found that it was possible to get. an indication of the root cation ex-
change capacity by[determining-tﬁe "wltimate pE" of root electrodyalir -
zates. Drake and Steckel (1953) found that plants haying high cation
_exchange capacity root systems are more effective in obtaining .phosphorus
from soil and rock phosphate thaﬁ.are plants having.low-cation exchange
capacity root éystems@ Drake suggested that bonding of caleium by. the
plant root exchenge sites causes-the rock phosphate crystal to dissolye
by the process.of mass action. Truog (1927) claimed that the uptake of
calcium by the plant results in a mgbilization of phosphorus. in rock
.phosphate systems. Burd (1948) hasrshQWn,~by,displagement;studies, that
'when the calcium.congentratipn.of a soil sqlution 1ls rediced by‘plant
uptake of "ealgium . there is a gqnpgyrent-increage in phosphate:cogcentxg-
tion in the soil solution. McLean and Baker (1953) and McLean (1956)
studied cationie activities im aqueous systems~containiﬁg.plant roots and
determined the exchange capacities of alfalfa, soybeans, red top, fed
canary grass, CcOrn,, celgry, cats, and lespedeza roots. They pqinted-put
that, even. though the roots of two.plant specles may have‘the‘samg-Cation
.exchange capacity, a given ion mayrbe held more tightly Qn'Qﬁe.root.than
on, the-aﬁher, and, - therefore, the feeding cépacity,of the .plants for the
ion in éuestion may be quite different.

Inyestigaters haye long recognized that the pH of the growth medium
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may,affect.the ability of .plants to feed. It has-been postulated that
varilois roothoil interaetions could. .affect the pH of the gr@wth mediym.
Williams end Coleman §l950) haye.shoﬁn:that plant. rootis, saturated with

!
hydrogen ion, affect.the pH.of the growth medium. Burd (l948) has . showm,

on.calcareous sQils, that as the pH is. decreased the phosphate:solubility
is Increased. He noted; howeyer, that in calcareous.solls, containing
CaS0,, the pH had to be lowered almost one unit before the.effect. of the
copmon lom; caleium; was oyercome-énd an appreclable ipncrease in the
phosphate concentration of the.soil sélutiqn occurred.‘ Burd stated that
in a soll containing gypsum it .is difficult. for the plant . to shift the
equilibrivm in favqrnof-disso}ution-Qf'phqéphqrusa He suggested that in
such a systqm thg.qgncentfation of ‘calcium is the dominant.igﬁluence
_affecting'phosphate concentratiqﬁ, Benne, et al (;956),-in,a,study,gf

the effect of calcium ions and reaction.ypon theigolubility!gfnpbpgphorus,

()

o NoZ

- treated H RO, solutions at varying pH's with Cab, CaCOy, and CaCl,. Large

excessges of CaC@S failed to prgcipitate the phesphate fiom s@lut;qg appar-

-ently beecause of' the slight solupllity, of CaCO;. Slight. additiens-of Cal

reduced phosphate - concentration.in solutien to a‘m;nimgmﬁat ?H 7.36 and
-maintained the low phosphate QQnﬁentraﬁipn at higher pH's. Large excesses
'of’CaCIEWprecipitated-no,phosphate from solution until the pH;ﬁasfraiagﬂ
to-7.36. In all.caseé they found that caleium ion did net precipitate
phosphate from solution.below a.pH of approximately 5,6, Teakle (1928)
studié& the . solupility of-thSQhates inﬁaquegus_solutiqns and. solls at

yariogs reactions. He concluded that calciumfphosph§te'i3 inag;uple under
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alkaline copditions and that the main factor in the depression of phos-
. phate splubility in alkaline.soils is the-presegce-of caleiim ions. He
also precipitated the caleium. in one soil with (NH4)2C2Q4 and -caused a
twenty«fold increase In.phosphate concentration. Hé was able to repre-
cipltate this phosﬁhorus by;adding.ealciuﬁ.ions and thereby;reduge the
phosPhate-QQngentration in the soil to.its-original value. ‘Albrgchtﬁand
Schroeder (1942) showed that-far greate? mobilization Qf‘nutrients'
occurred when the soil was acid. Mehlich and Reed (1948) stated that,
irrespective-of how plants absqu:cations, hydrogen fons.are inyolyed in
the mobilization of.catiops. Pratt and Thorne (1948) measured the con-
centration of phosphate between pH values of ‘4 apd 10 in Na-clay and
Ca—clgy suspensilons. The-concentration‘gf phqsphate‘waS'greater oyer
this pH_rénge in the Na~clay system than in the Cafclay systenb,again
showing the effect of the common lon gglcium on phosphate solubilityh
Lewis, et .al (i952), found that salts of calcium having a -common ion with
fertilizer phesphate cause fixatlon.of phosphate.. Kii?trick_ and Jackson
(1955) demonstrated that, when.kaolinite.was added to suspensions- of
variscite (AlP©47£Hé9>’ the coneentration of ph@sphate was depressed
be@ausé-of'thé addition of the common ion,,aluminum.

There ig little doubt that COE‘isfexgrgted by plant roots and that
this would haje an effect on "feeding pqwer¥ beeause - of .the ability of.
Cogzto,lower-the PH of the nutrient media.especially in the immediate p
yi;inity éf;the root haif. Turpin (1920) showed that plaxt ?Oqts.segreﬁe

COp. He. showed that CO, production by plant roots is.largely:indepepﬁent
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of ‘that produced by s0il micrgorganisms. Newton (192L4) measured. the Co,
evolved from the rdots of various crop plants. He estimated that a good
deal more CO, is. produced by soil microorganisms thdh-is produced by
plants, but suggegte& that CO, from the plamt roots may be much more
important. in plant nutrition than that produced in the soil by micro-
organisms. Parker (192L, 1925,.1927) studied the COp production of plant
roots in relation to "feeding .power” of plants.and found no correlation
between CO, production and "feeding power™. Burd (1947) suggested that
the excretion of hoth cog and organic aclds by plant roots.affects the
efficiency with .which plants feed. Truog (1915, 1922, 1927) contended
that aclds, other thap carbonic, are not excreted by plant. roots and that
"feeding power” cannat be explained by carbonic acid. excretion from plant
roots. Hall (1906),.1n a study of the solyent action of roots upon soil
particles; coneluded that carbonic acid-is the only acld excreted by plant
roots and 1is solely responsible for the solyent action of roeots, Islam
(195%) claimed that.there is no . conclusive evidence for the.excretion, by
roots, of materials capable of causing the dissolution of.calcium phod-
phates, other then CO,. Sachs (1860) placed polished marble plates in
goll wilth growing plants and found that where the rqots contacted the
plates the marble was etched. Davig,. et al (1950), held that differences
in the extent of the root system apd C@E,production by roots may be ex-
tremely importent in "feeding power”. |

On the .other hand, some inyestigators haye found that materials,

other than carbopie aeld, are excreted from plant roots. Jackson and
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Coleman (1959), in studying excised roots of snapbeans, found that pyru-
vate, malate, cltrate, acetate,.succinate, and fumarate ions were liber-
ated from the éxcised roots. Katznelson, et al (1955), using aseptic
cultyres of peas; soyheans, wheat, barley,. and tomato;, demonstrated, by
paper chromotography, that glutamic acild, aspartic acid, proline, leucine,
alapnine,. cysteine, glycine, lysine, phenylalanine, and some sugars are
elther excreted from the intqct roots-of these plants or sloughed off
from the roots during.death and breakdown. Wheat and barleyAroots Pro-.
duced the greatest amounts of these materials. Nutman (1951)- found evi-
dence that roots of red clover, grown in aspetilc agar cultures, excreted
amino acids. Virtanen and Laine (1935),- using. sterile cultures, found
that-87 - 98 per cent of the total nltrogen excreted from roaet nodules
of legumes is excreted as amino acids. Virtanen and Hausen (1935) found
that the excretion of amino aclds by reot nedules of-legumes was highest
when the plants were guite young. They concluded from this that the
phenomenon cpseryed was due to excretion by the nodule and not decompo-
" sitlon of the rodule. Using. sterile culture techniques, Knudson  (1920)
found that plant roots excrete reducing sugars, Napce apd Cunningham
(1951) found that execlsed wheat roots excreted acetaldehyde when in the
presence of nitrate and nitrite salts. For a review of work on rogt
éxgretions, the reader ig referred to Loehwing (1937).

The literature avallable on the effeects of -soll organic.matter on
phosphate solubility appears to Indicate that one should expect the

organic materials, excreted from plant. roots, to be s factor in the
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‘"_f'eed.:mg'épower'—"‘ of plants for phosphate. Hines and Barber (1957) found,
that soll -erganic mat_;cerr‘reaétqd with divalent metal .cations in a manner .
similar to ghelatin_g;agénts; Swensop, et al (1949),. showed that organle
acids such as -gitric and, tartaric are effegti%re not enly in preyenting
.the formation of hydrated ircn apd aluminum phqspha_tes but also ip re-
placing :the phoesphate. in the exlsting compounds. Struthers and Bieling
(1950), using.organic acids produced by plant decempesition,- found that
. the mcgsfc,»effectivé_ acids in moebilizing phosphate were:citric,.oxalie,
tartaric; mélonic, and malic. They sta_ted‘ that these acids are produged’
by the:action of microorganisns on .organic matter in the soll.. Broadbent
and Ott (1957) found that 801l .organic m‘a’cte‘r. complexes with .cations in
very dilute solutions. They found. that the amount of gomplex formed -is
.a} fungtion of the type of. catlenm, cohcen‘c.ra_’t_ion of cation, pH,- and time
of contact. Stability of éomple‘xes studled was found to be in the order
Ca > Ba 2 Mg, |

It would seem reasonsgble to. assume-that, in tile case of -plants
ﬂditss\olvixag. an ipseluble compound,; intimete éontagét béfcwe.en the root and
nutrient source would be. necessary. for maximuy rate of nutrign’c uptake.
The plant would be expected to medify the immediate. emvironment to.a
gfeate,r extent than the distant enyiromment. ) 'Thfat 1s, for example; due
to th‘e: buffef capacity of the. sell, CQ?,_-e;ggxeted 'f::jom the rogts. W@u}l.d not
be expected 1£6.appreciably lower the pH _;'o,f_' the s0il _SOlu"ti‘O;n‘ except In
the yvery mear yicipity of the root. Jemny and Qverstreet (1939) and

Jenny, et al (1940), emphaéiied the importamce of the intimate contact
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between soil ¢olleid and .root surface in their studies on."cpntact exX-
change”. They maintalned that it is not necessary for a cation to.be in
the soil solution for uptake by a plant root to take place, providing the
“oseillation spaee™ of an ion on the-r‘oét exchange complex oyerlaps the
"ogeillation space™ of an idn on the. soll colloid exchange complex. Deap
and Rubins (1945), Viemls (1953), and Olsen and Peech (1960), could find
no eyldence to support Jemny's theory of Ycomtact -exghange",. Lagerverf{f
(1958). found, that, under equilibrium conditions, the composition of the
so0il selution fully characterizes the _envirgnmegt of “the plant reot.
Islam (1955, 1956) agreed with Jenny's theory of "comtact exghange™ and
purports to glve Iev;i_.dence supporting this theory. It shqu;q-be ‘noted
that, where the absorption of cations.are concerned, the majority of the
experimental -eyidence ayallable supports the seil solution thedry rather
than the "contact exchange” theory. Where the abso-rption‘ of 'anlons . are
coneerned, - the author is unaware of any evidence in the literature which
supports the eontact exchange! theory. Bray (1954) set forth.a nutrient
mobility concept of seil-plant relationships which proposes that there
are two types ¢f root sorption zones. Une zone includes the whole yvolume
of -g0il within the major part of the root system (where the roots absorb
relatively moblle nutrients); the other includes only. that zone In prox-
imity to .the rqots (where relatively insolible nutrients are dhsorbed).
The first zone he called the. root system sorption zone, and the second
he called .the root surface sorption zene.

Fried, et al (1957), in studying the kinetics of phosphate uptake
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in the spil, haye de’qermijned that the rate of formation of soil golution
phosphorus, om an a¢re basis, in Bridger; Caribou, and Nibley soils, was
greater than the rate of abseorption of phosphorus by an acre of plants on
the soils by a Tactor of at least 250. Tidmore (1930) showed that corn
g;cowing in a soil whose displaced golutiom contained-only 0.02 to, 0.03
ppm of phcsphgte grey better than that grown in a -culture solution of
-0,1 ppm phosphate. Burd (1947) stated that there is much  experimental
eyldence suggesting that root surfaces must be in intimate contact with
the s0il particleg to enable plapbs to get enough nutrients to sabisfy
, their peeds. Truog (1927) concluded that plant roots in contact with
8oil particles mey ¢btain sufficlent nutrients eyen if-the -concentration
of nutrients in the soll solution ig too low tp-support normal -growth.
Newton (1928) also. suggested that.intimate contact of the root with soil
particles is-necegsary for nutrient uptake to take place. Comber (1922),
. emphasizing the importance of root-soil -contact,. suggested that "feeding
’power" might be explained on.the basis of the absorption of collaids by
roots a;ad/ or by the solyent action of various substances of the.pla:,a_t'. sap
. which may find. £he‘-ir way into the growth medium. Marals (1922) , from
_experiments involying the solvent action of roots on Plaster of Paris
plates- on which calcium phosphates had been precipitated, concluded that
root-seil contact was.extremely important.to mutrient uptake. Broyer and
Ftout (1959) pointed ¢ut that the volume of soil explored by, the roots is
a-yery important factor in plént Mfeeding power” for phospherus. Comber

(1922 proposed that the root hairs form a mucilage which may encompass
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soll particles, thus proyiding yery in*t:_imate contact. hetween the root
hair and the soil. He then implied that.the root hair extcretes yarious
organle materials which, elther because of their acidity er their apility
. to complex gations, cause the solubllization of relatiyely insocluble -com-
pounds. Parker (1927) also proposéd t]z{at the  gontact hetween root hair
and soil e¢plloid 1ls so intimate that a closed system 1s formed. He
further suggested that the organic acldsy.etc., in the roet.could have
‘a- solyent action on.the colloid without actually heing excreted by the
root because of formation of thisg closed system. 'G'erre'bS.OJ'l (1948) found
that the presence of mieroorganisms in the rhizosphere cayses solubili-
zation of phospherus. TUsinga sterile culture technique, he found that
oats, mustard, ;unflower and repe took up much more phosphorys from.
apatite wheh the rqots were incculaice.ﬁ.m,,th_‘ microorgenismg then when the
cultures .remained sterile. In ina.cu_latea; 'Qultures:, Pl'a,s‘ter of _Paris
plates, upon which .he haq pr_ecipi-tajced an; inso-luble cal clum phosphate, ‘
showed solupilization zones at the paeints of root contact. These solu-
bilization zones were sbsent in the wnineculated.cultures. This.led
Gerretson to conclude: (1). that plant rects haye very.little solvent
_aetion,. and (2) that intimate. contact petween root and ipsoluble mutrient
source 1s-necessary for putrient uptake to. take place.

