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Our present information on microelement nutri- 
tion of forest trees is fragmentary and, on the whole, 
unsatisfactory. The reasons for this are implied 
by its several origins: ( a )  From seedlings grown 
for a few weeks or months in nutrient cultures, 
generally in chemical and physical environments quite 
alien to those encountered in nature; ( b )  From 
nursery investigations, which also deal with juvenile 
plants, and usually with nutritional environments 
and treatment possibilities remote from the field; 
(c )  Fro111 preliminary accounts of deficiencies or 
toxicities in planted trees; (d )  From foliar and 
other analyses of normal or suspect trees - a source 
rapidly increasing in volume, and in technical and 
sampling reliability; (e )  From the main body of 
horticultural and agronomic science, which has now 
established a measure of generalization about micro- 
element relationships; furthermore, it deals with 
some of the same soils and climates, and occasionally 
with cultivars of the same genera met with in forestry. 

In preparing this review, I have, of necessity, 
drawn heavily upon recent major summaries of horti- 
cultural crop nutrition (22, 29, 32, 113, 125, 137, 
143). I am particularly indebted for much subject 
matter and an organizational framework to the 
several authors of H. D. Chapman's masterful guide, 
"Diagnostic Criteria for Plants and Soils" (29) .  
'Though forest species are seldom mentioned in it, 
this work is indispensable for serious students of 
forest tree nutrition. 

to recognize the multiplicity of forest species. A 
more significant reason, of course, is the efficient 
and conservative operation of the forest ecosystem. 
Not only does the system have accumulated reserves 
in the biomass and soil organic matter, but thorough 
and often deep exploitation of the soil and external ; 
and internal cycling of absorbed nutrients minimile 
losses and sometimes enrich the surface soil (e.g., 68) .  

The quantities of micronutrients required by 
forest stands are small, although not known with 
any reasonable exactness. The small magnitudes 
contained in the biomass are suggested by the esti- 
mates of Young et al. (184). Their values are 
based on the contents found in entire single sample 
trees - foliage, branches, stems, and roots - which 
in size approximate the 8-inch dbh, 50-foot-high 
standard dimension to which the values below 
apply ( 184) : 

B Zn Cu Mn 

g/tree (8" dbh; 50' high)? 

Abies balsamea .9 3.8 1.4 56 
Picea rubens 1.0 3.8 1.0 64 
Pinus strobus .6 3.6 .9 12 
Tsuga canadensis 1.3 1.0 .7 60 
Acer rubrum 1.0 7.5 1.3 
Betula papyrifera 1.1 9.4'; 1.6 19 
Populus sp. 1.4 6.8" 1.3 12 

- - 

From the several sources mentioned above we 
fAs a very rough indication of amounts on an area basis 

about forest tree nutrition, but very these values may also be read as lbs/acre or kclha. for  ole ., ..... - -  , 
little indeed, in any specific sense, about the nutrition Stands with basal areas ca 150 sq. ft./acre. 
of forests. There are essentially no accounts of overt 
micronutrient deficiencies from natural forests or, 
for that matter, from the great areas of moderately 
disturbed forests still composed of native species 
growing on intact forest soils. I t  is instructive to 
consider why this may be so, as background for evalu- 
ating applicability of the information presented later. 

Some part of this state of affairs is surely due 
to difficulties or disinterest in observation and will 
change as more plant scientists study or even learn 

"Underestimate; content of some component exceeds maxi- 
mum range of method (185). 

But cycling and conservation cannot ensure even 
moderate levels of nutrient supply on many soils. 
'As the geneticist and ecologist together would remind 
us, however, natural ecosystems have the capacity, 
over time, of selecting species and individuals adapted 
to a competitive existence within the totality of their 



environment, including its chemical attributes. The 
t emphasis on textbook examples of deficiencies some- 

times overshadows Beeson's ( 1 1 ) caution that "Only 
a limited number of plant species has so high a 
requirement for a specific element as to exhibit de- 
ficiency symptoms or substandard yields where that 
element occurs in limited quantities." Sensitivity 
of a species or individual to moderate deficiency 
or excess obviously handicaps it in competition with 
more tolerant neighbors, which thus tend to pre- 
dominate on particular soils. The  shaping influence 
of soil phosphate supply on Australian vegetation 
(7, 136) provides a striking example of such nutri- 
tional influences, and Winterholder ( 180) suggests 
that high levels of available manganese likewise 
affect species dominance in some landscapes. 

Horticulture provides abundant  examples of 
within-species variation in nutrient uptake or re- 
quirement (165) ,  with some differences traceable to 
single gene effects. Moderate differences in sensitivity 
to macronutrient supplies are beginning to appear 
in forest species (168) and similar differences in 
microelement sensitivity doubtless will be discovered. 
Actually, such differences are well foreshadowed by 
known variations in other wild populations (24, 78, 
85) and by highly interesting evidence from the 
Michigan workers' demonstrating that provenances 
of the same species sometimes differ consistently in 
foliar micronutrient composition. Forty-five seed lots, 
representing a spectrum from the natural range of 
Scotch pine, showed differences in foliar B content 
attributable to provenance as well as soil when 
planted at three locations ( 14 1 ) . Similar studies 
with ponderosa pine (D. P. White, pers. comm., 
1967) show consistently higher foliar concentrations 
of R and Zn in West Coast origins as compared 
with those from the interior region. Such results 
not only demonstrate genetic differences in accumu- 
lation but suggest additional cautions in interpreting 
foliar analyses from plantation studies. 

Thus there is good reason to suppose that the 
vegetation native to a soil area of some size must 
consist of species and genotypes fitted to the pre- 
vailing chemical environment. Several investigators 
have inferred mechanisms to obtain and efficiently 
utilize the nutrients in limited supply ( 125, 136, 
165), or to exclude or minimize injury from those 
in excess (44, 52, 78, 180). Though such adaptations 
may have little bearing on the responsiveness or use- 
fulness of the species in an economic forest, they 
strongly influence the appearance presented by indig- 
enous vegetation, and hence the inferences drawn 
from this. 

In  decided contrast are young forest plantations 
and, to some extent, the volunteer stands of open 

lands. The planted trees are often exotics, but even 
when native they may not be truly indigenous geno- 
types. Their selection or occurrence is determined 
by factors apart from specific adaptability, and in 
many instances the chemical properties of open land 
are quite unlike those of the parent stands. The 
number of individuals or species is much too small 
for competitive selection, except in occasional dense 
sowings or old field stands. Death or retardation 
of spaced trees is conspicuous and invites attention. 
I n  such matters young plantations have much in 
common with orchard crops, and it is here that horti- 
cultural experience with micronutrient deficiencies 
proves most applicable. 

In  any case, assessment of micronutrient status 
of trees by visual symptoms, tissue analyses, or soil 
analyses involves a host of considerations and urecau- 
tions - botanical, sampling, and analytical - which 
are now well set forth in the literature (21, 32, 58, 
1 13, 134, 135) . T o  violate these canons and cautions 
in future investigations would be foolish but, equally, 
we must admit, to delete all works now in violation 
would be disastrous to the present review. 

Boron 

At present writing boron (B) deficiency seems to 
be the most common micronutrient deficiency in forest 
plantations. Its occurrence in orchard species, in- 
cluding walnut, cherry, persimmon, and tung (20, 
29) had been well studied before Vail r t  al.  (156) 
reported it in wattle in Kenya and subsequently in 
pines ( 157).  I t  is now known in Greuil lc~a (132),  
eucalypts and other plantation species in Kenya, 
Greuil lea in southern India (163, and planted pines 
in northern Rhodesia (123, 156, 157), New Zealand 
(147, 177), Australia (1 12),  Brazil (158, 159), and 
presumptively, in Madagascar (J. Velley, pers. comm., 
1967). In  view of its wide occurrence in orchard 
and agricultural crops, many additional cases in 
forest trees may be expected. Thus far, however, 
the deficiency has not been found in natural forests. 

Visual Symptoms of Deficiency and Excess 

No specific symptoms mark the early stages. In  
pines bordering on deficiency, trees with impaired 
roots, as near ditches or vehicle tracks, may show 
symptoms sooner or more severely than the remainder. 

Bradford's (23) tabulation of the specific symp- 
toms in crop plants embraces the range thus far 
reported from forest trees. The dominant features 
are the result of death or impairment of meristematic 
tissues followed by secondary repair processes. Char- 
acteristic kinds of deficiency symptoms are: 



Table 1. Specific Symptoms of Boron Deficiency (From field-grown trees 
except as otherwise indicated). 

Betula verrucosa 

Eucalyptus spp. 

Grevillea robusta 

Acacia mearnsii First symptoms are wilting and bending of apical shoot; this resembles 
(A. mollissima) moisture deficiency and is accentuated in bright weather. Small brown 

patches may be present in healthy phloem. Terminal and lateral growing 
points wither and brown, leaves drop. Discoloration in phloem and cam- 
bium spreads upward from lateral branch axils, and to  root collar and 
roots. Whole tree may die, or remaining foliage is chlorotic with purplish 
cast. Lumps of discolored tissue on stem. Recovery from lower stem or 
root collar may occur in rainy season. Most severe in two-year trees 
(ca. 8-10') (Vail et al., 156; Elmer and Gosnell, 46). 

In water culture: Growth of leaves at shoot apices inhibited; these and 
larger leaves appear blistered because of uneven mesophyll growth. 
Leaves dark green but few large chlorotic and necrotic spots on older. 
Root meristems injured, resulting in very short laterals (Ingestad and 
Jacobson, 75). 

First symptoms are crinkling and discoloration of unfolding leaves of 
I 

apical buds; this extends to  other upper buds. Unopened buds become 
brittle and dry. Mature leaves discolor, fall. Bark of mainstem becomes 
dark brown and necrotic, beginning at buds and working down. Progress 
halted by onset of rains. Diminishes as plants get older. Symptoms in all 
species similar except in  severity. Also in Tectona, Aerocarpus, and Melia 
azedarach (Savory, 123). 

Five-month seedlings in water culture: First leaves normal, youngest 
leaves distorted with broad lamina on either side of midrib, pinnae very 
small and pinna segments not developed. Height and leaf weight sig- 
nificantly reduced (Moore and Keraitis, 101). Abnormal growth and die- 
back (Venkataramani, 163). Tips of terminal and uppermost laterals I 
dieback, lower laterals healthy; the more seriously affected almost com- ! 
pletely defoliated, usually also with bark cracking and gum exudation. 
Abundant sprouting from lower stems. No symptoms on adjacent tea 
bushes (A. N. Smith, 132). 

Juglans regia 

Liquidambar styraciflua 

Populus deltoides 

Pinus radiata 

Dark brown spots between leaf veins; shoot tips die back, leaving leafless 
branches. Poor fruiting and premature nut drop (Chapman, 29). 

In water culture: Seedlings stunted. Terminal buds died. Terminal leaves 
crowded, recurved, chlorotic. Roots dark, well developed, with swollen 
ends (Hacskaylo, 61). 

Cuttings, 11 weeks in nutrient cultures: Plants dwarfed. Leaves closely 
spaced, dark green and normal except at shoot apex where underdeveloped 
(Hacskaylo and Vimmerstedt, 64). 

Trees 1-30': "Shoot dieback"-leading shoots die back during period of 
rapid elongation, while needles small, and often curl into J or U shape on 
drying. Needles of transition zone below fewer, shorter, with yellow green 
tip. White resin patches common. Pith of transition zone often has con- 
spicuous brown spots. lntergrades to  "tip dieback"-shoot tip, or only 
buds die; needles brown; needles below are shorter and closer with yellow 
tips. Resin flow common. Sometimes only terminal bud or upper part of 
i t  dies. Abundant new shoots from lateral or fascicle buds cause greater 
crown density or extreme bushiness. 
P. pinaster similar (Stone and Will, 147). , 



Table 1. Specific Symptoms of Boron Deficiency (From field-grown trees 
except as otherwise indicated) (Continued). 

Pinus radiata End of first or second season: Terminal dies back 3-12"; shoot may bend; 
some resin flow. Recovery by laterals or fascicle shoots. Repeated die- 
back makes bush with brown tips. All gradations to healthy plants. In 
some of fastest growing trees, 20-30', top dies back from few inches 
to several feet. 
P. patula similar (Proctor, 111). 

Pinus caribaea 
Pinus elliottii 
Pinus roxburghii 

Young trees, latter part of dry season: Terminal and sometimes lateral 
buds die. Surrounding needles short, may be bronzed. Resin flow from 
buds or needles. 

Pinus patula Terminal bud merely fails t o  shoot; later dies or may develop normally 
Pinus leiophylla up to  two years late (Savory, 123). 
Pinus douglasiana 

Pinus elliottii Two types of symptoms, dieback as above; crooked shoots as below. 
Pinus caribaea hondurensis 

Pinus patula 
Pinus khasya 

No dieback; vigorous foliage; terminal shoots extremely wavy or crooked 
(Van Goor, 159). 

Robinia pseudoacacia In water culture: Seedlings stunted, terminal buds died. Terminal leaves 
recurved, chlorotic. Roots dark, well developed, with swollen ends; nod- 
ules small and abortive (Hacskaylo, 61). 

Thuja plicata In water and sand culture: Terminal shoot growth restricted, causing 
needles to bunch and approach a "rosette." Stems weak so tops bend. 
Younger foliage becoming bronzed. Roots short with ends of laterals 
somewhat bulbous (Walker et al., 167). 

1. Death of apical shoots, or "rosetting" caused 
by progressive reduction in internodal (i.e., leaf-to- 
leaf) spacing and lcaf size. Dieback of current 
year terminal shoots may be either more or less 
abrupt, preceded by wilting, or after some degree 
of reduced growth and abnormal ioliage. 

In pines, shoot, shoot tip, or bud dieback is 
general. Variation in detail seems due to time of 
onset or relative severity as well as to species. With 
exotic pines in Brazil, however, van Goor (159) 
has reported extreme crooking of leading shoots with- 
out any evidence of dieback. 

2. Angiosperm leaves are dwarfed, discolored, 
or variously distorted by thickening, "blistering" or 
curling, especially in affected terminals. Interveinal 
chlorosis or browning occurs in some species. 
Shortened pine needles adjacent to dieback portions 
show characteristic dull yellow apical discoloration. 

3. Petioles and stems show cracking, and necrotic 
or watersoaked spots, with corking, gum deposits or 
resin flow. In wattle, brown spots develop in the 
inner bark and eventually the entire cambial surface 
browns (46, 156). In pine, a conspicuous brown 

spotting in the pith below the dieback portion is 
presumptive evidence of B deficiency, although not 
always present (147). 

In angiosperms, excess B is first concentrated 
in the leaf margins and apices, leading to marginal 
 ello owing and burning (45, 106, 129). Chlorosis, 
followed by necrosis, progresses inward between the 
veins. Usually older leaves are first affected and 
may be shed prematurely. In lightly affected pines 
the needle tips become brown, with darker bands 
marking the successive boundaries between dead and 
live tissues (146).  With greater excess a yellow 
transition zone intervenes, and severely affected trees 
show a gaudy contrast of basal green to yellow or 
bright brown before the needles die entirely and 
fall (147).  

Plant species differ markedly in tolerance to 
excess (45) .  

Tissue Analyses 
The usual range of B concentrations in mature - 

first - year tissue of conifers and broadleaves alike 
is 15-100 ppm (Table 2 ) ,  although higher levels 



Table 2. Reported Foliar Boron Concentrations In  Tree Species. (Except as otherwise indicated, all values refer t o  mature, green, 
first season foliage of large trees in field conditions, though leaf age and position are sometimes unknown. All values i n  tables 
and text are expressed as ppm of dry material.) 

RANGE IN CONCENTRATION 

Sample Characteristics and Date Deficient Low Intermediate High Toxic Ref. 
B, ppm dry matter 

PINES 
Pinus banksiana; Mar. 
Pinus contorta; upper crown, Nov. 
Pinus echinata 
Pinus elliottii 
Pinus palustris; planted seedlings 

nursery seedlings 
Pinus patula; 4 yr pltn. 
Pinus pinaster 
Pinus bonderosa; lower branches, open stand, 1 + yr, Jline 
Pinus radiata 3-7 

8-9 
Pinus resinosa; pltn., 1 + yr needles, May-June 

Mar. 
Pinus strobus; pltn., 1 + yr needles, May-June 

upper crown, Nov.-Feb. 
Apr. 

