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Essential  Elements  Of  Tree  Health
by  Dr. Kim D. Coder,  Warnell School of Forestry & Natural Resources,  University of Georgia

Life on Earth is a function of water, geology, and atmosphere.  Life extracts materials in many forms
from the Earth system and generates more complex materials using energy derived from chemical transfor-
mations or sunlight.  Past and current successes of material accumulation and concentration, plus failure of
any life generated materials to be instantly decomposed, provide a basis for many trophic levels of life to
exist.  The foundation of Earth’s ecology rests primarily with sunlight-capturing and material-extracting green
plants.

Green plants use fabricated organic materials, with or without associated inorganic elements, to
capture light in narrow wavelength windows.  This light energy is held within specialized compounds which
allow chemical reactions to transfer energy away into other materials.  These materials help power a series
of energy exchanges and concentration gradients behind biological membranes.  The energy extracted from
light is used to perform work in a cell and among cells within an organism.  Trees do all of this plus transport
materials long distances and live many years.

Components
Eighty percent (80%) of all component materials of a living tree is water taken from the soil, with

minute amounts taken directly from the atmosphere and precipitation.  Of the remaining components seen as
a tree, roughly 19% are three elements derived from water and carbon-dioxide gas.  These elements (i.e.
carbon (C), hydrogen (H), and oxygen (O)) are chemically combined and elevated to a higher energy level
visible as all tree parts.  The remaining ~1% of tree material is composed of essential elements removed
from the soil, although small amounts of some essential elements can be extracted from the atmosphere (i.e.
sulfur (S) and chlorine (Cl)).  Figure 1.

The sunlight powered synthesis process of a tree leads to other organisms consuming tree materials
in some form, whether herbivores, parasites, scavengers, or symbionts.  All organisms deriving life energy
from this process generate waste, shed parts, and die.  Synthesized materials outside living membranes
decompose into simpler components, finally releasing all essential elements to the environment.  These
essential elements are usually reprocessed by other local organisms, chemically held on the site, or eroded /
leached away from the site.

Tree Recipe
Although only 1% of tree life materials are derived from essential elements taken from a soil, failure

to secure all essential items lead to primary deficiencies, secondary symptoms, compounding problems, and
metabolic dysfunction.  The recipe for building a healthy and structurally sound tree depends upon precise
concentrations of essential elements.  Table 1 provides the relative proportion of essential elements in trees.
To much or too little of any essential element can lead to minor health issues at least, or catastrophic failure
and death at most.

One means to appreciate essential element proportions in a tree is to use a box diagram.  Figure 2
provides a large box representing the relative proportion of elements based upon the relative amount of
carbon (C) and oxygen (O) in a healthy tree.  This box figure shows the mega-elements and myri-elements.
Other elements in trees are represented by other boxes whose areas represent their proportions in a tree.
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Figure 1:  General sources of tree life materials.
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 average in tree         relative
element symbol (parts-per-million) proportion in trees

group 1:  (mega-)
carbon    C 450,000 ppm    1,000,000
oxygen    O 450,000 ppm    1,000,000
hydrogen    H   60,000 ppm       133,000

group 2:  (myri-)
nitrogen    N   17,000 ppm         38,000
potassium    K   12,500 ppm         28,000
calcium    Ca   10,000 ppm         22,000

group 3:  (kilo-)
magnesium    Mg     2,500 ppm           5,500
phosphorus    P     2,250 ppm           5,000
sulfur    S     1,500 ppm           3,300

group 4:  (hecto-)
chlorine    Cl        250 ppm              550

group 5:  (deka-)
iron    Fe          75 ppm              170
manganese    Mn          45 ppm              100
zinc    Zn          38 ppm                85
boron    B          30 ppm                65
copper    Cu          20 ppm                45

group 6:  (deci-)
silicon    Si           0.7 ppm      1.5
molybdenum  Mo           0.5 ppm      1.1
nickel    Ni           0.4 ppm      0.9
cobalt    Co           0.2 ppm      0.4

Table 1:  List of essential elements for tree life, average
concentration in trees, and relative proportion in trees
with carbon and oxygen set at 1 million (average values
from multiple sources).
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Figure 2:   Relative proportion of tree essential elements
(concentration groups 1 (mega-elements) & 2
(myri-elements).  “X” is the relative proportion
of all remaining tree essential elements.
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Note the letter “X” is placed within a box whose size is proportional to all the remaining essential elements in
a tree.  This “X” box is blown up to a larger size in each subsequent box figure.  Figure 3 shows the relative
proportion of the kilo-elements and hecto-elements in trees, with the “X”  box representing the remaining
elements found in smaller proportions.  Figures 4 shows the deka-elements, with the “X”  box representing
the remaining elements found in smaller proportions.  Figure 5 shows the deci-elements essential in trees.

Adequate is Good
Tree essential elements are described in six concentration groups:  mega, myri, kilo, hecto, deka,

and deci.  These groups represent the general concentration needed for healthy trees.  Figure 6 shows a
curve of more specific regions of each element’s concentration versus tree health.  At low concentrations
any essential element is deficient.  As concentrations increase, an adequate zone is reached.  Beyond
adequate lies super-abundance and toxicity zones.  Effective use of element resources is always dose
dependent.  As roughly 20% relative element concentration is approached, relative tree health requirements
reach 90%.  As element concentration exceeds 20% an adequate amount is usually attained by a tree.

Any element concentrations ranging too far away from adequate levels will damage the tree through
toxicity (too much) or deficiency (too little).  Some essential elements cannot vary much from adequate
concentrations because they can quickly lead to toxicity problems.  Figure 7 shows a much narrower
adequate zone and a much quicker passage to toxicity.  Some essential elements like metals follow more
closely this narrowed curve where the line between deficient and toxic is close.

Flexible Till Death
Tree genetics are constantly interacting with environmental messages of abundance, adequacy,

deficiency, and toxicity.  The genetic components of trees continually modify optimization of growth, health,
and structure depending upon immediate resources available and past resource legacies.  There exists some
flexibility / plasticity in optimizing tree life under environmental constraints currently present.  This flexibility
does impact essential element availability interactions as used by a tree.  Biological rules of growth and
development decree element proportions and amounts can not be modified by much.

Elements  Of  Life

Trees utilize 19 elements for life processes.  Many more elements can be found inside a tree but are
only there related to their presence in the environment.  Figure 8.  All elements essential for tree life are
varied in chemistry and provide varied biochemical services to a tree.  Some are used in only one or two
processes (i.e. molybdenum (Mo)), while others are used to swaddle everything else (i.e. potassium (K)).
Understanding tree essential elements help tree health care providers better manage trees and sites.  Defin-
ing what is meant by an “element” and an “essential element” is key.

