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iINTHRODUCTION

The blusberry is a native of America, and various
species range over the entire continent (58). Much interest
for commercial planting has been shown in the highbush, or

swamp blueberry (Vaccinium corymboswm L.}, and the lowbush

species (¥, pallicdum and Ve angustifolium)have drawn some

attention as soil consarving crops, and as sources of supple~-
mental farm income, However, it was only comparatively
recently that the blueberry plant has avsumed an important
place in cultivated zcreage, largely 2o a re 0 2f the life-
long efforts of Coville (56), who develc =<, """ ish breeding
and selection, a number of named, large frul! . "orrisultural
varieties of the swamp blueberry.

“cologically, the swamp blueberry . =l Ul as a
cultivated plant, and as such, has been surrd.ic.. th
mystery, particularly as to its soil requirements, The
frequent failures in attempts at its cultivation, 2z well as
the mystery, have been due in large mezsure ta.lﬂck of basic
knowledge of its normal requirements, which in some respects
may be fundamentally different from those of most cultivated
plantse It was thought possikle through this study, by adding
to the fundamental knowledge of blueberry requirements, to
diffuse some of ithe mysterye. Upon such basic data, intelligent
farming practices may be recommended which would improve the
chances for the successful blueberry culture under a wide range
of conditions, both intensively, and for purpcses of scil

erosion controle
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in approaching the problem, it was thought that a
study of mineral deficlencies would be valuable, since both
wild and cultivated blueberry plants often exhibit certain
symptams which, in the absence of a pathogen, aprcar to be
caused in part at least by some soil nutrient deficiency. If
under conirolled conditions of sand culiure in the greenhouse,
such symptoms could be easily defined and ascrived to the lack
of single mineral nutrients, then the diagnesis and cure of
these deficiencies in the field would be greatly facilitateds
vhen it soon became arparent that nitrogen was the element
required in the largest quantities, and its deficiency was by
far the first to appear, a study of nitrogen uptake and move=
ment in the plant was undertakens

Closely related with mineral nuirients are the charace
teristics of the culture mediume The frequent occurrence of
blueberries on peat s0ils led to the investigation cf some of
the chemical amd physieal factors of pcat and other media, and
their relation to blueberry growthe Since the beneficial
effect of peat is sometimes attributed to the presence of
various growth promoting substances, their role in the complex
was also to be considered,

During the process of the investigation it was found
that the hydrogen-ieon concentration of the blueberry plant sap
is strikingly high. This characteristic promised to provide a
diagnostic tool, and to produce data that might explain in
fundamental terms some of the wigueness of blueberry plant

behaviors



-3~

HhVIeE OF LITHSATURE

This review was limited to the available literature
on the blueberry, and to the nore recent publications on
factors affecting the acidity of plant fluids, and on the effect
of mineral nutrients on nitrogen uptake and transl~catione The
literature on controlled nutrient culture work with blueberries
consists of one report by Doehlert and Shive (70)e ‘leference
will be made to recent comprehensive reviews, espacizally for
those topics which will not be covered in detail,

Biveberry Nuiritional Faclorse As early zs 1921,

Coville (54) advanced the following three regquirements for
successful blueberry cultures (1) acid scil, (2) good aeration,
and (5) moderate moisture. Of hundreds of ssacies of plants
listed by Spurvay (170), the zcid tolerance of the Rwighbush
plueberry was found to be greatest, and aporoxinzted only by

some pitcher plants (Serracenia sppe); nevertheless, the question
of the acidity recuirements of blueberries in gensral is not yet
settlede Merrill (124) cobtained best highbush blueberry growth
in peat soil at a pH of 4e4, and Bailey (6) found that increasing
the greenhcuce =oil pH from 4.5 to 5.0 by liming decreased linear
growth by 55 percent. Coville (55) found that blusherry seedlings
growing peoorly in ordinary soil could be revived by acidifying the
medium with aluminur sulfatees The results of Perlmutter and
Darrow (141) indicate & similar beneficial effect from large
applications of aluminum or ammonium sulfatee On the other

hand, Chandler (37) in field investigations with the lowbush
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blurberry (V. ancustifolium) obtained a beneficizl response from

lime applications which brought the soil pH up to as high as 6.6.
Kramer, tvinger, and Schrader {111 ) working with the dryland blue=
berry (Ve pallidum), presented indirect evidence tc show that

lime applications would be beneficial on tight soils, largely
through improvement of the physical condition of the so0ile The
results of the greenhouse investigations of Stene (172) were ine
conclusive, showing good and poor growth over s wide range of pHe

Considering the swamp blueberry (V. corymbosum), the overwhelming

evidence is in favor of an acid scil requirement in the neighbor-
hood of pH 4e5 Other species, however, may have a wider or
higher range of pH, as in a like manner, the dryland species
appears to have greater resistance to drouth (54) than the swanp
blueberrye

The soils on which the swamp blueberry is grown commercially
are peat soils in ¥ichigan (105), and light sandy soils mixed with
peat in New Jersey (20). The beneficial effect of ncat has been
generally recognized. Ferlmutiter (140) obtained bhest grewth of
blueberry seedlings in 2 medium corposed of half psat and half
sande Kramer, fvinger, and Schrader (111) reported a doubling
of the yield of hizhbush blueberries where a neatemulch was
applied, and almost complete elimination of plant loss when peat
was trenched in alongside the root zcne of both nighbush and low=
bush plants, oot development under peat mulch was very extensive
horizontally, but was almost entirely limited to the oecat layer

itselfe This beneficial effect of prat may be due to the improved
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azeration which the peat provides simultancously will: improved
moicbure comditions (18&),

The occurrence of the highbush blueber:y in swamp soils
sugrests a tolerance for low oxygen levels. Covillie (54), however,
pointed out that even though the blueberry grows in swamps, it is
usually located on a tuft of moss or sedgee lorsover, active root
growth did not begin until the swmer, when top growth was azlmost
completed, and the water table was below the rcot zone.

Fertilizer recommendations have varied with the region,
On the Michigan (105) soils that are high in corganic matter, there
has been little response to nitrogen application and potassium
fertilization is stresseds, In Yew Jersey {(19), on the other hasnd,
nitrogen is the chief component of the fertilizer recommended, and
best ylelds have been obtained from the use of comnlete fertilizeorse
Coville's assertion (54) that root activity doss not begin until
summer, is substantiated by DNoehlertts results (69), where ferti-
lizer application in Jure was as effective as an April application.
Bailey and “verson (7) reported that bluecberries recovered from a
chlorosis most rapidly when ammonium sulfate was arrlieds Peat
and alunminum sulfate zlso improved the colors Iron sulfate spray
turned the leaves green only in the spots where the spray material
came in direct contact with leaf tissuee Fuirther investigations
led Bailey, Franklin, znd Kelly (8) to conclude thst the chlorosis
was caused by iron deficiencye Doehlert and Shive (70) found that
a high level of nitrogen and a comparatively low level of potassium
and phosphorus gave the best blueberry growth in sand cultures

Because of their natural occurrence under forest canopies,
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blueberries have been considered to be low temperature, shade—
loving plantse Perlmuitter (140), however, showed that blueberry
plants growm in the gresenhouse benefitted from the addition of
four hours of light, and Bailey and Jones (9) reported consistent
increments in total lincar growth with increase of temperature
from 55 to 90 degrees Fahrenheit. When temperatures become ex-
ceedingly high, however, blueberry plants are injured; thus
Jonathan (105) reported tip burning and even death apparently
caused by high temperatures in localized areas in the field.
Coville {53) demonstrated that blueberry plants go into dormancy
at warm temperatures, but remain dormant longer than plants sube
jected to a period of Ireezing temperatures., Kramer and rosey
(112) reported that heavy shade produced by an undisturbed forest
canopy was beneficial for the perennial vegetative existence of
lowbush plants, but that considerable thinning must be done if the
plants are to be brought into bearinge.