Pinus sylvestris; upper crown, Nov.-Feb. 
4 yr pltn., means: 45 seedlots x 3 

Pinus taeda; 4 yr pltn. 

OTHER CONIFERS 
Abies balsamea; Mar. 
Abies grandis; upper crown, Nov.-Feb. 
Araucaria angustifolia 
Larix leptolepis; upper crown, fall 
Larix laricina; July 
Picea abies 

12 stands Site 1, upper crown, Nov.-Feb. 
Picea glauca 
Picea mariana 

upper crown, Oct. 
Picea sitchensis; upper crown, Nov.-Feb. 
Pseudotsuga menziesii; upper crown, Aug.-Feb. 

Nov.-Feb. 

---. * - '  

. . . - ----:-- IC..---I -r n+harurica inrlirat~d. all values refer to mature, green, 





Table 2. Reported Foliar Boron Concentrations In Tree Species. (Except as otherwise indicated, all values refer to mature, green, 
first season foliage of large trees in field conditions, though leaf age and position are sometimes unknown. All values in tables 
and text are expressed as ppm of dry material.) (Continued) 

RANGE IN CONCENTRATION 

Deficient Low Intermediate Hieh Toxic Ref. Sample Characteristics and Date 

B, ppm dry matter 

Carya illinoensis; orchard, Aug.-Sept. 
Juglans cinerea; Sept. 
Juglans nigra; Sept. 

June, Sept. 
Juglans regia; orchard 

Leguminosae 
Acacia mollissima 
Robinia pseudoacacia; fall 

June-Oct. 

Oleaceae 
Fraxinus americana; Oct. 
Fraxinus excelsa; fall 
Fraxinus pennsylvanica; Sept. 

Proteaceae 
Grevillea robusta 

Rosaceae 
Prunus serotina; June-Sept. 

fall 

Salicaceae 
Populus deltoides; Sept. 

cuttings, nutrient culture 
Populus grandidentata; Oct. 

Aug.-Sept. 
Populus tremula; fall 
Salix nigra; Oct. 

Tiliaceae 
Tilia americana; Oct. 
Tilia cordata; Sept. 

Ulmaceae 
Ulrnus americana; Oct. 

park; mid-Sept. 



are common in park or orchard trees. Changes in of the Northwest. According to Bradford's (23) 
concentration after the leaves or needles reach full summary deficiency is nlost common on: 
size appear relatively small (1, 35, 118) in normal 1. Soils from acid igneous rocky and from fresh 
untreated trees, although accumulation may con- water sediments. 
tinue when soil supplies are high ( 106) . 2. Acid soils from which the original content has 

Foliar concentrations associated with deficiency been removed by lcaching. 
symptoms are variable, though commonly less than 3. sands low in silts, clays or micas. 
10-15 ppm. Although analyses of B-deficient plants 4. Acid pests and mucks, 
usually show lower content than nearby healthy 

5. Soils with free lime, including some acid soils 
plants, content of deficient plants is sometimes 

after heavy liming. higher. This lack of correlation is in part a 
All reported instances of deficiency in forest sampling artifact. In many species, B already 

in the leaves is immobile, and interruption of the plantings concern sands or highly weathered soils. 
Sea water contains 4 to 5 ppm B and in New external supply soon affects meristems or developing 

tissues, regardless of content in adjacent leaves (45, Zealand it has been shown that open coasts are 
bordered by a narrow zone in which B uptake by 9 8 ) .  Normally, however, it is these nearby leaves 

that are sampled for diagnosis after dieback, and grass is higher than 

often they are compared with morphologically younger Low organic matter content, which may result 

tissue of less affected plants, Contents as low as from erosion or prior cultivation, increases the likeli- 

5 to 9 ppm occur in the leaves of some conifers hood of deficiency. Competition with grass, however, 

without overt symptoms, though it is possible that increased severity of deficiency in wattle, as compared 

growth is reduced. with clean cultivation. In  Tanganyika the deficiency 

~h~ great immobility of foliar B in some species in planted pine was slight or absent in valley posi- 

has been demonstrated by transferring plants from tions but severe On upper 'lopes and ridges ( ) ; 
high to x r o  B solutions; typical apical deficiency physiographic effects have been noted in 

New Zealand ( 147) . symptoms soon occur, although average B content 
The occurrence or intensity of deficiency is fre- of the foliage is high. Similar effects negate the 

applicability of most solution culture results (cf Betula quent1y7 but not linked to drought Or 

verrucosa and Juglanr rcgia in Table 2 ) .  dry season. Thus over a 14-year period, dieback 
Excessive boron is concentrated- in the chlorotic Young in was ( r=- .76)  

and dead portions the leaf, often exceeding 1000 with total rainfall during the four driest consecutive 

ppm. It  is possible that the dead tissue serves as months of the growing !46). Years high 
a inasmuch as greater than lethal concen- and low seasonal rainfall were sometimes associated 

trations occur there (106). Thus, content of the in consecutive "runs" of 3 or more, during which 

entire leaf or needle varies according to the pro- dieback might be less than Or more than 50%. 

portion of affected tiaue, and samples Similarly, deficiency symptoms in sapling Pinus ~ l l i o t t i i  

of foliage from lightly affected branches sometimes in Bra'i1 intensified during the pronounced 

contain less B than the unaffected. Slight apical (I5*, 15'). 
In Kenya wattle may suffer severely in its second damage to foliage of slow-growing white pine has 

been found at gross concentrations of only 40 to Year, but is free of deficiency after the fourth (46) ; 

60 ppm (146).  In rubber growing on soils naturally spontaneous recovery after stunting has also occurred 
with Pinuc Tadiata ( 1 1 1 ) . Such instances suggest the high in B the necrotic margins of the leaves con- 
effect of gradual root extension in deep, friable soils. 

tained about 250 ppm us. 90-110 in the green Though specific effects with forest trees are not 
known, studies with other species indicate that high 

Oertli and Kohl (106) found no major difference internal concentrations of K, N, or Ca increase B 
species in sensitivity of leaf tissue to B con- requirements, whereas plants with low P also require 

centration, and suggest that tolerant species simply higher B levels (23) .  Van Goor (159) considered 
accumulate at a slower rate. that occurrence of a crooking syndrome, rather than 

dieback, of pines in Brazil was associated with higher 
Soil Criteria of Deficiency or Excess N content and low temperature of the uplands. 

Soil management influences in nurseries and seed 
Boron 'Ontent of is affected geological orchards include land leveling, erosion, heavy fer- 

origin and degree of weathering. Beeson's (11) map tilization and liming - which may be heavy enough 
shows that areas of known B deficiency in the U. S. to reduce uptake. Organic matter, manures and 
are concentrated in the eastern third and portions mulches add appreciable amounts. Though some 



arid zone irrigation waters contairi substaritinl amounts 
of R ( 127))  irrigation more often acts to reduce 
availability through leaching cir residual alkalinity. 

Toxic levels of B are known in arid zone soils 
and waters (127) ,  volcanic hot springs, fresh marine 
sediments (23) and, in one instaiice, in a .o.eathering 
granite (129) . Heurn bra-.ilien.sis (rubber) on this 
granite, and likewise on recent alluvial clay soils, 
showed marginal leaf scorch and premature abscis- 
sion that were attributed to other causes but eventu- 
ally traced to excess native B (129) .  Instances 
of toxicity in forest trees, however, are more likely 
to result from applications of borax as a soil steri- 
lizant, fire retardant, wood preservative, herbicide, 
or as fertili~er on resistant crops. Unwitting use of 
fertilizers containing 13 supplements, intended for 
alfalfa or beets. has injured coniferous nursely stock 
on acid sandy soils. Orcliard pecan trees 20 to 40 
years old showed leaf injury when excess applications 
were inadc 26 to 36 feet away from the trunk (66) .  

Soil Analyses and Control of Deficiency 
The most widely used procedure is extraction 

by refluxing or boiling with water. Threshold values 
for deficiency by  this procedure corninonly range 
betwecn 0.15 tn 0.5 pprri, varying with soil and crop 
(23) . It'ilde and Iyrr ( 171) set a minimurn level 
of 1.3 kg/ha water-soluble B (0.6 ppm'i for Pinus 
rc.sinosa, based on the lolvest arnounts actually found 
in six rapidly groning plantations. 

"Riological assay" with a standardized sunflower 
test in pot cultures has also provided a reliable 
index (36) .  

Foliar sprays have a prompt effect and are useful 
for diagnosis or on small plants. Concentrations 
of 1-2% borax or boric acid are recomrnended for 
fruit trees; 0.25:; borax (8  kg borax/ha) was effec- 
t i ~ c  on radiata pir~e ( 11 1) . 

Soil apl~lications are likely to be easier and of 
longer effect (23) .  The principal materials are 
borax (sodium borate. 11.376 B )  ; fertilizer borate 
(14.6yk R) and "Solubor" (20.5% B ) .  A boro- 
silicate glass frit has also been adxocated for con- 
tinuous, slow availability. Rates recommended for 
most orchard crops are 5 to 1 Ib. per tree, depending 
on she, but up to 3 to 5 Ibs. on large walnut trees. 
Applications less than 28 g per tree were wholly 
ineffective on young Pinus ~ a d i u t a  on weathered 
volcanic ash (1 11).  whereas this amount was fatal 
to some P. patula. A fraction of a gram in the 
planting hole has killed radiata pine seedlings in 
New Zealand. 

The arnounts required for effect in broadcast 
applications are in the range of 10 to 100 Ibs. 
borax/acre; the lowest amount nlay be sufficient 

and the higher toxic (146) in acid sandy soils, 
wherezs larger aniounts are needed as clay content 
or reaction increases. 

Consequences for Forestry 

Grasses and other rnonocots grow well at  lower 
tissue concentrations of B than dicots (19, 23) and 
probably rnost conifers also. Hence grass has a 
further advantage in competing with tree seedlings 
on deficient soils. Acute deficiency in planted seed- 
lings delays height growth and reduces or negates 
the value of site preparation. Apart from outright 
death or stunting, dieback or wavy shoots deform the 
lower stem and increase branch coarseness. Sus- 
pected B, or B plus P. deficiency in large pole-size 
radiata pine lias been associated with dieback of 
Inore than the current season's growth ( 11 1, 177) . 

It  is reasonable to suppose that sub-acute boron 
deficiency affects root development and cambial 
growth in addition to the visible dieback effects. - 

Pines without overt symptorns but within a deficient 
area increased height gro~vth after boron application 
(147. 157'1. Death or delayed developnient of the 
terrninal bud (123, 147) causes acute angle forks 
as well as affectin? growth. 

Boron deficien& causes reduced fruitfulness and 
fruit rnalfo~mation in orchard crops: similar effects 
have been rioted in P. ladiata (147).  

I3oron application has been credited ~ i t h  reduced 
susceptibility to leaf rust and mildew in a few crop 
plants (ci. 143). Conifer seedlings sprayed with B 
are said to show greater resistance to frost (13, 77) 
but trials with Eucalyptus cincrca showed no certain 
effect ( 5 ) .  In the latter instance, however, the 
foliage was sprayed in July, sorne months before 
exwosure to cold. 

The cited instances of spontaneous recovery (46, 
11 1) and the likehood that deficiency may fluctuate 
\vitli "runs" of wet and dry )ears are too few for 
generali7ation but together suggest that B deficiency 
may be a highly variable or intermittent feature in 
younq plantations on soils with marginal B supplies. 

Differences in susceptibility between related species 
are likely. Savory (123) found young Pinus klzasya 
l i n s u l a r i ~ )  and P. rncrkusii unaffected. Van Goor 
(159) like~vise noted that deficiency was less severe 
in P. kllasya and P. batula and that these two tended 
to have higher foliar R concentrations than the 
associated pines. 

Copper 

Copper (Cu)  deficiency in field-grown forest trees 
is known from only a few and mostly recent reports. 

In 1940 Iiademacher ( I n  126) reported that 



conifers planted on the sandy heath lands of northern reduced from 137 and 169 ppm in the controls to 
Germany suffered from Cu deficiency whereas the 98 and 109 ppm, r~spectilely. when Cu was added 
native birch did not. Subsequent accounts relate to pot cultures of soil a t  the rate of 14 pp2m (1 15) .  
to nurseries (15-17), peats (67) ,  or hunlic sands Roots are stunted and dark colored in cultures receiv- 
(79, 99, 100, 107, 161), usually fertilized. Never- ing excess Cu, and growth is markedly reduced. 
theless, the deficiency is common in crop and orchard Occurrences of excess in forest trees are few but 
plants on leached sands, on calcareous soils, and Cannon (28) pictured a red or mountain maple 
on many cultivated peats and mucks. Though de- leaf with typical Fe chlorosis uhich marked a Cu- 
ficiency symptoms in poplar and willow (15. 16, 99, rich outcrop in Vermont. Likewise, Dykeman and 
100) agree with those described in orchard crops, DeSousa (44) obselved pale green or yellow mottled 
symptoms in Douglas-fir and spruce (17, 107, 161) foliage, su%%rsti\c of Fe chlorosis, in seedlings of 
are less recogni~able and suqgest that other instances black spruce. balsam fir and tamarack that were 
of deficiency in conifers may have gone uriremarlied unsuccessfully invading a sandy barren containing 
or unidentified. 3500-6700 ppm Cu. 

Visual Symptoms of Deficiency and Excess Tissue Analyses 

In many crop plants the initial stages of Cu The Cu content of small twigs, branch bark and 
deficiency are not necessarily revealed by clearly stern bark frequently equals or exceeds that of mature 
marked symptoms, even though growth may respond foliage (1 16, 1 1  7, 185) althouqh the data are too 
to Cu additions (114).  Symptoms of Cu deficiency few to establish consistency or indicate the value of 
are less specific than with other micronutrients. In  other tissues for diagnosis. 
general, woody species show marked disturbance of In  the few species examined, Cu concentration 
the terminal and leading lateral shoots, often followed is hiyhest ir, deceloping leaves, but changes are slight 
by defoliation and/or dieback. In  some species the in the nionths after full s i ~ e  is reached ( 1 ) .  Second 
foliage in the initial stages is unusually dark green year and older conifer needles may contain about 
or bluish green. "Boc\ing9 or "cupping" and stunt- the same or often progressicely lower concentrations 
ing of the upper leaves are common, and various than younger foliage ( 1 ,  8, 37) .  The  results of 
degrees of marginal scorch or necrosis, marginal Guha and Mitchell (59) suTgest that heavier leaves 
irregularity, and interveinal chlorosis occur. A rapid from the upper part of hardwood crowns may con- 
gradation, from unaffected foliaqe through leaves with tain somewhat lower concentration but about the 
increasingly severe symptoms to dwarfed terminal same absolute amount as the lower leaves. The  
leaves, is common. The terminal internodes shorten extent of variability in gray birch foliage collected 
abruptly and a rosette of small leaves may form, in mid-August and again from the same trees five 
but premature abscission or withering and death to six weeks later is illustrated below ( N  = 6; each 
of the terminal shoot seem more common. In  some sample a composite taken from upper first year shoots 
species or with less severe deficiency, the new shoots of 10 trees (35) : 
are soft and may curve in an S-shape. Numerous - - - - -- -- - -- -- 
lateral buds or shoots resume growth from below Date of sample 

and are similarily affected in the same or subsequent 
years; a stunted or bushy appearance often results. 
Roughened bark and excresences of the twigs are 
symptoms in some fruits and earlier led to the de- Older leaves, from 
scriptive term "exanthema" ( 3  1, 1 14) .  proximal half of shoot 

As Table 3 indicates, symptoms on poplar and young leaves, from 
willow agree with this general account. The few distal half of shoot 
descriptions of conifers suqgest that shoot cunature,  
growth retardation and overwinter death of tips may 