Not Nutrient!
It is critical in discussing tree essential elements to place clear definitions around traditional terms

sometimes mistakenly used.  Failure to maintain definitional discipline generates useless jargon and can lead
to mistakes.  The first definitional error can occur around the term “nutrient.”  A tree nutrient is a compound
with potential chemical energy associated with its chemical bonds, and can be used within a tree for trans-
ferring energy and / or building structural materials.  For example, sugars are nutrients while a nitrogen atoms
are an essential element and not nutrients.
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Figure  3:   Relative proportion of tree
essential elements  (concentration groups 3
(kilo-elements) & 4 (hecto-element).  “X” is the relative
proportion of all remaining tree essential elements.
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Figure  4:   Relative proportion of tree essential elements
(concentration group 5 (deka-elements).  “X” is
the relative proportion of all remaining tree
essential elements.
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Figure  5:   Relative proportion of tree essential elements
(concentration group 6 (deci-elements).
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Figure 6:   Generalized curve of an essential element
concentration versus tree health.  As element
concentrations increase from zero, concentrations are
classified as deficient, adequate, super-abundant,
and toxic.  Deficient and toxic areas will generate
tree health problems.
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Figure 7:   Generalized curve of an essential element
concentration versus tree health.  This essential
element has a narrow concentration range between
deficiency and toxicity.
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Figure 8:  Elements essential for sustaining
tree life processes.

element     element
 symbol       name

  B boron
   C carbon
  Ca calcium
  Cl clorine
  Co cobalt

  Cu copper
  Fe iron
   H hydrogen
   K potassium
  Mg magnesium

  Mn manganese
  Mo molybdinum
   N nitrogen
  Ni nickel
   O oxygen

   P phosphorus
   S sulfur
  Si silicon
  Zn zinc

19
essential
elements
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Elemental
A tree “element” is any natural element found within a tree and its rhizosphere, or found on tree

surfaces.  An element is a basic unit of matter with a carefully defined number of nucleus protons, associated
with various nucleus neutrons, both encased within various quantum shells of electrons.  Each element is
represented by a name, symbol, atomic number (number of protons), and atomic weight (number of protons
+ neutrons).  Figure 9.

Various elements in trees can represent the concentration of an element within the environment, or
accumulated out of equilibrium with the general environment and soil within both tree apoplast and symplast.
Up to 90 elements have been found in trees.  Elements in trees are the result of absorption, deposition,
accumulation, pollution, poisoning, or chance.  Some of these elements do include critical components of
biological components and processes within a tree as well as elements simply present as a result of where a
tree grows.

Essential!
A tree “essential element” is required for normal tree growth and reproduction over many years, and

which cannot be completely substituted for by another element.  An element is essential if without it a tree:
1)  dies;
2)  shows severe deficiency symptoms restricting growth, survival, and defense;  or,
3)  exhibits a stunted or abnormal appearance when element is unavailable or not present.

Some essential elements can be partially or temporarily substituted for in different metabolic or
structural roles.  For example manganese (Mn) can partially substitute for iron (Fe) and for magnesium (Mg)
in some enzymes and process steps over the short run, but not in all process steps all the time.  Another
example of partial substitution of elements is the use of nonessential sodium ions (Na+) for essential potas-
sium (K+).

Proving Essential
There is great debate and testing continuing regarding essential elements in trees.  There are more to

discover.  Tree essentiality is determined by carefully withholding an element (and all environmental contami-
nation, from a tree and assessing its growth.  Figure 10 provides how essential elements and nonessential
elements are tracked.  One curve suggests essentiality by constraining tree growth when not present and one
curve shows normal accumulation reaching toxicity as in any nonessential element.

 Some essential elements needed in significant amounts were not discovered as essential until the
mid 1900’s (i.e. 1954, chlorine (Cl)).  Others are needed in such small amounts, like nickel (Ni), its essenti-
ality was not determined in trees until relatively recently (1987).  A few elements are essential in some other
plant forms (i.e. sodium (Na) in C4 photosynthetic plants and selenium (Se) in desert plants).  Plant nutri-
tionists consider as unneeded or as simply beneficial some elements in trees at small concentrations.  For
example, silicon (Si) is considered by some plant nutritionists as beneficial in trees, not essential.

Near Essential
Table 2 lists elements suspected to be essential in trees.  All the elements listed are essential in some

type of plant in some form.  Research continues to understand which elements are nonessential, essential,
beneficial, or detrimental specifically to trees.  Some elements may be needed in such small concentrations,
environmental concentrations mask essentiality.  Some elements may be essential in minute amounts but any
more than bare minimum may be toxic, like aluminum (Al), arsenic (As), fluorine (F), and iodine (I).

For example, vanadium (V) is suspected of being an essential element in trees.  Vanadium is used in
the photosynthetic process, phospholipid maintenance and nitrogen processing (especially in legume tree
nitrogen fixation).  The difficulty in determining the essentiality of vanadium is its requirement in a tree would
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Figure 9:  Diagrammatic, two dimensional, cross-sectional
view of a carbon atom and its components.
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Table 2:  Other elements potentially playing an essential
role in trees but which have not been conclusively
identified and confirmed essential at this time.  Each
listed element has been identified as essential in
some plant forms.

    element family
      name symbol group potential tree use

aluminum   Al   B enzyme activation

arsenic   As   N membranes

flourine    F  Cl carbon chain manipulation

iodine    I  Cl amino acids

sodium  Na  Li osmoticum

selenium  Se   O phosphate & nitrate
processes

titanium   Ti      metals photosynthesis, nitrogen
processes

vanadium    V      metals lipid & nitrogen processes,
 photosynthesis
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be about 2 parts per billion, while its presence in the environment and taken passively into a tree, is about 1
part per million (i.e. 500 times more is available than is potentially required).  Because vanadium can par-
tially substitute for molybdenum (Mo), it is difficult to conclusively state vanadium is essential.

Fused Beginnings
Where do elements come from?  The elements of the universe have arisen from the intense fusion

fires of stars and the constraints of massive gravity pits.  The light elements hydrogen (H) and helium (He)
remain the most abundant materials in the universe and are fuel for stars.  As stars move through their life-
cycles, fusion of these light elements create new heavier elements.  Some of these heavier elements are then
used as fuel for more fusion.  At the end of the energy producing phase in a star, depending upon its initial
mass, it looses all remnants of its fused elements (i.e. fusion ash) to the universe either by quietly burning out
or through a massive explosion.  Figure 11.

Elements from old stars can be gathered into new stars, recycling light elements to fuse into heavier
elements.  For example, carbon (C), oxygen (O), neon (Ne), and iron (Fe) are relatively abundant in the
universe due to element creation processes in second and later star generations.  The core of later genera-
tion stars fuse heavier elements up to iron (Fe).  Iron and heavier elements require more energy to fuse than
is released from the fusion process, and so can not sustain a star.  At this point the star is extinguished and
collapses distributing new elements into space.

Creation
Elements from cobalt (Co) to bismuth (Bi) are generated in the core of stars where free neutrons

bathe heavier elements generating their radioactive isotopes which decay into the next heavier element.  This
is a relative slow process.  For example, free neutrons interacting with iron (Fe) atoms generate heavier
radioactive iron isotopes which undergo decay (i.e. beta-minus decay where a neutron decays into a proton
and emits particles) to produce a stable cobalt (Co) atom.  The cobalt (Co) atom interacts with free neu-
trons to become a radioactive isotope and decays into a stable nickel (Ni) atom.  This step process contin-
ues until bismuth (Bi) is reached.  Elements heavier than bismuth (Bi) are formed in the massive neutron flux
of a supernova explosion.

The bathing of tightly held elements in star cores with free neutrons and associated radioactive
decay process generate many new elements, as does the explosive energies and free neutron saturation
occurring at massive star destruction.  Elements up to uranium (a rare neptunium atom can be found in
uranium ores) are generated by stars and considered native to the universe.  The heavier the element, the
rarer it is on average.

Naming
Identifying elements is based upon their mass and chemical reactivity.  Each unique form is given an

official name and symbol.  For reference, element name, symbol, and number are listed in three figure all
sorted in different ways to help in locating each specific element name, number, or symbol.  Table 3 lists
elements sorted in numeric order by their atomic number.  Table 4 lists elements in alphabetical order its
official name.  Table 5 lists elements in alphabetical order by its official symbol.  Usually symbols are used to
represent elements.  The heaviest elements beyond uranium (U) have been only generated by nuclear
research laboratories.