The chemical composition of the vegetative and fruiting
parts of the blueberry has not been thoroughly investizatede
Vaksman (198) reported that the natural Vaccinium humus has a pH
of 4eb, and contains 1,7 percent nitrogens Romell (155) gave the
content of the following elements in milligrams per gram, as found
in blueberry bushes growing in the northern spruce woods of Sweden:
Ep0 = 10 mge, Cal = 10 to 16 mge, Mg0 = 4 mge, Pp0g5 = 2 to 5 mge,
and N - 9 to 23 mge The low value for nitrogen was obtained for
leaves that were about to fall, and the high value for leaves in
June, Merriman and Fellers (123) found the fruit to centain 85
percent moisture, 6 to 12 percent fiber, 1.25-~1.50 percent ash,

and 4 percent nitrogen, There were small quantities of vitamins
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A and C., Yurri {129) reported that 70 percent of the dry matier
in the tlueberry Irvit is carbohydrates. Other substances found

in the fruit were ash, tannins, citric, malic, and oxalic acids,
and 25 bloeunits of viteasin € in 100 rrams. The seeds contained
30 percent fatty oils,e

Deficiency Syrptomse A remeral discussion of nlant

deficiency symptoms has been given by De Turk (67). In a paper
containing a very extensive list of references, ¥ciurtrey (122)
has described the deficiency symptoms of tobseco and other »lants,
clascsified the deficiencies, and presented a key to aid in
diagnosis,

The diagnosis of any ninerd nutrient deficiency may be
carried beyonc the mere observation of the visible deficiency
symptomse Carolus (36) and others developed rapid chemical tests
of the plant parts for the various elements, gince the deficiency
of a particulsr clemnent usually resulted in a low level of that
element in the nlant tissue (17)s Thomas and iack (185) have
offered their follar diagnosis method, emphasizing that the pro=-
portion of the varicus elements in the plant tissue is important,
snd not only the abzolute concentration of the elements. Hill and
toach (94) have proposed vhat is probably the nost direet methed
of diagnosing a nutriert deficieney. They injeeted the element,
suspected of being deficient, directly into a sample plant, and
if that plant, or the part treated, returned to normaley, the

deficiency was successfully diagnosed,

Fitrogen Uptake and Translocation. IHore recent publi-

cations stress the biological nature of inorganicw-ion absorption
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by plants. It is no longer considered that salts are taken
up passively as z consequence of an (H*) or (0HT) gradient,
or by mechanical osmosis alone. Lundegarth (117} in his compree-
hensive discussion of inorganic-ion absorption, stazted that
absorption, accumulation, and exudation are aspects of one
mechanism having aerobic, energy expending nrocesses at its
disposale He proposed a constant (K) which is egual to the
osmotic work required to absordb one unit of ions, the energy
being furnished by respiratione Hoagland and Broyer (97),
and Arnon and Hoagland (5) have stressed the complexity of
the problem of ion intake, and the essentizl requirement of
air and lighte A comprehensive review of nitrogen uptake,
assimilation, and metabolism in plants has bsen given by
#ightingale (130)e.

Hitrogen has frequently peen reported as the first
of the mineral nutrients toc become limiting for nlant develope
ment (118). 1t has been found in the greatest concentration
in the leraves in spring (93), or early suammer (118), It has
been shown that nitrogen is depleted in the wood during the
summer by movement into the leaves (39), but 2 large nart
returns before leaf fall (118), and thus senescence of leaves
is accompanied by loss of nitrogen (150)e During winter,
nitrogen is stored in the clder wood (128), and also to sonme
extent in the roots (209).

Judging from varicus results there exists a pesitive
gradient for all nitrogen fractions, i. ee., the concentration

of nitrogen increases from the base towards the zrowing vointe
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Ingard (80) is of the opinion that this gradient is simply the
manifestation of the ratio of living protoplasm-containing cells
t0 non-living protoplasm~lacking cellse Vladescu (193) carried
the gradient study into the leaves, where he found that the
gradient continued there, with the nitrogen centent increasing
Irom the center to the border of the leaves, and from the lower
to the upper side of the leaves, except for ammonia nitrogen,
which showed a higher éancentratian on the lower side of the le af,
The protein content {194) showed similar gradients in the stem
and leavesy whereas secondary roots ceontained more protein than
primary roots, snd the flowers were richest in protein.

A scheme for nitreogen metabolism in higher plants hes
been presented by Furneek (126)., Briefly, the inorganie nitrogen
is absorbed by the roots, reduced to smmonium, and then syntre-
sized into asparagine, while the carbohydrates are oxidized to
organic acids and form armonium salis, which combine with aspara-—
gine to form amine acids which in turn combine into proteinse
Once the proteins are formed, a certain amomt of respiration
energy is requiled to maintain them (148). iHevesy, et. al. (90),
by use of heavy nitrogen, found that leaves constantly bLreak down
and renew proteinse The renewal is more rapid in ihe new leaves,
but goes on even in old leaves which had already completed their
growthe

The rost important single condition concerned with the
penetration and accumulation in the plant of any clewent is the
concentration of that element in the culture mediwm (17). Thus,
to cite 2 few examples, inereasing the nitrogen content of the

medium resulted in an increase of nitrogen in the plant tissues
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cane
of oats (1), apples (14, 175), corn (18), sugar/(26, 51, 57),

tomatoes (35), citrus (42), wheat (65, 178), rice and flax
(165), end cotton (195). Similarly, autrient sclutions
deficient in nitrogen caused tremendous reductions in the
nitrogen content of tomatoes (12), ocats (21), barley (150),
etc,

Althoupgh luxury consumption is usually associated with
the potassium-ion, excessive guantities of nitrogen may alse be
taken up from a nitrogen rich substrate (144, 165, 175)s Walt-
man (D3) reported excessive applications of nitrogen beneficial
to the peach tree, but not to apple tree growth, and Stuart
{175) obtained actual nitrogen injury on apple trees. Carolus
(35) found that luxury censumption of nitrogen by tomato nlants
had no toxic effects, but Chapman (42) did find »otassium injury
symptams on citrus frees receiving excessive amocunts of nitrogen,
Demidenko and Barinova (65) obtained greater yields of wheat from
low nitrogen application; however, the wheat plants groem with low
nitrogen were lower in percent nitrogene.

For diagnestic purposes, it is interesting to note that
Doby (68) found that normal soybean plants had 80 percent of their
nitrogen tied vp in organic compounds, while fully 90 porcent of
the total nitrogen of nitrogen starved plants was in the organie
forme Similarly Stuart (175), “chropp and Arenz (160), Phillis
and lason (144), and Cooke (51), obtained relatively more in—
organic, and less organic nitrogen in apple trees, field beans,
cotton, end sugar cane respectively, when nitrogen was abundant
in the substrate., Turner and Henry {190) used the presence of

inorganiec nitrogen in the Je aves as an indication of excess

nitrogene
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Phosphorus deficiency in apple and peach trees has
heen described by ¥altman (203) as almost as severe in its
effects on growth as nitrogen deficiencye. Lack of phosphorus
apparently has interfered with nitrogen metabolism by causing a
reduction in respiration rate (148), 2n2 in reducase activity
(78), which causes the accumulation of sugars (67), nitrates
{36, 67), and other inorganic fractions, and a reduction in
protein content (150, 178), Phosphorus may also be taken up
in "luxury® quantities (144), and its concentration in the
plant is therefore related to its concentration in the nedium
(14, 67)e

The dependence of nitrogen utilization upon the
presence of phospherus is indicated by the results of Brewer
and Davis (28) who found that the nitrogen content of legumes
increased with azpplications of phosphoruse Sircar and Nirad
(166) obtained similar results with rice, Conversely, a
deficiency of phosphorus casused a reduction in nitrogen content
of cats (21), and corn (67). Alten, Rauterberg and Loofman (1)
found that total content, but not percent of phosphorus ine
creased with increasing nitrogen. in the oat plante On the
other hand, Bartholomew, Watts, snd Janssen (12) obtained no
reduction in percent nitrogen of tomato plants when phosphorus
was omitted from the nutrient sclution. Beckenbach, Robbins,
and Shive (17, 18), working with corn, and Parker and Truog
(136) working with & large number of species, found no relatione
ship between nitrogen and phosphorus contents. An actual ine
crease in growth response of peach trees to nitrogen additions,

regardless of phosphorus content (205), and an increase in
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phosphorous content upon a2 reduction in nitrogen {14) in apple
trees have heen reported recently, as well as an increase in
percent nitrogen wnen phosphorus was deficient (40). Although
the percent, or concentration is confusing, the absolute
quantities indicated thet there is a positive relationship
between phosphorus and nitrogen, ieees, an increazse in the con-
tent of the one element favors an increased absorption of the
othere

The position of potassium in the plant is unigue in
that it has been found to exlst entirely in a2 water soluble
form in the plant sap (91, 146)es A thorough discussion of the
role oi potassium in planit metabolism nhas heen given by Hoffer
(99), »ho suggested that potassium may have some function in
the transformation of light energy, since of the elements
essential to plant growth, it is the only one which is radio-
active. [otassium has been reported as favoring swelling of
plant membranes, as having 2 role in the absorption of other
minerals, in sugar and starch formation, in regulation of
respiration and transpliration, and in enzyme activitye. The
large number of symptoms resulting from its deficiency is an
indirect indication of its many functionse Carolus {35) con—
tended that potassium reguirements of the plant are very critieal,
and too much or too 1little potassium is egualliy troublesonme.

Potassium is required for nitra e reduction (79) and
for normal respiration (148, 174). Fall (201) has stated that

when potassium is defielend, nitrcgen metabolism is affected
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before carhohydrate metabolism, He also reported that potassiume
deficient plants, grown in & medium containing nitrate as the
source of nitrogen, exhibited the expected symptoms gradually,
but when similar plants were grown in a medium whore ammonium
was the nitrogen scurce, they showed no symptoms for some time,
and suddenly developed leaf breakdown which was apparently
caused by high concentrations of ammonium, amide, and amino
nitrogen fractionse The relative amount of protein in the
ammonium=fed plants was correspondingly lowere Further
evidence of accumulation of ammonia, amide, and nitrate
nitrogen, and reduction in protein content of plants lacking
potassium, is given by Richards and Templeman (150}, and
Burrell (32), Similarly application of potassium increased
the total amount of nitrogen in the plant, and especialliy the
nrobtein fraction and 2t the same time reduced the amount of
amide, and emmonium nitregen (1, 17, 18, 39), thus indicating
that the zddition of rnotassium improved the utilization of
nitrogen,

in storage organs, such as the sweet potato root
(177), and wheat grain (178), however, increase of potassium
caused a decrease in protein contente These results may also
indicate the greater utilization of nitrogen for growth rather
than for storage.