In view'.‘of the fact t];at,existing ‘theqries concerp,ing;the subject of
"feeding power” are rather comtradietory, it was deemed desirsble tos (1)
., study some Qf the theories concfemipg the z_-ooi:--.soj?l ix_lteractiop;s.pure-

1

portedly contributing to the "feeding power” of plants, apd (2) attempt
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-to measure the relative combributiens of each .of the contributing factors

to the-oyer~all "feeding power” of plants.
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EXPERIMENTAL METHODS AND APPARATUS
Four épecies of‘plaqts (squash?.s@ybeags,'barley,,an&.whegp), which
" reportedly differ quite widely in "feeding power”, were chosen for thisg
study. (See Taple I.) |

Method‘df Root. Culture for the Determipation of Root Cation Exchange.

Cagacitigs, For the'purpose of dbtaininglroo$s'upon_which to determine
eatlon exchange capacities, a modifigatian of-the.culture-methgd.of‘
Epstein and Hqgen‘(}952)_was used. ‘The’seeas:of'the plantsuwgre‘treated
. with lQ}per.cent‘Purex;solution for 20 miputes. Following this, barley
and wheat seeds were continuously -aerated in distilled water er'Eh.hours,_
at which time the sgeds Were. sovn.on a piece of sterile cheese cloth
_suppprte&~by-an;gluminumTScreen, cut. to- f1t é:rectangﬁlai Pyrex -digh.
The. screen Was.supported apove thg-surfgge of . the nu@rient_éplutioq.
~_After the seeds,were!sown,;a-second plece of sterile cheese cloth was
.plaeced on top~of,thelseeds;with.the:cloth_extending‘beyqnd the ends qf’
the secreen so.thailwﬁen the.sgreen was. placed in the Pyrex dish the ends’
of the cheese plqth.aibpéd into,the‘qa012_splution forming .a wick which
kept.the seeds moist. The Pyrex dish was filled.to within 1/4Y of the
screen_with.lo"4imolar‘Cac;zf The Pyrex dishes were ther placed in dark
incubators maintained at a‘teﬁperatﬁre Qf-2§O‘C, The solutionsuwere-cpna
“tinuously aerated throughout the,growth,perioao The top pilece-of cheese
cloth was ;emoyed after about 48,hgurs,*atﬁwhich'tim§ the seedlings. were
deyelgped.toza.point.Where the roqgts extended into the nutrient-solution.

The nutriept solution.was replaced eyery, two days, at which time the.
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‘roots of the seedlings were rinsed twice with distillgd_waﬁer, -Wheat and
barley, roots.were exclsed for use fiye days after plqnting,‘.

Squash,and soybeans could not Be grown by-this_techniqge»Qwing;to
.putrefaction. Presumably the. seeds were too.moist. Therefore, the seeds
-of these plants,ffqllowing‘the 12 per ¢ent,Pur¢X'treatment,_Were-planted
in acild-washed silica sand contained-in the Pyrex-dishes and placed in
dark incubators maintained a$;26o'C. The plahﬁsﬂwere watered each day
with lofé-molar _CaCl~2 and. .allowed to~grow_for.seyenJQays?.ai which . time
the sand was washed from the rQéts with distilled Water-gnd the roeots.
excised. It was necessary to-allow seven days growth period to oﬁtain
roots-of size comparable to the five-day wheat and bgrley ropts.

Determinationiof,Root Cation.Exchange Capacities. The cation exchange

capacities of the roots of the four plant species-used were determined
in the following manner. The roet. exchange sites were saturated with

hydrogen ion-by placingﬂthe excilged roots in,distilledfwater'and,bubbling

,C0p through the-system in a manper described by Williams and Coleman N

(1950). The roots were then centrifuged at 200 rpm in-a basket centri-
fuge for fiye minutes to remove.water adheging to-th?.roots, Approxi-
" mately four.grams;of fresh_rootsnwere”weighed'iﬁtonzoo ml. of 1.0 N.NaCl
.and. titrated WithﬂO,lQ8'N NeOH to:a pH.of 7.0 using.a glass-calgmel
.electrode pair. The cation exchahge .capagities were caiculaﬁed in milli-
equivalents.per. 100 grams of dry -root tissue. The eatign_exchange capac—
ities of the roots appear in Tsble I of the Appendix.

Method -of Plant Culture. ALl experimental work, with .the exception of
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that described above,. was carried-out in a -growth roem having a:l?—hoﬁr
light period,.a seven-hour dark_period{ and .a temperature of 26° ¢. A1l
plants were grown for a period of 16 days following transplantation of
seedlings. Nutrient solutions were replaced on the eighth day of growth.

Seeds were germinated in pure silica sand previously washed with 6
N HC1. The sand was rinsed with distilled .water until all traces of
chloride ion were removed.as-evidenced by, the silver nitrate test.‘ Seed-
lings were watered with distilled water and allowed to grow until large
enough for transplantation. Due to the fact. that barley and wheat seeds
germinatea wore- rapidly than squash and soybeans, their seedlings were
transplanted to the appropriate nutrient solution at.the end of seven
days, whereas squash and soybean seedlings.were transplanted at the end
of ten days.

Initially, the use of sand cultures was consldered, but the diffi-
culty of maintaining relatively constant nubrient concentrations in such
cultures led to the adoption of the solution culture method. This, how-
ever, posed the problem of maintaining an insoluble nutrient in intimate
contact with the plant roots and.still having‘essentially,a.solution cul-
ture. This problem was solved by planting  the seedlings in 150 mm. %20
mm. soft glass test tubes having a hole blown in the bottom and containing
cogrsely ground du Pont.cellulose sponge, which had previously been washed
with 6 N HC1l and rinsed with distilled water until all .traces of chloride
ion were removed. The test tubes containing the seedlings were placed in

a, square wooden rack which had bheen drilled to accommodate a certain
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number of test tubes (depending upon.plant used). The rack was of -such
.size as to coyer a No. 12 can allowing the test tubes to hang down into
the container in contact with the nutrient solution which was contained
in the No. 12 can (see Photograph.1). The use of sand rather than. sponge
was tried, but in such.a-restrictgd container the sand packed so tightly
. that the plant roots could not satisfactorily.penetrate the. substrate.
The nutrient sclutions-used in the growth.room studies were.all |

-yariations of Hoagland's No. 2 solution. The composition of this. solution

is as follows:

Ca(NBe)QPQH?O 0.95 g?/l.
KN, ‘ 0.61 g./1.
MeiS0,, * THRO. 0.49 g./1.
NH,HoPO,4 - 0.12 g./1.
Ferrie tartrate 0.005 g./1.

In all experiments, the nutrient golution was diluted 1.to 2 with
.distilled . water gnd two.liters-of this.solution were used per No. 12 can.
To each liter of the diluted solution.was added one milliliter partial

Reed. and Haas solution,. which was made up as follows:

H,BO, 0.60 g./1.
MhClzfAHZO 0.40 g./1.
ZnS0, . 0.05.g./1.
Cu854°5H29 0.05 g./1.

Bxperiment Wo. 1. The purposes of this experiment were as follows:

ca., To determine 1f the plants chosen would exhibit differing
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abilities- to obtain phosphorus-from Virginia Apatite under

the experimental conditions qutlined below.

b. To determine the effect of three different caleium leyels om

phosphorus. absorption by these plants.

C. To determine the effect of calcium gbsorption by, the plants on

phosphorus. "feeding power".

In the instance-of 'sOybeans and squash, one plant was planteq per

test tube and each wooden rack-was drilled to accommodate six test tubes.

Tn the inpstance of wheat.and -barley, two plants were planted per test

tube and. each woeden rack drilled to. accommodate eight test tubes. Bee

Photographs. 2, 3, 4, and 5.

The following nutrient solutions. were used ip this experiment:.

Ca(m@s)afaﬁ?@
K0,
MeS0, " TE0

Ferric tartrate

KOs
eSO, - TH,0

Ferric:tartraté

Solution A
0.95 g./1,
0461152/1.
0.49 g./1.
0.005 .g./1.
. Bolution B
| 0.71 g./1.
0.49 gﬁ/l.

0.005 g./1.

Fiye treatments, each in duplicate, were earried out as-follows:

Solutien A - Apatite

10 grams of Virginia Apatite (per

test tube) mixed intimately with




Solution B - Apatite

Solution A ~ No Apatite
Bolution B - No Apatite .

Solution B + 2 Hoag. Ca- . . . .
Apatite
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ground sponge and Solution A used as
nutrient.

10 grams of Virginia Apatite (per test
tube) mixed intimately with ground
sponge and Solution B used as nutrient.
No Virginia Apatite used; Solution A
used .as nutrient.

No Virginia Apatite used; Solution B
used .as nutrient.

10 grams of Virginia Apatite (per test
tube) mixed - -intimately with ground
sponge; Solution B.+ l.78-g./l. of

CaCly used as nutrient.

Experiment No. 2. The purposes of ‘this experiment: were as follows:

a. To determine the extent to which intimate contact between root

and nutrient source contributes to phosphorus abgorption.

b. To determine the relatiyve-abilities of the plants to.obtain

phosphorus underﬂthe-experimsntal~gonditions~outlined-below.

Two . treatments, each in duplicate,. were carried.-out in this experi-

‘ment. In one treatment, Virginia Apatite {20 g. placed -in bottom of a

No. 12 can). in cenjunction.with nutrient Solution.A was used. In the

other treatment, nutrient Solution A, alone, was used. These treatments

were vigorously aerated.at all times in an: attempt to ensure suspension

of the nutrient phosphorus squrce so that.the solution would remain
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,relatively homogeneous with respect.to soluble phosphorus. The number of
plants per tube'agd the number of tubes per can were the same as in Ex-
periment No. 1.

Experiment No. 3. The purpose of. this experiment was to evaluate the

effect.of root exéretions‘upon¢the dissolution of.tricalcium .phosphate. -
Wheat and barley were allowed to_germinate in the growth room accord-
ing to the previously described technique (No, 12 cans. were used in place
of Pyrex dishes) with distilled water-as the substrate. After one week,
the water. was replaced by 1/2 Hoagland®s No. 2 solution. The plants were
then allowed to.grow in the nutrient solution for four days. On the
fifth day, the nutrient solution was replaced with distilled water.and
the plants allowed to grow for~anqther four days, at which time -they were
hagrvested. and the ‘roots excised. Boybeans and.squash recelved théléame
treatment except that they were germinated and grown.in a sand.culture
(watered with distilled water) for ten days, at;which time they were.thén
transferred to-l/2 Hoagland®s nutrient solution. The plants were har-
vested and‘theﬂsubstrate surrounding the plant roots during the last
four days-of growth was evaporated to approximately 75 ml. The substrate
gamples . were brought to 100 ml. With_distilleé water and equilibrated
with 0.2 grams of Cag(PO,)p for 18 hours at 50‘5 C. (It should be noted
that Cag(PD4)z was present in excess of its solubility so that some solid
phase remained throughout the equiiibratipn period.) . The phosphorus. con-
centration was determined in this system and in a .similar -system in which

.distilled water was used as the solvent. The.phosphorus coneentration in
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the -latter system was subtraéted from thqt.Of the former and the phos -
phorus dissolved per gram.of dry root tissue was.calculated. Blanks for
each plant species consisted of analyzing'thé-solution from the last four
days of ‘growth, with no,CaG(?Q4)2 present, to determine how much phés_

phorus -may have been transferred from.the plants to the solution.

Experiment No.- L. The,pu;pose of ‘this experiment was 1o, determine the
effect‘df CQZ‘eXQretion by roots on the absorption of phaosphorus from
Yirginia Ap@tite by piants. The seedlings were planted as foilgws:-

Four barley plants per test tube and six test tubes per. rack.

Four wheat plants per test tube and six tesf tubes per rack.

Twa soybean .plants per test tube and six test tubeg pér rack.

Qne squash plant per test tube and.six teétJtubes.pgr;rack.

A1l treatments:were duplicated. Theye were two phqsphgrus treat-
ments; one consisted of 1/2 Hoaglqnd's No. 2 solution, and the other con-
sisted .of Solution.B. As subtreatments, included iﬁxeach Phosphorus
treatment, half of the plants-in each.can were aerated with 092~free-air
and half were not aerated. In Qrder:tofat leagt partially rule out dif-
ferences:which might be attributed.to aeration, the plants.which were not
.aergted were planted in perforated soft glass tesﬁ.tubes, In those cases
where Splution B was-used, ten grams-of Virginiq-Apgtite was -mixed with
the sponge - as in thefother experiments.