Tabled
Figure 12 shows a traditional periodic table of elements – both native and artificially produced

elements are listed by their symbol.  New ultra-heavy elements are still being crafted in laboratories and
named by international chemical research associations.  Note there are two places where a line of elements
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H    1
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C  12

O  16

Ne  20

Si  28

Fe  56

star  core  neutron  bath  (beta-minus  decay)

Co  59 Bi  209

 star  collapse  neutron  explosion   (supernova)

Po  209 U  238

Figure 11:  Star fusion process generating elements.
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#   name          symbol
1 hydrogen H
2 helium He
3 lithium Li
4 beryllium Be
5 boron B

6 carbon C
7 nitrogen N
8 oxygen O
9 fluorine F
10 neon Ne

11 sodium Na
12 magnesium Mg
13 aluminum Al
14 silicon Si
15 phosphorus P

16 sulfur S
17 chlorine Cl
18 argon Ar
19 potassium K
20 calcium Ca

21 scandium Sc
22 titanium Ti
23 vanadium V
24 chromium Cr
25 manganese Mn

26 iron Fe
27 cobalt Co
28 nickel Ni
29 copper Cu
30 zinc Zn

31 gallium Ga
32 germanium Ge
33 arsenic As
34 selenium Se
35 bromine Br

36 krypton Kr
37 rubidium Rb
38 strontium Sr
39 yttrium Y
40 zirconium Zr

#   name          symbol
41 niobium Nb
42 molybdenum Mo
43 technetium Tc
44 ruthenium Ru
45 rhodiumRh

46 palladium Pd
47 silver Ag
48 cadmium Cd
49 indium In
50 tin Sn

51 antimony Sb
52 tellurium Te
53 iodine I
54 xenon Xe
55 cesium Cs

56 barium Ba
57 lanthanum La
58 cerium Ce
59 praseodymium Pr
60 neodymium Nd

61 promethium Pm
62 samarium Sm
63 europium Eu
64 gadolinium Gd
65 terbium Tb

66 dysprosium Dy
67 holmium Ho
68 erbium Er
69 thulium Tm
70 ytterbium Yb

71 lutetium Lu
72 hafnium Hf
73 tantalum Ta
74 tungsten W
75 rhenium Re

76 osmium Os
77 iridium Ir
78 platinum Pt
79 gold Au
80 mercury Hg

#   name         symbol
81 thallium Tl
82 lead Pb
83 bismuth Bi
84 polonium Po
85 astatine At

86 radon Rn
87 francium FR
88 radium Ra
89 actinium Ac
90 thorium Th

91 protactinium Pa
92 uranium U
93 neptunium Np
94 plutonium Pu
95 americium Am

96 curium Cm
97 berkelium Bk
98 californium Cf
99 einsteinium Es
100 fermium Fm

101 mendelevium Md
102 nobelium No
103 lawrencium Lr
104 rutherfordium Rf
105 dubnium Db

106 seaborgium Sg
107 bhoriumBh
108 hassium Hs
109 meitnerium Mt
110 darmstadtium Ds

111 roentgenium Rg

Table 3:  List of elements sorted in numerical order (first column).
Provided are number, name, and symbol for each element.
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# name         symbol
89 actinium Ac
13 aluminum Al
95 americium Am
51 antimony Sb
18 argon Ar
33 arsenic As
85 astatine At

56 barium Ba
97 berkelium Bk
4 beryllium Be
107 bhoriumBh
83 bismuth Bi
5 boron B
35 bromine Br

48 cadmium Cd
20 calcium Ca
98 californium Cf
6 carbon C
58 cerium Ce
55 cesium Cs
17 chlorine Cl
24 chromium Cr
27 cobalt Co
29 copper Cu
96 curium Cm

110 darmstadtium Ds
105 dubnium Db
66 dysprosium Dy

99 einsteinium Es
68 erbium Er
63 europium Eu

100 fermium Fm
9 fluorine F
87 francium FR

64 gadolinium Gd
31 gallium Ga
32 germanium Ge
79 gold Au

Table 4:  Elements sorted in alphabetical order by name (second column).
Provided are atomic number, name, and symbol for each element.

# name         symbol
72 hafnium Hf
108 hassium Hs
2 helium He
67 holmium Ho
1 hydrogen H

49 indium In
53 iodine I
77 iridium Ir
26 iron Fe

36 krypton Kr

57 lanthanum La
103 lawrencium Lr
82 lead Pb
3 lithium Li
71 lutetium Lu

12 magnesium Mg
25 manganese Mn
109 meitnerium Mt
101 mendelevium Md
80 mercury
Hg
42 molybdenum Mo

60 neodymium Nd
10 neon Ne
93 neptunium Np
28 nickel Ni
41 niobium Nb
7 nitrogen N
102 nobelium No

76 osmium Os
8 oxygen O

46 palladium Pd
15 phosphorus P
78 platinum Pt
94 plutonium Pu
84 polonium Po
19 potassium K
59 praseodymium Pr
61 promethium Pm
91 protactinium Pa

# name         symbol
88 radium Ra
86 radon Rn
75 rhenium Re
45 rhodiumRh
111 roentgenium Rg
37 rubidium Rb
44 ruthenium Ru
104 rutherfordium Rf

62 samarium Sm
21 scandium Sc
106 seaborgium Sg
34 selenium Se
14 silicon Si
47 silver Ag
11 sodium Na
38 strontium Sr
16 sulfur S

73 tantalum Ta
43 technetium Tc
52 tellurium Te
65 terbium Tb
81 thallium Tl
90 thorium Th
69 thulium Tm
50 tin Sn
22 titanium Ti
74 tungsten W

92 uranium U

23 vanadium V

54 xenon Xe

70 ytterbium Yb
39 yttrium Y

30 zinc Zn
40 zirconium Zr
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# name         symbol
89 actinium Ac
47 silver Ag
13 aluminum Al
95 americium Am
18 argon Ar
33 arsenic As
85 astatine At
79 gold Au

5 boron B
56 barium Ba
4 beryllium Be
107 bhoriumBh
83 bismuth Bi
97 berkelium Bk
35 bromine Br

20 calcium Ca
48 cadmium Cd
98 californium Cf
17 chlorine Cl
6 carbon C
58 cerium Ce
96 curium Cm
27 cobalt Co
24 chromium Cr
55 cesium Cs
29 copper Cu

105 dubnium Db
110 darmstadtium Ds
66 dysprosium Dy

68 erbium Er
99 einsteinium Es
63 europium Eu

9 fluorine F
26 iron Fe
100 fermium Fm
87 francium Fr

31 gallium Ga
64 gadolinium Gd
32 germanium Ge

Table 5:  Elements sorted in alphabetical order by symbol (third column).
Provided are atomic number, name, and symbol for each element.