Although the adequate presence of potassium has ime
proved totsl nitrogen absorption, the percent of nitrogen in
the plant may not necessarily be increased (21, 92, 110, 136).

in fact, upon ertreme deficiency of potassium, nitrogen
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relatively appesred to accumulate (12, 57, 200), and inversely,
when there is excessive "luxury® consumption of notassium, the
rnitrogen percent may become lover (1, 35)e
The potassium~ion mey be taken up by plants with great
ease, and consequently there is usually a close relationship
botween the potassium availasble in the substrate and its
presence in the plant (1, 14, 36, 57, 91, 165, 206), vhen the
nitrogen content is low, thers can e little improvement in
plant growth if potassium is added; however, if notassiwm is
low, apprlications of nitrogen may sometimes be effective to a
lisdted derree (14, 135). Fhen nitrogen is avplied in excess,
potassivm has been rozorted as hirhly heneficizl (26)e
titrogen~potecsium relationships are strongly affected
by the factor of lighte Apparently maximum quantities of
potassiim are recwired vhen days are shortest, and maximum
gquantities of nitreosern when days zare longest (190). This
situation is expnlained at least in part by the rssulis of
pltticher and Belling (27), who found that potassium may be
lost in the dark, and reabsorbed in the light, and Borden (26)
vho reported @ decrease in percent nitrogen in plants subjected
to long dayse When light was limiting, Borden (25) found that
the percent of niiropen in suzar cane plants increased to such
an extent th»t it caused reduction in yleld, Additional
potassium wmder such conditions did not bring back the yield,
kut did improve the sugar contente This is in agreement with
Arnon and Yoagland (5) vho concluded that nutrients cammot

compensate entirely for a deficiency of lighte



The results of Sugawara (176) that application of
potassium increased the ascorbic acid content of potatoes,
might indicate thet there exists, either a direct or an ine
direct relation between potassium content and photosynthesis,
since ascorbic acid has been associated with the green plant
pigments, and is developed only in the presence of light (31}
Vinson and Sartor (191), however, failed to obtain increases
in ascorbic acid from high appliCations of potassiume

Not only are there nutritional relztionships between
nitreogen and phosphorus, and nitropgen and potassiun, but there
may be a mutual rclationship between the three elements in
their use by the plante Thus De Turk (67) observed that
adeguate phosphorus and potassium brought out nitrogen defie
clency more rapidly, and conversely, #augh, Cullinan, and
Scott (205) found that phosphorus and potassium deficiencies
could be noted only when there was an adeguate supply of
nitrogene This interrelationship of the three celements is
the salient feature of the #foliar diagnosis® of Thomas and
Back (135)e Bartholomew, Watt®, and Janssen (12) showed that
vhosphorus and potassium deficiencies, alone and in combination,
were not effective in reducing the percent of nitrogen in tomate
plants, while the owmission of nitrogen, alone zd in any combi-
nation, reduced the percent of nitrogen drasticall s,

Calciun is used by the plant for the middie lamella
of new cells, and for combination with protoplast malerials

which in the absence of calcium, accumulate as gramular pro-
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teinaceous substances (131)e, Calcium may also be utilized to
neutralize ;lant acid (136), particularly oxalic acid (134),
although Dunne (73) showed that the acids may be neutralized
readily by potassiume 4lthough the quantity of the combined
fraction of celecium has appeared to be very constant, at least
in the cotton plant (146), the uptake by various plants has
varied greatly, some plants taking up three to five times the
relative guantities of calcium that olher plants absorb (48).
The relative requirements of various plants for calcium may
be expressed as 8 calciumsnitrogen ratio (136). According to
Stewerd (174) calcium salts decressed the rate of respiration
and p1otein synthesise Hoffer (99) stated that calcium re-
tards swell!ing of plant membranes, thus acting in opposition
to potassiuvme

Parke:- amd Truog (136) found a close relationship
between calcium and nitrogen content within various speciess
Those species having a high nitrogenjcalcium ratio had low
calcium requirementse 0Olsen (134) sugivested that those plants
in which much of the c¢z2lcium is tied up as calcium oxalate have
low calcium requirements, and grow best at very low calecium
concentraticnse

HWightingale, Addoms, Robbins, and Schermerhorn (131)
found carbohydrate accumulation in calecium deficient tomato
plantse They attributed this condition to the kck of nitrate
absorption and assimilatione Skok (167) demonstrated that

calciwm participates in nitrate reduction, when he showed that
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calcium deficient plants grew much better when supplied with
urea than when supplied with nitrete as the nitrogen source.
Burrell (32) also found more nitrate but much less insoluble
nitrogen in calcium deficient plantse Brewer and Davis (28)
reported increased nitrogen content as a result of lime appliw-
cations on legumes, but Demidenke and SZarinova (65) found that
calcium content of wheat decreased when nitrogen applications
were increased. Carolus (35) showed that the relative contents
of both calcium and nitrogen are reduced when ootassium is taken
up in excess, bult Hibbard and Crigsby (92) found that calcium
deficiency had ne effect on the percent of nitrogen in pea plantse

Magnesium has been found to be essential not only for
chlorophyll but also forvitamin C production (156), Its abe
sorption by various species varies consilerably, as does the
absorption of caleium (48). The concentraticn of magnesium
apparently has no profound effect on nitrogen uptake. ISoth
slight increases (21), and slight decreases (17, 36), as well
as no effect (18) on nitrogen uptake, have been reported as
resulting from magnesium deficiency. ILarge nitrogen {65), ard
potassium applications (35) suppressed magnesium uptakes
Burrell (32) reported that tiere is less insoluble and more
soluble nitrogen in magnesium deficient soybeanz, zgain pointe
ing to interference in protein synthesis,

The role of sulfur in the plant is discussed by Balks
(10), who pointed ocut that sulfur is an essential component of

plant proteins, and such substances as glutathione, vitamin By,
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and mustard oile He made the general statement that plant ree
quirements for sulfur are gbout the same as for phosphoruse.
Although Beckenbach, Rotbins, and Shive (18) stated that they
found neo correlation between the sulfate content of the nutrient
solution and nitrogen metabolism, they found (17) that a high
sulfur content in the plant tissue was correlated with a low
nitrate content, Conversely, sulfur deficiency was found by
Faton (77) and Champan and Brown (41) to result in nitrogen
accumulation, and the addition of nitrogen (11) to a nutrient
solution increased the proteinesulfur contente These latter
resulis tend to agree with Balks (10}, indicating that sulfur
is perhaps as important as phosphurus for nitrogen metabolism
and for general plant welfaree

Boron deficiency symptoms were found by Schropp and
trenz (159) tc be simikar to ammonia poisoning. Since boron
deficiency:was associated with a grecater relative uptake of
nitrogen (158), while protein-nitrogen was proportionally lower
(161), they su;. ested thét I: ¢k of boron was interfering with
carbohydrate synthesis, which in turn caused an accumulation of
ammonia from protein decomposition consequent upon lack of
carbohydratese. Schropp and Arenz (160) alse found that boron
deficiency caused a reduction in the relative amount of nitrogen
when potassium was increased, and that best utilization was
made of both potassium and nitrogen when boron was adequatlcs
The results of Demidenko and Barinova (64), that application

of boron reduced total percent of nitrogen, but increased the



content of protein nitrogen, are in agreenent with those of
Cehropp and Arentze

There scems Lo be little direct relationship between
iron content and nitrogen uptake, but there are undoubtedly in-
direct effects through the influence of iron on chlorephyll
formation {135), and carbohydrate balance (123).

Eancanese on the other hand, has a very definite
role in nitrogen assimilation. There is general agrecement
that manganese aids in emmonium uptake, but wheress Turstrom
(33), Foack and Pirsen (133), and Tlassuk {210) reperted an
improvement in both ritrate and zmmoniwn assimilation in the
presence of manyarese, Yoagland and Arnon (95), and Arnon(2)
found that nitrate—-srown plants received no special benefit
from the presence of manganese, Wlassuk {210) stated that
manganse has a reducing effect oy nitrate, and agn oxidizing
effect on arroniume Heagland anc Arnon (95), however, mentioned
only the oxidizins effect on ammonium. Arnen (2) added that
anronium=fed culture plants benefited equally from the presence
of mancanese and zeratione Purstrom (33), using excised roots,
concluded that the improvemsnt in nitrate absorption nrought
about by the presence of manganese conld not be duplicated by
any other catiom, or sulfate, carbonate or phospnate, sd te
Noock and Pirson (177) on the other hand conclixie that the
same effect may te induced-by the use of 2 oaé&lyst not cone
taining manganese 25 the heavy metale WHanganese uptake by
variocus plants has been shown to be extremely variable (48),

some plants taking up sixty times as much as others. The only
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other ion showing stch & range in uptake was sodium. It has
been demenstrated th:t nitrogen uptake is of course closely,
though indirectly, re¢lated to chlerophyll formation (50).