Aerators were made by piercing.-3/8" inside diameter Tygon plastic
tubing, haying.g wall thickness of 1/16", with many fine holes. A pin-

type flower vase- frog was pressed through the walls-of the tubing to make
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these holes. The tubing was then cut into 7-1/2" lengths and one end of
each .tube was stoppered with a-clear‘colque§s~glass mafble. The Tygon
tubesfwere‘tﬁen placed in thé-centef of ‘the glass test. tubes, extending
.from the bottom past the top of the test.tube, and sponge was packed
.around them-.at the time %he,seedlings.were transplanted. The Tygon tubes
in' the treatments that were to be aerated were attached to rubber tubes
-leading to a,maﬁifold through.which‘cqzrfree alr was pumped. The air was
.bubbled through two containers of satﬁrated‘NaQH'to.rempve Cpé‘and was
then washed by bubbling through two.containers Qf-distilled‘Wa£er'befOre
entering the manifold. The-pufpose of -the aeratiﬁn,was-to sweep as much
002~away from the.root,suriacés as possible.

In order to check -vhether the aeration of the plants in the Apatite
treatment,was_haying;an-effect Other. thap to remove the-C@é,rexcreted by
the plant rqots, from.the media;,a-conﬁrgl treatument usingll/e Hoagland's
No. 2 solution was run.. ‘Ituwas.assumed that . the ravaal of ngxsyquld
haye no effect on.the absorption of phosphorus by the plants from-a nu-
trient medium containing. soluble phosphorus..

¢

Experiment Wo. 5, The purpose of Experiment To. 5,Was to determine

.quantitatiyely the contributions, t6 .the aver-all "feeding power” of
squash, made by pH ofjnutriént mediym, - Intimate contact between root. and
.nutrient;sourpe;-and.palcium.conqentration.qf,th§ nutrient medium. The
treatments designed'to'measure'déggcontribution to the total "feeding

power! of squash were included in the experiment, but results of these

treatments were sq.erratic-as to.be wnintelligiphle.
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One. sq_uash plant per tes,t tupbe and six tubes per No. 12 can were

used in all cases. The plants were grown.in exacgtly, the same- fashion as

in the previous experiments. Each treatment was tiplieated. The plants

-were allowed to grow for-16 days prior to harvesting and the nutrient

solutions were replaced on the.eighth .day of growth. The treatments used

-were as follows:

Solution B - Np Apatite . .

Solution B - Apatite in . . .. .

bottom of can

Bolution.B ~ Apatite .

Solution B .+ 1/8 Hoag. Ca~

Apatite

Solution B + 2 Hoag. Ca= ..

Apatite

. No Virginia -Apatite used; Solution B

used as nutrient.
20 grams of Virginis Apatite placed
in bottom-.of can; Bolution B used as

nutrient.

-10 grams Virginia Apatite (per test

tube) mixed intimately with sponge;
Solutign B used as-nutrient.

10 grams. Virginia Apatite (IpAe'r test
tube) mixed intimately -with sponge;
Sqiu’cion B.+ 0.112 g. Ca‘Clg per-liter

used .as nutrient.

.10 grams Virginia Apatite (per.test

tube) mixed intimately with sponge
Solution B.+ 1.78 g. of CaCl, per

liter used as-nutrient. ,

All treatments .were run at pH 5.0, 6.0,.and 7.5. The pH's were

adjusted every other day iusing 0.0l molar HCL and Na®H solutions. The

Lir (b L
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nytrient solutions. at pH 6.0 required. little adjustment throughout the
growth period. The solutions maintained at pH 5.0 and 7.5 tended to
drift toward pH 6.0.

In the previous experiments,- trouble was encountered when, within
8 - 2k nours after transplanting, some of the plants (particularly squash
.énd. soybeans) became permamently wilted. It was thought that perhaps the
plants. were toa close to the gréWth,room,lights and the shock of trans-
plantation together-witﬁ,the heat from the lights caused the wilting. To
remedy -this situation, the growth rpom tables, upon which the plants were
placed,. were lowered.apout.-one foot. As a result, no more frouble with
wilting was . encountered.

The Virginla Apatite used in the initial experiments appeared to bhe
very clean and free of foreign matter and.was-therefore not:washed. How-
ever, the bateh of Virginia Apatite obtained for Experiment No. 5 con-
tained foreign matter. It was therefore thof@ughly,washed with distilled
water.

A new batch of -squash seeds.was obtained .and-used in Experimenﬁs No.
5.,and 6. They were of the same yariety. but. were cqnsiderably.sm;ller
than the squash seeds used in preyious experiments.

Experiment No. 6. The purpose of this -experiment was to.determine quan-

titatiyely the contribution root.excretions make toward the oyer-all
"feeding power” of squash. Bquash plants.were germinated in washed
gsilica sand as before. At the end of ten days the seedlings were trans-

planted to stuare plastic-dishes. 'The plants.were placed so that half
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of the, root_sys.ﬁem‘_extepd.ed 'inf.c-o a.dish . containing-500 ml. of -distilled
water -and the other half extended into-a dish containing 500 ml. of '1/2
Hoaglapdfs No. 2 nqtrient—,splution. The-plapfcs were held in_pla_v,ce on
the surface of -g piece of waxed cardboard with glass Wool .packing and
were allowed to-grow for. a period of 16 ,rdé.yg ‘before 'harVeS'ting_._ The
nutrient solution was replaced eyery fo'.urth @.a-V.. -;sQ.t.hat ‘the total volume
of nutrient splution. added was equal -to.the yolume added in the foregoing.
-experiments. The. :L;quid-i,n the dish originally -co:éltaining;ﬁhe distilled
water was -brought to volume (500 ml.) e_ag:h day, with ,distilled--wate‘r'.__
After harvest; the plants were dr:l_edand weighed. The solytion im the
dish -originally -co,nt"a:_ining‘ ;distille& water was reduced in volume to
ghout 75.ml., using a-stream of air,. and then transferred t§ ‘.lOO ml..
volumetric flasks and broughf to volume. BEight days.after haryest,. 25
ml.. of solution was aliquoted, filtered, .and snalyzed for ‘phosphorys -
colorimetrically. To the remaining 75 ml. of solutiog_wgsad@‘_ed 1.00
gram of Virginia ,Apaﬁiige_. This system was shaken on_ a wristaction .
_ shaker for 24 hours. Tyenty-five 'mil;iliter_,.a,liquots,‘y.rere then filtered
and ,a;:ta.lyzea for. soluble phosphorus.. The tobal .quantity of phesphorus
diss¢lyed by the plg:qt.,_excretio:gs was, th_encaj.cula”qed._

With the.exception of Experiments NQ?._.')-I!- end 6, ealeitm, phosphorus,
and -yield were. determined on &ll plants from.sll treatments. Phosphorus
v.ra_;_s determined colorimetrically us‘i,ng._-af_- variation of"the method - of" Allen
(1940). Ten normal HZ.S®4; was used in:p]‘_a.-ee‘-cf"‘ten normal ?E[C_LQ‘L,:._ Caleium

.was determined with the Beckman Model D. U. Flame Photometer using, the
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method of Baker and Jolmson (1953).

Experiment Ng. 7. The purpose of this. experiment was to determipe the

solubllity. of Virginla Apatite in distilled water. Twenty-five liters
-of disti;led water We;*e-e_quilibrated for 'six days.with excess Virginia
Apgtite. Carbon dioxide was continuougly. re;qoved from the system by

, agration with 1\Ia The 'co,nducti\_(ii_:y, of the .eq_qilibrating systenm was
-determined periodi_call:y during the equilibration period. At the end of
six days, the-copductivity ceased -changing with time, indicating that a
state of -equilibrium had been reached. The supernatant liquid (25 1.)
. was. filtered and the filtrate was passed through a mixed bed resin
columm (MB-3) to remove the ions. The igns were eluted from.the resin
_with dilute HC1 and phosphorus.was. determined colorimetrically by -the
method .of Allen (1940); -caleium was determined gravimetrically by the
method -of Kolthoff (1952). The .pH of the system.was determined to be

6.0 using a glass-calomel electrode pair.
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RESULTS

The repults of Experiment No. 1 are cdompiled in Table IT. Graphicsl
representations of the more pertinent of these date “ppear in Figures 1,
.2, 3, &, and 5. The total phosphorus . and total-—calc;i.um 'values appearing
in Table IT include both phosphorus.and calcium, . taken up-by"the.plant
from the medium and tramsloecated to the tops,. and phosphorus apd calceium,
originally present in the geeds,. which was tranglocated to the toﬁs.
Plant roots were not assayed due to the extreme difficulty -encountered in
.attempting to separate the roots from the,gponge.

?Ii;e.data;-repre-senting,the.phqsphoru-s. absorbed by the plants were
calculated by subtracting the gverage of the total phosphorus in the
plants in the Solution A - no.Apatite and .the Sclution.B ~ nq. Apatite
treatments from the total phosphorus found in the:plants of the other
treatments. The data representing the-calcium sbsorbed by the plents
were calculated by subtracting the ayerage of_ the total ealeivm found in
the plants of the Solution B ~ no-Apatite treatment from the total caleium
found in the plants of the other treatmentg. The absorbed phosphorus and
calgium values then represent the phosphorus and calcium teken into .the
plant from the growth medium and tramslocated to the plart tops.

At the time these. experiments were initiated, the investigator did
not know if the.plants.would grow sufficiently well -in a medium where the
only source - of both phosphorus asnd calcium was Virginisa Apatite. For
this ressor, a .treatment was included in which neit]ﬁer phosphorus nor

calcium had been added to.the growth medivm. Both the datsa in Table IT
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(see treatment Solution B - Apatite) and Photographs 2, 3, 4, and 5 show
that.all four plant species were capable of vigorous growth where Vir-
ginia Apatite was the only source of phosphorus and -caleium.

The 16-day growth period was chosen because plants undergoing the
Solution B - no Apatite treatment became necrotic-at the end of 16 days.

An analysis of variance was-conducted on the dats in Table II rela-
tive to the effects of the yarious substrate treatments on phosphorus.-amd
calcium.absorption by the four plant species. The data were treated as-a
eomplétely crossed factorial type design. By performing-a- statistieal
test (F test) on the yvariance components, it is possible to determine
-whether or not the factors involyed exercised independent effects on . the
absorption of phogphorus or-ecalcium. In the case of. calecium, the effeet
due to plant species and .the interaction effect (effect of interaction
between plant species and treatment) were highly significarnt at the 95
per cent confidence level, whereas treatment exercised little effeet-in
and -of itself. In the instance-of phosphorus, the interaction effect was
highly . significant, whereas both plant species and ftreatment exercised
little independent effect. The standard deviations (for the absorbed
calcium and phosphorus data in Table-II) associated with.the experimental
error are as follows:

a. TFor phosphorus: s = i 0.46 mg.

b. For ca'lciums‘ s = % 0.63 VT ng.

-where x.is the gmount.of calcilum absorbed.

In this and all-following :cases,.the standard deviation associated with




35
.95 per cent confidence limits is approximately equal to 2s. Since homo-
-sgedastisity of variance did net hold in all cases, the data in such
cases were appropriately transformed.

Figure 1 shows that there 1s a considerable difference in the quan-
tity of phosphorus. absorbed by the plants havipg high root cabtion ex-
change capacities (squash and SOybeans) and the amount absorbed by the
plants haying relatiyely low.root cation exchange capacities (wheat and
barley). The correlations of root cation exchange capacity.efi phosphorug
absorbed by the plants for. the treatments Solution:B =~ Apatite, Solution
A - Apatite, and Solution B + 2 Hoag. Ca~Apatite are 0.9%, 0.85, and 0.82,
respectiyely. All.of the above carrelation coefficients are signifieant
"at the 5 pér-cent leyel. In the Bolution.B .+ 2 Hoag. Ca~Apatite treat-
ment, squash plants-take up sbout 4.7, 7.8, and 13 times as much phos-
phorus.as do saybeans, barley, and wheat-plants. In the Solution B -
Apatite treatment, squash take up about 2.5, 13, and 30 times.as much
phosphorus as goybeans, barley, and vheat, resPective;y.. In the Solution
A - Apatite treatment, squash teke up about. 4.8, 38, end .27 times as much
phosphorus as. spybeans, - barley, and-wheat, respectively. .Figure 1 also
Indicates that the quantity of phosphorus absorbed by a particulgr,plant
specieg is dependent upon.the'éoncéntratiqn of calecium in the -growth
medium. In each .case the quantity of -phosphorus absorbed was greatest in
the Solution B - Apatite treatment where the only known source of calcium
was the Virginia Apatite. In Figure 2, the phosphorus absorbed by each

plant species in each treatment is plotted against.the concentration of
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c¢aleclum, added -to: the ‘nutrient‘ solption. This figure viyidly péints out
the effect of caleium. copcentration in the nutrient. medium upon - the
phosphoris absorbed by a. given plant, ,\As‘.;,isi shown ‘in the figure',-, the
presence .of calcium. in the nutrient. selution depressed the &bsorption of
phosphorus. In the instances-of both-vheat and barley, there is little
difference between. treatments Solution A —~ Apatite and Solution B + 2
Haog. Ca-Apatite. In both treatments the abserption-of . phosphorys was
very slight. The positions of the euryes in Figure 2 also - indicate the
relative ability of. the ,fou;' plant species:used, to.obdain phosphorus
from Virginia Apatife._ It is evident, from both Figures:1l and 2, that
the . gbility to extract phosphorus from Virginia Apatite under these X~
perimental conditions decn;'eased..as' follows: . squash > soybeans » harley
> wheat. 'The difference in feeding ;.p‘ower’r between barley and wheat is
apparently yvery. small. \

In Figures 3, lL,. and 5; the average yalue f’c?r' the. phosphorus. a,bsorbed-
by each plant specles is plotted against the respectiye yalue for the
ealcivm gbsorbed. It is: eyident from all.three curves that, irrespective
of treagtment, as caleclum absorption by the plants increases, phosphorus
absorption also increases. The porrelation cgefficients associated with
the absorbed phosphorus and.calcium data in vtreatments Bolution A -~ Apa—
tite, Bolution.B ~ Apatite,. and Bolutien B + 2 Hoag. Ca-Apatite,. are
0.9%;.0.92, and 0.97, respectiyely. All .are. significant.at the 5 per
cent . leyel.