# name         symbol
1 hydrogen H
2 helium He
72 hafnium Hf
80 mercury
Hg
67 holmium Ho
108 hassium Hs

53 iodine I
49 indium In
77 iridium Ir

19 potassium K
36 krypton Kr

57 lanthanum La
3 lithium Li
103 lawrencium Lr
71 lutetium Lu

101 mendelevium Md
12 magnesium Mg
25 manganese Mn
42 molybdenum Mo
109 meitnerium Mt

7 nitrogen N
11 sodium Na
41 niobium Nb
60 neodymium Nd
10 neon Ne
28 nickel Ni
102 nobelium No
93 neptunium Np

8 oxygen O
76 osmium Os

15 phosphorus P
91 protactinium Pa
82 lead Pb
46 palladium Pd
61 promethium Pm
84 polonium Po
59 praseodymium Pr
78 platinum Pt
94 plutonium Pu

# name         symbol
88 radium Ra
37 rubidium Rb
75 rhenium Re
104 rutherfordium Rf
111 roentgenium Rg
45 rhodiumRh
86 radon Rn
44 ruthenium Ru

16 sulfur S
51 antimony Sb
21 scandium Sc
34 selenium Se
106 seaborgium Sg
14 silicon Si
62 samarium Sm
50 tin Sn
38 strontium Sr

73 tantalum Ta
65 terbium Tb
43 technetium Tc
52 tellurium Te
90 thorium Th
22 titanium Ti
81 thallium Tl
69 thulium Tm

92 uranium U

23 vanadium V

74 tungsten W

54 xenon Xe

39 yttrium Y
70 ytterbium Yb

30 zinc Zn
40 zirconium Zr
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(i.e. a series) must be inserted into the main table.  This is a standard way of showing these heavier elements
in order to prevent the full table from being too wide for a page.  The periodic table is one way to show
elemental relationships based upon atomic number and electron configurations.  A period is the horizontal
row in the periodic table.  A group or family of elements are found within the same column in the periodic
table.

Family Names
In the standard periodic table of elements several family groups have specific names.  Figure 13.

The first family group (column 1) are the alkali metals, or the lithium (Li) family.  These soft metals are
extremely reactive with their one available electron, and burn or explode when pure metal contacts water.
The second family group (column 2 from left) are called the alkaline earths, or the beryllium (Be) family.
These elements have two electrons available for interactions and are highly reactive in pure form.  On Earth,
these metals are never found in pure form.

Family groups 3 through 12 are the metals (i.e. transition metals).  These metals have multiple
electron shells and conformations interacting with other materials generating multiple oxidation states.  Within
the transition metals are the three magnetic elements, cobalt (Co), iron (Fe), and nickel (Ni).

More Relatives
To the right of the last metals are a small group of special metals with only one oxidation possible

and electron interactions only in their outermost shell.  These elements are:  aluminum (Al), gallium (Ga),
indium (In), and thallium (Tl) in family group 13;  tin (Sn), and lead (Pb) in family group 14;  and bismuth
(Bi) in family group 15.  The metalloids cut across several family groups and include:  boron (B) in family
group 13;  silicon (Si) and germanium (Ge) in family group 14;  arsenic (As) and antimony (Sb) in family
group 15;  and, tellurium (Te) and polonium (Po) in family group 16.

The 17th family group (fluorine (F) family) are called the halogens and are very reactive.  The 18th
family group are composed of the noble gases, a highly stable group of nearly inert elements.  Tucked in-
between the halogens and metalloids are the non-metal elements which are carbon (C), nitrogen (N),
phosphorus (P), oxygen (O), sulfur (S), and selenium (Se).  Hydrogen, although it has a different electron
configuration, is also placed in the non-metals.  The rest of the periodic table is the rare earth elements
including the lanthanide and the actinide series of elements.  The synthetic elements in these two series and
beyond can also be called trans-uranium elements.  The rare earths of the two series are considered to
reside in family group 3.

Natives
Figure 14 shows just native elements of the universe in a traditional table of elements.  Two elements

technetium (Te) and promethium (Pm) are not found on Earth.  Each element is placed into vertical columns
of similar electron reactivity groups or families, and horizontal rows of progressively more massive elements
(i.e. periods).  In this type of table of elements, the lower and farther to the right an element is placed, the
larger its atomic number (number of protons) and the greater its atomic mass (number of protons plus
neutrons).  An element is determined by its proton number, but can have various numbers of neutrons,
yielding different isotopes of the same element.

For example, magnesium exists in three principle isotopes.  Magnesium isotopes available to a tree
include atomic mass 24 which represents 79% of all magnesium found in nature, atomic mass 25 which
represents 10% of all magnesium found in nature, and atomic mass 26 which represents 11% of all magne-
sium found in nature.  Each atom contains the same number of protons (12) but varies in number of neutrons
present (12-14).  Magnesium is considered to have an average atomic mass of 24.3 because of this mix of
three isotopes.
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H He

Li Be B C N O F Ne

Na Mg Al Si P S Cl Ar

K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
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Figure 13:  Names of element family groups and element
types in the traditional periodic table of elements.
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Odd Elements
There is a noticeable difference in abundance across the universe between similar mass elements

which have odd and even atomic numbers.  Quantum effects provide more stable configurations in the
nucleus of atoms with even number of protons.  Elements with even atomic numbers tend to be more
durable in star fusion caldrons and relatively more abundant compared with neighboring odd numbered
elements.  There are also several elements unusually rare in the universe (i.e. boron (B) is one) because they
provide easily fused fuel within star cores.

Down To Earth
The elements seeded across space by several generations of stars (some burning out and some

exploding) can be collected in gravity wells of new stars, and in smaller gravity eddies around these stars,
forming conglomerates of elements not massive enough to sustain fusion.  These fusion ash bodies are
planets, moons, asteroids, and meteorites, all with different element compositions.  Earth is one such body
circling a medium sized, third generation star.  Earth contains all the native elements of the universe.

Table 6 compares the presence of tree essential elements with elements common across the solar
system and universe, and with elements common in the Earth’s crust.  Elements boron (B) and molybdenum
(Mo) are needed by trees but are rare in the universe and on the Earth’s surface.  Oxygen (O), magnesium
(Mg), silicon (Si), potassium (K), calcium (Ca), and iron (Fe) are all essential elements in trees and common
on Earth and in the solar system.

Weathered
All native elements are found on Earth in a host of mineral compounds.  The minerals of Earth’s

crust have been formed and reworked through igneous, metamorphic, and sedimentary processes, and then
weathered.  All the soils of Earth are partially derived from these parent materials, containing many ele-
ments.  The surface crust of Earth has been weathered and reorganized by many forces, all modifying the
elements present.

Note elements common in the Earth’s crust are quite different from those present in the solar
system.  The Earth is a dynamic planet and elements have been consolidated into different layers and
locations, or lost to space over time.  Iron (Fe) and associated metals comprise a significant portion of the
molten core.  Deep within the mantle lighter elements remain segregated since the early years of Earth.
Most of the unreactive gasses (noble gases) and hydrogen have been lost to space.

Table 7 compares the relative amounts of various tree essential elements in the solar system with
those elements only in the Earth’s crust.  The Earth’s crust has a super abundance of silicon (Si) and oxygen
(O), usually found in a silicon dioxide (SiO2) form.  Concentration of certain elements into trees demon-
strates the power of life over the amount of an element found in the Earth’s crust.  Trees concentrate and
conserve boron (B), carbon (C), nitrogen (N), phosphorus (P), and sulfur (S).  Other elements are essential
to trees but are not concentrated out of proportion from the environment, and can be toxic in excess, like
manganese (Mn), iron (Fe), cobalt (Co), nickel (Ni), copper (Cu), and zinc (Zn).

Up To Trees
The building blocks of tree life are concentrated in the lighter, more abundant elements of the

universe and Earth.  Figure 15 provides the placement of essential elements of tree life within a traditional
periodic table of elements.  Note the family (column) within which each tree-essential elements resides.
Each family of elements share similar electron reactivities.  The lighter and more common elements tend to
be essential to tree life while the heavier elements in the same families can interfere with essential elements
above and poison tree life processes.