In fact, Yoack and “irsen (133) measured nitrate assimilation
by chlorophyll contente Since vitamin C is also closely
rclated to chloroonrll (31), it is intercstini: to note that
nanganese appears to be essential for vitamin £ formation
(89, 191).

Other fsctors hesides mineral nutrients have their
effect on nitrogen uptake, The interrelati.nship of nitrogen,
potassium, and lirht has alrecady been discuszsed (ef. pe l4d)e.
A decr~ase in soluble nitrogen content folleowinz an increase
in length of day indicated better and movre rapid nitrogen
vtilization {(208).

Temrerature effect on rate of soluite accumulation
is considered similasr to many metabolic nrocesses (29). Not
only is ritrogen vprake delayed at low temperatures (15), bubt
the nitrogen is trensloccted slowly, if at all (15, 132).

Lerobic conditicns are desmed necessary for accumu-
lation of solutes {29), for nitrates are taken up readily at
loew orygen tensions and reduced rapidly in the plant, whereas
at high oxyzen tensions the nitrates tend to accumulate more,
Tt has been shown that ammonium absorption is facilitated by
high oxygen tensions (2, 163).

Other ¥inerel Futrient Interactions. A distinct

similarity in the symptoms of potassium and iron deficiencies

has been observed by De Turk (67), Rohde (154), and otherse



Thus a relationship between the above two ions in plant
mx*«',r:},'!;,:a‘.':m;l suggests itself, Holffer (99) has demonsirated that
in the absence of potassium, iron is precipitated in the nodes
of the corn plant, aﬂd,Rbﬁﬁe (154) alsc pointed ocut that the
transleocation of irom in plaks is facilitated by the presence
of adequate potassiume. Loew (116) reported thst iron in the
ferric form cannot be taken up by plant roots, and according
to Bhode (154), it is the ferric ion that is precipitated in
the zbsence of potassium, which acts as a reducing agent and
in the presence of manganese, which acts as the oxidizing
agente Similarly, Loehbwing (114) found that in the presence
of excessive quantities of potassium, so much of the iren was
in the scluble form, that the plants actually suffered from
iron toxicitye Wadleigh (196), however, found that a high
rotassium content was usually as=sociated with a low iron level,
Caleium and boron deficiencies have 2lso heen reported
as exhibiting similar symptoms (164). Maximm accumulation of
calcium by soybean plants was reported by Minarik and Shive
(125) to have occurred when the boron supply was at the
optimum concentration, but karsh and Shive (120) found
no relation between the boron concentration of the nutrient
sclution and the uptazke of calcium by corn plants, Urake,
Sieling, and Scarseth (71) emphasized the importance of the
calcivmsboron ratio in the substrate, stating that 1300 parts
of calcium to one part of boron was satisfactory, but that
1500 parts of calcium to one part of boron in the substrate

resulted in boron starvatione Shivets (164) explanation of



this calcium=boron relztionship was that boron controls calcium
mobility in the plant, since in the absence of boron, the
calcium content of plants is largely insolublees In the presence
of boren the calcium in the plant was found to remain available
even if neo fresh supply of calcium were provided {(120).

Hydrogen-ion Concentration of the Substrate. lecent

publications have emphasized the unimportance of the pH of the
substrate per se, *(H') or (OH™) gradients do not determine salt
uptake®, stated Hoagland end Broyer (97,;. Arnon (2) pointed out
that the pH effect of the nutrient solution is interreiated with
season, form of nitrogen, aeration, and concentration of micro-
elementse 1f other factors are favorable, normal growth may

be secured over a wide range of pH, and actual detrimental
effects of hydrogen-ion or hydroxyl-ion concentration were
obtained only at the extreme pH values of 3 and 9 (34, 95), when
an irreversible disorganization of the protoplasm took place,
and all absorption ceased (34).

New Jersey workers (45, 46, 62) have frequently re-
ported that the nitrate~ion is more readily taken up at a low
pH of the nutrient substrate, while the ammonium-ion is absorbed
to greater advantase at a pH approaching the neutral pointe.
Their results on peaches and sirawberries are in agreement with
the results of Demiderko and Barinova (65) on spring wheats
Kapp (108), however, found bobth nitrate and aamonium equally
beneficial for the growth of rice at & comparatively high pH,
and Hoagland and Broyer (. 37) observed rapid nitrate uptake at
a wide range of pHe Arnon {(2) showed that the presence of

manganese sand aeration exert important influences on the



relative merits of smronium and nitrate as socurces of nitrogen
at different galuos of pHe The peculiarities of the rice plant
further complicate the nitrate-ammonium situation for apparently
the rice plant benefited more from ammonium than from nitrate,
independently of pH (60), and conversely, had a preference for
approximately neutral pH independently of the source of nitrogen
(52, 59)e The work of the above Indian workers (52, 59, 60),
however, is not entirely convinecing, since nmost of it was done
with single salt nuirients. Kapp (108) on the other hand found
that nitrate and ammonium are both beneficial teo the growth of
rice plants provided the culture is not at an extreme pHe

Potassium was reported by Demidenko and Barinova (65)
to be taken up best at an aprroximately neutral reaction of the
medium, but Hoagland and Eroyer (97) have stated that potassium
may be readily taken up from a solution both more acid and more
basic than the plant sape Phesphorus absorption has been facili-
tated in a slightly acid medium (65), and was rendered unavaile
able at a high pH value (95)e Calcimm (67, 95) and magnesium
(95), on the other hand have been taken/?gadily‘at high pH
levels, and became less available at low pH levels, Hoagland
and Arnon (95) suggested that the adaptability of acid-loving
plants to their enviromment may be dve to their low calcium
requirementse Iron ($5, 107), manganese (95, 34), and aluminum
{(95) were akl more available at a low pH range, the latter two
ions especilally may be absorbed in excess, and cause toxic effects
at low values of pH (95)a

Authoritative statements on the effect of the pH of the
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subsirate on the pH of the plant sap have been very contra=-
dictory, and therefore confusings. & survey of some of the
published data, howevar, clearly indicates that the substrate
PE has a comsiderable effect on the pH of the roots, but very
1ittle (though possivly significant) effect on the juice ex-
tracted from plant topse Thus insignificantly small differe
ences in the pH of itops as influenced by the medium pH have
reported
been/for corn (30, 197), Bitelia (98) =’ ruwborries (46),
varley (3), iégumes {30, 192), and other planis (109, 182),
Data showing considerable effect of the substrate pH on the
root sap »H, however, were presented for corn (30), barley
(3), legumes (30, 192), and other plants (109, 182). The
change in pE of the plant sap was of course in the direction
of the substirate pH, the effeet being proportionsl to the
difference betwesn the hydrogeneion concentration of the
medium and that of the plant; at the same tine, the greater
the original difference between the pH of the plant and the
medium, the greater was the finel disparity (192).

The pH of 1lhe substrate is in tura influenced by
the plant, directly, and indirectly throuch the effects of
acration (97, 49) and temperature (37), by the differential
sbsorption of the medium itself (203), and by the compositiomn
of the nutrient solutione The incresse in pH eof soils through
the application of 1lime is well known (37, 67)e The use of
ammonivm sulphate as the source of nitrogen has caused a rew=
duction in the pH of the medium, since anmonium is taken up

in greater quantities, 1= aving the acid sulfate residue



{26, 97, 107, 14&,5180, 187), The use of a nitrate salt has
had the reverse effect (25, 97, 140, 180, 187). A reduction
in the pH of the medium has also been effected by the use of
aluminum sulfate (55, 141)e In general, exeessive uptake of
anjons resulted in a change of the mediwr te = hisher pIl (97,
165), and excessive uptake of cations has had the opposite
effect (97)e The nutrient solution pH may be radically
changed by the physical characteristics of the mediuws, Thus
¥altman {203) reporied that the pH cof the nutrient sclution
changed rapidly from the original 4.2 to 7.0, and then to
approximately 3.5 because of selective absorption by the sand
itself, since the same trend in pH occurred whether »lants
were growing in the canéd or note The omission of nitrogen
from the nutrient solution resulited in an increased pﬂ of
the Je achings, while the omission of phosphorus had the
opposite effects

Trelease and Trelease (187) made use of the oprosite
effects of ammoniuwm and nitrate uptake on “he pH of the sube
strete to develop a nutrient solution which remains at a
fairly cénstant‘pﬁ by manipulating the ratio of amacnium to
nitrate nitrogen used in the nutrient soclutione Similarly,
Faton (76) suggested the use of nitri- acid to conirol both
pH and nitrate content in nutrient soluﬁions, while Talley
and Blank (180) used a carbonate salt to delay the acidifying
effect of ammoniute