These seceral indications probably do not apply 
be the most significant evidences of moderate de- to plants on high Cu soils Otherwise, it appears 
ficiency in larger plants (114).  that the tolerance in sampling for foliar diagnosis 

excess commonl~ induces may be somewhat greater than with other micro- 
resembling or identical with those of iron (Fe) nutrients. On the other hand, the low absolute 
deficiency. In  at least some instances the concentra- concentrations and small differences between ade- 
tion of Fe in the foliage is actually reduced. Iron quacy and deficiency place a high value on analytical 
in needles and stems of loblolly pine seedlings was accuracy and precision 



Table 3. Specific Symptoms of Copper Deficiency. 
(From field-grown trees except as otherwise indicated) 

Pinus contorta 

Pinus strobus 
Pinus sylvestris 

Picea sitchensis 
Also Tsuga heterophylla 

Pseudotsuga menziesii 

Also Picea excelsa 
Also Picea sitchensis 

Populus deltoides 

Populus robusta hybrids 

Populus maximowwiczii 
Berolinensis 

Populus trichocharpa x 
nigra 

Populus "canadense 
commune" 

Populus hybrid, "Gelrica" 

Robinia pseudoacacia 
Liquidambar styraciflua 

Salix alba, "Liempde" 

First year seedlings in nursery: Slight indications of needle tip-burn as I 

in Picea sitchensis (Benzian, 16). 
Nutrient cultures: Seedlings exposed to complete solution before transfer 
to -Cu solutions: No effect on height and diameter; fascicled needles long 

l 
and wavy; primary needles with light yellow tips (Hacskaylo, 61, 62). 
First year seedlings in nursery: Needle tip-burn - Tips of upper needles 
shrivel during hot, dry weather; turn straw color, with sharp demarkation 
from healthy portion. Often a spiral twist to upper needles. If dry weather 
persists plants do not recover and growing point dies; if soil becomes 
moist most of newly emerged needles are free of injury (Benzian and 
Warren, 17). 
Plantations: Shoot growth lax, weak, drooping,resulting in  very crooked 
stems, recurved branches, and "pendula" form of larger trees. Needles 
at first full size, green, complete. Later in the season needles at top 
of shoot may become discolored and fall over winter. The terminal bud 
may also die (Van Goor and Henkens, 161; Oldencamp and Smilde, 107). 
Cuttings in nutrient solution: Leaves near top of shoot gradually become 
smaller with gray-green mottled appearance; internodes shorten. Num- 
erous slender secondary branches from lower axils, in  contrast to non- 
deficient plants (Hacskaylo and Vimmerstedt, 64). 
Nursery: Blackening of upper leaf tips, developing into general marginal 
scorch of younger leaves. Edges become taut, brittle, and irregular, 
forcing leaf into cup-like shape; marked interveinal chlorosis appears 
soon after blackening. The youngest leaves drop off severely affected 
plants, leaving shoot and branches bare (Benzian, 15). 

Young plantation and pot cultures: Chlorotic spots and distinct cupping, 
often with marginal scorch. Elongation of upper shoots slows; younger 

I 
leaves small and distorted; and dieback frequent. New shoots arise from 
axillary buds below, but may not harden enough to survive winter (van 
der Meiden, 99). 1 
Nutrient cultures: Plants exposed to complete solution before transfer to 
-Cu solutions: Dry weight reduced. No symptoms on upper shoot; lower 
leaves developed yellow-brown patches. Root nodules on locust sparse 
(Hacskaylo, 61). 
Young plantation: Beginning in July of first season, upper leaves develop 
necrotic tips and may lose pubescence. Retarded shoot elongation with 
production of small irregular leaves, and death of apical meristems. Twigs 
die back and are replaced by laterals which subsequently show same 
symptoms. A low shrubby plant results (van der Meiden, 100). 

Keuther and Labanauskas ( 1  14) suggest that Cu some species. Such inference is subject to the caution 
concentration in a variety of horticultural plants on sample treatment and analytical procedures men- 
normally ranges between 5 and 20 ppm, with de- tioned at the beginning. Furthermore, the Dutch 
ficiency characteriled by levels less than 4 ppm. results (100, 161) suggest that growth response over 
Table 4 indicates that this range is generally appli- a critical range is more significant than any single 
cable to trees except that the threshold for visible threshold value. 
evidence of deficiency seems to lie below 4 ppm for O n  the other hand, there are few values above 



Table 4. Reported Copper Concentration in Tree Species. (See note in Table 2 for explanation.) 

RANGE IN CONCENTRATION 
Sample Characteristics and Date Deficient Low Intermediate High Toxic Ref. 

Cu, ppm dry matter 

PINES 
I Pinus banksiana; Mar. 4.6 5 1 

Pinus contorts; upper crown, 40-yr trees, Nov. 2.7 8 
Pinus echinata 3.5 121 
Pinus nigra (laricio) 2.7 5.1 175 
Pinus palustris; natural seedlings, Aug.-Oct. 28-33 41 
Pinus patula; 4 yr pltn 8-9 157 

2.8 175 
Pinus ponderosa; lowest brs, open trees, 1-yr + needles, June 2.5 7.9 108 
Pinus radiata 2.9-3.7 3.8-9.0 175 
Pinus resinosa; Mar. 4.9 5 1 
Pinus strobus; upper crown, Nov.-Feb. 5.1-7.9 1 

Mar. 6.4 5 1 
all foliage, 1 tree 5.3 185 

Pinus sylvestris; upper crown, Nov.-Feb. 4.6-7.9 1 
4-yr pltn, upper crown, Nov.-Dec., mean 45 

I seedlots x 3 loc. 7.5-9.5 139 
young pltn 4.1 2 5 

2.6 12. 173 
Pinus taeda; 4-yr pltn 5-22 157 
OTHER CONIFERS 
Abies balsamea 4.9 116 

all foliage, one tree 7.5 185 
fine twigs, one tree 8.8 185 
twigs and needles 40. 200- 1 120 44 
Mar. 4.2 5 1 

Abies grandis; upper crown, Nov.-Feb. 5.0 1 
Abies pectinata; upper crown, Nov.-Feb. 5.5-9.5 1 
Larix decidua; May 5.1 154 
Larix laricina; July 5.8 5 1 

small twigs and needles 
Larix leptolepis; upper crown, Nov.-Feb. 
Picea glauca; Mar. 
Picea mariana; twigs and needles 

Mar. - 
.P 

upper crown, Oct. 
w Picea rubens; all foliage from one tree 



Table 4. Reported Copper Concentration in Tree Species. (See note in  Table 2 for explanation.) (Continued) 

Sample Characteristics and Date 
RANGE IN CONCENTRATION 

Deficient Low Intermediate Hieh Toxic Ref. 

Picea sitchensis; first-yr seedlings (tops) 2.3-2.8 
upper crown, Nov.-Feb. 

Pseudotsuga rnenziesii; upper crown, Aug.-Feb. 
upper crown, Nov.-Feb. 
5-yr pltn, fall 2.4-3.9 
3-yr pltn, fall, 

<5% crooked shoots 
3-yr pltn, fall, 

5-16% crooked shoots 3.4-5.1 
Thuja occidentalis; Mar. 
Tsuga canadensis; Mar. 

all foliage, 1 tree 
Tsuga heterophylla, 60-140 yrs, upper crown, Feb.-Apr. 

ANGIOSPERMS 

Aceraceae 
Acer pseudoplatanus; fall 

3 crown positions, Sept. 
Acer rubrum; Oct. 

all foliage, one tree 
Acer saccharum; Oct. 

Sept. 

Anacardiaceae 
Corynocarpus laevigata 

Corylaceae 
Alnus sp. 
Alnus glutinosa 
Alnus rugosa; July 
Betula sp., twigs and leaves 

fall 
Betula lutea 
Betula nigra; Sept. 
Betula papyrifera; all foliage, one tree 
Betula pendula; May 
Betula populifolia; distal-proximal leaves, Aug.-Sept. 
Betula pumila; July 

Cu, ppm dry matter 



... Table 4. Reported Copper Concentration in Tree Species. (See note in Table 2 for explanation.) (Continued) 

I RANGE IN CONCENTRATION 
Sample Characteristics and Date Deficient Low Intermediate High Toxic Ref. 

Cu, ppm dry matter 

Euphorbiaceae 
Aleurites fordii 2.3-3.4 4.0-12.4 3 9  

Fagaceae 
Fagus sylvatica; upper crown, Oct. 5.2-10.5 1 

3 crown positions, Oct. 3.3-4.2 1 
i 5.4 119 8 7  

Quercus alba; June, Oct. 7.7-5.5 5 1  
Quercus rubra (borealis); July, Oct. 5.1-3.1 5 1  
Quercus borealis; fal l 6.9-9.7 1 

4 Quercus ilex and Quercus pyrenaica 26-85 
Quercus palustris; Sept. 6. 

86 , 
9 7  

Quercus petraea 7.8 155  
Quercus robur 9.7 155  
Quercus velutina; June 5.6 5 1 

Sept. 7. 9 7  
Juglandaceae 
Carya illinoensis; orchard 21-28 In 2 9  
Carya ovata; Sept. 8.9 5 1 
Juglans nigra; Sept. 10.7 5 1 

Sept. 11. 9 7  

Legurninosae 
Cladrastis lutea; Sept. 
Robinia pseudoacacia; Sept. 

fal l 
June - ? 

Magnoliaceae 
Liriodendron tulipifera; Sept. 
Magnolia rnacrophvlla; Sept. 
Magnolia virginiana; means: 5 x 3 sample dates 

Nyssaceae 
Nyssa sylvatica var. biflora; means: 6 soils x 3 

sample dates 7.1-12.9 1 2  

Oleaceae - Fraxinus arnericana; Oct. 19.2 5 1 



Table 4. Reported Copper Concentration in Tree Species. (See note in Table 2 for explanation.) (Continued) 

RANGE IN CONCENTRATION 

Sample Characteristics and Date Deficient Low Intermediate High Toxic Ref. 

Fraxinus excelsa; fall 
Fraxinus nigra 
Fraxinus pennsylvanica 
Fraxinus quadrangulata; Sept. 

Rosaceae 
Prunus serotina; June 

Sept. 
Sept. 
fall 

Salicaceae 
Populus, hybrid, "Gelrica"; pltn., 

pot culture 2.5-3.6 
Populus deltoides; Sept. 

cuttings, nutrient culture Tr 
Populus grandidentata 
Populus robusta hybrids; nursery 1.3-1.8 
Populus tremula; fall 
Salix alba, "Liempde"; 1 yr 1.4- < 

Salix fragilis 
Salix nigra 
Salix purpurea 

Tiliaceae 
Tilia americana; Oct. 

Sept. 
Tilia cordata 

fall 

Ulmaceae 
Celtis occidentalis; Sept. 

Sept. 
Ulmus americana; Sept. 

Oct. 
park, Sept. 

Ulmus campestris 

Cu, ppm dry matter 



20 ppm, and Reuther and Labanauskas (114) sug- 
gest such concentrations may be "looked upon with 
suspicion," as indications of excess. Nevertheless, 
Dykeman and DeSousa (44) report no evidence 
of toxicity in black spruce, balsam fir, tanlarack and 
the associated birch containing upwards of 200 ppm 
in the foliage and small twigs. Inasmuch as these 
are indigenous species occupying a naturally Cu-rich 
site, however, it is possible that tolerant ecotypes 
have arisen (24, 78, 85) .  

Other plant species differ markedly in sensitivity 
to Cu deficiency and excess, and similar differences 
will surely be found among forest trees and shrubs. 
Two angiosperm families, Caryophyllaceae and Labi-  
atae, contain indicator species restricted to or domi- 
nant on soils high in Cu (114). There are also 
"copper mosses" but the common moss, Polzlia nutans, 
appeared as a dominant ground cover together with 
lichens on a high Cu bog and barren mentioned 
above (44).  

Soil Criteria of Deficiency or Excess 

Kinds of soil most subject to deficiency ( 114) : 
1. Leached sands, including those with an acid, 

organic or peaty surface. 
2. Highly wcathered soils from rocks low in copppr. 
3. Calcareous sands and other alkaline soils. 
4 Peat and mucks of various botanic origins. 
5. Soils enriched in P. 

Hibbard's (68) study on Tinc (Zn) accumula- 
tion in the surface soil beneath forest4 notes that 
unreported data show accumulation of Cu also. 

Soils to which repeated P applications have been 
made seem prone to Cu deficiency ( 1  14) .  This group 
includes "old corral sites" ancl presurnably similar 
areas enriched through biogenic additions (cf. dis- 
cussion under Zn) as well as heavily fertilized soils. 
Moreover, direct effects of P on Cu status are 
known with crop plants. The Dutch findings with 
poplar and willow (99, loo) ,  Douglas-fir and spruce 
(107, 161) demonstrate lower Cu content and 
stronger expression of deficiency symptoms in the 
presence of high P in tissue or soil. These effects 
are exemplified by Benzian's observations of needle 
tip burn, a symptom of Cu deficiency, on first year 
Sitka spruce seedlings in the nursery (16) : 

-- - 
Visual Score 

Phosphorus Seedling for "Needle 
Added Height tip-burn" 

g/sq. yd. inches 

3 1.9 0.6 
6 2.1 1.6 

Similarly, Cu deficiency is induced or aggravated 
by high levels of available N when Cu supplies are 
low. A combined effect of N and P was found in 
young poplar (99) .  Nitrogen, or P at  the lowest 
rate, applied separately reduced foliar Cu concen- 
tration but not to the point of deficiency. Applica- 
tion of both reduced foliar concentration further, 
and symptoms appeared. Van Goor and Henkens 
(161) attributed Cu deficiency in second generation 
plantations on Dutch heathlands to improved N 
nutrition of the second crop. In orchards, ammo- 
nium N is known to increase Cu deficiency to a 
notably greater extent than equivalent applications 
of nitrate N, and parallel results were observed with 
seedling Sitha spruce ( 16) .  

Copper is firmly complexed or chelatetl by organic 
rnatter and, in contrast to Zn, increased availability 
does not follow organic additions, green manures, 
or inlproved organic matter status. Indeed, Ben~ian 
observed that needle tip burn of young Sitka spruce 
was more severe following rye or rye-grass green 
manures than after fallow or seed beds, and still 
rnore severe after legumes. 

Interaction between Cu and molybdenum (Mo) , 
with high levels of either depressing uptake of or 
response to the other has been suggested by MacKay 
r t  al. (93) from a study of several crops on fertilized 
acid sphagnum peat. A somewhat parallel Cu-Fe 
interaction was observed by Richards (1 15) with 
seedling loblolly pine in pot cultures of a sandy 
lateritic podsolic soil. The main effects of the study 
inclrlcled a positive response to N arid an adverse 
effect of liming; neither Cu nor chelated Fe alone 
significantly improved overall growth, but the combi- 
nation did. 

Although these observations are no niore than 
suggestive, they illustrate that adequate Cu nutrition 
may depend on factors other than soil supplies. 

The extraordinary "copper bog" of New Bruns- 
wick has already been mentioned; only a few such 
rarities are known (44) .  Ore outcrop areas are more 
numerous (28) but still uncommon. Copper excess 
in agricultural soils usually results from long repeated 
Cu additions as fertilizers or fungicides (1 14).  

Soil Analyses and Control of Deficiency 

Reuther and Labanauskas' (114) summary indi- 
cates that total Cu content in a nurnber of medium 
to fine textured soils ranges between 10 and 200 
ppm, with the majority between 25 and 60 ppm. 
In contrast, most very sandy soils contain less than 
15 ppm and sonietimes less than 3 ( 131 ) . The 
distribution of Cu with depth is variable; although 
the surface content is usually somewhat higher, some 
subsoils contain significantly more than the top soil. 



A variety of extracting solutions including acids, 
neutral salt solutions, dithiazone and EDTA have 
been employed as measures of plant-available Cu 
( 114) . Removal by normal arninonium acetate, as 
in the conventional determination of exchangeable 
bases, is poor. Likelvise, only a fraction of what 
may be regarded as "exchangeable" Cu is replaced 
by other neutral salt solutions, and Reuther and 
Labanauskas (1 14) conclude that 0.1 N HC1 is as 
good or better than other extractants. 