Table 8 lists different tree essential element families.  Each family member can potentially disrupt or
poison  processes involving other family members.  For example, within the nitrogen (N) and phosphorus
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   essential   common
   elements   elements common  elements
    in  trees in  universe   in  Earth’s  crust

H H
He

B
C C
N N
O O    O

F
Ne
Na    Na

Mg Mg    Mg
Al    Al

Si Si    Si
P P
S S
Cl Cl

Ar
K K    K
Ca Ca    Ca

Sc
Ti
V
Cr

Mn Mn
Fe Fe    Fe
Co Co
Ni Ni
Cu Cu
Zn Zn

Mo

Table 6:  Comparision of relative element abundance in the
universe and in the Earth’s crust compared with tree
essential elements. Single lines connect elements common in
all three locations and double lines represent universally rare elements
which are essential in trees.
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               relative        relative      relative
element       concentration concentration concentration
 symbol       in solar system  in Earth’s crust           in a tree

H 1,000,000        2,800    133,000
B             75             17             65
C      31,000           590 1,000,000

N      12,500             38      38,000
O      32,000 1,000,000 1,000,000
Mg      12,500      50,500        5,500

Si      12,500    550,000               1.5
P           625        1,800        5,000
S        5,000        1,040        3,300

Cl           625           375           550
K           500      28,000      28,000
Ca        2,000    110,000      22,000

Mn           625        2,100           100
Fe      10,000    145,000           170
Co           500             50               0.4

Ni        2,000           175               0.9
Cu           150           150             45
Zn           325           150             85

Mo    25               1.7      1.1

Table 7: Comparison of essential elements of trees as
distributed in the solar system, in the Earth’s crust,
and in a tree.  Essential elements listed in order of
atomic mass.  Largest element concentration given
a 1 million value.
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HHHHH

Li Be BBBBB CCCCC NNNNN OOOOO  F

Na MgMgMgMgMg Al SiSiSiSiSi PPPPP SSSSS ClClClClCl

KKKKK CaCaCaCaCa Ga Ge As Se Br Cr MnMnMnMnMn FeFeFeFeFe CoCoCoCoCo NiNiNiNiNi CuCuCuCuCu ZnZnZnZnZn

Rb Sr In Sn Sb Te  I MoMoMoMoMo Ru Rh Pd Ag Cd

Cs Ba Tl Pb Bi Po At W Re Os Ir Pt Au Hg

Table 8:  List of element symbols in each tree essential
element family group (column).  The farther down in
the column, the heavier the element.  Each family
member shares similar electron reactivity.  Within a
familiy, elements can substitute for or interfere with
each other causing physiological dysfunctions.

element  symbols  in  each  family  group
(i.e. columns in the traditional periodic table of elements)

cesium  Cs
strontium  Sr

aluminum  Al
tin  Sn
lead  Pb

arsenic  As
selenium  Se

fluorine  F
bromine Br

chromium  Cr
osmium  Os

silver  Ag
      cadmium Cd
      mercury  Hg

underlined elements represent common toxic problems
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(P) family of elements lie arsenic (As), a major physiological poison while under carbon (C) and silicon (Si)
is lead (Pb), a notorious poison. Sometimes element family interactions can be benign.  For example, under
potassium (K) is rubidium (Rb) which can partially substitute for potassium in some processes.

Another example of family problems lies with zinc.  The value of small concentrations of zinc and
how its chemical reactivity is used by biological processes is indisputable.  Zinc properties, as determined by
its atomic mass and electron configuration, are essential within any tree life processes where it participates.
Unfortunately, zinc family members which partially share chemical attributes include cadmium (Cd) and
mercury (Hg), both serious toxins.

Killing Dose
It must be noted that it is not the presence or absence of an element, but its concentration (i.e. dose)

which can be most beneficial or damaging in a tree.  The value or damage from a particular concentration
(availability or dose) of any element depends upon minimum requirements (if any) and maximum tolerance of
a tree.  Table 9 lists native elements which can have a toxic impact of trees, some in small amounts.  A few
of these elements are essential (or listed as potentially essential) at lower concentrations (i.e. aluminum (Al),
arsenic (As), boron (B), copper (Cu), and selenium (Se).  Too much of anything will kill you!

Sometimes the presence or absence of other elements impacts the beneficial or detrimental at-
tributes of another essential element.  For example, the combined total concentrations of the heavier essen-
tial metals can impact tree health.  If manganese (Mn), iron (Fe), copper (Cu), and zinc (Zn) counteractions
are individually at the upper end of their beneficial value (i.e. nontoxic), addition of less than toxic amounts
of cobalt and nickel could still generate a metal toxicity problem in a tree.

Break It Down
To make it easier to keep track of essential elements needed in tree life, the table of elements can be

modified and truncated.  Figure 16 provides a table of elements without the heaviest elements and without
element families where no tree essential elements are present.  Each element is physically unique and its
chemical properties in the soil and within a tree provide essential structures and functions biochemically.
Basic chemical differences of the elements are utilized by a tree to perform many essential functions.

Interactions
Table 10 shows possible oxidation states and electron shell (energy) configuration for each essential

element.  These two items are related.  The electron configuration shows the exterior electrons participating
in interactions with other atoms.  The oxidation states show the number of electrons potentially shared or
given up in bonding, or representing charge values when an element is part of an ion.  Some elements like
oxygen (O), magnesium (Mg), potassium (K), and calcium (Ca) have only a single oxidation state or
valence with which to chemically interact and be used by a tree.  Several elements like nitrogen (N), chlorine
(Cl), manganese (Mn), and molybdenum (Mo) have a great variety of potential states for interactions and
this character allows for their unique uses in a tree.  Note the metals tend to have either a +2 or +3 oxida-
tion state.

Many elements interact with the most exterior electron shell.  This shell is shown in the table as the
boxed numbers farthest to the right side of the electron configuration list.  Each shell can only hold a set
number of electrons before it is filled and a new shell begins to fill.  For example, the second shell, called the
“L” shell, can hold a maximum of eight electrons.  A number of heavier elements (manganese (Mn) through
nickel (Ni) and molybdenum (Mo) ) interact with the two outer electron shells.  This is a peculiar (and vital)
attribute of these metals.



Dr. Kim D. Coder,  Warnell School,  University of Georgia     32

  element       element
    name        symbol tree  system  disrupted

aluminum Al phosphate use & energy
antimony Sb competitive
arsenic As phosphate & nitrate use, competitive
beryllium Be phosphate use & energy
boron B phosphate & nitrate use
bromine Br phosphate & nitrate use, membranes
cadmium Cd membranes
cesium Cs replaces essential element
chromium Cr phosphate use & energy, competitive
copper Cu membranes
fluorine F phosphate & nitrate use, membranes,

competitive
gallium Ga phosphate & nitrate use, competitive
germanium Ge membranes, sulfur use
gold Au membranes
iodine I membranes
lanthanum &
       heavier metals phosphate use & energy, membranes
lead Pb membranes, sulfur use
lithium Li replaces essential element
mercury Hg sulfur use, membranes
rubidium Rb replaces essential element
scandium Sc phosphate use & energy
selenium Se replaces essential element, phosphate

& nitrate use, competitive
silver Ag sulfur use, membranes
sodium Na osmoticum
strontium Sr replaces essential element
tellurium Te phosphate & nitrate use, competitive
tin Sn membranes, sulfur use
titanium Ti phosphate use & energy, competitive
tungsten W phosphate & nitrate use, competitive
uranium U membranes
yttrium Y phosphate use & energy
zirconium Zr phosphate use & energy

Table 9:  List of toxic impacts on trees
by different selected native elements.