In Tgble IT, it will be agted that, in. treatments Bolution A - no
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Apa’tite and Solution B - no Apatite, the ytelds were very low as would
]oe expected. It is also noteworthy that the Solution B - Apatite treat-
ment gaye much greater yields than the Solution B - no Apatite treatment,
indicating that the four plant species can grow reasonably well on a
medium having Virginia Apatite as the only source of.phosphorus and cal-
ciym. TYields of wheat and squash were greatest.in. the Solution A - Apa-
tite treatment. The highest yieldg of. barley and soybeans-occurred in
the Solution B - Apatite treatment. One might.infer, for wheat. and
squash, that calcium became limiting when the only source of -calcium was
Virginia Apatite,.while for barley-and soybeans, calcium did not become
limiting under these conditions.

The results of Experiment No. 2.are compiled in Teble ITI. Graphical
representations of -the ayerages of these data appear in Figures 6.and 7.
The. standard deyiations, associated with the experimentsal error, for the
absorbed phosphorus and ftotal calcium da.t,é. are * 0.19 mg. and * 0,37 %ZE
ng., resp'ectiyely,,, where x is the total calecium in ng. The phosphorus
values appearingin_T,abrle ITT and the bar graphs in Figure 6 indicate
that wheat. and barley were able- to extract very little, if -amy, phosphorus
from Virginia Apatite when the nutrient source was not in intimate con=
" tact with the plant roots. Soybeans and squash,. on the other ha,ﬁd,
apﬁarently-show, some gbility to obbain phosphorus under these experimental
conditions. If will be noted (Tgble IIT). that the concentration of phos-
phorus in the mutrient solution of both.treatments was yery low. It is

-the authorts. c,onten-tion that; . since the Virginia Apatite in the bottom of
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the cans holding the nutrient splutions was constantly -agitsted and was.
present In quantities exceeding its solubility, the phosphorus eoncentra-
tion in each solution remained relatively comnstant throughout the.experi-
ment. Evyen in the.systems in which soybeans and. squash grevw, . the- amount
of phosphorus taken up by the plants was yery small.

In Figure 7 are plotted the absorbed phosphorus values from treat-
ment Solution A - 20 g. of Apatite in bottom of ¢an (Table IIT) .and
absorbed phosphorus values from treatment.Sclution.A =~ Apatite (Table IT).
As may be noted from this figure, intimate contact between roots and apa-
tite has enhanced the. sbsorption of phosphorus immensely. Contact between
.apatite and.roots of -squash,. soybeans,.and barley caused an increase in
phosphorus absorption of approximately 1400 per cent, 690 per cent, and
1700 per cent, respectively, As:will be noted in Te&ble ITI, wheat showed
no -tendency to absorb phosphorus when the rooets were not in contact with
the nutrient source.

The results of Experiment No. 3 are compiled in Table IV. TGraphical
representation of these results appear in Figure- 8. The standard deyi-
ation,. assoclated with .the experimental error,: for the phosphorus data
is % 0.025 KZ‘mg./g.,.where x 1g the mg. P dissolyed per gram. The phos-
phorus yalues. appearing,in Table IV haye been corrected for the hlank and
for the solubility of the Cas(P04)2.in distillgd water at BOp C. It is
evident that the.solution, surrounding the rgots of;gqpash.and.soypeans
during:the last four. days of growth, caused a .considersble dissolution of

the Cag(PO,)p- It should be noted that squash roots dissolyed.about 1.2
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times as much’Cas(PO4)2 as soybeané, about 23 timeés as muchk as barley,
and about 12 times as much as wheat. |

The results of Experiment No. 4 are compiledfin Table{V and graphi-
cal representations of the average total phosphorus values:are depicted
in Figure 9.

An analysis of variance was conducted upon the data appearing in
Table V. Testing of the components of variance iﬁdicated E95 per cent
confidence limits) that plant species and air treatment, in and of them-
selves, exercised .significant effects upon the total phosphorus in the
plants. Phosphorus treatment, alone, exercised no significant effect upon
total phosphorus, but the interaction effect between phosphorus treatment
and plant species was.significant. The intéraction effects on total
phosphorus between (1) plant species and air treatment, (2) air. treatment
and phosphorus treatment, and (3) plant species, air treatﬁent, and phos-
phorus treatment (3-way interaction) were not significant.. In other
words, -the air treatment affects the total phosphorus the.same way for
all four plant species and the'same,way.with either phosph@rus treatment.
Therefore, one may conclude that the removal of CO; from tﬁe substrate did
not significantly -affect.the total phosphorus found in theiplants. The
-standard deviation, associated with experimental error, of{the total
phosphorus values is % 0.54% VX mg., where x is the-value fér total phos-
rhorus in mg.

The curves in Figure 9 indicate that perhaps aeration;had a depres-

sant effect upon phosphorus level in the.plants. It is the author's
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| opinion, however, that aeration did -not depress phosphorus.abéorption;

- but rather tﬁat‘the perforated test tubes used in the nonaerated treat-
ments allowed more rapid diffusion of nutrients ffom the nutrient solu~
tion to the root sﬁrfaces, thus causing a stimulatory effeét on phospho-
rus absorptiop. If diffusion of the nutrients from the soiution to the
root surfaces.were limiting nutrient absorption, one would then expect
the plants in the nonaerated treatments to show a'greater‘absorption,of
nutrients. It is quite possible that this.effect;accounts}for the appar-
ent significant effect of the air treatment. |

It should be noted that the wheat énd-barley:plants, in all treat-
ments, grew Qery poorly. It is considered probable that the poor growth
was caused by overcrowding of these plants in the test tubes. Séyash_and
soybean: plantsg, - however, appeared to be normal in all respects.

The results of Experiments No. 5 and 6 are tabulated in Tables VI
and VIT. and the averages of these values are presented graphically in
Figures 10, 11, and.12. An analysis of variance.was conduéted on  the
data in . Table VI. Substrate treatment, in and of itself, exercised a
highly significant (at the 95 per cent confidence leyel) effect upon both
phosphorus and calcium. absorption, while pH, in and of itsélf, exercised
no significant (at the 95 per cent Qonfidenée leyel) effect upon phos-
phorus or calcium absorpfion. The. effect of substrate treatment and pH
interaction was insigﬁificant in both cases. The standard .deyiations,
associated with the experimental error, of the absorbed-calcium and phos-

-phorus data.are £ 0.59 VX mg. and 1;5 mg., respectively, where x.is the
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absorbed calcium Valﬁe in mg. That the concentraﬁion of célcium in the
nutrient solution has an effect upon the.absorptien of phosphorus from
these systéms is shown in Figufe 10. At pH 5.0 and 6.0, tﬁe first incre-~
ment - of ad@ed calciuﬁ.stimulaied phosphorus absorption. This is followed,
however, by a marked decrease in phosphorus absorption upoﬁ.in¢reasing
the calcium concentrqtion in the nutrient sqlutioﬁ. At pH. 7.5, absorp-
tion of phosphorus by squash decreased as.the'calcium,gqncenération of
the nutrient solution. was increased.

Figure 11 shows that the absorption. of phosphorus and calcium by
squash decreases markedlyAWhen the -plant roots are not in‘intimate ¢on-
tact with the nutrient sourece. Intimate contact hetween ﬁ@@tsfand-nutri-
-ent source resulted in an inereased absorption of phosphcrﬁs,and-calcium
.of -approximately 1700 and 120 per cent respectively, at pH 5.0; 1000 and
2100 per cent, respectively, at pH 6.0. At PH 7.5, no phosphorus was
absorbed in the Solution B - Apatite in bottom.of .can treatment,. but in-
timate root-nutrient source contact enhanced the absorption of calcium
by 950 per cgnt.

Table VIT shows that the amount.of phosphorgs disgolyed from Vir-
ginia Apatite by .root. excretions and/or materials sloughed off roots was.
0.025 mg. It is assumed that all of this phosphoirus, so.dissolyed,, would
be -absorbed by -the plant. The standard deviation, associated .with the
experimental error, of the total phosphorus values is % 0.05 mg.

Figure.l2 depicts the contributions -of -the factors affecting "feed-

ing power” (or the-detractions from,. as the case may be) to the "feedihg
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power? of squash plaﬁts for Virginia Apatite. As may be seén from Figure
‘12, . root-excretions contribute oniy.0.8,per cent of the to%al "feeding
'.pqwerV (all values afe compared with thé Sélution B - Apatite treatment);
the Solution B .+ 2 Hoag. Ca-Apatite treatment. detracts from.the "feeding
'.power‘"r by. 80 per cent at pH 7.5, T4 per cent at:pH 6ﬂ0? and- 80 per cent
at pH 5.0; the Selution B + 1/8 angf Ca-Apatite freatment:contributes 93
per cent.at pH 6,0, and 50 per cent at pH 510,.While at pH 7.5. 1t .de-
tracts from the "feeding power” by T3 per eent. As.pointed out above,
- Intimate contact between roots and nutrient source tremendously. increases
phosphorus abéorption.by the plants.

. As.pointed~out previqusly, a statistical.ana;ysis 6f.the.data
.appearing in Table'VI indicated that:ﬁH;had nO‘siénificant,efféqt upon
phasphorus or. calcium absorption. It was expected that a.decrease in pH
-would causé‘an inérease in phosphorus concentration in the nutrient solu-
tion and a eorresponding increase in-absorption‘of-éhosphorus-by the
-plant. The.depressed phosphorus absorption at pH §f0'may‘be the result
-of excess electrolyte, in the nutrient medium,.occasioned by the addition
of HCl.- On the other hand,.the increased~absorption.of.phOSPhorus noted
in two treatments maintained at pH f‘5 may . haye been due to.a stimulatory
effect occésioned by.the addition‘of-NaOHjto these-cultures, Curtis and .
Clark (1950) state that.a number of inyvestigators haye noted that sodium
ion and chloride‘ion have . stimulated plant growth‘under.various coﬁdié'
tions. Chloride ion is now usually regarded as.essentiél to plant growth.

Apparently the effects of calcium and.chlorine on absorption. of phosphorus




43
from these systems depends, to some.extent, upon the composition of the
nutrient medium. It appears to.the author that effects of sodium ion

and chloride ion may have, to a large.extent, masked the pH effects which

1t .was desirgble to ascertain. It was noted that rather large amounts of

NaOH were required té maintaln a pH of 7.5. While -the. nutrient cultures
maintained at pH 6.0 did not require nearly as much adjustment as those
maintained at pH 5.0 and 7.5, it was sometimes necessary to.adjust . these
cultures from both above and below pH é.O. Thué, both sodium ion and
chloride ion were added to many of the eultures.

Tt will be-noted, in Experiment No. 6, that only .0.074-mg. P/g. of

_root tissue.was dissolved by root excretions of.squash, while in Experi-

ment No. 3, 3.7 mg. P/g.‘of.robt tissue were dissolved by these root ex-
cretions. The main reason for this difference lies in the relative solu-
bilities of Virginia Apatite and Cag(PO,)s. The Cas(PO%)gris mach more
soluble than Virginia Apatite.

The concentrations of phosphorus -and calcium, determined in Experi-
ment No. T, were 9.4t x 10-7 and 1.6 x-10~° moles/l., respectively. It
should be noted (Table VIIIL) that, following the i6-day,gr¢wth_period,
the concentrations of calcium and. phosphorus in the nutrient solutions -
containing Vifginia Apatite were essentially the same as gt the beginning

of the growth period.
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DISCUSSION

Some- plant species are known to be "good feeders” and some are known
to be "poor feeders”. At present, various schools of thought exiét re-
garding this phenomenon. Some investigators attribute phosphorus "feed-
ing power” to carbon dioxide-excretion by plant roots; others claim ex-
change reactions at root surfaces account for "feeding power"; others
attempt to explain. 'feeding power" on the basis of extensiveness of the
. root systemj still others claim that plant "feeding .power” is:accounted
for by the excretion from plant roots of various materials which act as
dissolving-ageﬁts.and chelating agents, thus bringing more phosphorus into
solution; and some claim that: absorption. of calcium by plants accounts for
"feeding power”.

The active absorption surface of a plant.root, according to-currently
popular theory, is separated from the substrate by the "outer. space” or
"free space” [Laties (1959)]. The "outer space’ may be considered to con-
“tain an aqueous phase essentiglly identical in composition to the agueous
phase of the substrate. Therefore an ion to-be absorbed by a plant must
(1) dissolve (moye from solid phase to solution), (2) diffuse or be other-
-wise transported-from soil: bulk through the aqueous phase, and (3).parti-
cipate in én‘absorption process at an active uptake site on the plént
root.

As pointed out in the introduction, we may, as a first approximation,
~postulate the rate'of movement of phosphate ions from substrate to plant

.root to follow Fick's law, viz.,
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(1) dp/at = P_Lé (c-Cg) -
where dp/dt is the rate of arrival of phosphate ions-at the absorption
surface, D-is the diffusion coefficient of the phosphate ion, A is the
effective area -of the plant roots, L is the length of the transfer path,

C 1s the concentration of phosphate ion in the bulk solution, and C, is
the concentration of phosphate at the. absorption.site.

It is evident from equation (1) thét.the rate of arrival of phos-
phate ions at the.root surface is a direct function. of the root area.

The "feeding’power"'of a plant.would, therefore, be expected to be in-
creased by an extensive root system provided the ions. were absorbed when
they reached the root surface. This has,  in fact, been commonly obgeryved
by Rabideau, et al (1950), Davis, et al (1950), Fried (1953), Tidmore
(1930), Burd (1947, 1948),. and Broyer ai;a Stout (1959). Although the
present -work does-not include.studies concerning. root area, it was noted
that squash and soybeans produced much more extensive root systems tham
did.wheat and barley.