A biological assay procedure employing Aspcr- 
gilluc niger is also effective and is relatively simple 
and straightfor\vard in application. Threshold values 
for crop plants appear at a level of about 2 to 2.5 
ppm of fungus-extractable Cu.  

Levels of extractable Cu indicative of excess vary 
with procedure and soil reaction, but appear to begin 
at 200 pp2m, or somewhat less in acid soils. 

The most common Cu fertilizer is the sulfate, 
and rates of 4oil and spray applications are usually 
expressed in terms of the hydrated salt, CuS04-5 H 2 0 .  

Soil applications are generally effective ( 1 1.1) . 
Recommended rates for crop plants are commonly 
5 to 25 Ibs./acre on mineral soils and 50 to 200 
lbs. on peats and mucks. Since Cu is strongly held 
in both mineral and organic soils, and only small 
amounts are absorbed, residual effects persist for 
many years. Present recommendations limit cumula- 
tive applications to perhaps 50 to 100 Ibs. / A  on 
mineral soils and 250 on organic to avoid toxicity. 
Rates of 75 and 150 kg/ha have been used without 
harm to Douglas-fir on an acid sand high in organic 
matter (107) .  C.:opper slag at rates of 500 kg/ha 
was effective with poplar on a similar soil (99) .  
Variable results were obtained from application of 
a trace element frit supplying 0.3 g Cu/square yard 
in a single nursery trial (16) ; Cu deficiency of Sitka 
spruce seedlings was unrelieved, whereas growth of 
poplar cuttings was increased and the symptonis 
reduced though not eliminated. 

Copper sprays have a prompt effect and should 
prove useful in diagnosis or nursery treatments. 
Concentrations of .05 to .125% copper sulfate are 
common, but a 1% spray has been used on dorniant 
Douglas-fir foliage (107) .  Mixtures based on equal 
weights of Cu sulfate and Ca hydroxide, or standard 
Bordeaux mixtures, are less likely to injure sensitive 
foliage. Copper oxychloride a t  0.5% was effective 
on poplar (99) .  

Consequences for Forestry 

Treatment of soils containing excess Cu includes 
liming acid soils to a reaction near p H  7 and/or 

correction of Fe chlorosis by Fe sprays or addition 
of Fe chclates. Heavy fertilization with P presum- 
ably would be effective (114),  and addition of MO 
as an antagonist has been suggested (93) .  

As already noted, there are but few known in- 
stances of C; deficiency and response in forest trees, 
and these are chiefly from combinations of soil and 
trcatrnent that are not widespread. Nevertheless, 
infertile sands and peats - on which crop plants - - 

are subject to Cu deficiency - are common enough 
in forestry, and increasing effort is made to accel- 
erate growth on them through fcrtilbation and drain- 
age. Increased dry matter production, or the altered 
P and N status of soil and plant on such site?. may 
reduce adequacy of already low natice C:u zupplies 
(67, 79, 99, 161, 171) The gro,itil-retarding effect 
of sub-acute deficiency in clop plants, toqether with 
the somewhat obscore disturbances of growth, form, 
and o\ c I \$ inter surb i\ a1 of shoots of conifers, suggests 
the need to consider evidences other than gross 
svrnptorns. , A 

Concentrations of only 2-3 ppm have been found 
in several species of conifers lvithout visible evi- 
dence of injury (Table 4.) Such values appear 
distinctl, marqinal. but it must be admitted that 
we do not know h o ~ v  Tvell they characteri~e the 
CII nutlition of larye conifers. 

The dircussion of Zn deficiency on sites of bio- 
genic P accumulation also applies in some unknown 
measure to Cu deficiency. 

Copper deficiency is likewise a possibility wher- 
ever Iieavy N and P applications are made to sandy 
nursery soils ( 1  6. 17, 115).  This possibility is 
countered in qome nurseries, however, by use of Cu 
to control algae in irrigation waters, and by applica- 
tion of Cu-bearing fungicides. 

Copper excess in natural forests or plantations 
i-, more likely to be puzzling than consequential. 
Inasmuch as Cu intake and Cu-Mo interactions are 
important in animal nutrition (1 14) ,  however, un- 
usually high or low contents of range and browse 
species may be of concern. 

IRON 

Iron deficiency is the most widespread, conspicuous 
and best known micronutrient deficiency in forest 
trees. Neverthelesu, it is chiefly a problem of nur- 
series, shelterbelts, shade trees, poorly sited plantations, 
or pioneer vegetation on fresh surfaces -wherever 
unadapted species are placed on alkaline or cal- 
careous soils. Its symptoms sometimes resemble those 
of manganese ( M n )  deficiency and may be con- 
founded by concurrent deficiencies of other elements. 



Species within the same genus vary greatly in sus- 
ceptibiltiy (e.g., Austrian and Kyuku pines us. red 
and jack; white oak vs. pin oak) ; and even within 
a placting of a single species variations in severity 
are often marked. A general relationship of de- 
ficiency to high lime soils is evident, but the exact 
effects of pH, salinity and bicarbonate content are 
not well understood (151) . 

Visual Symptoms of Deficiency 

Iron deficiency symptoms in angio.,perm leaves 
present a continuous series in severity, wherein the 
midrib and even the finest veins remain green while 
the interveinal ti~sue assumes various shades of lighter 
green, yello~v-green, yellow or even ~ th i te .  The 
sharply etched network of green veins against a 
light background is typical of the early to moderately 
severe stages of the uncon~plicated deficiency, and 
is the usual basis for preliminary diagnosis. Small 
veins lose their green color only after adjacent intra- 
veinal areas are devoid of chlorophyll. Such wholly 
chlorotic tissue slowly dies, producing an apical or 
marginal scorch. In species with marginal venation, 
however, like eucalypts, necrotic spots and blotches 
form inside the margin. 

Wallihan ( 170) emphasizes that this apparent 
progression in symptoms represents production of in- 
creasingly more deficient leaves, and is not a time 
sequence within a single leaf. Green leave., remain 
green and the usual tendency is for individual leaves 
to become greener with time. Young leaves, how- 
ever, may expand faster than Fe is translocated to 
them and so become more chlorotic; further, bleached 
out yellow leaves may fail to recover when Fe be- 
comes available. 

Iron deficiency may appear in any degree of 
severity. Characteristically the youngest leaves on a 
branch are the more severely affected. In  open 
grown trees, individual branches or portions of the 
crown are often seen to be affected unequally. 
Lightly affected foliage often recovers in time or 
becomes less conspicuous. Severely chlorotic leaves 
drop prematurely, and twigs or entire branches often 
die back when the occurrence is perennial. 

Iron chlorosis is sometimes complicated by con- 
current deficiencies of other elements, such as M n  
or magnesium ( M g ) ,  which modify foliage symp- 
toms. Wallihan (1 70) points out that uncompli- 
cated Fe deficiency in orchard crops is distinguished 
by the sharp contrast between the green vein and the 
less green, or yellow, interveinal tissue immediately 
adjacent. In  the superficially similar chloroses due 
to Zn or Mn deficiencies, however, there is a grada- 
tion of color within the interveinal area, with green 
or darker green occurring near the vein. (Compare 

Mn deficiency.) Illustrations and descriptions of 
Fr deficiency in angiosperms are so numerous (3, 
31, 32, 61-64, 89. 137) that no table of symptoms 
is given here. 

Moderately severe deficiency in conifers shows 
as uniformly pale green or   el lo wish-green new foli- 
age, which contrasts with the darker green or brown- 
ish tips of older needles. Very chlorotic needles 
brown back from the tips, or entirely, and are lost; 
slightly affected needles or portions gradually become 
qreener. Ne~erthcless, dull yellow and brown colors 
mark severely deficient trees for much of the year, 
in contrast to the green appearance of Mg deficient 
trees in mid-summer. 

Seedling conifers respond to Fe deficiency by a 
more or less uniform paling or chlorosis of the new 
foliage. This occurs in all degrees, from perceptibly 
less green than normal to yellow or near white; 
dwarfing of needles and plant follows. Variations 
in intensity within this basic pattern make up most 
of the descriptions of foliage symptoms reported 
from nurseries and nutrient cultures (61, 62, 80) .  

Visual evidences of deficiency are usually easily 
confirmed by sprays or dips of Fe salts, or by keeping 
cut twigs for some days in weak iron solutions. 

Symptoms of Fe excess are not known in forest 
trees. 

Tissue Analyses 

The literature contains a moderately large number 
of Fe analyses of the foliage of forest species. Unfor- 
tunately almost all values are derived from unwashed 
leaves and hence subject to an unknown degree of 
soil contamination. This problem was discussed by 
Bennett (14) and others since (26, 151, 169), but 
is still commonly unrecognized. Wallihan ( 170) points 
out that whereas most micronutrients in plants occur 
at concentrations approximating or greater than their 
concentration in soil, the concentration of Fe in dry 
foliage is usually of the order of or times 
that of the soil in which the plant grows. Hence 
soil dust is a serious source of contamination with 
this element and Wallihan, in compiling a table of 
concentrations critical for deficiency, rejected all data 
obtained from unwashed leaves. 

I t  may be argued that the atmospheric dust load 
over forests is much less than over agricultural lands; 
in fact, however, the majority of literature values 
represent foliage exposed for several months on trees 
in or near open land or other sources of dust. Though 
Guha and Mitchell (58) reported only moderate 
reduction in apparent Fe concentration upon wash- 
ing leaves of beech, the generally high values obtained 
by these (59) and other workers (1, 8, 37, 51, 80, 
86, 97: 155) suggest the likelihood of contamination. 



Table 5. Some Minimal Values for Foliar Iron Concentration. (Except as indicated, al l  values rep- 
resent unwashed leaves from plants having no indication of Fe deficiency. See explanatory note 
in Table 2.) 

- - - - -- - -- - -- - - - - - - - - . - ...- ----- 
Minimal Values Ref. 

Fe, ppm. dry matter 

Pinus banksiana; field 
(tops) nutrient cultures, variable Mn 

Pinus contorta 
Pinus nigra (laricio) 
Pinus palustris 
Pinus patula 
Pinus radiata; (tops), nutrient cultures 

field 
Pinus sylvestris; nutrient cultures, complete 

" Fe deficient 
Picea abies; field 
Picea mariana; field 

field, Oct. 
nutrient cultures, variable Mn 

Pseudotsuga menziesii; field 
Tsuga heterophylla; field 
Betula verrucosa; nutrient culture, variable Mn 
Fagus sylvatica; field 
Populus deltoides; nutrient culture, complete 

" Fe deficient 

Accordingly, Table 5 presents only selected minimum 
foliar concentrations, chiefly from normal plants. 
Therc is no assurance that these results are frorn 
leaves wholly free of contamination. They suggest, 
however, that the critical range for deficiency in 
orchard crops, indicated as 25 to 40 pprn by Wallihan 
( 170). may well apply to many forest species. 

Analyses of unwashed chlorotic leaves have fre- 
quently shown concentrations equal to or even greater 
than those from grcen leaves nearby. Thus one 
such co~riparison in pin oak indicated 450 pprn Fe 
in chlorotic leaves and 180 ppm in normal foliage 
(97) .  Other paired comparisons may show son~e\+.hat 
hiyher apparent concentrations in green foliage, but 
differences within pairs are greater than between 
(e.g., 8 0 ) .  Such results obtained from unwasliccl 
foliage have generated various physiological intcr- 
prctations and hypotheses. I n  fact, however. the 
apparent conccntrations of chlorotic lea~res it1 such 
studies are often severalfold greater than t h ~  25 to 
40 ppm level suggested above and by Table 5. 

Soil Criteria of Deficiency 

Kinds of soils most subject to dcficiency are: 
1. C:alcarcour soils, either natl~ral  or ox erlimed. 
2. \2'cathrrcd soils hiyh in Mn. 

3. Gleyed soils either low in soluble Fe or high 
in soluble Mn. 

4. Leached acid sandy soils from siliceous materials 
low in Fe-bearing minerals. 

Of the above, the first group is by far the most 
common source of Fe deficiency problems in forest 
trees, justifying the usual description of "lime chloro- 
sis." I t  is essential to recognize, however, that the 
gcneral category of calcareous soils contains diverse 
root environments. I n  humid regions calcareous for- 
est soils are usually characterized by acid to neutral 
surface organic layers, by admixtures of huinus par- 
ticles betwren fragments or in crevices, or by mineral 
surfaccs high in organic matter. The  latter may be 
acid or calcareous, but on a fine scale they are 
heterogeneous in reaction and carbon dioxide pres- 
sure. Any of these features provides root environ- 
rncnts more favorable for Fe availability than do 
the l~ornogeneous surfaces of alkaline cultivated or  
zrassland soils. 

Iron deficiency is often seen to be more sevcrc in 
dry periods ( 170).  I n  marginal occurrences symptoms 
rnay appear only during droughts; in climatcs with 
pronounced contrasts in growing se.ason rainfall, chlo- 
rosis ]:lay regularly diminish during wet seasons. Such 
effects have becn attributed to availability of Fe in 
moist st~rfacc hori;.ons containing organic matter (81 ) . 



Erosion of the surface horizon of calcareous soils 
removes organic matter and the least limy soil. Sus- 
ceptible species planted in such situations sometimes 
respond to small differences in the erosion-deposition 
pattern by large variations in severity of symptoms. 
Similarly, other natural differences in soil reaction 
due, for example, to drainage or limestone outcrops 
may cause variations in severity. 

The Fe chlorosis problem of semi-arid regions 
is complicated by salinity and reactions above pH 
8.3. Neuman and Waisel ( 105) comment that Euca- ' lyptus camnldulensis may be green and healthy until 
the time that the roots penetrate a layer "of un- 
favorable ionic composition," after which chlorosis 
ensues. 

Poor drainage, or water logging from excess 
irrigation usually increases the severity of deficiency 
symptoms ( 170). Chlorosis of Eucalyptus in Israel 
was less in poorly drained sites, however, possibly 
because of higher organic matter (80) .  

Iron chlorosis of sensiti\.e conifers in forest nur- 
series has frequently followed increases in soil pH 
brought about by liming cover crops, application of 
lime-rich compost ( 103), irrigation with "hard" water 
or use of calcareous sand for seedbed covering (16) .  
Heavy P fertilization also has 6een implicated in 
Fe chlorosis, even on acid soils. Shoulders and Czaba- 
tor (130) reported on a chlorosis that affected more 
than 10 acres of southern pine seedbeds and was 
completely remedied by three applications of Fe 
chelates. The soil of the most severely chlorotic 
areas had a reaction between pH 4.1 and 4.6, with 
high levels of available K and P, but some portions 
had received as much as 2% tons of 20% super- 
phosphate during the previous 4 years. Subsequent 
experiments with loblolly pine on less acid, less fertile 
soils showed little chlorosis after treatment with 
either 2 tons of lime/acre, which raised the reaction 
to pH 6.1-6.2. or with a mixed fertilizer containing 
240 lbs. PnOa/acre. A combined treatment, however, 
caused a chlorosis affecting 1070 of the seedlings. 

The action of excess Zn and Cu in inducing 
Fe deficiency is mentioned in the discussion of 
those elements. Liming acid soils containing excess 
amounts of these or other heavy metals reduces 
their availability and may improve Fe nutrition. 
Studies with crop plants in calcareous soi!s show 
that nutrient balance involving P, Zn, and Fe has 
a strong influence on growth. Yields decreased as 
the Fe/Zn ratio fell below 1.5 ( 17 1 ) . 

Soil Analyses and Control of Deficiency 

Since Fe deficiency is rarely due to insufficient 
Fe in the soil, analyses for the element provide no 
index of deficiency. A possible exception is an 

extraction procedure using polyamine polyacetate 
chelating agents. In  limited tests Fe removed was 
correlated with uptake by plants ( I n  170). 

Soil reaction is obviously an indication of soils 
on which deficiency may occur although, as al- 
ready mentioned, nursery soils below pH 7 are 
not immune; severe chlorosis of red pine has 
occurred at reactions of 6.8-7.1. In other cases, 
however, susceptible species such as red pine may 
grow well on gravelly soils that effervesce with 
acid in the surface. Accordingly, Wallihan (170) 
and Karschon (80) consider that Drovineau's esti- 
mate of "active CaCOs" (measured by the removal 
of oxalate from an ammonium oxalate solution) may 
be a better measure of deficiency hazard. Karschon's 
data with eucalypts in Palestine do not show this 
measure to have much predictive value. 