Dr. Kim D. Coder,  Warnell School,  University of Georgia     33

HHHHH
1

Li Be BBBBB CCCCC NNNNN OOOOO F
3 4 5 6 7 8 9

Na M gM gM gM gM g Al SiS iS iS iS i PPPPP SSSSS C lC lC lC lC l
11 12 13 14 15 16 17

KKKKK C aC aC aC aC a Cr M nM nM nM nM n FFFFFeeeee C oC oC oC oC o N iN iN iN iN i C uC uC uC uC u ZnZnZnZnZn Ga Ge As Se Br
19 20 24 25 26 27 28 29 30 31 32 33 34 35

Rb Sr M oM oM oM oM o Ru Rh Pd Ag Cd In Sn Sb Te I
37 38 42 44 45 46 47 48 49 50 51 52 53

Figure  16:  Periodic  Table  of  Elements  For  Trees:
Heavy  Elements  &  Non-Essential  Families  Truncated

1

2

10 11 126 7 8 9

13 14 15 16 17



Dr. Kim D. Coder,  Warnell School,  University of Georgia     34

            average       oxidation             electron
#     element   weight         state(s)         configuration

  1 H        1amu +1  -1 1

  5 B      11 +3  -3 2-3
  6 C      12 +2 +4  -4 2-4
  7 N      14 +2 +3 +4 +5 2-5

-1 -2 -3
  8 O      16 -2 2-6

12 Mg      24 +2 2-8-2
14 Si      28 +4  -4 2-8-4
15 P      31 +3 +4 +5  -3 2-8-5
16 S      32 +2 +4 +6  -2 2-8-6
17 Cl      36 +1 +3 +5 +7  -1 2-8-7

19 K      39 +1 2-8-8-1
20 Ca      40 +2 2-8-8-2

25 Mn      55 +2 +3 +4 +6 +7 2-8-13-2
26 Fe      56 +2 +3 2-8-14-2
27 Co      59 +2 +3 2-8-15-2
28 Ni      59 +2 +3 2-8-16-2
29 Cu      64 +1 +2 2-8-18-1
30 Zn      65 +2 2-8-18-2

42 Mo      96 +2 +3 +4 +5 +6 2-8-18-13-1

Table 10: Comparison of principal atomic properties for tree
essential elements, listed in order of increasing atomic
weight.  Given for each element are its number, symbol, rounded
average atomic weight (amu), possible oxidation states, and filling
sequence of electron shells (K-L-M-N-O configuration).  The small
boxes show the electron shell unfilled and most responsible for
chemical interactions.  Electron configuration shows the number of
electrons in each shell.

(maximum in each shell  – 1(K) = 2;  2(L) = 8;  3(M) = 18;  4(N) = 32,  5(O) = 32).
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Dominant Form
Table 11 provides a list of the dominant or most stable oxidation state of each element.  Although

many element can exist in many states there is usually a most stable state based on particle interactions
within the atoms.  Note many elements have a stable oxidation state of 2, some reactive elements have a
stable oxidation state of 1, and massive molybdenum and lighter sulfur reside at an oxidation state of 6.
Notable is the lone representative of oxidation state 5, phosphorus (P) which is a critical component of the
cellular power grid and a structural component of genetic materials.  All these individual oxidation states can
be changed through incorporation into a biological housing or bindings.

Light Metal
Different tree elements exist in different forms at biological temperatures in the natural world.

Chlorine (Cl), oxygen (O), nitrogen (N), and hydrogen (H) are (diatomic) gases in pure forms.  The rest of
the elements are solids.  Tree elements can also be divided by appearance and reactivity in pure form.
Potassium (K), calcium (Ca), magnesium (Mg), manganese (Mn), iron (Fe), cobalt (Co), molybdenum
(Mo), nickel (Ni), copper (Cu), and zinc (Zn) are all metals.  Most elements are metals.  Metals usually are
dense with a high melting point, good heat conductors, and tend to combine easily with nonmetal elements
and seldom with each other.  Metals tend to lose electrons in chemical reactions.

Carbon (C), oxygen (O), nitrogen (N), phosphorus (P), sulfur (S), and chlorine (Cl) are nonmetals.
Nonmetals can be either solids or gases usually with low density and low melting points.  Nonmetals tend to
easily combine with nonmetals and metals.  Non-metals tend to gain electrons in chemical reactions.  Boron
(B) and silicon (Si) are metalloids.  Metalloids are intermediate in characteristics between metals and
nonmetals.

Size Matters
Elements have different chemical attributes depending upon their chemistry and physical size.  Figure

17 shows the relative size of tree essential elements based upon atomic radius.  Note the divisions between
small, medium, and large.  Metals are large while nonmetals are small to medium in size.  Note that atomic
weight is not directly correlated with size as potassium (K), calcium (Ca), and magnesium (Mg) are extra-
large while heavier elements, like other metals, are smaller.  Figure 18 uses a graphical means to differentiate
relative element sizes.

Almost all elements moving into a tree are ions.  Instead of atomic radius, ionic radius may demon-
strate effective size of each tree essential element.  Figure 19 show the relative ionic radius of elements
divided into size classes.  The heavier metal ions occupy the medium size classes while chlorine and sulfur
are the largest ions.  Figure 20 represents the graphical form of ionic radius in tree essential elements.  Here
Just three class sizes were pulled out with nitrogen (N), carbon (C), and phosphorus (P) at the small size
end, and oxygen (O), potassium (K), chlorine (Cl), and sulfur (S) at the large size end.  The atomic weight
(i.e. mass) plays little role in ion size.

If the atomic radius of a tree essential element is graphed against the ionic radius of the same ele-
ment, the result is Figure 21.  This figure presents four major size groups.  The small group has relative small
atomic radius and extremely small ion size.  The heavier metals in the medium group tend to have ion size at
half their atomic radius.   Some elements are similar to each other physically, although not in the same
periodic table of elements family chemically.

Electron Matters
Figure 22 shows the first ionization energy, or the amount of energy required to manipulate the first

electron, in each element.  Note the divisions between low, medium, and high energy requirements.  Most
metals have medium to low ionization energy requirements, fairly easily losing an electron to a chemical
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Ca sm

Co sm

Cu sm

Mg sm

Mn sm

Ni sm

O gn

Zn sm

Cl gn

H gm

K sm

1e 2e 5e4e

P smC sn

Si sl

Mo sm

S sn

6e

B sl

Fe sm

N gn

3e

Table 11:  The most stable oxidation states (+ or -) for
essential elements in trees, and each element form
at biological temperatures and in pure form.

most  stable  oxidation  state

s = solid;    g = gas
m = metal;    n = non-metal;    l = metalloid
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Figure 21:  Tree essential element atomic and ionic radius
values.  Note the natural groupings of element size.
(1 pm = 1 picometer = 100 angstrom)
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reaction.  Zinc (Zn) is unique because it lies at the boundary of medium and high.  Magnesium (Mg) is also
unique as it is a light element which has an ionization energy similar to heavier metals.  These energy require-
ments for first ionization give each element unique chemical reactivity properties.  Figure 23 uses a graphical
means to differentiate first ionization energy values.  The medium group is further divided in the graphical
representation by atomic weight.

Figure 24 provides a number of element characteristic trends as you move across from left to right
and downward through the periodic table of elements.  These trends help show the unique characters of
each element and suggest why some elements are used in trees and some are not.

Basically Acid
Each element, as held within its Earth bound mineral, weathers and erodes at different rates and

through different processes.  One of the most commonly used appraisal of element availability is soil pH.
The pH number is a logarithmically transformed (pH =  -log [H+ concentration] ) concentration of protons in
a solution.  As pH falls or the number becomes smaller (i.e. more acid), more protons exist in solution.  As
pH climbs or the number gets larger (i.e. more alkaline or basic), fewer protons exist in solution.  The pH
around an element helps determine its availability.  The difference between each whole number pH value in
concentration of protons [H+] is 10 times.