Equation (1). also indicates that the rate of absorption of phosphates
is an inverse function of the. length of the transfer path (L). From this,
one may presume that.an intimate contact between roots. and substrate
should favor "feeding peower”, as has been noted by Jenny -and Overstreet
(1939), Jemny,.et al (1940), Bray (1954), Burd (1947), Truog (1927),
Newton (1928), Combper (1922‘), Marais (1922), Parker. (1927), and Gerretson
(1948). The continual extension. of new roots through the substrate should .

likewise increase A and decrease the average transfer path.
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If ions are being removed from a soil by plants, it appears likely
that. the part of the soil solution relatively near.an insoluble nutrient
source might contain higher concentrations of nutrient ions than that
portion further removed from the nutrient source. If this be true, it
appears-logical that, if the root lies .within this zone -of higher concen-

- tration, the rate of absorption of a nutrient ion would be greater than
.if. the root lies in a zone of -lower concentration. Of course, the degree
to .which intimate root-substrate contact is necessary for optimum nutri-

ent absorption will depend upon the solubility of the nutrient source.
The more soluble the nutrient source the less.advantageOus is intimaﬁe
root-substrate contact. As pointed out in.the literature review, Comber
(1922) and Parker_(l927) suggested that the root may come in such intimate
contact with the substrate that a closed system is formed. The dgta pre-
sented in Figures 6, T, 11,. and 12 provide graphic eyidence of the fact
that intimate contact between the root and substrate mafkedly favors
"feeding_power“J It should be noted that plants,_gréwn under ,conditions
where there was no intimate contact between the roots and the nutrient
source, became necrotic as did plants grown in nutrient solution con-
taining no phosphate. Appareqtly, the concentration of phosphorus (less
than 0.03 ppm) in the nutrient solution was too low for normal plant
growth. That is, where intimate root-nutrient source contact was lacking,

the value of C in equation (1) was so small that the -concentration gra-

dient (CE?O) became too low to allow diffusion to occur.at a rate adequate

to meet plant requirements.
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A great deal .of evidence suppofts the contention that plants alter
their chemical environment and thereby increase their "feeding power”.
The experiment of Fried (1953) appears to convineingly show this to be
the case. Thus, Newton (1924), Burd (1947), Hall (1906), Sachs (1860),
and Davis (1950) suggested that carbon dioxide secreted by plan% roots
decreages the pH of the substrate and accordingly dissolves more phos-
phates, i.e.,

3 Cag(PO,), + 8 HyCOy = U CaHPO, + Ca(HoPO.), + 4 Ca(HCOs)p
Hines and Barber (1957), Swenson, et al (1949), Struthers and Sieling
(1950), and Broadbent and 0tt (1957) reported the complexing of metal
.cations, such as calcium, with organic acids and soil organic matter.
Jackson and Coleman (1959), Katznelson, et al (1955), Nutman (1951),
Virtanen and Laine (1935), Virtanen and Hausen (1935), Knudson (1920),
and Nance &nd Cunniﬁgham (1951) reported the release, to the subsfrate
by plant roots, of various sugars and organic acids. It is not unreason-~
able to assume that some of these oyganic materials, particularly organic
aclds, released by the plant roots, could fgvorably affect "feeding
_power” for phosphates by complexing ions such aS'calcium, iron and alu-
minym, i.e.,

Cag(PO,), = 3 Ca’™ + 2 PO,E

Cé*+ + chelating agent = (Ca chelate)
Drake and Steckel (1953) and Dreke, et al (1951), suggested that the
cation exchange capacity of plant roots influences "feeding power"”. The

exchange of calcium in the growth medium for monovalent ions on the root

—
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exchange sites would, by mass aption, be expected to favor the dissolu~
tion of compounds such as;CaB(P04)g and. phosphate rock in fhe substrate,
i.e.,

Caa(PO4)2 + Mg+(rdot) =-Cgé++(xoot)'+-Ca3+-+\2wMéPQ4—
Truog (1927) and Burd (1948) suggested that absorption.of calcium by
plants .causes solubilization of the.rock phosphate.crystal by mass action
and results in increased absorption of phosphate, i.e:,

Cag(PO,), = 3 Ca*t + 2 PO, =

plant + c&t™t % (plant ca®™t)
Burd (1948), Teakle (1928), Albrecht.and Shroeder (1942), Mehlich and
Reed (1948), and Pratt and Thorne (i9h8), provided evidence ‘that greater
wobilization of nutrients occurs under acid soil conditions :than under
alkaline conditions. Williams and Coleman (1950) have shown that plant
roots, saturated with hydrogen ion, affect the pH of the growth medium.

Prasumably,‘according to Oﬁr-postulate, these féctors ingréage,
"feeding power” of the plant by increasing the ‘concentration of phos-
phates. (€) in the substrate. ‘Rate of transfer from substrate to plant
root is accordingly increased because of ‘the increase in "griving force’,
9{?9?_or.d6/dL-on the ‘ion. A primary objective of the investigation was
to. quantitatively assess the chemical means employed hy planis'to‘&iSa
solve ‘the relatively insoiublg caleium phosphates ‘of the seil and thereby
‘incregse C. Inasmuch as teeth arée composed predqminantly-of.hydrqu~
apatite; the topth decay progess ggd'the‘dissolution,qf.sgil.ph@ﬁpﬁates

appear 'Inberestingly -arialogous.
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Virginia Apatite was selected as the insoluble:calcium. phosphate to
be used in the major part of the inVestiga#ion. The composition of this
natural product is as follows:

P . %ca %F  %Co,

’

17.6  37.0 2.9 0.1  Experimental [Caro and Hill
- (1956)1
18.L  39.7 3.8 —_— Theoretical composition for
‘ fluorapatite

The reasonably close agreement bebween experimental and theoretical

values 1is ‘interpreted to mean. that Virginia Apatite is. predominantly

flugrapatite. The small amount of carbom is presumably present in CaCOg.

‘Trace~amoynts-of impurities such as iron oxides are known to be présenf
in the natural product and undoubtedly account for at least part of the
diserepaney in values noted above.

The dissolution of fluorapatite may be :considered as followss

(2) Corg(PO)Fy = 10 Ca** + 6 PO,= + 2 7-
Thus, the sélubility ﬁrdduct for fluorapatite may be written as followg:

(3) Kpg= (Ca™)° (PO %) (F-)2

or

(¥) pKp_ =10 pCa+ 6 pPO, + 2 F
but

A(5) CaFy'= Cal™ & 2 F-
hence

2 pF = pKg - pCa

where PKpy 1s the negative logarithm of the selubility product :constant

Ll
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for fluorite.
(6) PKpy =9 pCa + 6 pPO, + Pk,
Having determined the total phosphorus concentration and the pH of g
system containing distilled water 'and Virginia Apatite in Experiment No.
7, 1t 18 necessary to calculate the yalue for the (PO,¥) in this system
in order to obbtain a value for pKeg - To -calculate a’-value for (PO4E),

the following equilibria will be comsidered:

- T - — =3
H.PO, = H + 11‘21204 X, = 7.5%10
-~ =g = = ) -8
H.PO,~ = H + HPO, K, = 6.2 x10
= . . = —_ -13.
EPO,~ = H' + PO = Ky = 4.8 x 10

[Values for X, , K,, and K, were taken from Lange (1956).]

then .
(1) (EPOT) () _ g
(H,P0,) *

(E") (HPO,=) -
(E.P0, ")

(8) o
(87) (PO,E)

Transposing equations (7), (8), and (9), one obtains:

(10) (w07 = ) (20,%)

Ks,

.y = (B (mpo,=) _ (&) (Po,E)
(1) (Hpe,n) - @%‘4

(57) (5p0,7) _ (&)° (p0,7)

K, Ky KzKg

(12) (Hp0,)=
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One may write an expression which gives the total phosphorus concentra-
tion as & function of (HgPO,), (HPO,~), (HPO,=), and (PO,¥) (where con-
centrations are in moles/liter).

(13) (P) = (HgPOg) + (HzPOL™) + (HPO,=) + (PO;Z)
Substituting the values of (HPQ?4=> » (HPO,~), amd (H5P®4) from equations

(10), (11), and (12) into equation (13), oue obtains:

=\ (H"‘)S- (POLZ) (H+>? (PO,=) (Hrl-) (PO, ) )
(ll}) (P) = KKK, +- KgKg + X + (P(?é_)
(P) KKKy
(BF)® + (EF)2 K, + (HD). K Kp + KKK,

. (15) (F0,) =

Thus, one ¢btains an expression giving phosphate ion coneéntration in
terms of total phosphorus econcentration, hydrogen ion coneentration, and
the constants K, K,, and X;. Using equation (15) and the values for
(), (H7), and X, X, and X, (9.35 x 10~7 moles/1., 1 x 10~ moles/1.,
7.5 x 1079, 6,2 x 107®, and 4.8 x 10-*%, respectiyely),. the concentration
of phesphate ion is calculated to be 2.61 x 10714 moles/l. Bubstituting
this yalue .and the -calcium concentration (1.64 x 107° mOl'es/l.) obtained
in Experiment Ng. T, one ohtains:

(16) pKfa~=/9(5.785 + 6(13.583) + 9.8Y4 !

P Ki‘a“q 145

[The ‘yalue for PKp, ,'(9.815) was obtained from Linhdsay and Morenmo (1960).]

Conbining eguations .(8) and (9), one may write:

20 ) — Koo (EPD,)
17} (PO%) = ()2
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or

(18) PO, = pK, + pK, + PHPQ, - 2 pH
Bubstituting the value of pPO, from equation (18) into equation (6), one
obtains:

(19) pK,, = 9 pCa + 6 Pk, "+ 6 pK, + 6 PH PO, - 12 PH + pK,,
Substituting the values for the -constants into'equation (19), one obtains:

(20) pHPO, = 2 pH - 1.5 pla + 2.7k
Eqpatibn'20 indicates that the conCentration'of'HgPQ4'-in.the agueous
films surrounding the Virginila Apatite crystals at equilipriim is a
simple functiom of the pH and calcium concentration. It may be noted
that the predominant phosphate ion id solution over the pH range of plant
substrates, including nearly all soils, is H,PO,~. Equation (20) is
shown plotted as a three dimenslonal diagram in Figure 13. Values for
pHéPOé‘ are plotted up to 7.0 which is approximately the value at which
phosphorus becomes g limiting factor in plant growth [Thomas (1930)].
Any conihination of high pH or low pCa which would cause pH2P®4 to increase
to approximetely 7.0 would therefore he expected to cause plants to be-
come deficient with respect to phosphorus. On the other hand, any change
initia$eq.by the plant which would increase pCa or decrease pH 1s-geen
to increase the concentration of HéPQ4“ in the -ambient solution &nd pre-
sumably accounts for the "feeding'power”rqf the plant.

Valueé for pCa reportedly vary from approximately 2.0 to 4.0 in the
soil solution. At a pCa of approximately h.O, plants may be -expected to

become calcium deficient [Larson (1928) and Wadleigh and Bower (1950)].
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Considering the fact that calcium deficiency in plants is & very rare
disorder, one might reasonably assume the value of 4.0 to represent the
approximate upper limit for pCa. In soils céntaining solid phase gypsum,
the pCa in the soil solution at saturatipn would be 1.854. Accordingly,
in most soils pla would be between approximately 1.5 and 4.0.

The range in pH of most agricultural soils is about 5.5 to 8.0, the
optimum value generally“feing.considered to be gbout 6.5. The use of
rock phosphates 'ag sources of phosphorus for plants has been largely
restricted to relatively acidic soils .(pH 5.5 to 6.5). It is interesting,
therefore, to note that fluorapatite would be too insoluble at higher pH
values over the usual pCa range tc maintain an adequate concentration of
H,PO,~ in the soil solution (Figure 13).

It will be noted in Figure 13 that, at constant pCa, as pH decreases
pEEPQ4 decregsess at.constant pHéPqé, as pH decreases pCa decreases; and
at constant pH, as pCa‘decreaseé'pHéPeé increages. Thus, Figure 13 indi-
cates that plarits may spparently increase the concentration near the sur-
face of the fluorapatite pgrticle and in the proximity of plant roots by
only two means, viz., (1) by decreasing the pH and/or (2) by increasing
the pla. If correct, any factors suspected of being involyed in the
feeding process may be -evaluated by asséssing their -effect upon pH and
pCa. Thus, €0, releaged from the reot would decrease pH and pCa; organic
materials reledsed from the root would tend to increase pCa; and gbsorp-
tion and adsorption of calcium would increase pCa.

It should be noted that in the derivation of egquation (20), the
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possible formation of phosphate  complexes has' not been considered. The -
formation of such’ complexes would undoubtedly alter the equilibria de-
scribed.

.Existing‘eyidence suggests that fluorapatite and hydroxyapatite co-
exist in soils with CaCO,. Clark and Peech (1955) suggest that hydroxy-
. apatite will be stable above pH 7.0 and state that at intermediate and
low pH values, it ié necessgry to postulate the existence, in'soils, .of
solid phosphate'phases that are less scluble than thetéalcium phdsphates.
Variscite (Al(OH)éHéPqé) and its ferric analogue, strengite, are re- :
pqrtedly‘more.stéblé‘tban are the“calcium_phbsphates at relatively Low
pH. values -in soil. Below pH 7.0, CaCO, alse is relatively -unstable, as
‘roted by Hsu and Jackson (1966). "The fact that all rock-phosphate
samples.(Ca phosphates) analyzed by Caro.econtained carbonate lénds further
support té the suggested co-existence ofﬂGaCQaiand'galciumlﬁhcsphaées,

.The,interac%ion of “carbon dioxide with Ca,CO3 in the substrate'mgy
be tregted as follows:

Calc0,, = &+ go "
and

(21) sz.pl-.: pCa-+ pCQa_ = 8.060

E.CO, = HY + HCO, -

it

e + -
HCO,™= H' + COy

x o (E) (8C0.)
(2,00

1
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_ (#) (co,=)
2 (HCO,~)
where X, = 4.31 x 1077 and X, = 5.6 x 10711

[Values for'KSP, Kl, and.K2 were taken from Lange (1956).]