Three avenues of control have been widely used 
or advocated in the past: Reduction of soil pH;  
addition of Fe to the soil; direct addition of Fe to 
the plant through sprays, injection or trunk implants. 

Acidification of soils containing appreciable 
amounts of free carbonates is seldom feasible except 
in very small areas. O n  the other hand, nursery 
soils rendered alkaline by overliming or irrigation with 
lime-bearing water can be returned to an acid reaction 
by addition of S. The theoretical S requirement to 
lower soil reaction from one pH level to another is one- 
third the lime requirement for the reverse change, and 
can be measured or estimated in a similar manner. 
Aluminum sulfate is prompt in effect but costly; the 
amount of the anhydrous salt required approximately 
equals the lime requirement for the reverse change. 

Broadcast application of inorganic Fe salts is 
seldom of large or lasting benefit because the added 
Fe is soon rendered unavailable. Concentrated addi- 
tion of Fe sulfate or Fe sulfate solution ( 1  lb 
FeS04.5 H 2 0  per gal; minimum treatment f / 2  gal) 
in holes or trenches, however, maintains localized 
zones of availability for large plants. This treat- 
ment, as well as deficiency symptoms, is well de- 
scribed by Locke and Eck (89, see also 63) .  Iron 
sulfate presumably would be effective in the few 
instances of deficiency in acid soils. In any case, Fe 
chelates are highly effective with a variety of plants 
and soils, and at  much lower concentrations, though 
not necessarily at lower cost, than inorganic salts. 
Wallihan ( 170) indicates that the effectiveness of vari- 
ous chelates varies with soil reaction in the following 
order: Fe EDTA < pH 7; FeHEEDTH; FeDTDA; 
FeEI)I>H.4 in higldy calcareous soils. 

Foiiar sprays were more widely used in the pre- 
chelate period. The usual rate is j/2 or 1% ferrous 
sulfate in water, with a spreader or wetting agent; 
concentrations up to 370 have been used on cotton- 



wood and other less sensitive species. Iron sprays 
were early used on young conifers (84) and are 
effective on a variety of conifers and broadleaf species, 
including cottonwood, willott, acacia, and eucalyptus 
(89, 139, 169).  Some species benefit little, however, 
and in any case the effect is short-lived. Perhaps 
the greatest use of such spray is for diagnosis or to 
hasten recovery while   oil treatments are taking 
effect. Iron chelates are also applied as foliage 
sprays but their chief merit seems to be the somewhat 
higher concentrations tolerated without injury to 
f o l i a ~ e  ( 170) .  

A number of injection and implant treatments 
have been employed in shade and orchard trees. A 
generally effective treatment for cottonttood, maple, 
box elder and some fruit trees is ferric phosphate 
or citrate, applied as the dry salt in drilled holes 
1 to 3 inches deep, spaced 4 to 6 inches apart around 
the circumference: the holes are subsequently sealed 
(139) .  The  effect of such treatment nersists for 
some \,ears. 'This form of treatment was not effective 
on ponderosa pine. however. 

Significance for Forestry 

The indicated control measures are valuable for 
shade trees? windbreaks and nursery beds but only 
occasionally will be feasible in large-scale forest plant- 
ings. Itather. recognition of the hazard and ~elec-  
tion of resistant species are required. Such action 
is relatively straightforward in most forest climates 
tvhcre differences in the lime tolerance of species is 
 ell known. but requires greater consideration wher- 
ever forest planting is ad~ranced into more arid 
climates, often with exotic species. Species of pines 
and eucalypts (80).  for example, vary greatly in 
susceptibility to chlorosis and striking differences 
within species have been found in some crop plants. 
These facts suggest that selection or breeding can 
provide varieties that are less susceptible to this 
deficiency (26) .  

I t  is abundantly evident that most of the iron 
chlorosis problems (83, 84, 124, 130) in forest nurs- 
eries can be avoided through control of soil reaction 
and fertilization. Automatic equipment for neutral- 
izing- the bicarbonate content of irrigation waters 
is in use in some nl~rseries. In  any case, prompt 
use of chelates can minimize losses from this 
hazard. 

Iron deficiency usrlally is considered wholly in 
terms of the conspicuous chlorosis, but the effect of 
sub-acute deficiency on grolvth may deserve atten- 
tion. I n  nutrient culture studies seedlings are usually 
restricted in height or  weight before appreciable 
symptoms appear (61, 73, 183).  

MANGANESE 
Manganese is a relatively abundant element in 

the foliage of many temperate 7one forest trees. 
I n  some the normal range of concentration regularly 
exceeds levels regarded as toxic in many horticul- 
tural specicas. I n  conifers, concentration often exceeds 
that of M g  and can interfere with analytical dctermi- 
nation of the latter by chemical procedures. 

Reports or even indications of M n  deficiency 
in trees in forest situations are rare, but the deficiency 
in shade trees and shelterbelts on calcareous soils 
and orchards is well known. I t  is likely that some 
instances of sub-acute deficiency are overlooked; in 
general, howe~er ,  the possibility of M n  toxicity in 
forests has excited much more attention than de- 
ficiency. Few occurrences of toxicity in natural 
~egetation have been demonstrated, but much is yet 
to be learned about the accommodation of native 
species to the hiyh letel of available M n  found in 
many forest soil$. 

Visual Symptoms of Deficiency I 
The  few descriptions of foliage deficiency symp- 

toms in forest trees (Table 6 )  agree tvell with 
those from orchard crops (88) ,  with the exception 
of pecan. As Cain and Shear (27) point out, the 
pattern of chlorosis is often somewhat intermediate 
between that caused by Mg deficiency and that due 
to Fe deficiency. With few exceptions, chlorosis 
begins near the margin (in species not having mar- 
ginal veins) and develops along the margin and 

I 
as V-shaped areas extending int\.ard between the 
major veins. Even when chlorosis is severe, bands 
of normal green color remain next to the main veins 
and midrib, and near their junctions. Necrosis is 
not general but in some species gray or brown i 
necrotic spots appear in the chlorotic areas. 

Commonly the symptoms are distinguished from 
those due to Fe by these features (27)  : T h e  finest 
veins do not remain green in chlorotic areas; broad 
bands of normal green occur next to major veins, 
even in se\.erely affected leaves; on growing shoots 
symptoms appear after the leaves are fully expanded 
and persist unchanged. affecting some or all mature 
leaves on a tree; terminal leaves commonly are not 
affected until shoot growth stops. Hence, usually 
there is no general gradient in severity of symptoms 
from the basal to near-terminal leaves on a shoot, 
llnlike M g  deficiency, where the most severely affected 
leaves occur near the base of the current shoot or 
on spurs. Because the symptoms develop late, leaf 
sire and internode length are not generally reduced 
unless deficiency is severe. Strongly affected leaves 

* 



Table 6. Specific Symptoms of Manganese Deficiency. 

Acer platanoides 

Betula verrucosa 

Grevillea robusta 

Picea excelsa 

Pinus strobus 

Pinus sylvestris 

Populus deltoides 

Prunus serotina 

Robinia pseudoacacia 
Liquidambar styraciflua 

Nursery: Only older leaves show typical chlorosis; broad green stripes 
remain along the main veins (Gruppe and Seitz, 56). 
71-day seedlings in nutrient culture: Chlorosis in mesophyll, especially 
in older leaves, followed by necrosis beginning at margins and in spots 
in the chlorotic areas (Ingestad and Jacobson, 75). 
35-year forest trees: Discoloration most marked in older leaves; terminal 
leaves often remain green. Light green or yellow chlorosis in interveinal 
areas with larger veins and nearby tissue remaining green; the basal- 
midrib portion is least affected. Leaf size not reduced unless chlorosis 
acute (Ingestad, 72). 
Seedlings in nutrient cultures: Leaves at first pale, not chlorotic, then 
brown necrotic areas develop at tips of pinna segments on some leaves 
(Moore and Keraitis, 101). 
Natural seedlings, < 1 meter high, understory: New needles slightly 
chlorotic from outset, becoming pale green during the following winter 
and dark green by end of second year (Ingestad, 72). 
Seedlings in nutrient cultures exposed to complete solution before shifting 
to-Mn solution: Height and weight not affected; fascicled needles with 
light yellow t ip  and light yellow-green base (Hacskaylo, 62). 
35-year-old forest trees: No specific symptoms; in late autumn young 
leaves occasionally are pale green or yellow (Ingestad, 72). 
Cuttings in nutrient cultures: Deficiency slight; height normal but weight 
reduced. Leaves lighter green, fine roots sparse (Hacskaylo and Vim- 
merstedt, 64). 
Nursery: Very sensitive to deficiency at high soil reaction. Characteristic 
symptoms begin mostly on lower leaves throughout. Leaf margins and 
interveinal areas are pale green to yellowish while tissue near the veins 
and midribs remains as green stripes. Yellowed leaf margins sometimes 
turn brown (Gruppe and Seitz, 56). 
Plants in nutrient cultures exposed to complete solution before shifting 
to-Mn solution: Terminal leaves light yellow, grey spotting between 
veins. Unfolding terminal buds became yellow and died. (Hacskaylo, 61). 

are often shed eally, whereas lightly affected foliage, 
with only pale green or lightly chlorotic margins, 
persists normally and may escape recognition. 

Present description of symptoms in conifers does 
not allow certain distinction frorn Fe deficiency. 
Further, in nutrient cultures symptoms in young 
conifers, especially spruce, may not be distinct from 
those caused by Mg deficiency (56) .  Young spruce 
growing on a rnoist calcareous soil had shoots that 
were chlorotic upon emergence; in older pine the 
new foliage or only the needle base was pale green 
to yellowish. In both species the needles became 
greener in later months (75) .  

Tissue Analyses 

Manganese contents of mature foliage vary enor- 
mously in many spccies, as several \iriters have noted 

(1,  37, 60, 90, 173) ,  with wider ranges among loca- 
tions and greater maxima than occur with other mi- 
cronutrients. It is clear that species, or even cultivars 
growing together, may differ in foliar concentration 
(52, 102),  though less is known about differences 
in other tissues. O n  the basis of foliar concentration 
Gerloff ct al. (52) suggest that some species possess 
mechanisms for selective absorption or exclusion of 
this element. Oaks, generally with 300 to 400 ppm, 
were higher than most of the associated species with 
which they grew, whereas the genus Cornus was 
materially lower, between 37 and 149 ppm. Other 
values for the genera agree (155).  

In  most studies, however, differences among spe- 
cies are confounded with differences doe to habitat. 
The  effect of soil on M n  concentration seems well 
sholvn by Ahrens' (1 )  comparison of European beech 



on two sites; the upper crown leaves were approxi- 
mately full size at  the first sampling: 

Sampling Date 

May 29-June 1 July 23-25 Oct. 15-18 

Late season concentrations at  other locations are 
.022 (59) and .4370/0 ( I ) ,  thus indicating nearly a 
25-fold range in apparently normal trees. 

Similar, though less extreme edaphic effects, free 
of climatic or genotypic differences are demonstrated 
by grey birch bn two types of anthracite coal spoils 
in Pennsylvania, collected from the same trees on 
two dates. ( N  = 3; each sample a composite taken 
from upper first year shoots of 10 trees. pH of Type 
1 spoils, usually 3.0 to 3.4; of Type 2, 4.3 to 7.0) (35) : 

Spoil Type and Date of Sample 
Leaf Position Aug. 15-26 Sept. 29-30 

% Mn 

Type I 
Older (Proximal) .lo3 .I50 
Younger (Distal) .089 .I58 

Type II 
Older (Proximal) .257 ,319 
Younger (Distal) .219 .325 

The continued accumulation in late summer and 
disappearance of leaf position effects are evident. 
In this instance foliar content is higher on the less 
acid materials. Still higher concentrations occurred 
on a third type of lithology intermediate in reaction. 

Variation due to site in conifers is abundantly evi- 
dent from the great range of foliage content within 
species (Table 7 ) .  Steinbeck's ( 140) examination 
of five widely separated provenances of Scots pine, 
each planted at five locations in Michigan, revealed 
no significant effect of provenance or provenance- 
location interaction; by contrast, the differences as- 
sociated with location ranged from 27 to 170% of 
the mean concentration of Mn. 

The foregoing tables also serve to illustrate the 
change in Mn concentration with season (59) ,  but 
allow no generalization about existence of a late 
summer "plateau" in concentration. Similarly, no 
firm generali~ation about increases in conifer needles 
during the second and following years is possible, 
although most studies show a strong tendency for in- 
crease (1, 37, 70, 71, 145). 

Variation from year to year within species and site 

has not been studied though it is reasonable to sup- 
pose that large annual variations in available Mn 
supply must occur on some soils; for example, those 
subject to prolonged saturation in occasional years. 
In the pear, Mn accumulated during one episode of 
soil saturation maintained the foliar content a t  a 
high level for at least three years (55) .  The likeli- 
hood of similar effects in forest ecosystems deserves 
attention. 

Occurrence of Deficiency and Excess 

The few accounts from forest trees agree well with 
deficiency levels in orchard species (32) .  As Table 7 
indicates, leaves showing deficiency symptoms seldom 
contain more than 40 ppm. Values less than 20 
seem more usual, but probably represent more ex- I 
treme deficiency. 

Manganese toxicity in forest trees has been often , 
postulated, but seldom demonstrated in nature. In 1 

view of the large numbers of species and the great 
variety of soils on which they grow or are planted, 
however, it is reasonable to expect more well sub- 
stantiated instances of toxicity. Labanauskas' (88) 

I 
suggestion that growth of horticultural species is 1 
likely to suffer when foliar concentrations exceed 
1000 ppm (0.1%) probably will apply to some sus- I 
ceptible forest species. Yet numerous other species, 
oaks, beech, birches. and conifers, frequently con- 
tain from 1000 to 5000 ppm in the mature foliage 
(Table 7 ) ,  with no visible evidence of toxicity. 
Speculation about differences within or among species 
seems fruitless until more is known about the forms 
in which these gross concentrations exist in the leaf. 

In horticultural species excess Mn gives rise to 
a variety of symptoms, among which smaller leaves, 
severe chlorosis and appearance of yellow or necrotic 
spots are common (88) .  In apple a "distinctly 
purplish tint" was seen in leaves with interveinal 
chlorosis ( 18) . This coloring may be indicative, 
for in nutrient cultures of young birch having foliar 
contents of 1700 ppm Mn, the only symptom, apart 
from reduced growth, was increased anthocyanin 
coloring (74) .  

Small seedlings of silky oak (Greuillea) trans- 
planted into a soil high in manganese died within 
three weeks, apparently too rapidly to display charac- 
teristic symptoms. Foliar concentrations from 1900 
to 3600 ppm Mn pointed to toxicity (30) .  

Eucalyptus gummifera (red bloodwood) appar- 
ently suffering from Mn toxicity showed "vigorous 
but unhealthy" growth in pot cultures, with small 
chlorotic leaves, often distorted in shape. Death of 
the terminal bud on leader and major laterals was 



Table 7.  Reported Manganese Concentration in Tree Species. (See Note in Table 2 for explanation.) 

I - - -- 

RANGE KONCENTRATION 
I 

Sample Characteristics and Date Deficient Low Intermediate High Toxic Ref. 