Hydrogen-ion Concentration of the Plant. It has

long been known that plants do not have the same hydrogen-ion
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concentration throughout. Theories, mostly discredited by
now, of nutrient absorption, and other nlant processes have
been based on the observed pH gradients in »lants (151, 97).
Nevertheless pH gradients do exist across the camblum regiom,
the xylem elerments being more acid, and the phloem elements
more basic (138), across cytoplasmic membranes (43), and in
stems, the youncer portions usually being nore alkaline (83,
153). Potato sprouts {153), and act vely ~rowing potato warts
(207) are exceptionsl, in that they hav: a lewer pH for the
young growithe In very acid tissues the acid is localized in
special cells, and not in contact with the protoplasm, or
enzymee that might be inactivated by such high acidities (103).
That the pH of the plant sap is not profoundly.
affected by the environment is believed by Heoagland and
Broyer (96, 97) and Arnon (3), to be due\to the electrostatic
balance maintained in plantz by production of reguired amounts
of organiec acids, Effects of ion absorption on the pH of plant
sap have been reported by a number of workers, however, Vhere
there existed a nitrogen deficiency, the addition of nitrogen
has caused an increase in the plant pH of wheat (102) and field
beans (160)., Armonium salts raised the plant »H higher than did
nitrate applicaticn (16, 47). Fhosphorus deficiency also caused
a reduction in the pH of plant saps (63, 73, 78), as did lack of
potassium (73, 160)s Data on the effect of caleiuvm on the pH of
the plant are not in agreement, No influence from calcivm
deficiency or application were reported for buckwheatb (73),
wheat (102), tomatoes (131), and other plants (47). ILoehwing
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(115), however, reported that liming reised the pll of wheat,
and other plants (li4)e The koy to the controversy may have been
supplied by Dustman (74) whe found that when calcium applications
were varied, the Iighest pH was associated with the most vigorous
plantse It is therefore likely thast generally a mineral defie
ciency will cause & vreduction in the plant pH, but if the
element is not actually defielent, its application will cause
no furither increase in plant pHe

Thornton {186) found that carbon dioxide raised the
pH of plant tiszues in the presence of oxygen, and lowered the
pH if oxygen was lacking, Hoagland and Broyer (97}, however,
reported no effect of carbon diocxide atmosphere on clant pH,e

Of the cliratic factors affecting the plant pH,
light has received most attentiones The small diurnal changes
occurring in pH of planls, where the lowest pH is in the morning,
the highest in the afternoon or evening, have been explained as
a light effect, (levenger {47) reported that plant acids
accumulate at night, and are destroyed during the day, and
Loewhing (115) found no diurnsl change in pH under continuous
illumination; moreover plants which were eotiolated as a result
of shading showed a2 lower pHe Flackman and Templeman {22)
obtained gross reduction in carbohydrate content of shaded plants,
while the organic 2cid content remained constanie 45 a resulb,
the pH of these shaded plants was lowered because cf the ine
creased ratio of or;anic acids to total carbohydratcse Hurde
Karrer (102), however, obtained lower pHl values for wheat

plants when day length was increased, and no effect on pH
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from varying light intensities. Dunne (73) also found little
effect of light on »lant pH, and he questioned the results of
others where temperature was not controlled, Only Yurd-Karrer
(102) reported the effect of temperature on pH in which high
temperatures reduced the pH of wheat nlants,

As indicated above (cfe ve 27), the pH of the nlant
may be assoclated with its vegetativeness, It also appears
to be related to the age of the plant and incidence of diseases
Inerease of azoidity with senescence was reported for cotton
{61), and wheat (102),while higher pF wvalues have been associat-
ed with active greowth (101, 207) and high catalase sctivity
(207). Pheophytin preduction s21lso has been related to high
pH (173)es Diseased vlants frequently have lower pH values,
especially when the disease is caused by a viruse Thus,
yellows of walnuts (£4), tobacco mosaic (87), stem rust of
wheat (100), cabbage yellows (184), virus (153), and wart (207)
disease of potatoes, vere 2ll associated with lower pH values of
the respective plants,

The resistance of plant tissues to changes in pR
exerted by external influences is made nossible by their
buffer systems, TReproducticns of titration curves with
various substances known to be present in the narticular
plant have been used to arrive at sowe idea of the composition
of the buffering materials in the plant tissues. Thus Hurde
Karrer (10l1) was able to match the titration curve of wheat
juice by using water, scdium malate for the acid reserve,
phosphate &8s neutral, and asparagine, leucin, glucose, and
sodium hydroxide for the alkaline reserve., Martin (121) found
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that changes in the bulfer capacity of the brozd bean wore
assoclizted with phospbate conbtont, and knowing that oxaistes
an? malstes were ﬁreseﬂt in the rlant, he cencluded that all
thege, alcng with sane additional substance which stahilizes
the pll level ot above 4.0, comprise the Luflering systenm of
tre broad bean, Duvnne (73) reproduced the Litratim curves
of 2 mumber of plent specles by using organic acids, phoSe
phates, and glucosce WHe was fairly certain that the acid
side of the plant buifTer systems was composed chiefly of
organic salt radicals, bubt 2long with Xartin did oot kuow the
composition of the alkaline side of the buffer sysieme
Additional evidence that organic aelids participate in the

. buffering action is presented by Olsen (134), who demcnstrate
ed that in many planits, there was a direct correlaticn bDetween
czlcium uptake and the cusntity of oxalic acide In beech
lesves a gradual incresse in pf was zccompanied by & cimpen-

- N

sating decrease in mzlic zeid contente 3imilarly, Wedleigh
and Shive (197) showed that an incresse ia the pH of the
substrate iz followed by an inerease in the organic zcid cone
tent of corn vlants, JShive (163) observed that organic acid
acceumulatior was assoclated with anserebic conditions and a
high rate of nitrate absorption and reductione Juch reduction
leaves 2 basic residue, which, according to Hesgland and

Broyer {36, 97), is neutralized by organic acids, wiich aay
have been formed by the very same oxygen released by the
nitrate radicale Ilalman and Templeman (22) obtained a signde
ficant correlaticn Leiween nitrogen, especially nitratec uptake,

and formation of organic aclids,
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febhing (151) postulated the

existence of an izoelectric peint for plant tissue a5 8 whole,
and gurpested that it iz determined by one or a conbinstion of
proteins whose single or combined igcelectric noint ig in the
vicinity of pil be ¥is theory did not stand up under the
criticism of Youden and Denny (211} who pointed out thet the
so=called iscelectric point, as determined by Sohhins alment
invariably ceoincided with the actual pH of the particular
plent sape They also found that it wag not preoteins, but
raterials which readily pessed threugh colledion that were
respongible for the pH ard buffering pow r of »last tissuaes,
kegaprdleass of the exlstence of an isoelszatric point
for plant tissue as & whole, Pearsall amd Fyig (137) and
Chibmall and CJrover (43) were emong the first worksers to
demonstirate that the isoelectric points of most plant proteins
are between pif of 440 and 5,0, and consequently ths amphoterie
proteing exist as anione in the great mafority of ~lmntee ™n
the Lasis of such data, Pearsall and Priestly (138) developed
their theory of synthesis, which is briefly as follewss a pH
gradient exists across the cambium, with the pH at the cambiwm
at approximately the isoelectiric point of the proteins of the
protoplasm. Since proicing at this isceleetric point show
least aeffinity tc¢ wmbter, the cambial protoplk sm loses waler to
the surrcounding cells, and this loss of water is conducive to
synthesis, as opposed to hydrolysis, Such a view finds some
support in the findings ef Wasteneys and Formook (204) that
peptic synthesis oceurred at the ~ost rapid rate at a pd of

4eCe The exactly oprosite stand was taken by Dastur and
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ensinaki (61), who found that the apparent isoelectric points
of the cotton plant proteins were at a lower pH level than the
corresponding plant sap pH throughout the life of the nlant,
except close to the end of the life cycle, when the apparent
isoelectric point practically coincided with the pH of the
plant sape Their conclusion was that, at senescence, the pH
of the plant sap was equal to the iscelectric point of the
proteins of the pretoplasm, snd the proteins thus lese their
combining power, ccagulate and bring about the death of the
plante

Physical Fffects of Wedia. That lack of optimum

aeration is the liamiting factor in growth of plants on some
soils is generally recognized, but Arnon and Hoagland (5) fomnd
that the oxygen supply may be limiting even in sand cultursee
Zince absorption of solutes is linked with aercbic respiration
(117), aerobic conditions have been considered as required for
the uptake (174), 2nd accumulation (29) of both cations and
anionse, The greater effectiveness of nitrate over awmonium
applicaetions under low oxygen conditions have been found

(2, 163) to te apparently due to the oxygen content of the
nitrate radical (95), which may be reutilized by the plant,

Man ganese apparently plays an important role in freeing the
nitrate oxygen (33, 117), as well as in reutilizing it for the
oxidation of ammonium ions thereby preventing ammonium toxicity
(2, 163)e {cfe Do 19)e Low oxygen tensions have been associated
with high organic acid accumulations (163), while application

of roct growth promeoting substances raised the oxygen consumption

(183).