- pK, = pH + pHCO, - PH,CO,

and

PK,

pH + pCO,3 - pHCQs
Substituting values for pKl and pKE, one obtains the following:
(22) pHCOg = 6.365 - pH '+ pH0,
(23) pCO, = 10.252 - pH'+ DHCO,
Substituting the value for pCO, in equation (23) into equation (21), one
obtains:
(24) pba-+ 10.252 ~ pH + pHCO, = 8.060
Substituting “the value of PHCO,; from equation. (22) into equation (24),
one obtains:
(25) pCa + 10.252 - pH + 6.365 -~ pH + PH,CO, = 8.060
Collecting terms; One obtains: |
(26) pCa - 2 pH + pHLLO, = ~8.557
According to Frear and Johnston (1929)
(Bg005) = 7 A € Pgg,,
where Pogy, = Partial pressure of CQ,é. in atmospheres
o4 = dgetivity coefficient for HZ»CQ)B
A= activity coefficient for Hzi‘)

C = total molal concentration of 'CO,, when P-= 1 atmosphere
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(HECQS)'= activity of 'carbonic acid
According to Daniels (1948)
(H;C05) = 3.38 x 1072 Peo,
where A and y-= 1
.. (27) pHSCOg = L.h71 + 2P0,
Substituting for pH,CO; in equation (26), one obtains:

(28) pCa = 2 pH - pPgo,, ~ 10.028

Bquation (28) is shown plotted as & three dimensional diagrem in
Figure 14, In soll, the partial pressure of COy reportedly varies from
0.03 per cent, in the absence -of microbiological activity, to as high as
10 per cent and sometimes even 20 per cent under poorly aerated condi-
tiong and in the event of exceptionally vigorous microbiological activity.
From Figure 14, it ma& be seen that pla is a very sengitive function of
pH; the calecium concentration is seen to increase yvery rapidly upon de-
‘creaging the pH, Less calcium is seen to persist in solution ss the
partial pressure of 002 is incressed; although, relative to the pH
effect, the Cozgeffect is-small over the range of partial pressure of
CO; commonly existing in soils.

Anh attempt will now be made to evaluate the various factors .sus-
pected of contributing to the "feeding power” of plants. It should be
noted that the caleium. .and phosphorus &gbsorption values were taken from
Teble II, Treatment Soln B - Apatite, The weights of the roots .were
estimated from published root-top ratiogs and came from Barker -and Broyer

(1942) for squash, Turner (1922) for barley, Turner' (1929) for vheat, and
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Pa.rker (1927) for soybeans. The calcium adsorbed on the plant roots was
‘calculated using the :eation exchange.-capacities for the x_rafiéus roQbs
(Teble I) and the estimabed root weights. The “yalues for ’C@z 'ex.c:c‘e"tit)n
by squash-and harley roots were cobtained from Barker'and Broyer (1942)
and Hoagland and Broyer (1936), respectively. The values above were
based upon weights of fresh roots. The data used in evaluating the con-
tributions of the various factors to "feeding power” are compiled in
Table VIII. It will be noted that standard deviations "are not expressed
for the 00,2 data or the data assoclabted with the adsorbed.calcium values.
Ingufficient da.{:;_a; were availsghle to calectlate standard .deviations for the
root-top ratios or the CQ2 excretion values.

The contributions -of calclum adsorption on the roots and calcium
absorption by the plants to total phosphorus "feeding power”™ were calcu-
lated by assuming (1) tha.t the removal of calelum from solution by ad-
sorption on the plant roots-and by -dbsorption by the plants would cause
a quantity, of phosphorus to go inbo solution consistent with the solu-
bility product expression for fluorapatite and (2) that all of the phos-
phorus thus taken into solution was absorbed by the plant. It was also
assumed that ﬂa,e',adsorption sites -on the plant roots became ‘saturated
with calecium over the 16-day growth period. Inasmuch a,s.‘ the analysls of
‘g water solution of Virginia ,'Apat.i_te indicated a phosphorus to cgleium
ratie.of 0.57, the values for the caleium. adsorbed and apsorbed were
miltiplied by 0.57 to obtain the contributions -of calcium absorbed by

the plants and calcium adsorbed on the plant roobs to phosphorus "feeding
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power”. The results of these calculations appear in Table IX.
The partial pressures of CO2 in the systems in which barley -and
squash were grown were estimated using Raoult’s equation:
Pp= xz?,'zo
where p_ = partial pressure of CQ, dissolved in water <PCOZ'-)
pé‘o = partial pressure of pure liguid CO, at 26° ¢C.

'1_:'2 = mole fraction of coa in solution

it

for squash: p, = 945—2—5—% (64.93)
for barley: p, = 95—;'];% (64.93)

0.038 atm.

il

0.015 atm.

It should be noted that the ',CQ2 excreted by squash roots exceeded the
solubility of CO, by 0.021 moles/l. (Table VIII). For this reasom, the
“solubility of CO_2 at 26° C. .w&s used in calculating the partial pressure
of €O, in the system in which squash was grown. ‘

To obtain the contribution to- the "feeding power”, of CO, excreted
by the plant roots, the values for PC'O,2 obtained above and pH.6.0 were
substituted into eguation (28). The corresponding pCa yalues were then
calculated ‘and substituted into equation (20), using a pH.of 6.03 =nd
‘the expected concentrations -of H2P94" in solution,. resulting from the
excretion of C:O2 from the plant roots, were calculated, i.e.,

(28) pCa.= 2 pH - ﬁPCOgr— 10.028

i

for squash: pCa = 12 - 1.420 - 10.028
pla = 0.552

for barley: pCa

i

12 - 1.82k - 10.028

pCa = 0.148
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Substituting .the above pCa values into equation (20):
for squash: pHPO, = 12 - 1.5(0.558) + 2.7k
PH PO, = 13.903
(B P0,7) = 1.2 x107** moles/1.

for barley: pH,PO,-= 12 - 1.5(0.148) + 2,74

pH2P04 14.518

(E,P0,7) = 3.0 x:107*° moles/1.

The apove values (3.0 x 107*° and 1.2 x-107** moles/1.) have been cor-

-rected, in Table IX, for the volume (2.0 Liters).of the nutrient solution.

The data pertinént.to thesge calqulatiohs appear in Table VIII, while

the results. appear in Table IX. It will be noted, from Table VIII, that

-the amounts -of phosphorns teken up by squash, , soybean, - barley,. and.wheat

blants .were -approximately 200, -90,. 20 and 10 times, respectiyely, .the
total amount-of phosphorus in solution. (2,0 liters). These values pro-

vlide graphic evidence of the relative abilities of these plants to.cbtain

,phosphdrus from Virginia Apatite.

Table IX shows that the caleium absorption contributes 56 * 5, 61 %
11, 78 *'35, and 200 * 156 per-cent.to the total phosphorus abserption of
squash, soypeans, barley,wand.wheat,,respectiyely,.while the eontributions
from adsorbed ga;cium‘are approximately 15, 25,.25, and 30 per cent, re~
spectively. It appears,. then,. that the majority of the phosphorus "feed-
ing-powerﬂxqf these plants may be accounted for by the absorption and .ad-
sorption éfvcalciuq? Data from Drake and Steckel (1953) (Table %) indi-

cate that the phosphorus content.of plants increases with inereasing
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cation exchange capacity of the plant roots. Data from Parker (;92&)
(Table XI) indicate that, of the plants..studied,. &s calcium.content of
the plants increased, phosphorus~conten£\also~increased;

It will be noted that the contributign_ma@e by. root. excretions to
the Yfeeding power” of-squgsh was yery -small (0.2 per cent). While a
gsimilar experiment was not carried -out using‘the'ﬁther ﬁlants, it.is'to
be expected that the contributions to total "'feeding power! of their root
excretions, . as measured by the method described in Experimen$ No. 6,
Woﬁld also be negligible.

As was pointed out previously, the results of Experiment No. 4.indi-~ -
cate - that .the excretion of COé by the plant roots has no.significant
-effect upon the phosphorus "feeding power of these plants. It is inter-
-esting to note, alsoa-thét the egperimentél data .are in agreement with
theoretical -considerations. As indicated by the calculatiéns,,appéaripg
on pages. 58 and 59, the contribution made by €05 excretion .to the "feed-
ing:power"'ofxsquash and barley is ingignificant coﬁpared to.the topal
"feeding power? of these plants. As may be.seen from Table IX, - the
theoretical_percentage contribution of.iCO,2 exgretiqn to total phosphorus.
.absorbe&'isfapproximately‘lb’s per ceﬂt,foflsqpash andilO‘B per cent for
barley. ISince:the nutrient solution, in the case of -squash, is saturated
with CQ,, one would expect that the maximum effect of CO,, -would be-evi-.
denced: here. A partigl,pressure~change of32.5=x-lof?'atmospheres"ac¢ounts
for a.qhange~of only. 1.8 x“lo‘;4'mples-of“ﬁaPQé‘“in‘solution. Thig ean

Jhardly be-conSidered.significant;yhen considering the phosphorus,
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absorption values for any of the plantsvdiscussedlhere. Data:from’Parker ’
(192k, 1925) (See Table XII) alsa indicate that €O, had little, if any, -
.effect upon phosphorus 1'f'eedlng power": of plants grown 1n‘suhstrates .
- from which, in one instance, the CO,. was removed~and:in the other in<"
stance not removed. |

It is interesting to note phap, if the yalues for P002 gre substi-
tuted into.equation (28), assuming a concentration of 1.6 x 10™° moles
of cal’ per liter, one obtains,a;pH.Qf 8.6 for the squash-Virginia Apa-
-tite system apd-a;pH:of“8;8 for the barley-Virginia Apatite system. Thus,
'for'a:change in partial pressure-of-Q.B,x;lO“g'atmgspheres,.One obtains:

. a pH chenge of :only 0.2. It :would .appear then that Cog-excretion by the '
" roots -has very little-effect upon the-pﬁ.of'these.systems.

As noted previously, pH (Experiment No. 5) had no:significant effect
upon . the phospherus "feeding power” of these plants. Apparently, the
addition of sodium and -chloride ioms, resulting‘from the adjustment of
the pH's- -of the nutrient solutions, may haye-exercised effects upon-the
metabolism. of the plants quite independent of any expected effect of pH
upon the .solubility of fluorapatite. It is.-also possible that the sodium
_.and chloride ion effects may have masked any effect of pH upon fluor-

" -apatite sglubility, It is possible to calculate, using.equation (20);

the 3229&“ congentretioﬁs“expected at the pH'values of'7,5,p6.0,.and‘5.03
Assuming & concentration .of 1.6 x 10~° moles of Ca /1iter, at pH =.7.5,
the resulting H PO,~ concentration-is 9.0 x-107*? moles/1.; at pH = 6.0,

the H PO, cencentration is 9.0 x 1077 moles/1.; and.at pH = 5.0, the
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HQP®4" concentration is 9.0 'x 10~° moles/l. Thus, in reducing the pH
.frqm T.5 to 5.0,.at a constant ealeiym .concentration, the phosphorus. -con-
centration is increased by five orders-of magnitude. In practice, how~
eyer, such.an increase in phosphorus concentration.could not e realized
as g result of the above pH changes inasmuch .as the concentration of
calcium-would alsonincrease.as a result of the lowering of thg pE. This
would tend to.depress the phosphorus concentration. Thus, - two antago-
nistic phenomena-would be taking place: +the dissolution of fluorapatite
due to decreasing pH and the precipitation of phosgphate due to increasing

1

calcium jon concentration.

In view of the sbove caléulations concerning:the effect of CO, upon

the pH of the Virginia Apatite-water system, it appears that any changes
in the pH.of the growth medium must come about. due- to the remoyal.of
nutrients from.the medium apd excretion of compounds (other th;n 002)
from the roots into the medimm. It should be noted, however, that,
except in. those instances where the pH's of the nutrient solutions. were
deliberately adjusted, the bulk growth media maintained pH's yery close
to 6.0 during the entire growth period.

As 1s readily apparent, all possible factors contributing to the
phosphate *feeding power' of -plgnts have not been studied hewe. It is
quite ﬁossiblé that microﬁiological"activity"within the supstrate-mod~'
‘ulates phosphorus absorption. Gerretsen. (1948) 6bseryed that phosphorus
-absorption from inorgenic sources'in sterile plgntvcultures.was‘lgss than

in innoculated cultures. In the foregoing . experiments, no effort was
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made to maintain aseptic cultures so that the possible effects of micro-
biodlogical activity cannot be.assessed.
The possible .presence of organic phosphates in the nutrient medis .

may'hgve.affeCtedﬂpthphorus,absorptidn in these experiments. Undoubfg-" .

'edly,_SQmeaorganic.phosphorus existed in the nutrient media used in these

jexperimenﬁsg 'Th§~pripcipal.sogrc?s of organic phosphates in these exper-~
_'iments.wpuld appear to be microorganisms and their waste perugts and
méperials-exgreted and/pr sloughed off the roots. Thus, one cannot say
 rWith certain$y~that.the phosphorug.absorpﬁion valugs observed in the
foregoing experiments are entirely-due to the ability:of the various
'plantsuto'thain'phosphprMS-froﬁ re}atiye%y insoluble inorgapicxsources.
It is the opinion of ‘the author; hgwever?.that the presence of ‘relatively
_small quantitiesdof—org@nic phosphgtes;did-qot materialiy'affect the
results-obtained. in these experiments.

One might suspect that.the. higher rate of transpiration of water by
-squash .and soybeans (relative to wheatﬂandfba;;ey) would resylt.in a
greater'gbsorptiqn;gf‘igqs,dﬁe to.the grqatergmgss flow of water into-
these plants. THowever, Muepscher‘(1922), Hoagland (1923), and Broyer
and‘Bbagl@nd (1943) found no relationghip beifween the rate -of transpira-
tion of water and -ion absorptiop: _ . | |

:Thefe is,little-dguﬁt thaf the .extensiyeness -@f the régt systen
affects ?feedingtpower”. Asswas\ngﬁed.preyiously;,sqpash.anq,soybeans
.produced. much mgre:extepsive~root_systems thanﬁdid‘barley,and wheat.

Undoubtedly, the extensiye ropt;sysxams'ofjsquash,and_sonean!planﬁs
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contributed to. their relatively greater abilities (compared to barley and
wheat) to obltain phosphorus from Virginis Apatite.