Mn, ppm dry matter 

I PINES 
I Pinus banksiana; Mar. 412 5 1 

natural stands, late Aug. 100-220 102 
(tops) nutrient cultures, variable Mn 10 35-855 4445 102 

Pinus contorts; upper crown 40-yr trees, Nov. 293 8 
Pinus echinata 121-977 3 8 

100-700 12 1 
Pinus elliottii 330-346 38  
Pinus palustris; 170-334 3 8 

I natural seedlings, Aug.-Oct. 1 19-346 4 1 
Pinus patula >200 175 
Pinus ponderosa; lowest branches, open-grown trees, 1 +yr, June 38-102 108 
Pinus radiata; mature 220-460 4 

(shoots) nutrient cultures 140-800 176 
various soils and locations 42-905 175 

Pinus resinosa; Mar. 260 5 1 
20  stands, 0ct.-Nov. 200-900 145 

Pinus strobus; Mar. 184 5 1 
Nov.-Mar. 266- 1536 1 
Oct. 950 145 

Pinus sylvestris; 9 m. high, 0ct.-Nov. 7 78-1 60 72 
4-y r  pltn, upper foliage, 3 locality means 

45  seedlots, Nov.-Dec. 276,898,1008 141 
upper crown, Nov.-Feb. 610-1204 
3 -  and 10-yr pltn. 220-2280 104 
young pltn. 3 10-390 2 5 

Pinus taeda 306-392 3 8 

OTHER CONIFERS 
Abies balsamea; Mar. 862 5 1 

all foliage, one tree 1155 185 
Abies grandis; upper crown, Nov.-Feb. 2272 1 
Abies pectinata; upper crown, Nov.-Feb. 2160-2276 1 

seedlings 500- 1700 122 
Larix decidua; May 655 154 - 

U1 
Larix laricina; July 3 10 5 1 



Table 7. Reported Manganese Concentration in 

Sample Characteristics and Date 

Larix leptolepis; fall 
Picea abies; 15-19-yr, upper whorl, Dec. 

33-yr, f irst and second whorls 
upper crown, Nov.-Feb. 
1 meter high seedlings, 0ct.-Nov. 
pltn, 4th whorl, Aug. 

Picea glauca; Mar. 
Picea mariana; Mar. 

young trees, fall 
12  natural stands, late Aug. 
(shoots) nutrient cultures, variable Mn 

Picea rubens; all foliage, one tree 
Picea sitchensis; upper crown, Nov.-Feb. 
Pseudotsuga menziesii; 13-49-yr, upper crown, Aug. 

0ct.-Feb. 
upper crown, Nov.-Feb. 

Thuja occidentalis; Mar. 
Tsuga canadensis; Mar. 

all foliage, one tree 
Tsuga heterophylla; upper crown, Feb.-Apr. 

ANGIOSPERMS 

Aceraceae 
Acer platanoides; nursery 
Acer pseudoplatanus; fall 

Sept., 3 crown positions 
Acer rubrum; Oct. 

all foliage, one tree 
Acer saccharum; Oct. 

Sept. 

Corylaceae 
Alnus sp.; fall 
Alnus glutinosa 
Alnus rugosa; July 
Betula sp.; fal l  

Tree Species. (See Note in Table 2 for explanation.) (Continued) 

RANGE IN CONCENTRATION 

Deficient Low Intermediate High Toxic 
Mn, ppm dry matter 

1591 
300-2300 
270-5210 

1670-2630 
4-15 20  

327-402 
672-1052 

634 
474-618 

170 600-870 
2 7 45-1028 

1400 
1598-2043 
452-503 
687-758 
390-1294 

94 
4 1  9 
1500 

1583-1876 

Ref. 



Table 7. Reported Manganese Concentration in Tree Species. (See Note in Table 2 for explanation.) (Continued) 
t I 

RANGE IN CONCENTRATION 
Sample Characteristics and Date Deficient Low Intermediate High Toxic Ref. 

Mn, ppm dry matter 

Betula nigra; Sept. 
, Betula papyrifera; al l  foliage, one tree 

Betula populifolia; Aug. 15-Sept. 15  
Betula pumila; July 
Betula verrucosa; end Aug., f irst Sept. 

nutrient culture 

Fagus sylvatica; upper crown, Oct. 
3 crown positions, Sept. 

Quercus alba; June-Oct. 
Quercus bicolor; Sept. 
Quercus rubra (borealis); July, Oct. 
Quercus borealis; fal l 
Quercus ilex and Quercus pyrenaica 
Quercus palustris; Sept. 
Quercus petraea 
Quercus robur 
Quercus velutina; June 

Oct. 

Juglandaceae 
Carya ovata; Sept. 
Juglans nigra; Sept. 

Sept. 
Juglans regia; orchard 

Legum inosae 
Cladrastris lutea; Sept. 
Robinia pseudoacacia; Sept. 

fal l 
May, June, ? 

Magnoliaceae 

+ Magnolia macrophylla; Sept. 
2 



Table 7.  Reported Manganese Concentr .ation in Tree Species. 

Samole Characteristics and Date Deficient Low 

PINES 
Pinus banksiana; Mar. 

natural stands, late Aug. 
(tops) nutrient cultures, variable Mn 

Pinus contorta; upper crown 40 yr trees, Nov. 
Pinus echinata 

Pinus elliottii 
Pinus palustris; 

natural seedlings, Aug.-Oct. 
Pinus patula 
Pinus ponderosa; lowest branches, open-grown trees, 
Pinus radiata; mature 

(shoots) nutrient cultures 
various soils and locations 

Pinus resinosa; Mar. 
20 stands, 0ct.-Nov. 

Pinus strobus; Mar. 
Nov.-Mar. 
Oct. 

Pinus sylvestris; 9 m. high, 0ct.-Nov. 
4 yr pltn, upper foliage, 3 locality 

45 seedlots, Nov.-Dec. 
upper crown, Nov.-Feb. 
3 and 10 yr pltn. 
young pltn. 

Pinus taeda 

OTHER CONIFERS 
Abies balsarnea; Mar. 

all foliage, one tree 
Abies grandis; upper crown, Nov.-Feb. 
Abies pectinata; upper crown, Nov.-Feb. 

seedlings 
Larix decidua; May 
Larix laricina; July 

1 +yr, June 

7 
means 

(See Note in Table 2 for 

RANGE IN CONCENTRATION 

Intermediate 

Mn, ppm dry matter 

explanation.) 

High Toxic Ref. 
- 

5 1 
102 
102 

8 
38 

12 1 
3 8 
38 
41 

175 
108 

4 
176 
175 
5 1 

145 
5 1 
1 

145 
7 2 

141 
1 

104 
25 
3 8 

5 1 
185 

1 
1 

122 
154 
5 1 



common, and followed by abundant shoots from the 
basal lignotuber. Similar symptoms were observed 
in the field and clearly associated with foliar con- 
centrations above 1000 ppm. By contrast, Euca- 
lyptus saligna (Sydney blue gum) tolerated the same 
soils and even higher foliar contents ( to  about 4000 
ppm) without apparent injury (180). 

Three decades ago, in comparing the foliar com- 
position of green and chlorotic Scots pine, Nemec 
(103) found generally higher Mn concentrations 
(above 800 ppm) in the chlorotic foliage. He  held 
that the yellow or yellow-green discoloration was due 
not only to lack of K and Mg, but especially to high 
Mn uptake. Madgwick (94) has reported signifi- 
cant inverse correlations between foliar M n  concen- 
tration and total height or current leader length of 
individual trees within small plots on a K deficient 
soil. The relationship was not consistent among 
adjacent plots, honever, and he indicated a domi- 
nant effect of K nutrition, as shown by response to 
fertili7ation. 

More recently, Duchaufour and Rousseau (43) 
attributed differential survival of European fir seed- 
lings on larious humus types to Mn excess. No 
symptoms were obserled in the field, but potted 
seedlings grown on  null hurnus types with higher 
exchangeable Mn contents died sooner when water 
was withheld than those on a moder. Foliage of 
the dying wedlings on the mull type contained more 
Mn (1300 to 2500 pprn vs. 500 to 120, respectively) 
and the roots were blackened, resembling the ap- 
pearance produced in high Mn nutrient cultures 
(122). As Table 7 indicates, however, these con- 
centrations are within the range found in the mature 
foliage of Abicr. Results from the nutrient cultures 
are somewhat equivocal; mortality at 53 days after 
germination clearly increased with Mn concentrations 
of 5.5 pprn or above in the nutrient solutions, reach- 
ing 90 to 100% at 110 ppm. 

In contrast to these findings are Morrison and 
Armson's (102) results from a similar study with 
black spruce and jack pine seedlings in nutrient cul- 
tures containing up to 100 ppm Mn. Manganese 
concentrations in the seedling tops increased sharply 
\\ith increases in solution concentration but the 
maximum in both species was about 4200 to 4400 
ppm. At such concentrations growth was reduced 
to about 60% of the maximum but no mortality 
occurred. 

Foliar Mn concentrations of jack pine ranged 
between 100 and 220 ppm in natural stands having 
humus layers with reactions of p H  3.4 to 4.1 (102).  

(49) .  The difference between the two species in 
nature contrasts with their similarity in foliar con- 
centration when grown toqpthcr in nutrient cultures. 

These several accountr suggest the difficulties in 
establishing Mn excess as a consequential factor in 
natural vegetation, although the possibility merits 
critical consideration. 

I n  apple and pear, excess M n  not only produces 
leaf symptoms as noted above, but results also in 
a disorder termed "internal bark necrosis" (18, 55, 
179). Numerous small necrotic spots develop deep 
in the cortex and pericycle of young shoots; these 
become encysted by suberi~ed cells and subsequently 
appear at or near the sl~rface as raised points or 
pustules. This appearance of "measles" is grossly 
similar to some effects of bark fungi or R deficiency, 
but is produced only at bark concentrations above 
300 ppm of Mn. More extensive disturbance results 
in cracking and rolling of the periderm, "papery 
bark," especially in one year and older shoots. Lesions 
\I ithin the cortex result in characteristically rough- 
ened, scaly bark and, in severe cases, in splitting and 
dying of the bark. 

Such evidence suggests examination of forest spe- 
cies and Ross ( 1  20) has studied the association of 
Mn with bark cankers of unexplained origin in red 
oak. Manganese concentration was highest in bark 
over the cankers (ca 1200 ppm) and higher on 
affected trees than on unaffected, but he was unable 
to induce canker by M n  injections or soil treatments. 

Gross concentration of Mn in stem and branch 
bark varies greatly with species and site (60, 109, 181, 
1851, as has long been known, but the form of its 
occurrence and its siqnificance are largely unexplained. 

Soil Criteria of Deficiency or Excess 

Kinds of soil most subject to deficiency: 
1. Soils uniformly neutral to calcareous in the sur- 

face horizons (as opposed to those with an 
acid humus layer, or with circumneutral to acid 
aggregates between calcareous fragments) . 

2. Organic soils, moist alluvial soils, and ill-drained 
soils that are neutral to calcareous in the surface. 

3. Over-limed acid soils. 
4. Leached acid sandy soils from materials low in 

Mn-bearing minerals. 
Kinds of soil possibly subject to excess: 

1. Strongly acid soils (exclusive of No. 4 above). 
2. Especially, acid highly weathered soils, such as 

some tropical red soils, containing large total 
amounts of Mn (30) .  

3. Ill-drained soils and others subiect to Door 
Concentration in black spruce foliage from the same aeration during annual or occasional periods 
stands was 640 to 870 ppm (with one low value of saturation. May include some soils neutral 
of 170), similar to other findings with the species in reaction (55) .  
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Some fraction of the total soil M n  is subject to 
transformations that greatly increase or decrease its - 

availability to plants. Thus the soluble manganous 
form is rapidly oxidized to insoluble manganic Mn, 
with an  optimum for the reaction a t  p H  6-7.5 (e.g., 
55). O n  the contrary, M n  availability remains high 
in most strongly acid soils. I t  also appears that M n  
rendered soluble during decomposition of organic 
matter (33)  or cycled by vegetation remains highly 
available in many kinds of forest humus layers, even 
though their reaction, in bulk, reaches p H  7 (60, 122).  

Manganese oxidation is halted, and the manganic - 
forrn often reduced to the soluble manganous in 
poorly aerated soils. Presumably this occurs com- 
nlonly also in anaerobic microsites and moist subsoils 
of many soils. Saturation or "water-logging" of 
surface soil, however, may greatly increase soluble 
Mn,  even in neutral soil, with resulting injury to 
sensitive species (55)  . 

Liming acid soils reduces M n  solubility and may 
be required to grow species sensitive to excess. In- 
creasing soil reaction to p H  7 or above, on the other 
hand, as by overlirning, burning surface peat, irriga- 
tion with alkaline water, or eroding to or mixing in 
calcareous subsoils readily induces Mn deficiency in 
another group of species unable to absorb the element 
efficiently. Thus applications of ammonium sulfate, 
with its localized acid residue, may gi1.e better or 
poorer responses than other N carriers, depending 
upon plant M n  status. 

Interestingly, Sherman and Fujimoto (128) ob- 
served that a mulch of board slats reduced exchange- 
able Mn of a Hawaiian soil from 67 to 13 ppm, 
with a resulting effect on lettuce growth approaching 
that of t ~ v o  tons of lime. The  authors attribute the 
change to the greater solubility of M n  oxides up011 
dehydration, which the mulch largely prevented. 

As mentioned, soluble Mn may increase sharpIv 
with natural or artificial saturation of surface soil. 
Slow oxidation of soluble M n  in acid soils. or storage 
of excess within a tree (55) ,  may greatly extend the 
effect of intermittent saturation. Somewhat in con- 
trast, Mn deficiency on trees on marginal soils, as 
with Fe deficiency, is aggravated by long dry periods, 
apparently because roots cannot exploit the more acid 
or organlc surface layers. 

Manganese deficiency in susceptible soils has been 
eliminated by soil fumigation ( 8 8 ) .  

Soil Analyses 

Plant M n  content tends to increase with increasing 
soil acidity and within generally similar soils the 
correlation may be high. Such correlation becomes 
progressively poorer, however, as a wider range of 

soil materials, drainage, etc., is examined, and hence 
conclusions about the predictive value of p H  are 
varied. Beattie ( 9 ) ,  for example, has reported Mn 
deficiency and response in a silt loam with a reac- 
tion of 5.3. 

Estimates of M n  availability commonly depend 
on one or another of three types of extraction, 

I 
measuring water soluble, exchangeable, or easily re- 
ducible Mn.  Though each has found use, their pre- 
dictive vall~e over. a range of soils is limited or 
uncertain. Manganese concentration in spruce and , 

hornbeam seedlings. for example, was unrelated to 
readily reducible M n  in nursery soils, whereas 
pH alone accounted for about half the variation I/ 
found (57) .  More recently, Hoff and Mederski j 
(69) have shown that, over a variety of Ohio soils, t 

M n  extractable in 1 M N H 4 H 2 P 0 4  correlated better 
( r  = .90) with soybean leaf content than any other i 

measure. Phosphoric acid ( . l  N)  soluble and easily , 

reducible M n  by the Jones and Leeper procedure 
(alcoholic hydroqrlinone) also correlated reasonably 
well \vith concentration in soybean ( r  = .85, .81 respec- 
tively) and were superior in this respect to exchange- 
able Mn. 

Str~dics on internal bark necrosis of apple on 
strongly acid soils revealed little relationship between 
the contents of exchangeable and easily reducible 
(Sherman procedure) Mn. nor between either and 
the occurrence of the disease (18) .  Perhaps the 
latter merely exemplifies the limitations of examining 
the surface soil when a deep-rooted plant is involved. 

Control of Deficiency and Excess 1 
Control measures parallel those for Fe deficiency, 

except that ?oil applications of M n  arc generally 
useful when deficiency occurs in acid soils. Effective 
measures are spraying, inclusion of M n  in fertilizers, 
or locali/ed applicationr of 2-3 Ibs. of Mn sulfate 
pel tree for a year or rriore with orchald crops. 
Injections of solid salts are effective in some trees, 
including English walnut (162) .  Manganese chelates 
may habe some value for shade or shelter belt species 
on calcareous soils. 

Acidification of nursery soils or ir~igation water, 
as discussed for control of iron deficiency, ordinarily 
will i rnpro~e Mn availability but, as noted, numerous 1 
instances of M n  deficiency are found on acid soils. 

Liming is the usual means of reducing excess 
Mn in tilled soils, though not generally applicable 
except in nurseries. Toxicity to ne\vly planted tree 
seedlings can be reduced by lime or basic slag in 
the planting hole, or potting seedlings in a favorable 
medium (30) .  

Sprays of Fc salts or FeEDTA seem to offset 



Mn excess and may sornetirnes be useful in diagnosis 
or seedling treatment ( 180) . 