¥olsture content has been usually nezatively ree
lated to gseration, since both moisture and air occupy the
pore spaces of the medium. Conway (49) in her extenzive
review of aeration and plant growth in wet soils, pointed
out. that submerged soils are low in oxygen, and high in
ranganese, ferric iron, ammoniwm, and sometimes even free
hydrogen, thus indicating that reducing conditions are preva-
lente Water plants can tolerate such conditions because of
their possession of aerenchyma, and it is easy to understand
how beneficial nitrate application would he under such cone
ditions (cfe pe 31)e Other plants not possessing aerenchyma
nay evade the reducing conditions by means of a very supelr-
ficial root system, or by withstanding only temporary periods
of subnmergence, at which periods root growth deoes not take places
Since the pH of wet scils increases with depth, those nlants
having the shallow rcot systems exist at the lower pH values,
where there is comparatively more oxidatiom,

Some of the factors involved in the benefit derived
from the use of peat in the medium have been sumnarized by
Tukey and Rrase {188) as heing: (1) better contact with seil
noisture, (2) improved Q&raticn, (3) easier penetratiom and
less run off of reinfall, and (4) easier penetration of roots
because of the decreased densitye

Effect of Growth Substances. There is general agree—

ment that plant growth substances have their practical appli-
cations, especially in the rooting of cuttings, and the growth

of excised plant partse Pearse {(139) presented a2 comprehensive
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review of plant hormones, emphasizing their practical importance
in horticulture, and gave an extensive list of results of the
use of variocus growth substances on a lrge number of plant
species. Thus far, however, only negative results were obe
tained when growth substances were applied to blueberries,
except for the one report by Scholz (157) who found that the
rooting of green cuttings of highbush blueberries was raised
from zero to fifty percent with the use of indole=3-acetic
acid, Perlmutter (140) reported no significant effect from
hormone applications on the growth of blueberry seedlings,
and Chandler and Mason (38), and Johnston (106) both reported
negative results with various commercially prepared and pure
growth substances on the rooting of cubttingse

The value of these substances in improving the
growth of entire plants growing under favorable conditions,
however, is at present the subject of much disagrecement,
Bonner and his co-workers (23) clasimed to have demonstrated
the favorable effect of a number of growth substances on the
growth of green plantse. Dennison {66), Faton (75) and Swartz
(179) were also among those who reported some favorable
responses to the application of some of the so-called plant
hormonese Arnon anc Hoagland (5), however, stated that the
need for organic censtituents (hormones) for favorable growth
responses of entire plants has not been satisfactorily demon=
stratede Armon (4), Lorden {20), Hamner (85), and Templeman
and Pollard (18l) are among the many workers who obtained no

beneficial effects from applying these growth substasnces to



higher plants growing under favorable conditions,

The effectiveness of the growth substances may
depend upon some particulaur factors, whose effect must first
be exerted before the substance application becomes beneficial,
Thimann /183), for example, found thst root promoting
substances increased oxygen consumption, Thus if the oxygen
supply were limited, those substances would not have been
effectives Rakitin and Jarkovaja (147) found certain growth
substances to be umost effective at low levels of pile The
acidity of the medium might therefore limit the effectiveness
of same substances. Other data indicated that some substances
may be effective only when the nutrient supply is unbalanced;
thus, Eaton (75) found that indoleacetic acid compensated to
sone extent for boron deficiency and Swarts (179) reported a
similar effect of napthaleneacetic acid when potassium was
deficient, Bonner and Creene (24) found that the response
of plants to By applications was negabtively cérrelated with
the concentration of the vitamin in the plante

Shootsiloot Ratios. Tremendous volumes of data have
accumulated, particularly in horticultural literature, on shoote
root ratios, and their significance. Some of the factors ree
ported as influencing the shootirool ratic of plants are
nutrients, light, moisture, composition of the medium, and
the age of the plant, A decrease in the concentration, or
changes in the pH of the nutrient solution, on thie other hand,
were reported as having no effect on the shoot:root ratio (189).

Iiberal applications of nitrogen generally have favored

high shootsroot ratios (42, 82, 189). Clark (46), however, found
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that the tops of strawberry plants fared equally well under
nitrate and ammonium nuvtrition, but root growth was favored
by the use of nitrate in the nutrient solution, An adequate
supply of phosphorus is reported by Goedewaagen (82) and
Sommer (169} to faver shoot over root growth, %altman (203),
however, showed that phosphorus deficiency in psach and apple
trees caused a drastic reduction in root growth, and that there
is additional responss in root growth from high applications of
phosphoruse Potassium application was reported by Phillis and
Hason (145) to decrease the weight of leaves and increase the
weight of the remainder of the plant, thus favoring root growth,
Increase in day length (140) and moisture (86, 188)
favored shoot over root growth, as did the incorporation of

peat or muck in the soil (140}, or the use of mulen (88),

HATTHIALS ARD ¥UTEODS

In order to arrive at a more accurate evaluation
of the influence of the various nutritional factors on bluew—
berry growth, it wes decided to carry out the experiments
under the controlled conditions of the greenhouse, in sub-
strates of known composition, rather than under the variable
conditions focund in the fielde Since individual blueberry
plants vary tremendously, it was considered imperative that
the experiments be designed in such a way that significant
results could be definitely verified by statistical analyses,
To this end, use was made of the pot culture method with
addition of nutrient solutions, as well as small scil plots

in ground beds in the greenhouses
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Controlied Fob Cultures

Kutrient leficiencies, lMedia, and Srowth Substancese.

On Hareh 1, 1940, sixty, two=gallon coifee urn liners (crocks)
were filled with quartz sand, and sixty with a three~inch depth
of German peat above the sande Oood drainage was obtained by
covering the drain hole with glass woole The media were then
leached for two weeks with heavy epplications of tap water.

Dormant, rocted Ifour-inch cuttings of the Cabot
blueberry obtained from a2 comzercial pursery were weighed
individually and placed in the media, three per liner, on
Farch 15« Tap vater was added for ter additional days until
the cuitings began to leaf out, after which time various
nutrient solutions were applied subtomatically and contirmously
by cu Buy's method (72)e Twelve liners, six with pezteonesand,
and six with sand only, were used for, each nmirient solutione

The full nutrient solution contained the following
chemically pure salis, based on the results of Doehlert and
Shive (70): 150 parts per million of mono=notassimm vhosphate;
600 pepelte of calcium nitrate; 150 p.peme of magnesium sulfate;
and 275 pepele 0f ammonium sulfate, In addition, 2.8 pepe.m of
boric acid; 1.8 pepele. of mangavese chloride, and 5 Depeme of
iron citrate were added to tve nutrient solutions, while two
parts per million each of copper and sinc sulfate were applled
at weekly intervals,

The following modifications of the full nutrient
soluticn were made in order to obtain the various mineral

deficient solutions:
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$ ]
Deficiency : Omission H Substitution
H H
H H
Hitrogen ¢ Calclivum nitrate, ¢ Calcium sulphate,
: fomonium sulphate : Sodium sulphate
. 3 H
fotassium : lMono potassium s ono sodium
i piosphats 3 puosphate
H 3
Calecium : talcium nitrate 1 Potassiuwm
: s nitrate
H ]
Kagnesium : Magnesium sulphate: Sodium sulphate
: s
H 3
Sulphur : Magnesium sulphates: Mazaesium
3 Ammonium sulphate @ chloride
: ]
Phogphorus : Fone potassiunm s Potassium
: phosphate s _chloride
: t
Boron s Horic acid 3
: H
s 3
iron : lIron elirzte :
3 H
H :
Hanganese : Langanese chlorides
H H

Once weekly, two of the =8ad culturd® and two of the
peat-onesand cultures of sach of the ten treatments received
500 milliliters of 1 x 107 tiiamin chloride (Vitamin Dp)
scolution; similarly, two sand cultures and two peal-onesand
cultures of each ireatment received 500 milliliters of
1 x107° thiourea, and likewise distilled water was used to
serve as a check, These applications, vesides supplying
the substances, alse served to lrach out possible saltb

accumulations during the week, Since the tap water cone



tained corslderzble crantities of n@tri@nts% distilled water
was used after ipril 1,

fix weeks after planting, on the twentyveninth or
thirtieth of fpril, one of the three nlants in zzeh liner was
removed, The roobts vere washed free of adhering sand and peat
perticles, allowed to drain on & wire screen for several
minutes and weighed, After obtaining tetal fresh weicht the
current growbth was pruned off and welghed separately. 411 the
plant parts were then glaced in individual manila kags and
dried in an oven et 70° C. for three to four days wntil
constant welght wes obtaineds A second slant of each liner
wag removed belween the tenth and fourteenth of June, and
treated similarlye The fullnutrient sclution was then
aprlied to 21l the remaining blueberry plants (one olant in
each container) with the exception of those not receiving
manpenesce Lutrient deficient solutions were not applied
after this date, cther than to the minus manganese cultures,
4 deily record of symptom deficiency develomment was maine
toined throuvshout the experimental period,

Nitrooon Intzke and pH of Plants in ¥ubrient Deficlent

Yiedigae In Tecember, 1941, 74 coffee urn liners were orepared
with quartz sand, as in the 1940 nutrient exoceriments {(cf. P,36)e
Dormant rooted blu~terry cuttinas were weighed individually and
two cuttings were nlanted in each liner on January 7, 1942