For example, Figure 25 provides the availability or activity of different tree essential elements across
a pH gradient.  Note the availability of many heavier metal elements decline with increasing pH, and increase
with as pH falls (i.e. become more available as the solution becomes more acidic.)  Molybdenum provides a
contrasting availability track with changing pH.

Nucleus Parts
Elements are defined by the number of protons in each atom.  The number of protons and neutrons

comprise, in essence, all atomic mass of each atom.  For each element with the same number of protons,
there can be a various number of neutrons present (making different isotopes).  On average, the extra
neutrons found in each element are given in Table 12.  Note as elements become heavier, there is a ten-
dency to deviate from one proton / one neutron ratio.  Heavier elements tend to carry more neutrons and
more mass per atom.

Table 13 provides for each essential element, the potential number of native isotopes found in a tree.
Listed are isotope weights and percent of each isotope found in nature.  Short-lived, unstable, radioactive,
and extremely low concentration isotopes are not listed.  Note a number of elements have isotopes with
overlapping weights.  Also note there is a tendency for elements with odd numbered weights to be less
abundant.  Among all isotopes of a single element, it is usually the lightest and most abundant which is most
effectively used by the biochemical system of a tree.  Notable exceptions are zinc (Zn) and molybdenum
(Mo) where several isotopes are interchangeably utilized.

Element Medallion
After having examined essential elements in trees --  characters and organization --  a summary form

is needed to keep track of essentiality.  Because only a few elements out of all the native elements found on
Earth are required for tree life, a new table of element form is used here to eliminate unused elements from
view and focus attention on tree-critical elements.  This new table of tree elements is given in Figure 26.
This table is called the Coder Spiral of Tree Essential Elements.  Start in the middle and move outward and
around the circles in a clockwise direction.  Jump outward at the bottom (six-o’clock position) of each
circle.  This table shows essential elements in order of smaller concentrations needed for tree life.  Water is
listed here as an essential element surrounding all other tree elements.
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            average        number  of  average   extra
 #   element    weight  protrons neutrons neutrons

  1 H      1amu      1      1     0
  5 B    11      5      6     1
  6 C    12      6      6     0
  7 N    14      7      7     0
  8 O    16      8      8     0

12 Mg    24    12    12     0
14 Si    28    14    14     0
15 P    31    15    16     1
16 S    32    16    16     0
17 Cl    36    17    19     2

19 K    39    19    20     1
20 Ca    40    20    20     0
25 Mn    55    25    30     5
26 Fe    56    26    30     4
27 Co    59    27    32     5

28 Ni    59    28    31     3
29 Cu    64    29    35     6
30 Zn    65    30    35     5
42 Mo    96    42    54   12

Table 12: Comparison of principal atomic properties for tree
essential elements, listed in order of increasing atomic
weight.  Given for each element are number, symbol, average
rounded atomic weight, number of protons, average number of
neutrons, and average number of extra neutrons.
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average     native  isotopes
#    element  weight         (weight / %)

1 H     1   1 / 100%

5 B    11 10 / 20%
11 / 80%

6 C    12 12 / 99%
13 /   1%

7 N   14 14 / 100%

8 O   16 16 / 100%

12 Mg   24 24 / 79%
25 / 10%
26 / 11%

14 Si   28 28 / 92%
29 /   5%
30 /   3%

15 P   31 31 / 100%

16 S   32 32 / 95%
33 /   1%
34 /   4%

17 Cl   36 35 / 76%
37 / 24%

19 K   39 39 / 93%
41 /   7%

20 Ca   40 40 / 97%
42 /   1%
44 /   2%

average    native  isotopes
#    element  weight         (weight / %)

25 Mn   55 55 / 100%

26 Fe   56 56 / 92%
54 /   6%
57 /   2%

27 Co   59 59 / 100%

28 Ni   59 58 / 68%
60 / 26%
62 /   4%
61 /   1%
64 /   1%

29 Cu   64 63 / 69%
65 / 31%

30 Zn   65 64 / 49%
66 / 28%
68 / 20%
67 /   3%

42 Mo   96   98 / 24%
  96 / 17%
  95 / 16%
  92 / 15%
100 / 10%
  97 / 10%
  94 /   8%

Table 13:  List of natural isotopes for tree essential elements,
listed in order of increasing atomic weight.
Given for each element are its number, symbol, average rounded
atomic weight, and most common stable isotopes and percentage
found in nature.
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Growth & Health
Much management effort has been targeted at trees by facilitating health and structure through

water, light, and essential element modifications.  The essential elements most commonly (i.e. traditionally)
enriched around a tree are nitrogen (N), phosphorus (P), potassium (K), calcium (Ca), and magnesium
(Mg).  These elements have shown the greatest potential for improving tree growth if they are deficient on a
site.  Other essential elements may not initiate a significant spurt in growth, but certainly improve or maintain
tree health.

Treeman
Table 14 shows the relative abundance of essential elements in a tree compared with these same

elements in a human.  There are a number of elements clearly tree-centric.  Magnesium (Mg) is concen-
trated by trees as it is used in the photosynthetic process.  Potassium (K), manganese (Mn), copper (Cu),
and molybdenum (Mo) are all concentrated and conserved by trees over humans.  Humans need all of the
tree-essential elements, except boron (B), plus many more.  Like trees, humans can contain all the elements
in their environment, many nonessential.

Get Elements
Essential elements are collected, captured, and conserved by trees.  A small number and amount of

essential elements are passively received in a gas phase, by precipitation interception, or through particulate
deposition on tree surfaces.  Trees expend energy to generate transpiration surfaces which collect elements
dragged into a tree dissolved in water.  Trees expend great energy to build absorption barriers and carriers
to passively and actively pull in and push out elements.  Trees also expend great energy to extract elements
from the environment by generating roots.

Roots extract elements in four principal ways from the soil:
1) generate a large absorbing root surface area;
2) generate root exudates with specialized function for capturing and stabilizing elements;
3) generate root exudates for modifying rhizosphere ecology to facilitate element availability;

and,
4) generate growth regulation signals and provide growth materials to support root

symbionts (i.e. mycorrhizal fungi) which extract elements from the soil.
Table 15 provides the most common forms of the essential elements absorbed by a tree.  Almost all

are in ionic forms dissolved in water.  Figure 27 is a graphic representing essential element proportionality in
trees.
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     relative       relative
element concentration          concentration
 symbol   in a person                 in a tree

H    164,000    133,000
B               1.2             65
C    380,000 1,000,000

N      43,000      38,000
O 1,000,000 1,000,000
Mg           440        5,500

Si  420      1.5
P      18,000        5,000
S        3,300        3,300

Cl        2,000           550
K        3,300      28,000
Ca      23,000      22,000