Significance in Forestry 

Manganese deficiency must be reckoned as a 
possible hazard in shade tree or shelter belt planting 
on some arid regions where surface soil reactions 
are high, or in forest plantings on eroded limestone 
materials. In  such locations it may readily be con- 
fused with Fe deficiency, which its symptoms resemble. 
Large differences in species adaptability are probable, 
as with Fe. 

Rut on acid or  coarse sandy soils M n  deficiency 
is probably more frequent than Fe deficiency. Thus, 
Schutte ( 125) demonstrated a combined deficiency 
of Mn, Mg and Zn in Rlzus tomentosa on a very 
sandy soil "almost devoid" of clay and organic matter. 
He noted that destruction of organic matter by fire 
and land clearing must often lead to lowered micro- 
nutrient availability in the less fertile soils still occu- 
pied by native vegetation. 

The relatively large return of M n  in tree foliage 
and other litter and its apparent availability in sur- 
face humus layers suggest that deficiency is unlikely 
whcn and xrhcrever such layers develop. O n  moist 
chalks or calcareous soils, however, intense earthworm 
activity may maintain a wholly calcareous surface 
for some decades after rrforestation; the instance 
of Mn deficiency-described by Ingestad (72, 71.) \\.as 
on such a soil. 

Concern about M n  toxicity is obviously tempered 
when one deals with indigenous species adapted to 
acid or ill-drained sites. High concentration in foliage 
and bark of healthy trees is better testimony for 
physiological accornmodation than for toxicity. Never- 
theless. levels of available M n  vary enormously in 
some landscapes, corresponding to lithology and soil 
development processes. Where thesr levels are high, 
tolcrance of excess can affect survival of planted 
species (30) and competition among the native ( 180'1. 

Measures to prevent Fe chlorosis in forest nurs- 
eries will usually aid M n  availability as well, except 
that over-application of Fe chelates has been known 
to induce Mn deficiency. The  possibility of M n  
deficiency even in acid soils should not be overlooked 
when well marked chloroses fail to respond to iron 
(40, cf. Wilson, 178).  The  elimination of M n  dc- 
ficiency on susceptible soils after fumigation parallels 
the behavior of Zn and may have some bearing on 
the favorable growth responses that often follow. 

Molybdenum 
Molybdenum deficiency is rare or essentially un- 

known in most orchard crops, with the exception 

of citrus (32, 76) ,  and is totally unreported from 
forest trees in the field. With the exception of N- 
fixing species, the foliar concentrations required are 
minute, usually well below 1 ppm;  and clear deficiency 
is not easily produced in nutrient cultures without 
greater than ordinary precautions against chemical 
impurities and contamination (3,  61, 62, 64, 101).  
Hence. the symptoms, foliar contents, and soil rela- 
tionships pertaining to forest trees can only be in- 
ferred from findings with other species (March 1956 
Soil Science, 32, 76) .  

Nevertheless, M o  warrants special mention because 
of its relation to the N economy of forests. Molyb- 
denum has a key role in the biochemistry of N 
fixation, and is required in relatively large amounts 
by free-living N-fixing bacteria, blue-green algae, 
legumes, and nodulated nonlegumes in order for 
these to utilizr atmospheric N. Hence, we must 
suppose that M o  deficiency or adequacy would have 
a large influence on the N status of unfertilized wild- 
lands and ecosystems, and so upon their productivity. 

Although no investigations of nodulated legumi- 
nous forest trees, such as Robinia, Lrucarna,  Albirria, 
etc., have been reported, there is every reason to 
believe that they respond to M o  deficiency in the 
same manner as other legumes. The symptoms of 
Mo deficiency in these are ordinarily those of N 
deficiency, for the fixation process i5 impaired a t  
concentrations much above that sufficient for the 
legume itself. Nodules are not lacking on deficient 
plants: rather they are usually abundant, but small 
and ineffective. 

The nodulated nonlegumes examined thus far 
sholv a predictably large requirement for Mo. 
Again. this requirement is to serve an efficient N- 
fixing system rather than the host tissue. The  high 
tissue concentrations of M o  and its effect on fixation 
are well shown by parallel studies with Alnus and 
Myrica. Becking's ( 10) r e s~~ l t s  \rith seedling A1nu.c 
glutinosa in pot cultures of a low Mo soil ( a  low moor 
peat at  p H  5.2) are summarized below: 

Dry Wt. 
Mo of N Content Total N - Mo -- Content of Plant _ 
Addition Shoots of Leaves Fixed Leaf Stem Nodule 

Symptoms on the deficient plants \rere pale leaves 
and marginal scorch of the lower leaxes, indicative 
of low N. Other examination showed very abundant 
nodules on deficient alder, in contrast to the fewer 
and larger nodulcs on plants with adequate Mo. 



Table 8. Molybdenum Concentration in  the Foliage of Selected Forest Species. (See note i n  Table 
2 for explanation.) 

Sample. Characteristics and Date Range 
Ref. 

Mo, ppm of dry matter 

PINES 
Pinus banksiana; Mar. 
Pinus contorts; 40  yr, Nov. 
Pinus palustris; range seedlings, Aug.-Oct. 
Pinus radiata 
Pinus resinosa; Mar. 
Pinus strobus; Mar. 

Nov.-Feb. 
Pinus sylvestris; Nov.-Feb. 

OTHER CONIFERS 
Abies balsamea; Mar. 
Abies grandis; Nov.-Feb. 
Larix decidua; Nov.-Feb. 

Larix laricina; July 
Larix leptolepis; Nov.-Feb. 
Picea abies; 13 stands, Site CI. I, Nov.-Feb. 
Picea glauca; Mar. 
Picea mariana; upper crown, Oct. 
Pseudotsuga menziesii; upper crown, Aug.-Feb. 

fall 
ANGIOSPERMS 

Aceraceae 
Acer pseudoplatanus; upper crown, fall 

Sept., Oct., top 
Acer rubrum; Oct. 
Acer saccharum; Oct. 

Corylaceae 
Betula sp.; fall 
Betula nigra; Sept. 
Betula pumila; July 

Fagaceae 
Fagus sylvatica; top, Oct. 

upper crown; fall 
Quercus alba; June, Oct. 
Quercus rubra (borealis); July-Oct. 
Ouercus borealis; fall 

Juglandaceae 
Carya ovata; Sept. 
Juglans nigra; Sept. 

Salicaceae 
Populus deltoides; Sept. 
Populus grandidentata; Sept. 
Populus tremula; fall 

NITROGEN FIXING SPECIES 
Legumes: 
Robinia pseudoacacia; fall 
Non-legumes: 
Alnus sp.; fall 
Alnus glutinosa; young leaves 

cultures; seedling leaves 
Alnus rugosa; July 
Ceanothus americanus 
Myrica asplenifolia; July 
Myrica gale; cultures; seedling shoots 
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I These findings are similar to those obtained by 
Bond and Hewitt (20) with seedlings of Myrica 
gale in solution culture; a single example is shown 
below : 

Mo Dry ~ t .  N rota1 N Mo Content of Plant- 
Added of Plant Content Fixed Shoot Nodule 

Nodulated nonlegumes are conspicuous members 
of some forest communities where lepumes are few 

u 

or lacking. There is abundant evidence that asso- 
ciated trees benefit from the increased N supply 
(e.g., 149, 182) paralleling the effect of legumes. 
It seems clear that the Mo status of legumes and 
nodulated nonlegumes, trees, shrubs, or herbs should 
be examined wherever N is found to be limiting 
in organic productivity. 

~ i l d m a n ' s  (54) studies of phytoplankton produc- 
tivity in Castle Lake, California, indicate that fixation 
by adjacent stands of Alnur tenuifolia is a significant 
source of N for the lake. At the same time, low 
Mo limits fixation within lake waters. Evidence 
from bottom sediment cores indicates that Mo con- 
centrations in the lake were formerly much higher, 
and he speculates (54) that competition for Mo by 
Alnus stands now abundant on the watershed may 
be reducing its content in drainage waters reaching 
the lake. 

Soils consiened to the forester's care because of 
low fertility include some with very low levels of 
available Mo. Molybdenum response, or low con- 
tent in plants, has been demonstrated with some 
serpentine soils ( 166), acid sphagnum peats (93) , 
"ironstone" soils (where Fe released in weathering 
has formed secondary Fe deposits entrapping M o ) ,  
strongly acid soils, and laterites. Attempts to in- 
crease productivity in any of these environments 
likewise will require awareness of possible Mo defi- 
ciency. Moreover, the increasing recognition of 
deficiency in crop plants on acid soils (e.g., 65) 
suggests that the problem of limited supply is not 
restricted to "unusual" soils. The possibility of de- 
ficiency should be considered wherever black locust 
or alder, for example, are planted on acid soils. 

Treatment of Mo deficiency in crop plants usually 
hay required very small amounts - 1-4 ounces of 
sodium molybdate per acre or sprays containing 
.01% sodium molybdate (76) . 

Zinc 
The most spectacular example of micronutrient 

effects in forest trees is the Zn deficiency of planted 

pines in western and southern Australia (144).  
Despite widespread knowledge of this occurrence, and 
the increasing frequency of Zn deficiency in crop 
and orchard species (29, 15 1 ) , no additional instances 
in forests have come to light. Rather, Viets (164) 
comments that there is no record of Zn response in 
native vegetation, and only Schutte's (125) observa- 
tions in South Africa stand in contradiction. Though 
this state of affairs doubtless reflects insufficient 
observation, it is a consequence also of the associa- 
tion between Zn availability and fresh organic re- 
mains, and of the possible role of accumulator plants 
in mobilizing soil supplies. Meanwhile, routine use 
of Zn sprays, with their remarkably persistent effects, 
have all but eliminated the problem in the susceptible 
areas of Australia (H. Waring, Pers. Comm, 1967; 
112, 150). 

Visual Symptoms of Deficiency and Excess 

Zinc deficiency is more common in climates with 
high light intensities and symptoms are expressed 
more strongly on the sunny side of the tree than 
in the shade (164).  The common symptoms in 
woody plants are marked chlorosis or bronzing of 
younger leaves, especially in the top or individual 
branches, loss of older leaves from leading shoots, 
"rosettes" or dwarfed leaves on crowded terminal 
nodes, and dieback of affected shoots. In orchard 
crops, Zn deficiency may first appear as a chlorotic 
mottling of interveinal areas; sometimes only a few 
leaves or branches are affected. Mottling or bronz- 
ing and defoliation often progress upward, leaving 
bare stems. The terminal rosettes have closely 
spaced, small and discolored leaves, which may be 
stiff, narrow, crinkled or ragged, and carried at an 
acute angle. Strongly affected shoots die back and 
foliage of replacement branches often appears normal 
for a time (27, 29).  Detailed symptoms for a few 
species are given in Table 9. 

The Australian accounts (144) of deficiency in 
pine emphasi7e the extreme stunting especially when 
plantations are affected early. Extreme shortening 
of branches, needles and needle spacing in the upper 
part of the tree are characteristic, together with 
general yellowing of foliage and loss of all but the 
first or 3econd year needles. Dieback of tops is fre- 
quent; recovery processes may either maintain a single 
stem or produce "brush brooming." Despite the use of 
some of the same phrases in description, the syndrome 
is entirely different from that of B deficiency. 

In  crop and orchard plants excess Zn produces 
a chlorosis characteristic of Fe deficiency. So strik- 
ing is this that Cannon (28) traced a till-covered 
Zn-bearing dolomite for a distance of 20 miles in 



Table 9. Specific Symptoms of Zinc Deficiency. 

Pinus radiata 

Pinus pinaster 

Pinus strobus 

In field. Rosetting - Lateral branches short and at an acute angle, with 
needles generally less than 5 cm; only late-formed needles of current 
year retained. Needle color varies from green to bright yellow or brown 
at tips, with reddish-brown dead foliage beneath live tufts. Height growth 
may continue, but stagnation and malformation usual. 

Dieback: Short needles, poor color and growth from beginning. Usually 
in 4th to 8th year the terminal and upper whorls of many trees die, while 
lower branches remain normal. In severely affected 15-year trees the 
upper needles were very short, occasionally only 1 cm., with only 2 years' 
foliage retained; upper branches short, lower branches normal with sparse 
foliage; needles yellow to  green with yellow or brown tips. Tops die back 
and recover to varying degrees, but single stem usually maintained 
(Stoate, 144). 

In field: Outstanding characteristic is golden yellow color of many 
needles; base pale green, tips often bronze. Needles between 3.7 and 
7.5 cm long and in severe cases only current foliage retained. Shoots 
short, with tufted foliage. Side branches retained though needles few 
(Stoate, 144). 

Eleven-month seedlings in nutrient culture: Primary needles blue-green 
with yellow-orange tips becoming necrotic. Fascicled needles long, pale 
blue-green with light yellow tips. Root system short, dark colored (Hacs- 
kaylo, 62). 

New York, guided by the recognizable chlorosis of 
crops in the nearby high Zn peats. She notes that 
yellowing of trees rooted in mineral soils high in 
Zn has been obcemed in New Hampshire and the 
Driftless area of Wisconsin and used in prospecting 
for Zn in the limestones of Missouri. 

Ragweed (Ambrosia), which accumulates high 
concentration., of Zn, is tolerant and grew well where 
other plants were stunted by excess (29. 119). Such 
behavior i~ not known for Zn-accumulating woody 
plants (Table 1 1 )  but may well be found in some. 

Tissue Analyses 

The foliar content of Zn ranges widely, influenced 
by both soil and species.  able 10 suggests a "nor- 
mal" range of 15 to 125 ppm to embrace many 
nonaccumulating species. 

Changes in Zn concentration with maturity were 
slight in first year foliage of Norway spruce and 
Scotch pine ( 1 ) .  The successively older needles 
of qeaferal coniferous species may contain either more 
or less Zn than mature first year foliage (1, 8, 2 7 ) .  
but it is by no means certain that small changes 
indicate any net translocation. 

Similarly, the Zn concentration in European beech 
leaares from two unlike soils remained relatively con- 

stant between June and September, followed by slight 
changes before leaf fall ( 1 ) .  " \ ,  

The evidence cited above would suggest that 
samplina date is not a highly critical factor in diag- 
nosing Zn deficiency, although sample position may 
be. With grey birch, however, which is a Zn-accu- 
rnulating species, late September samples from two 
types of anthracite coal spoils were markedly higher 
than those from the same trees in mid-August, as 
shown below. ( N = 3 ;  each sample a composite 
from the upper first year shoots of 10 trees) (35) : 

Spoil Type and Sampling Date 

Leaf Position Aug. 15-26 Sept. 29-30 - 

ppm Zn . . 

Type I 
b 

Older (Proximal) 289 432 t' 

# 2 
Younger (Distal) 205 408 

i w - 
n 

Type II I!?' 
Older (Proximal) 430 572 
Younger (Distal) 267 465 

Critical foliage concentrations for deficiency in 
orchard crops have not been established but the 
levels associated with deficiency symptoms are mostly 
less than 20 ppm. Symptom-free foliage of the 



Table 10. Reported Zinc Concentration in Tree Species. (See Note in Table 2 for ex~lanation.) 

RANGE IN CONCENTRATION 
- --- 

Sample Characteristics and Date Deficient Low Intermediate Hieh Toxic Ref. 

Zn, ppm dry matter 
PINES 

1 Pinus banksiana; Mar. 74 5 1 
I 

Pinus contorts; upper crown, Nov. 5 2 8 
Pinus echinata 2 5 3 8 
Pinus elliottii 30-59 3 8 

15-75 158 
Pinus palustris 33 38 

range seedlings, Aug-Oct. 12-40 4 1 
Pinus patula 28-41 157 
Pinus radiata; pltn 1-5 5-1 1 19 144 

nursery 32 144 
various soils and locations 30-54 175 

Pinus resinosa; Mar. 41 5 1 
Pinus strobus; Mar. 66 5 1 

upper crown, Nov.-Feb. 72-84 1 
Pinus sylvestris; upper crown, Nov.-Feb. 36-80 1 

4-yr pltn: 3 locality means for 
45 seedlots, Nov.-Dec. 58.63.67 141 

young pltn 32-33 2 5 
Pinus taeda; 4-yr pltn 

I 
OTHER CONIFERS 
Abies balsamea; Mar. 

all foliage, 8" tree 
Abies grandis; Nov.-Feb. 
Abies pectinata 
Auracaria angustifolia 
Larix decidua; upper crown; fall 
Larix laricina; July 
Larix leptolepis; upper crown; fall 
Picea abies; first whorls 

upper crown, Nov.-Feb., 13 stands-Site I 
8 stands-Sites I - IV 

pltn, 4th whorls, Aug. 
Picea glauca; Mar. 
Picea mariana; Mar. 

upper crown, Oct. - 
m Picea rubens; all needles, 8" tree 
~1 Picea sitchensis; upper crown, Ngv.-Feb. 