;/ inalysis of the tap water showed the following in narte per
million: silicon dioxide-12, iron-.02, calciun=3.6, magnesiume—
2e3, sodiumeist, potassiumele.5, carbonic acid-23, sulfate-15.0,
chleoride 4.8, nitrate-~1,6. Total dissolved solids=060,



-39

Tap water was added for the first ten days. Hecause of the
larger mumber of trcatments, and the smaller number of liners
in each treatment comparsd to the 1240 ~yperiment, the
nutrients were applied by hand, Six liners containing twelve
plants were used for each treatnent excent the minus='-tr=K

treatment for which cnly two linsrs were used,

151

The full nutrient solution, and theose nodifications
that were used in the 1940 cultures to vrovide for the various
deficiencies, were used again here, except that the manganese
deficiency was cmitted (cf. pe 37 }. In addition, calcium
and boron were simulbaneously omitited from the nutrient
sclution applied to cne set of plants, as were potassaum and
iron, potassium and rhosphorus, and nitrcgen, notassiun and
vhosphoruse The following modifications of the full nutrient
sclution were made Lo provide solutions deficient in the above

combinations of ions,

heficiency s Omission 3 Substitution
) :
] ]
Calciuwm and boron s+ (alciun nitrate, ¢ Jobassien nitrate
3 Boriec acid H
: :
:+ ¥onppotassium : Lionosoaium
Potessium and iron : phosphate, s vhosphate
3 iron citrate H
: s
Phosnhorvs and s Lonopotassium s
potassium :_phosphate :
: s
Mitrogen, potassium ¢ l'onopotassium ! Calciwr chloride
2nd vhosphorus + phosphate I
t Caicium nitrate, :
3 Ammonium sulphate 3
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One half-liter of the respective nubrient soluntion
was applied daily to cech liner, Distilled wator and
cherdcals of cCepe rfrade vere used throughoute The liners
were flushed with &t kest one Liter of distilled water every
two wecks 1n order to prevent sell accurulatione 45 an added
precaution cach solution was carefully adjusted to a »H of
LeB=5404 by the use of hydrochloric acide

The plants came out of dormancy slowly, so that it
was not until Januery 30 that half the nlants had at least
ocne bud Lrealkinge OCn February 22, four nlants from each
treatrent were seloscted at random as samples for the determie
nation of grecn and dry weights, pH, ané total nitrozen, The
total green welght of each plent was recorded immediztelye
Tach zlant wes then separated into the current top growth,
the old wood, and the roots, and the fresh weights of the

separate parts werc cbitaineds
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he plants were dried as in the 1940 experiment,
and the dry weights of the separste parts recordede The
dried current top growth, and root, samples, were ground in
a #Hley will without difficulty. The old wood, however, was
so hard that a preliminary grinding in a2 pencil sharpener had
to be resorted to before that material could ke ground satige
fectorily in the %iley mill, Total nitrogen determinztions
were then made on the sround and dried material by the Kjeldahl
method as modified by ¥Yurneek and Heinze (127)e

A seccond zroup of four plarts from zach treatment

was removed on ¥arch 15, and the last group on April 10, 1942
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These plants were analyzed exactly as those removed on
February 22,

Deterninations of the pH of the plant sap were made
by means of Coleman pH electrometer (model 3). The »lant
juice for the pH determinations was prepared by grinding a
representative part of the current leaf and stem growth,
immediately after removal of each plant, in a mortar with
a few milliliters of distilled water and quartz sand, and
decanting the supernatant liquid into the cuvette of the
pH apparatus,

For the titration curves data,obtained in ¥arch,
two grams of fresh leaves of the respective plant species
growing in the greenhouse were thoroughly macerated with 100
milliliters of water in a Waring blendor, transferred, and
made up to a volume of 250 milliliters with additional
distilled waters, A 50 miliiliter aliquot was removed, to
which increasing quantities of N/15 hydrochloric acid were
added (table 11), with the pH being measured following each
addition of the acide Another 50 milliliter aliquol was
similerly treated with increasing additions of ¥/15 sodimm
hydroxides

In order to separate the water soluble constituents
of the blueberry leaf tissue from the residual solids, additional
blueberry leaves were blended in April, and filtered through
a number 1 Whatman filter paper, and made up to 250 milli-
liters. The residue was then dispersed for several minutes
in a2dditional 250 milliliters of distilled water, Only 25

milliliter aliquots were used for these titrations and con=-
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sequently the titration curves thus obtained ars not directly
comparable to those obtained for the material titrated in
¥arche

The isoelectric point of the soluble proteins in the
blueberry tissue was determined by adding 25 milliliter aliquots
of the filtrate obtained in a similar manner from twenty grams
of fresh leaf tissue and made up to a volume of 500 milli-
liters, to each of a series of beakers containing varying
amounts of hydrochloric acid or sodium hydroxide, After the
aliquot was added to 2 beaker the pH of its contents was
determined, and it was then filtered and the precipitate
dried down to constant weight and weighed, In tnis manner
the weights of the soluble proteins precipitated at various
pH values were obtained,

Planis Crown in Soil Hedim

Although stress was placed on the controlled pot
culture method as a means of studying the nutritional requiree
ments of the blueberfy, it was considered advisable to make
some studies with various soll types representing extremes
that might give some lead as to the effect of certain physical
aspects of soils as well as the role of growth substances under
such soil conditicnse, No attempt was made to go into detail
on such specific factors as aeration, etc.

Soil S5e Four ground beds were prepared during
Fobruary, 1940, from four different soil types:g/ {1) a2 red

2/ These soil types have been identified as: (1)} Collington
silt loam, (3) Portsmouth loam, and (4) Sassafras sili loam.
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silt=clay loan from the U. S. Soil Lonservation Servics tract
al Deltsville, Karyland, upon which blueberries cccurred
naturally, (2) a gravelly loam from & stream bank in College
Park, Baryland, (3) a soil from a low spot at Colleze Park
having the characteristic bluish cast of a swamp soil, and
{4) 2 brosm silt loam from a field at College fark which had
been under cereal and hay crop cultivation for many yearse
The area of each bed wa® 15 x 9 feet, and the depth one foot,
The subsoil consisted mostly of gravel, and additional draine
age was provided by an adeguate system of tile pipese

Samples for mechanical soil analyses, taken on
Avgust 7, 1940, were analyzed in the soils laboratory of the
University of #azryland through the courtesy of Dr. R. Pe Thomas,
by the hydrometer methode

On Yarch 23, 1940, eighteen dormant rooted blueberry
cuttings were planted in each bed, each plant occupying 2.5 x
3 teete Six plants in cach bed were fertilized with potassiwm
chloride, and six with sodium acid phosphate at the rate of
200 pounds per acre, while the remaining six plants in each bed
remained wntreatede All the beds were watered according to
normal greenhouse practices

During August 27 and 28 the top of each plant was ree
moved and its fresh welght recordede Tach root system was then
carefully washed out with a stream of water, and a record was
taken of the spread of the roots in four horizontal directions,
and the depth to which the deepest root penetratede TFor statis-

tical purposes these measuremenis were combined into one cuble
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figure ss the veolune of seil penetrated by the root svsiem by
multiplying the square of ithe sverage of the four horizoental
measurements by the vertiecal measure of the duepest root. 3/

After the root measurements were obtsined, the
excess noisture was removed from the roots by means of blobtbing
paper, and the fresh rcot weights recorded,

Addition of Urowlh Julstances. inetyenine ten-inch

clay pots were filled with silt-olay loem soil 4/. The pots were
arranged in a ground bed in the grecnhouse in elever rows of

nine pots eache OUn Harch 21, 1940 ocne dormant rooted Cabol bluee
berry cutting was placed in each pote To ten of the rows of
pots, ten different substances were applied iﬂ three concentrate

ions 28 followss

] Concantration
Substance $ 2 :

3 Oigh s Medium s Low

: 5 : % ¢
Naphthaleneacetamide : 1 x 107 : 1x107° ¢ 1 x 1077
Maphtheleneacetic : 1100 ¢ 1x10 : 1x10

: $ 2
indcleacetic acid : 1x10° ¢ 1 x 107 3 1x10°8

$ 3 t
Indolebutric acid : 1x10°% 4 i x0T 3 1x107°

: - e -8
Indoleproprionic acid 3 3 x 10 s 1 x 10 s 1l x 10

: : :
indoleacetanide ; 1x1070 5 1x 10 1x ;G—?