It is noteworthy that. the data obtained in. these experiments indi-
cate that all of the effects discussed are apparently  -dependent upon in-
timate contact between the plant roots and the insoluble nutrient source,
i.e., significant phosphate- absorption occurred only when the plant roots
.were in iptimate coptact with the fluorapatite. As pointed out pre-
viously, Figure 13 indicates that plants may increase the concentration
of phosphate by only two means, viz., (L) by. decreasing the pH and/or
(2) by increasing pCa. Yet, in these experiments, the pH of the bulk
-substrates remained yery cleose to six (except in those cases.vwhere the
lewasadelibera$ely,adjusted),throughout the growth period. Additionally,
it has been shown that the.excretion of 092 from the plant roots does not
materially affect "feeding_power“; The data presented indicate that the
majority of the "feeding power" of these plants for phosphorus can.be
accounted for by. the adsorption and . absorption of calcium. One must
account for the fact that intimate rootenutrient-source contact appar-
ently allows the root to affect a significant dissolution of fluorapa-
tite. This ’contact” effect is.explained by postulating the formation
of & closed gystem in the microenvironmént of the root, wherein the con-
centration of phosphate ion from the nubtrient source is consideraply
‘higher than in the bulk substrate. It is suggested that materials
entering the agueous phase of the closed system, either from the roots

or the nutrient source,,K will tend . to.remain within the system unless

| 15
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absorbed by -the plant, 1.e., materials entering the aqueous phase of the
system will not tend to enter the bulk substrate except,slowlyfbyldif;
fusion. It is further postulated that, in such a-closed system, the
equilibria inyolving the fluergpatite can be considerably altered.with-
out affecting the equilibria extant in the bulk. substrate.

The foregoing may be illustrated using equation (6) into which the
values for pKp, and pKe, haye been substituted:

6 pPO, + 9 pCa:= 133

First, assume the case where £he roots are not in contact with the fluor-
apatite, the volume of the nutrient solution is one liter, the calcium
concentration is 1.6.x 10~® moles/1.,. and the plant absorbs 1.0 x-10~°
moles of .caleium from the solution, thus reducing the calcium concentra-
" tion. of the solubien to approximately 1059'x_l0"6‘moles/la If this
valye is appropriately supstituted into.the aboye equation, one obtains
a phosphate concentration of 3.k x-lO'léﬂmoles/l. It is now. assumed
that the roots are in intimate contact with the fluorapatite,.that the
total yolume of the nutrient solution is one liter, and that the plant
Aa.jbsc;mf‘]os'l.O-‘x-:_LO“9 moles of .calcium from a -microyolume of one milliliter,
redueing -the amount of calcium in that milliliter to.0.6.x 10~ moles
[(catt) = 0.6 x 107° moles/ml.]. If this yalue is conyerted to moles/1.
and appropriately substituted into the abgve equation, one obtains a
phosphate concentration of 1.5 x:10~*® moles/1., which is 4.% times as
much phosphate as was dissolved under -conditions.whére no root-fluor-

-apatite contact existed. Inasmuch as the rate of absorption of phosphate
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is nearly a linear function of phosphate concentration (at these low
concentrations), it may-be presumed that intimate root=fluorapatite con-
tact enhanced phosphate absorption by a factor of about L4.k.

These figures apply only -to a.static systém. For an analogy to a
.dynamic system, a column packed with a relatively insolible salt, AB,
may be considered. Water is allowed to slowly percolate through the
coluwn at a uniform rate. The rate at which AB disselﬁes~is-a function
of the concentrations of Af and B~ ip the effluent. IF, now,. a material
capable of chelating A* is introduced into the influent, the equilibrium,
AB = Af + B~, is.displaced to the right. This may be expressed as
follows:

AB = AT + B™ + chelate = A* + B~ + A .chelate + Xt
where X" is a positive ion associated with the chelate. Since electrical
neutrality must be maintained, it is necessary for an ion of X to go into
solution for each iop of A chelated. Sinee (B~) = (&'). + (A chelate),
(B™) must increase and therefore the rate of dissolution of AB must
increase.

Tt is postulated that sbsorption and adsorption of calcium by the
plant effectiyely lower (Caf+) ip the microenyironment of. the plant root
in much the same way that the chelating agent lowers (AT) in the aboye
-example. Likeyise, (PQ45) in the mitroenyiromment. increases in a.way
analogous to the ipcrease in (B“) above, and, as a.result,.phosphate

-absorption by the plant increases.
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BUMMARY
According -to accepted theory, a root cell.gbsorbhs ions exclusively
from the agueoug phase of a soil. As g first approximation, the rate of
transfer,_dp/dt,-of phosphate ions from the substrate to.the plant root,
1s presumably gived by Fick's law, viz.,
82 (0
.where D is the diffusion coefficient, A is the effectiye area of the
plant roots, L is the length of the- transfer path, C is the concentration
of phosphate ion in the bulk solution, and Co is-the concentration of
phosphate at the absorption site. This spproximation is.seen to- quali-
tativelytacqount fo: the increase in the gbsorption rate of .phogphorus
.Which has been commonly-assoclated with large root surface -area and with
proximity of root. and soil particles. The respults of ~this investigation
lend additional.qualitative-and.same‘quantitgtiye-support tGuthese‘dbser-
vations. 1In fact, the dats presented indicate that. intimate -contact be~-
tween raoot and.nutrient source is.a. prerequisite to absgrption of phos-
phorus from relatively insoluble phosphorus . sources.

In addition to the physical attributes-of plamt roots, which. appar-
ently favor the rate Qf phosphorus absorption,zﬁertain.of'their chemieal
attribubes haye also been .credited With-ingreasing-the<rate'Qf,abﬁQTptiQn
of phosphorus. It 1s presumed that these- chemical attributes. function by

increasing the solybility of phbsphat§<£pmpound§=and thereby incressing

the coneentration gradient, (C?SQ), exlsting.at right éngles to a~root

surface. The physical attributes of -the roots,,which.favor phosphate
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abgorption, . and the.chemical changes induced by plant roots,,are belieyed
to account for the go=called "feeding power” of plants.

Attempts. were made, in this investigation tQ~quantitatively-assess
those processes, induced by plant roots, which affect the. solubility of
the. relatiyvely abuqdant,and extremely ingoluble mineral, flucraspatite
[Ca10(POs)sF2] .

From theqretical and experimental -considerations of the solubility
product of fluorapatite, it was shown that:

szp‘oé.‘; 2 pH ~ 1.5 pCa + 2.74
The -copcentration of H,PQ,”, i.e., (C), is thereby shown to be a simple
function of pH apd pCa of the solution. Any meams by which plant roots
induce a-decrease in (Caf+) or an.increase in (™) would therefore cause
a -corresponding increase in (H.PQ,7T). Means by which this is most likely
accomplished include excretion of CQ, by the roots; excretion by, and/or
sloughing -off from, roots-of‘materiéls capable of chelating calcium.or
'dissolving,calcium,phosphates; exchange'of_ﬂi on. root surfaces (arising
from metabolic activity) for cgtt in solution; and absorption of caleium,

§%§%$%qy the plant, from solution. The so-galled "good feeders™ are premmably
those plants which are most effeetive at increasing (H,PO,”).

Sqﬁash; soybeans, barley,. and wheat were used as test plantg. They
were allowed to grow under carefully controlled conditions in a plant
growth room.and values for their "feeding power” were obtained by deter-
wining “the amount. of phosphprus.Which.Wa& dissolved and subsequently ab-.

sorbed by the plants during-a 16-day growth period. The respective




|

69

values obtained as a measure of "feeding power" were (3.9 £ 0.1)107%,
(1.6 £ 0.1)10™%*, (3.2 * 1.0)10"5, and (1.4 % 1.0)10-° moles H,PO,".

Using-a split root technique, root excretims from gquash plants were
collected for 16 days. The effect of the excretions in complex formatiop
and the -corresponding.effect upon solubility of fluorapatite (Virginia
Apatite) was determimed. The data indicate that only 0.2 per cent (as
measured .on the bulk substrate) of the "feeding power” of squash plants
could be acequnted for by the complexing (or chelating) effect.of root
excfetionﬂ. Data, from an experiment in which the effect of -root excre-
tions-on the salupility of CaB(PQ4)2 wasg studied, indicate that the ex-
tent. of dissolution depends wupon the solubility of the phosphate. source,

The effect of CO, upon the solubility of fluorapatite is shown to be
given by the expressions

pPC~02 =.2 pH ~ pCa - 10,028
An increése in partial pressure of CO, accordingly increases (Hf) but
eauses a concomitant. increase in (Cat¥). The increase in‘(H*) tends to
capse an increase in (HgP0,™) which is compensated, to some extent, by
the increase in (Ca*t). The resultant effect upon (H,PO,~) o%'CQQ ex-
creted by the plant roots is shown from theoretical consideratiens to be
extremely small. Experimental data indicateg that. the excretion @f 002,
from the roots of the test plants used; had no significant effect upen
the "feeding power’ of these plants.

Theoretical congiderations indicate that the removal -of calgium

from the substrate by adsorption on the plant roots.would, by mass action,
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cause-a-disgsolution of fluorapatite. The‘caﬁiQQQexchange cgpacities of
the roots of the.plants. studied were determined and the-quantity of cal~-
cium _adsorbed -on the.roots was-calculated (assuming complete.saturation
of thegrbot,exchange>sites). According -to the data obtained, spproxi-
mately l5,.25,;25,-andu50 per.cgntaof the ”féeding:pOWer" of - sguagh,
sojbeans,Ibarley?man&,Wheai, respeectively, could be agcommted for by
~adsorption of “calcium .¢n.the. root exdhange;coﬁplex?

The remoyal of calcium from the-substrate, as a result.of ealcium
pbsorption by the plants, secounted for. & greater portien of  the "feeding
'power" of all plant.species than did all other effects combined. Absorp-
tiop of caleium accounted for 56 %.5, 61 £ 11, 78.% 35, and 200t 156 per
cent. of the "feeding power” of-squash, soybeans, barley, and wheat, re-
-spectively.

The data indicate then that the majority of the~”£eeding:pdwer” of
these plants-is. accounted for- by the gbsorption and-adsorption of eglctum
by the plants.

As a.result.of this inyestigation, the author has proposed the
Tormation of & closed system; in the miproenyironment of" the plant root,

. wherein the plant root. affects a significantmreductionJof-the egleium

concentration.
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Table I

Charscteristics of Plants Used in Investigation

Cation exchange capacity of

Plant Variety roots (milliequivalents/100 g.)
Baquash ’ Golden Delicious - 30.3
Boybeans Adams 23.7
Barley Betzes "17.3
Wheat (winter) Wasatch 12.0

s= %.0.2 \/E:milliequiyalent’s/l()o g., where x = cation exchange
capaelty in me. /l~.OO g
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SN S VA A A |

Treatment

Soln A - Apatite
Soln A - Apatite

Soln

" Soln

Soln

Soln

Soln
Soln

Soln
Soln

~ Soln

Soln

Soln

- Soln

Soln
Soln

. Soln

Scoln

Soln
Soln

B
B

o i)

e WwW

w W

A -
A

Apatite
Apatite

no Apatite
no Apatite

ng Apatite
no Apatite

2 “Hoag. Ca-Apatite
2 Hoag. Ca-Apatite

~ Apatite

Apatite

Apatite
Apatite

- no Apatite

no Apatite

no Apatite
no Apatite

2 Hoag. Ca-Apatite
2 Hoag. Ca-Apatite’

1. s = % 0.4 ng.

>

Table IT

Effect of Various Substrate Treatments on Yield and _
Phosphorus and Calcium Absorption by Four Plant Species

Squash

2., s =% 0.63 \/¥ mg., where x is the absorbed Ca in mg.

) Soybean :
Yield Total P Absorbed P! Total Ca Absorbed Ca= Yield Total P Absorbed P+ Total Ca Absorbed Ca2
g. ng. mg . mg . mg. g mg. _mg. ng. . mg.
5.5920 12.3 3.98 171 170 2.50%33 3.88 0.92 24h.0 22.6
5.7191° 12.9 4,55 171 170 3.1423  5.50 2.54 36.4 35.0
L4545 20.0 11.7 17.0 16.0 2.8347 T.65 4.69 9.33 7.90
4,134 20.9 12.5 15.8 14.8 3.2716 8.18 5.22 7.39 5.96
2.8187 9.30 4.0 - k7.0 1.3369 3.07 7.87 6.4k
2.9663 8.60 50.6 . 49,6 1.2261 2.70 8.13 6.70
1.0556  T.02 1.12 0.60kk 2,96 1.26
1.2668 8.36 0.84 0.8356 3,09 1.60
3.9109 11.7 3. 342 341 2.2842 3.65  0.69 58.9 57.5
L.3h62 12.6 L ,28 . 316 315 - 1.9%02 k.07 1.11 51.0 49,6
__Barley Wheat

~0.80k5  1.34 0.27 9.50  9.20 o.9kk1  1.52 0.29 - 5.90 5.78
o,9u66_ 1.51 0.4k 8.27 7.97 0.8521 1.52 0.29 5.04 h.oo
1.0962 2.03 0.96 2.16 1.86 6.8784 1.90 0.67 3.05 2.93
1.1198 2.07 1.00 2.06 1.76 0.6063 1.hk . 0.21 1.20 1.08
0.3866 0.72 1.50 1.20 - 0.3383  1.24 1.4 1.29
o.k70hk  0.99 2.00 1.70 0.2262 1.00 0.63 0.51
0.5216 1.46 0.33 0.2486 1.19 0.11
0.3602 1.11 0.27 0.32%32 1.50 0.14
0.7068‘ 1.48 IO 3.4 13.1 0.7317 1.57 0.34 14.6 1&.5
0.6871 1.5% = _ 0.4t 13.9  13.6 0.6023 1.48 0.25 12.7 12.6




Mable ITT

Phosphorus Absorption as Affected by Proximity of Roets to Nubrient Sw;cc?e

Predtment

Seln A - dp
Seld: A = 1p
Apatite

Seln A ~-20 g«

| Apakite in
Tpottom.of can,
Apatite in

bobtom of  ¢arn. .