Table 10. Reported Zinc Concentration in Tree Species. (See Note in Table 2 for explanation.) (Continued) 

RANGE IN CONCENTRATION 
- 

Sample Characteristics and Date Deficient Low Intermediate High Toxic Ref. 
Zn, ppm dry matter 

Pseudotsuga menziesii, upper crown, Nov.-Feb. 
upper crown, Aug.-Feb. 

Sequoia sempervirens 
Thuja occidentalis; Mar. 
Tsuga canadensis; Mar. 
Tsuga heterophylla; upper crown, Apr.-Feb. 

ANGIOSPERMS 

Aceraceae 
Acer pseudoplatanus; upper crown, fall 

3 crown positions, Sept. 
Acer rubrum; Oct. 

all leaves, one tree 
Acer saccharum; Oct. 

Sept. 

Corylaceae (See also Table 11 for Betula) 
Alnus glutinosa; fall 
Alnus rugosa; July 
Carpinus betulus; fall 
Ostrya virginiana; Sept.-Oct. 

Ebonaceae 
Diospyros virginiana; Sept. 

Euphorbiaceae 
Aleurites fordii 

Fagaceae 
Quercus alba; June, Sept. 
Quercus rubra (borealis); July-Oct. 
Quercus borealis; upper crown, fall 
Quercus palustris; 
Quercus velutina; June 

Sept. 

Hamamelidaceae 
Liquidambar styraciflua; Sept. 

Juglandaceae 
Carya ovata; Sept. 

- -  - - . - I. -. -.:-- I- r--- c---:-- re,.,. N-+- ;n Tahln 3 fnr aunlanatinn.) (Cnntin~~nd) 



lame lu. KepOrted rlrlc boncenrrarlon rn lree 3pecres. (see Note in Table 2 for explanation.) (uonttnuea) 

RANGE IN CONCENTRATION 
Sample Characteristics and Date Deficient Low Intermediate High Toxic Ref. 

Zn, ppm dry matter 

Larya illinoensis; orchard I r-1.u 66-202  4 1 
Juglans cinerea; Sept. 5 8  5 1 
Juglans nigra; Sept. 5 0  5 1 

fall 4 2  9 7 
Juglans regia; orchard, apical 6-8" 16-30  In 29 

Leguminosae 
Cladrastris lutea; Sept. - . .  . . - KoDinia pseudoacacia; Sept. 

fal l 
June 

Magnoliaceae . . .  . . 
L~r~odendron  tulipifera; Sept. 
Magnolia macrophylla; Sept. 
Magnolia virginiana; means 5 soils x 3 dates 

I luysaawat: 

I Nyssa sylvatica; means, 6 soils x 3 dates 

I 
Oleaceae 
Fraxinus americana; Oct. 
Fraxinus excelsa; upper crown, fall 
Fraxinus quadrangulata; Sept. 

I Rosaceae - . . 
r runus  serotrna; June-Sept. 

Sept. 
* .. 

, tall 
I Salicaceae (See Table 11) 

Tiliaceae 
Tilia americana; Oct. 

-I-:,:- --..-'-A- 
Sept. 

r .. 
I llla ~uruaca; upper crown, Tali 

May 
UII IIQLedt: - Ulmus americana; Oct. 

-4 Sept. 
park, Sept. 



same species nearby may contain as little as 5 to 
10 ppm (29) .  

Apart from pine, deficiency levels of forest trees 
in the field are unknown, except by inference from 
Table 10. In  radiata pine acute deficiency was 
marked by foliage concentrations of 1-5 ppm. Trees 
returned to health by Zn treatment contained 5 to 
9 ppm, about twice to five times the content of still 
deficient trees, whereas untreated healthy trees con- 
tained 10 ppm (144). Table 10 indicates that several 
conifers and some hardwoods may range as low as 
10-15 ppm Lvithout show~ing deficiency symptoms. 

Analyses of six tree species from NE U. S. indicate 
that Zn concentration in twigs, small roots, branch 
bark and stcm hark very commonly equals or exceeds 
the average content of foliage (185).  

Ql~estions of Zn excess must take account of 
large differences among genera. As Table 11 
shows, species of B(~tula,  Populus, Salix, Ilex, Clc- 
thra, and Taxur attain much higher foliage con- 
centrations of Zn than other species, even when 
growing together (12, 52, 90) .  Thus, although the 
mean values for Ilax glabra in Table 11 are not 
high in absolute terms, they are 2-3 times greater 
than those of the companion species, blackgum, 
slveet bay and broomsedge (Andropogon glomr~ratus) 
( 1  2 ) .  Doubtless other such accumulators will be 
discovered as more woody species are examined. 
The lowest foliar concentrations of the above species 
fall well within the normal range of nonaccumu- 
lators; the highest frequently exceed the 400 ppm 
level which Chapman (29) suggests as indicative of 
excess in horticultural species. There is no real evi- 
dence that the above accumulators have any greater 
tolerance to excess soil contents, though this may prove 
true of some, especially birch (90) .  Willow used 
as a \+rindbreak on the high Zn peats of New York 
State shows the same geographic pattern of chlorosis 
and poor growth as the adjacent vegetable crops. 
Black poplar hybrids survived moderately well and 
made excellent growth on sandy alluvium heavily 
conta~ninated with mine tailings high in lead and 
Zn (82) .  

Soil Criteria of Deficiency and Excess 

Following Chapman's summary (29) ,  the kinds 
of soils most subject to deficiency are: 

1. Acid leached sandy soils low in total Zn. 
2. Soils derived from acidic rocks, such as granites, 

and gneisses; e.g., a Cecil sandy clay loam 
averaged 4 ppm total Zn ( 2 ) .  

3. Neutral to alkaline soils in ~vhich Zn avail- 
ability is low. 

1. Subroils, especially of the above, when exposed 
by erosion or grading. 

5. High P soils (151 ) and, notably, areas enriched 
in P, such as old corral and barnyard sites, 
Indian burial grounds, etc. (29) .  

On some soils heavy P fertili~ation has reduced 
foliar Zn content and appears linhed to the preva- 
lence of deficiency in sensitive crops such as corn. 
The highly variable effect of "ashbeds" (sites where 
logs and slash \$ere burned) on planted pines in 
Australia may well be linhed to increased P mail- 
ability in tbe heated soil. On some areas improved 
growth appeared to be a P response; in others, 
perhaps with lower Zn status, Zn rosetting was 
induced or intensified. 

Zinc deficiency is more likely on exposed subsoils 
and is intensified by clean cultivation. Contrarily, 
Zn accumulated by weed fallows or green manures 
reduced deficiency in the succeeding crops (1  19) .  

Markedly higher Zn content has been found in 
thc surface soil of forests, and is attributed to reten- 
tion of Zn returned by veqetation. The only sub- 
stantial demonstration of this effect, however. seems 
to be Hibbard's (68) observations in California, 
abbreviated below : 

Sequoia Pinus 
sempervirens ponderosa (?) Iluercus sp. 

Zn, ppm 

Foliage, 
fresh green 39 3 7 40 

Foliage, 
much decomposed 97 150 98 

Soil, 
0-1" depth 4 1 5 6 68 

Soil, 
1-3" depth 19 2 7 19 

Soil, 
11-17" depth 8 8 10 

The generality of such concentration requires 
examination. Tiller (153) found little or no accumu- 
lation of Zn and Cu in the litter of first generation of 
P. radiata on infertile sands. I t  would appear, how- 
ever, that Zn availability in new plantations should 
improve materially after a forest floor is established, 
unless the total content of Zn is extremely low. 

The possible consequences of continued heavy 
application of P fertilizers on Zn availability in sandy 
nursery soils deserve attention. Recent evidence 
from crop species (148, 171) suggests, however, 
that Zn-P interactions at  the root surface or within 
the plant are more consequential. 

Liming acid soils to above pH 6 may reduce 
Zn availability. O n  the other hand, cover crops 

- 
San 
- 



! Table 11. Zinc Accumulator Species and Genera. (See explanatory note in Table 2.) 
i 

Sample Characteristics and Date Range Ref. 

Zn, ppm dry matter 

Aquifoliaceae 
llex glabra; means: 3 dates x 6 loc 
llex opaca 
llex verticillata 
Nemopanthus mucronata 

Clethraceae 
Clethra alnifolium; means: 3 x 2 loc. 

Corylaceae 
Betula sp.; upper crown; Flottsand 

Alluvium 
Betula alleghaniensis (lutea) 
Betula nigra 
Betula papyrifera 

al l  foliage 
Betula pendula 
Betula populifolia; range, 1 5 0  samples, Sept.-Oct. 
Betula pumila 
Betula sandbergi 

Salicaceae 
Populus alba 
Populus balsamifera 
Populus deltoides 
Populus grandidentata 

Populus tremula 
Populus tremuloides 

Salix alba 
Salix amygdaloides 
Salix bebbiana 
Salix nigra 
Salix purpurea 
Salix fragilis 
Salix caprea 

Taxaceae 
Taxus canadensis; 1-yr foliage, Apr. 

3-yr " 
1-yr foliage, Mar 

seem to increase availability of native Zn, and certain 
types of organic addition, e.g., peat, bark (185) 
contribute moderate amounts. Of particular interest 
in nurseries is the increased plant uptake of Zn 
following fumigation of soils even on those subject 
to deficiency (29, 151 ) . 

Excess Zn in plants is known from three situations: 
1. Soils from rock high in Zn, including some lime- 

stones and dolomites, ore outcrop areas, and 
probably sulfide-rich coal mine spoils. 

2. Peats enriched in Zn from the groundwater, 
especially in the vicinity of the above. Toxicity 
is increased after drainage of the peat. 

3. The vicinity of Zn and lead mines and processing 
areas. Alluvium from waste dumps may affect 
stream bottoms for long distances (82) .  



The high-Zn peats of New York contain up to 
6% Zn, and even more at  localized points (138).  
In  the natural swamps the Zn occurs largely as the 
insoluble sulfide; drainage favors oxidation to the 
soluble sulfate form, greatly increasing toxicity. 

Corrosion of galvanized iron containers, hardware 
cloth, etc., especially in contact with soil, may pro- 
duce localized Zn toxicity ( 16, 29) ; this is most 
likely with acid sandy soils. On the other hand, 
traces of Zn from galvanized rabbit wire netting 
caused spectacular recovery of Zn-deficient pines in 
western Australia ( 144) . 

Soil Analyses and Control of Deficiency 

Thorne ( 15 1 ) and Chapman (29) have reviewed 
soil analytical procedures useful in diagnosing defi- 
ciency or excess. In some soil areas total Zn content 
may be as useful as extractable Zn in predicting likeli- 
hood of deficiency (2, 151).  Current procedures, 
however, usually depend on extraction with ammo- 
nium acetate (pH 4.6),  ammonium acetate with 
dithiazone - carbon tetrachloride, or 0.1 N HCl. 
In neutral and alkaline soil. titratable acidity or 
pH may be incorporated as a variable to take 
account of reduced plant availability. Recently 
Stewart and Berger (142) have found excellent 
correlztion ( r  = .93) between Zn concentration 
in Japanese millet, grown as a test crop, and Zn 
extractable in 2 N Mg Cls. The absolute quantities 
extracted were smaller than those obtained by other 
procedures, but the correlation with plant Zn was 
much superior. 

The mold, Aspergillus nigpr, responds to available 
Zn and is used as a test organism in a biological 
assay procedure. The results are comparable with 
extraction by chemical procedures. 

No threshold values for toxicity can be stated. 
Addition of from 80 to 400 ppm soluble Zn to acid 
mineral soils has produced toxicity in crops, but the 
symptoms were readily overcome by liming (29) .  

Broadcast applications of 10 to 25 Ibs. Zn sulfate 
have remedied deficiency in several crop species in 
sandy soil. Much heavier applications have been 
required or used on orchard crops, often as localized 
additions around individual trees. Such applications 
are sometimes ineffective, however, or, contrarily, 
produce toxicity (29) .  Stoate ( 144) applied from 
4 oz. to 4 lbs. Zn sulfate to individual young pines 
with favorable response. 

Zinc chelates at rates of 1-2 lbs. per tree have 
proved effective with a few orchard crops on acid 
sandy soils (29, 32, 151) ; extent of usefulness on 
other soils is less certain 1164). 

1 z 

In general, however, Zn sprays are the preferred 
means of treatment (29),  since dosage and effect 

are more nearly independent of soil. Concentrations 
applied to orchard crops in leaf are commonly 1.1 to 
2.2% ZnSO.l with one-half the weight of Ca(OH):! 
added to reduce leaf injury. Dormant sprays are 
often 5.5%. Neither type of spray was very effective 
on English walnut. 

Standard treatment for pine in the Australian 
areas of deficiency is 2.5% ZnS04 at the rate of 
10 gal. per acre (141, 150). Coverage need not 
be entire. I t  appears that a single application is 
effective for the life of the stand, and carry-over 
effects have been seen in natural regeneration on 
treated areas that subsequently burned. 

Trunk injection of Zn solutions or solid salts 
placed in bored holes overcome deficiency. Similarly, 
metallic Zn as galvanized strips, nails or glazier's 
points driven into the sapwood provide long-time 
effectiveness in many woody species, including pecan 
and English walnut. As a measure of the small 
amounts required, Stoate (144) reports that a single 
roofing nail restored a 2 inch diameter tree of P. 
pinarter to vigorous growth. In P. radiata such 
metal implants had much smaller and more temporary 
effect but, in any case, foresters presumably would 
be inclined to apply such treatments sparingly. Like- 
wise, Stoate's observation of a kangaroo skeleton 
beneath the single green pine in an otherwise deficient 
plantation has somewhat limited implications for 
silvicultural practice. 

Consequences for Forestry 

Stunting of planted pine by extreme Zn defi- 
ciency is well illustrated by the response of "severely 
disordered" Pinur pinaster. At the age of nine years 
trees were treated with galvanized nails or Zn strips 
driven into the base, with the following results ( 144) : 

Galvanized 
Control roofing nails 

Height at 9 years (ft) 6.4 4.8 
Height at 22 years (ft) 11.5 21.2 

The surviving controls were all on old ash beds. 
Zinc deficiency is unreported in forest trees in the 

U. S. Its widespread occurrence in orchard crops 
both on weathered sands in the South and neutral 
to alkaline soils of the West suggests, however, that 
deficiencies may yet be found in plantations or shelter- 
belts. The symptoms of acute deficiency are suffi- 
ciently striking, and response to foliar sprays or metal 
implants is so marked that diagnosis should be simple. 
Localized biogenic concentration of P at old corrals, 
barnyards, habitation sites, and former bird roosting 
or nesting sites -such as of buzzards, passenger 
pigeons and, most notably, seabirds (48) -is a 



prospective source of deficiency long after its origin. 
It is possible that the ash bed effect may occasionally 
act similarly. Though none of these occurrences are 
likely to affect large areas, they are prospective addi. 
tions to the puzzling irregularities sometimes en- 
countered in young plantations. 

The concentration of Zn within surface organic 
layers, and the relative abundance of known accumu- 
lator plants - Ilex, B ~ t u l a ,  Populus - imply that de- 
ficiency in established stands will be uncommon. Yet 
the indications of greater cold resistance and in- 
creased growth in tung trees at  concentrations much 
higher than needed for control of symptoms (6) may 
warrant investigation in forest species also. 

Instances of Zn excess in nature are few but too 
widespread to be ignored when foliar symptoms 
suggest Fe deficiency. 
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