— e W R R e e e e e e s

3/ 1t is recognized that such a figure camot and should not be taken
as the actual volume of soil thoroughly penctrated by rootse The
figures thus obbtained are used only for purposes of comparisone

4/ Same as soil number 1 in the soil type experiment cf.Pe 4243,



Photo Sen Sin i 1 x 1074 : 1 x 1072 : 1x 10‘6
Thi ourea P 1x1075 1 1x107 : 1 x10°7
Ascorbic acid : 1 x 10™5 : 1 x 1070 : 1 x 10~7
Thiamin chlcride x 1 x10°7 : 1 x 108 : 1 x 1079

Thus caech concentration of each substance was applied
to three pote with a total of nine pots for zach substinces ‘The
plants were dipped in 2z sclution of the respective su''stance before
planting, and th. variocus solutioms were then applied once weekly
at the rete of one-hall liter per pote The remainins row of nine
pots was treated with similar quantities of distilled wator, and
sar&ed as a check plote The plants were exsmined freguently for
any visible evidemce of vlant response,

After about five months of treatment, all the $9
plants were removea on fugust 28«30, 1940, A gquantitative
measure of growth response was obtained by recording top and
root weights, and roct neasurements, as was done in the soll type
experiment (cf. pe43)e

Statistical Analyses

¥herever possible, the data on srowth responses, plant
weights, nitrogon contents, and pH determinations weres analyzed
by the use of analysis of variance and adjusted for variations in
the original weights of the cuttings by the use of analysis of
covariance as sugyested by Mahoney and Haten (119). %here one
to three plants were micssing, the data were treated according

to the method precposed by Paten (13)e



In the February 22, 1942 group of plants, the re-
nmoval was so arranged that all the nmissing plets of that experi-
ment would occur in thet group, and as a result cleven plants were
miseing, and consequently Sned=scorts method of unegusl numbers
was used (168)s The size of the dried and ground samoles of
this same group of vlants was so small, that the replicates had
to be grouped together in crder to provide samples of sufficient
size for the nitrogen determinationse Thus only one niirogen
determination could te¢ made for each nlant portion of each treate
mente Since there were no replicetes, a statistical analyeis
was impossiblee In the other removals, it was still necessary
to combine 31l the rround material from the four replicate plants
in order to have sufficient quantity for duplicate sample 8.
Pifferences botween such duplicates, however, may be used to
show the accuracy of the method, and not the variability, in
percent nitrogen (44) between replicete plants, In the final
removal, however, there was enough material from the full nutrient
plants for individual rlant nitrogen determinations, and the
standard deviation in percent nitrogen between plants was
determinede Total nitrogen contents of plants were calculated
on the basis of the adjusted plant weights,

The pH data were not first transformed to hydrogen
ion concentrations as sucgested by Steinbauer (171), because the
linear pH data were considered more useful for correlation and
covariance purvposes than the curvilinear hydrogen-ion concentrate
ion valuese In most instances the correlations reported were

calculated directly from the covariance datae
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HEPSULTS

Under the pot-culture conditions witih full nutrients,
the blueberry plants :rew rapidly and developed vigorous new
growth and large gresn leaves similar to growth under optimum
outdoor cultural conditions (fige 2a). However, in the medium
of peateon=sanc ithne plants were somewhat more vigorous, which
held true for all nutrient treatments, except minus cotassiume

The fullienutrient plants grown in the 1342 =xperiment
developed more slowly than similar plants in the 1340 not—culture
experiment, The difference in growth rate may have been due to
length of'day, since the 1940 plants wer- grown from March until
Junc, while the 1942 nlants were grown from Jenuary until April.
At the cessation of the experiment, on April 10, 1942, the full
nutrient plants were zpparently at the very beginning of a rapid
period of growth, as evidenced by the comparatively large root

system, and the rmany swollen tuds about to lecf oute

Besponses to Mineral Deficlencies

As detailed lzter, nutrient deficilencies for certain
elements did not avpear as gquickly in peat-on=sand cultures as
in sand cultures, and with ninusecalecium and zinusSegulphur no
deficiency symptoans occurred with peate~on-sand cultures during
the experirentse The addition of sgrowth substances had ne
effect on these resulis with nutrients,

Deficiency gy » (fize 1). Deficiency symptoms
appeared in the following order in the 1940 cultuwres., Xramer and
Schrader (113) presented color illustrations of these same

deficienciese
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Fitrogen deficiency (fige 2b) symptoms a-peared
during the first week of April, only ten days after the buds
began leafing oute By April 30, the pla ts were so severely
affected that small guantities of calcium nitrate had 4o be
added to keep them alives The early symptoms of uniform
yellowing of the entire leaf surface was followed Ly a
reddening of the lsaves, and dyinge All the leaves were
affectede The entire plants, tops and roots were severely
stunted,

Potassium deficiency (fige 2¢) was next to become
evident, being readily discernible by April 20. The sequence
of symptom expression was apparently complicated by the phe-
nomenon of periodic abertion of the terminal growing points,
a phencmenon which seems te be characteristic of most Vaccinium
species in the field as well as in the greenhouse. Consegquently
the more severe symptoms of marginal scorching and development
of necrotic spots throughout the Je aves appeared first on the
older leaves, while interveinal chorosis, similar to what has
been described as iron chlorosis (7, 8), appeared later on the
new growth arising from axillary buds stimulated into growth
after the terminal growing point aborteds

Sulphur deficiency (fige. 2d) was apparent only in
the pure-sand cultures., Symptoms were similar to those caused
by nitrogen deficiency in the early stages, except that the
yellowing had a more bleached appearance. Whereas the plants
lacking nitrogen turned red at a later stsge, those lacking

sulphur twmned a faint pinke The older kmaves retained their

green coloration,



Calcium defieiency (fig. 3b) symptoms also appeared
in the sand cultures only. The leaf symptoms were similar to
those induced by potassium deficiency on the younger zrowth
(iron deficiency ?), but the regions adjacent to the veins
that remained green were considerably narrower. The veins
proper remained green, in contrast to the plants lacking
sulphure In advanced stages, it was difficult to distinguish
between the leaf symptoms of the calcium and the sulphur
deficiencies. Both tops and roots of the caleium deficient
plants were not as severely stunted as the sulphur deficient
plants,

Boron deficiency (fige 3¢) symptoms anpeared with
amazing abruptnesse. On Hay 2, all plants appeared to be
realthy, while on the following day all the blueberry plants
growing in the sand mediuwm were decidedly affected, Plants
growing in peat showed no deficiency symptams until June 7.
The first evidence of deficiency was a bluish cclar of the
terminal growing point, followed by chlorotic spotting of
the young leaves directly below the terminal, As the
deficient condition progressed, the young leaves becanme
badly blotched and misshapens

The necrcsis of the terminal growing points caused
by borom deficiency apparently stimulated the axillary buds
into growth, end the symptoms first evidenced at the terminal
growing points were repeated at each axillary growing pointe

These symptoms may be clearly distinguished from the natural



$.56



abortion of the terminals, since the latter is definitely
limited to the growing point, and the young leaves remain
entirely normal; worcover, the discoloration of the naturally
occurring abortion is brown, not blues

Phosphorcus deficiency (fige 3d) sympitoms were not
readily discernible until June 5, when they appeared as a slight
purpling of the leaves end stems, Dwarfing of the plants, how
ever, was noticeable as early as Xay 5 The color of the
leaves was decidedly dull in contrast to the bright, glossy
color of healthy blueberry leaves.

Hagnesium deficiency (fige. 4b) did not cause as
severe dwarfing as phosphorus deficiency, vubt it axhibiﬁed a
very distinct symptom by ¥ay 15¢ The leaf marginsg became un—
iifornly chlorotic while the lszaf area near the midridb retained
the normal green colore At 2 later stage, the chlorotic area
became red and necrotic, while the rest of the leafl area re-—
reined greene The older leaves were alfected,

Iron deficiency (fige 4¢) in contrast to expectation,
appeared as late as oy 15, and then in the sand culitures only,
as interveinal chiorosis of the younger leaves, very similar,
but not as severe as the potassium deficiency symptom on the
younger leaves,

Manganese deficlency (fig 4d4) did not become clearly
apparent throughéut tl:e experimental period, althouzh some
manganese deficient cultures were continmed until the end of

Julye 1/ There was some indication that lack of magnenese

-— an v W S ww  ewm e m A

1/ The nutrient solutions were made with tap water after June 15
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resulted in a breakdown of the axillary buds.

In the 1942 experiment all the plamnts grew ..ore
slowly, and consequently lhe deficiency symptoms (fig. 5)
were delayed in appearancee [jtrogen, potassium, and sulfur
deficiency symptéms were practically identieal to the symptoms
observéd on similarly treated plants in 1942, Some of the
rhosphorus deficient plants showed some mottling in addiiion
to the dull colore Hagnesium symptoms appeared Lo be more
severc in 1942, while calcium and boron deficiencies were
cnly beginning to appear at the time of the last removal.

Omission of both phospherus and potassium (fige 5a)
arparently resulted in greater injury than the single deficiency
of either elements These plants were severely sﬁunted, mottled,
and scorched, and exhibited mueh purple discoloration partie
cularly in the leaf peticles,

The simultaneous omission of potassium and iran
(fige 5b) from the nutrient solution, on the other hand,
resulted in less ingury than the omission of potassium alone,
in that there was lititle evidence of scorching, but there was
considerable mottling, more than was evideni in the minus-iron
plantse

The combined omission of calcium and boron (fig, 5¢)
differed little from either single onissione 3Soron deficlency
synptoms were only beginning to be aoparent on April 1GC.

When nitrogen, phosphorus, snd potassium (fige 5d)
were all omitted, the plants seemed to fare betber than the

minus-nitrogen plants, in that they did not become chilorotic
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