Soln A ~ ng
Apatite

Seldn A .- fAg
Apabiby

Seln A = 20 g«
Lpabite in
-bottem of ean

Soln A ~20 ge

" Apatite in
‘pabtom of ean

Sqguagh |

Seybegan

Yield
g [ 2

P P

e

" Total Absorbed Tobal Wmrient ~ Tobal Absorhed Total Wabrignl

Yield P Pt Ca® P

4.6115
-l‘p,_0862

L olsh

0392

g, . :mg-é'(l_ws\)\
8,81
736

8. *58 . @.29

8.16

_Barlay

98.T
62.1

6T

153

i P:Q_Ma- . . g»— . M., M. (A.Vo) mgn ppn. i
0.032 1.6810 2.37 174 .21

2.0720 2.65 18.0

0.02h 22287 203 0.22 16.2  0.029

ki

Wheat

0.5266
Q.5550

b, Shh1

-0.82

©.88

Q.79

> i 0.19 mg.

3.05
2,72

'5.61

2. 5

0.627 ©.6155 1.i0 272 §.058

B.7285  1.15 3.4 !
0.952 0.7h8L 1.26  -0.02  3.82 0.032
.G.6040  1.00 B.o92

= X O.B‘T@;—a mg. 3. s=t2.5x 107® Ppm,

T




Sarple

Blank 2

1
2

Blank ?

1

(]

Teble IV

Effect of Root Excrebions. and/or Materials
Sloughed Off Reots gn Solubility. of Cagy(POy),

Ll Li_ll

Squash , Saybedn
mg. P diggolved! Weight . mg. P digselved’ Weight
PEr gram Rootg ‘ per gram Roagts
dry roob.bigsue  (grams) . dry xoot. tigsue (grams)
3.62 041735 " 3.2k 0.1586
3.75 ©.1884 ,_ 2.84 - §.1585
0.13 0.2093 0.1k 0.1226
Barley . . o Wheab
0.20 - 1.5383 0.26 1.3778
0.11 1.7040 0.34 1.5379
0.07 L7845 0.05 1.h21t

s = % 0.025 X ng./g., where x is the mg. P dissolyed per g.

2 Blank - phogphorug determined on the soluption from the last. four

days of growth with no Cag(P0,)x DPresent, to determine
how mich phosphorus,. if any, may have been transferred

from plants t¢ selution.




Table V

The Phosphorus Content.of Four Plant Species &s Effected
by the Rémgval of COs (from the substrate) Excreted from the Plant Rotts

___Sguash Soybean . Barley » Whest
Phosphorus Air Yield Total P* Yield Totel P* Yield Totsl P* Yield Total P*
Tregtment Treatment 98 g, o ng.. ge BT g g
1/2 Hoag. Nos 2 asrated £.5900 26.6 1.8147 -10.8  ©.150L 1.11 0.1565 0.7L
1/2 Hoag. No. 2 merated 22020 22.3 1.1529 634 0.1308 0.95 0.1989 1.03

1/2 Hoag. No. 2 not gserated 3.4952 28.7 1.8439 12.6  0.32h9 1.69 0.2562 0.99

1/2 Heag. No. 2 not gerated 3.0113 25.6 1.bhoo  T7.5L  0.4%369 1.95 0.39h2  1.30.

Soln B - Apatite aerated 2.3362 10.6  2.30k8 L4.68 0.2898 .-  0.3875 @ -
Soln B ~ Apatibe aerated 2.1916 9.66 1.8568 k.23 0.2180. 0.91 0.4599 1.2k
Soln B = Apatit®s not agrated 2.7309 -15.0 2.5698 7.45 0.3508 0.900 0.4885 1.15

Seln B -~ Apatite nobt aerated 2.4410 10.8  2.5649 6.78 0.2408 1.01L 0.4645 1.17

¥ 5 =t 0.54 (X mg., where x is the total P in mg..

9.




Tehle VI

Effect of Various. Substrate Treatments.on Yield and
Phosphorus and Caleivm Absprpbion by Squash Plants %

& A1l daba arg averages of three replications.

, Yield Total P Abgerbed P Total Ca Absorbed Ca

Treatment. : o B o 1ig. 8. : ng.. e,

Seln B. ~ 1 Apahite ~ pH = 5.0 1.2914 8.53 2.78

S6Ia B = no Apatite -~ pH =:6.0 1.3268 8.00 3.10.

Selp B ~ng Apatite: - :@H 5 12700 8.3k 2.86

S¢ln B.~ Apabite in botbom of 1.8281 8.65 0.10 4.9 1.32
cdn = pH = 5.0

Scrln B - Apatite. in Ppottom -of 1.5755 8.28 ©.28 3.28 0.18
=~ PH .= 6.0

s&n E - Ajpa'blte' in bottom .of 1.5345 1-92 -0.43 3.45 0.59
g = PH =.T.5 '

Soln B ~ Apatite ~ pH = 5.0 1.7385 10.h. . 1.8L 5.68 2.90.

Soln B~ Apatite ~ pH =.6.0 1.7772 1.1 3.03 7«03 3.93

S¢ln B.~ Apatite — pH = 7.5 2.2125 143 5.99 .. 909 6.23

Soln-B. +.1/8 Hoag. Co-Apatiteé 2.1613 1143 2.07 15.8 13.0.
PH = 5.0 _

Seln B +.1/8 Hoag. CasApatite 1.8601 1.2 3.27 15.2 12.1
PH = 6.0

Soln B + l/ 8 Hoag. Ca-Apsbite 1.8211 9.96 - 1.63 15.1:- 12,8
TH = T.5 ' ‘

Soln B + 2 Hoag. Ca-Apatite — pH = 5.0  2.1607 8.79 0.26 79.2 76,4

Soln B.+ 2 Hoag. Ca~Apatite —pH = 6.0 2.1808 8.80 0.80 TT T Th.6.

Seln B + 2 Hesg. Ca~Apatibte - pH = 7.5 2.2001L 9.52 +1.18 78.1 7543

Ll




Table VII

Effect of Ropt Excretions and/or Materials
SToughed OFf. Roots om the Solubility of Virginia Apatite

Yield Yield Total P¥ Ave. Total P P Disgolved .(mg..)
Tops Roots Digselved. Dissolved Per Gram Root
Replicabion B -0 T R Tissue.

T l5lt : 0432 - 0,006
2 L6 0'-.33 0.020 0.025. 0.07h

% 2,12 0.37 0.030

QL




Table VIIT

Data Used in Eyaluating Contributiocns of Various Factors to YFeeding Power™

HoPO,™
9.4 x 1077

Initial Soln Cong.
(moles/1.)

Final Soln Conc.
(moles/IL.)

Holubility of CQy &b 26° ¢
mmﬁqﬁ)

. Squash

9% b x 1077

Catt

_Soyhkeans

1.6 x:107°

1.6.x-107°

0.0329

Barley ____Wheat

Absorhed Ca
(mioles)
Absorbed H PO, (3.9.%

(moles):
Adserped ot
(moles)
FEstimated Root Wts. 0.73
(grams)
Total CEC Roots
(equlvalents)

‘1.0 x-10%

.0.22 x 1078

'*CQZ Exeretion hy Roots 20

- (mg. C0s/g.)

Total Co,, Excretion -0.054
(ﬂwles7l )

Poo, atm) 0.038

0.1)10"%.

(1.77%.0.3)10~*

(1.6 % 0,1)10%*

0.61

0.14 x 10-°

(4.5.#1.5)10~ (5.0 # 1.6)10™°

(3.2 % 1.0)10"°  (L1.h +.1.0)10-°

6L

L. x:107° 8.0 x-10-°®
0.16 0.13
0.028 x-10=%.

17

0.013

0.015 x 102

0.015

* Based upon ﬂry -weight.of roobs.«~ ganyerted from fresh weights u51ng 0.13 g. dry.squash
roots =4 g fresh.roots) and, . O 15 g dry barley roots = 4 g. fresh roots.




Table IX

The Contributions of Various Factors to the- ”Fending Power'
- of Four Plant Species *.

Doybean

Contributing : Factor 5] quash

Barley

-Wheat

Phosphorus Accopnted for by Contributions (moles)

Ca Absorption (.2 %
Ca Adsorption 6.5 x 107

co, Excretion [ést. from 2.4 x-10°%

equatlons (20) and (28)]

Other Root Excretions (8.0 £.0.9)10°7

: 0. 2)10‘4 :

(9.7-%.1.7)10°°. (2.5 £.0.8)107%
k.1 x-107 8.0 x-10®
6.0 x 107*F

(2.8 * 0.9)10">

4.3 x 10-°

Perceéntage Contribution tg_ Totgl P Absorbed

Ca Absorption ,. o 56 % 5

C&; Adsorption o 17

CQ, Excretion [est. from . 6.1.x 107%
equa;tlons (20) end (28)] '

Other Root Excretions. 0.2 X 0.05

(3.9 % 0.1)10%%*

#* Pee pages 58 and- 59 for calcylations.

f1 £ 11 78 % 35
26 25
1.9 x-10*%

Total P_Absorbed by Plants (moles)

(1.6 #.0.1)10°* (3.2 # 1.0)107

200 % 156

31

(L.4 £ 1.0)10-®

08

1T
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Table X

The Phosphorus Contents of Plants as Affected
by Root Cation Exchange Capacity % '

. Ropt GEC Phogphorus Conteént
Plagt - (me./100 g.) N -5 N
Ragweed ' 59 1k.76
Red .Clover | L8 29.22
Smartweed ik} | ho 05
Buckwheat / Lo ' 34.88
A1r&1fa Lo 27.05
Tomato 3h 15.83
Tall Fescue ‘ 30 ' 12.48
Lamb s Quarters 25 : 22.2%
Rye Grass 22 .‘ 10.79
Qats o0 0.7
Sudan Grass 13 ' 19.52

* Pata taken from Drake and Steckel (I1953)

Table XT

Comparison of Phegphorus Content with
Calcium Content of Plants *

Cowpeas Cotton Soybean Sorghum Buckwheat.

Calcium.(mg. ) 500 Lol 386 150 122
Phogphorus (mg.) 48.5 Lo i ko 34,1 14.6

* Data taken from Parker (192L)
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Table

XIT

The Efféct of the Rémoval. Qf C@ from Subgtrate
on Phosphorug Absorpticn. b,y Plants. Ly

Phesphorus (%) .12 0.21
COz wot removed

Sorghum .Cottom  Buckwheal . Cowpsas  Soybeam:
Q 01_2 0'.‘12\ O e_l6
9.13 Q.10 0.15

Phosphorus (%) 0.13  0.20
00z remoyed

% Dake taken from Parker (192h)

Rape: ats

Phogphorps (%) L 0.109 0.099
COz mot removed

Phosphorus (%) 0.095 0.095

£ .Data,-taken from Parker (1925)

Crimson Clover:

0.097

{
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Legend

Soln A - Apatite

Soln B - Apatite

Soln B + 2 Hoag. Ca-Apatite

wheat barley soybean squash

Figure 1
The Effect of Three Treatments on Phosphorus Absorption by Plants
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100 200 300 400

Ca added to nutrient solution in milligrams/liter

Figure 2
The Effect of Calcium Concentration on the
Absorption of Phosphorus by Plants
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Treatment - Soln A - Apatite

Ca absorbed (mg.)

Figure 3
The Relationship of the Amount of Phosphorus Absorbed by
Plants to the Amount of Calcium Absorbed
by Plants from Virginia Apatite



P absorbed (mg.

Treatment - Soln B - Apatite

10.0
Ca absorbed (mg.)

Figure 4
The Relationship of the Amount Phosphorus Absorbed by Plants to the
Amount of Calcium Absorbed by Plants from Virginia Apatite



5

Treatment - Soln B + 2 Hoag. Ca-Apatite

100 »200 300
Ca absorbed (ng.)

Figure 5
The Relationship of the Amount of Phosphorus Absorbed by Plants to the
Amount of Calcium Absorbed by Plants from Virginia Apatite
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Legend

Soln A - no Apatite

Soln A - 20 g. Apatite
in bottom of can

wheat barley soybean squash

Figure 6
The Effect of Root-Nutrient Source Contact on Total
Phosphorus in Plants



absorbed (mg.)

squash

Legend

No root contact with
Apatite

Roots in contact with
Apatite

soybean barley wheat

Figure 7
Effect of Root-Nutrient Source Contact on Phosphorus
Absorbed by Plants



roots)

P/g.

P dissolved (mg.

wheat

barley soybean squash

Figure 8
The Effect of Root Excretions on the Solubility
of Ca3 (P04 )2



in plants

P

Total

20 -

wheat
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Legend

——— Soln B - Apatite

The Effect

barley soybean squash

Figure 9
of Aeration of Roots with C02-free air
on Total P in Plants
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Legend

Ca added to nutrient solution in milligrams/liter

Figure 10
The Effect of Calcium Concentration on
the Absorption of Phosphorus by Squash



Ca © S

95

Legend

Soln B - Apatite in bottom
of can

Soln B - Apatite

Ca Ca

Figure 11
The Effect of Root-Nutrient Source Contact on Phosphorus
and Calcium Absorption by Squash
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Legend

Soln B - Apatite

Soln B + 1/8 Hoag. Ca-Apatite

Soln B + 2 Hoag. Ca-Apatite

Soln B - Apatite in bottom of can

Root Excretions

Figure 12
The Effect of Five Treatments on Phosphorus
Absorption by Squash
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Figure 15
Three Dimensional Plot of
PH2PO4= 2 pH - 1.5 pCa + 2.74
Describing Relationships between pCa, pH, and PH2P04
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Figure 14
Three Dimensional Plot of
pCa = 2 pH - pPgqg - 10.028

Describing the Relationship between pCa, pH, and pPCQ2



Apatite . . .

Apatite - Minus Ca .

Minus P o ¢« o o

Minus P .-~ Minus. Ca .
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Code for Photographs

Soln A
Soln B
Soln A

Soln B

~ Apatite

Apatite

no Apatite

‘ne Apatite




Photograph 1 Soybeans

Photograph 2 Squash
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Photograph 3 Soybeans

Photograph 4 Barley

149ECR
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Photograph 5 Wheat
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