Mn               0.3  100
Fe           100  170
Co               0.03      0.4

Ni               0.2      0.9
Cu               1.6    45
Zn             54    85

Mo               0.2      1.1

Table 14:  Comparison of essential elements in trees
compared with a human body.  Largest element
concentrations in each column given a 1 million value.
Remember this is a comparision of average essential element
proportions in trees with matching average element proportions
found in a human body, both essential and non-essential, and may
represent an excess of any requirement.
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  element         element
    name          symbol most common form(s) available for tree

carbon C HCO3
-, CO2 / carbon dioxide

oxygen O O2 / oxygen, H2O / water
hydrogen H H2O / water

nitrogen N NO3
- / nitrate, NH4

+ / ammonium,
CO(NH2)2 /urea

potassium K K+

calcium Ca Ca+2

magnesium Mg Mg+2

phosphorus P H2PO4
-, HPO4

-2  / phosphate
sulfur S SO4

-2 / sulfate, SO2 / sulfur-dioxide

chlorine Cl Cl-, Cl2 / chlorine, ClO3
- / chlorate

iron Fe Fe+2, Fe+3

manganese Mn Mn+2, Mn+4

zinc Zn Zn+2

boron B H3BO3 / borate
copper Cu Cu+, Cu+2

silicon Si H4SiO4 / silicate
molybdenum Mo MoO4

-2 / molybdate
nickel Ni Ni+2, Ni+3

cobalt Co Co+2, Co+3

Table 15:  List of essential elements, in order of
concentration required in trees, giving element
name, symbol, and the most common elemental
form available for a tree.  Elemental forms in bold
predominate.
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Tree  Element  Use,  Deficiency,  &  Interactions

The essential elements of trees have many attributes.  Some of these element attributes are good for
a tree and some are bad for a tree.  An element’s value to a tree depends upon its dose (concentration and
availability), and the dose of other synergistic or antagonistic elements.  This section will highlight tree
essential element attributes, uses, deficiency symptoms, and interactions with other elements and their
chemical environments.  Remember few of these elements are ever found in a pure form in our ecological
systems.  Elements will be reviewed in alphabetical order.  Carbon (C), hydrogen (H), and oxygen (O) are
left for the end of this section.

Boron (B)
Boron (B) is a  hard, brittle, brown solid called a metalloid.  The  rest of its elemental family are all

metals.  It is never found in pure form.  It is used for cleaning products, water softening, antiseptics, heat
resistant glass, nuclear reactor rods, and transistors.

Boron is a rare element and the lightest (except for hydrogen) element essential for trees.  Boron is
one of two essential elements (i.e. silicon is the other) usually present in a tree as a neutral molecule (undis-
sociated form) rather than an ion.  The concentration of boron can vary widely in tissues.  Its form in a tree
depends upon tissue pH, existing as boric acid (B(OH)3 / H3BO3) where pH is less than 7.0 and the borate
ion (B(OH)4

-) where pH >7.5.  Below a pH of 6.5 boron becomes unavailable, a problem in some acid
soils.

Boron deficiency causes many biological and structural problems in trees.  Boron can act as an
antibiological agent in trees and when it is in short supply pathogens attacks are more effective and move
quicker.  Both terminal meristems (shoot / root) are serious impacted by boron deficiency leading to dam-
aged and death.

New tissue in boron deficient trees quickly become hard, dry, and brittle and leaf blades are stunted
and distorted with tip and marginal yellowing, bleaching, and death.  New tissue can show atypical periderm
cracking and minute eccentric periderm growths (ridges and spots).  Because boron is immobile once
positioned in trees, new tissues show developing deficiencies first.  Slowed root growth is a first symptom in
boron deficiency.

Boron deficiency impacts many components in trees.  Primary problems with shortages of boron
occur in cell walls, membrane functions, and starch, protein, auxin, and nitrate processing.  Cell wall struc-
ture and the middle lamella pectins between cell walls are strengthened and tied together with boron links.
Cell membranes health is modified by boron.  Nitrate use, general protein production, and associated RNA
production and functioning are facilitated by boron.  Boron impacts the production and storage of starch,
modifies growth regulator stability (i.e. auxin), and helps govern lignin production.

Boric acid can be used as a simple boron fertilizer but can quickly become toxic, especially to new
root tips.  Boron containing cleaning materials in grey water systems can damage tree roots.  Interestingly,
boric acid added to acid soils can partially offset aluminum toxicity.

Calcium (Ca)
Calcium (Ca) is a hard silver-white, reactive metal.  It is not found in its pure form but is common in

a variety of compounds.  Calcium carbonate is  limestone and marble.  Calcium oxide is lime.  Calcium
hydroxide is slaked lime. Calcium sulfate is gypsum.  It is used in mortar and concrete, iron making, and as a
drying agent.

Calcium is an essential element commonly site enriched for trees, with or without magnesium (i.e.
various liming products).  Calcium presents many problems for trees.  Calcium is an essential element which
is continually and actively exported out of the tree.  In the soil, calcium represents about 1/9,000 of the
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calcium inside the tree.  Roots transport calcium outward using the concentration gradient as the power
source.  Inside tree cells calcium is held in vacuoles and bound in a special binding protein (i.e. calmodulin),
in various cell membranes, and actively transported out of the cell.

Calcium plays an important role in tying primary cell wall constituents together.  Calcium cross-links
pectin chains (similar to boron), and impacts plasmalemma mechanics (i.e. rheology) and transport.  Cal-
cium plays a key role in protecting membranes from strong acid pH levels (pH <4.0) and from sodium /
salinity problems especially in the uptake of potassium.  Calcium acts as a signal for various environmental
cell stress and strain problems including salinity, heat, cold, low oxygen, drought, UV light, toxic Al levels,
as well as mechanical movement, pathogenic attack, and nodulation by symbionts.  Calcium also plays a
role in guard cell function in opening stomates.

Unlike other positive (cation) elements like magnesium and potassium, calcium does not activate
many enzymes.  Calcium plays a significant role in supporting membrane health in cell division, cell expan-
sion, and the activity of a growth regulator (auxin).  Calcium is part of the materials responsible for sealing
living cell to cell connections.  A huge amount of calcium is placed into calcium oxalate crystals which
comprise as much as 90% of all calcium in a tree.  Calcium does not move in a tree once placed and is
never remobilized.  Acidic rain from natural and human caused events tend to leach calcium away from tree
surfaces

Calcium deficiency facilitate and accelerate pest entrance and attack in trees due to the weakening
of cell walls, especially in roots.  The shoot and root tips are damaged and die.  Cambium development is
slowed and damaged.  Compartmentalization responses are negatively impacted. Along new tissue surface
lesions may occur.  Under calcium deficiency in low pH soils, metal toxicities may overshadow calcium
shortages.  High concentrations of calcium immobilize iron in leaves and generate yellowing symptoms.

Chlorine (Cl)
Chlorine  (Cl) is a yellow-green poisonous gas.  It is used in bleach, plastics, solvents, acid, insecti-

cides, and  refrigerants.
Chlorine  is a common ion in many soils and can be a constituent in precipitation (pollution and sea

salt sources).  Deficiency is rare but toxicity is common.  Chlorine is freely taken up by trees.  Within a tree
chlorine can show the greatest toxicity differences of any essential element, as much as 8,000 times.  Many
fertilizers use a chlorine containing salt to carry essential elements (i.e. KCl, CaCl2, MgCl2, and NH4Cl).
These salts can cause toxicity problems from root desiccation as well as too high of chlorine concentration.
Toxicity symptoms include shoot and root damage and death, and leaf marginal distortion, death, and
premature abscission.  Chlorine will readily leach from most soils.

Trees require chlorine for a variety of uses.  Chlorine is primarily associated with water control and
photosynthesis.  Chlorine is positioned to move water through tissues (i.e. an osmoticum).  Chlorine and
potassium are used to open and close guard cells around stomates.  Chlorine is part of the initial proton,
electron, and oxygen generating step of photosynthesis (LHCII) along with manganese.  Chlorine helps
activate the proton gradient production rotor of ATP on cell membranes.  It is found in many organic
materials in trees.  Chlorine also has limited disease resisting attributes.

Chlorine deficiency is rare in trees.  Chlorine deficiency leads to tissue stunting.  Tree leaves show
marginal yellowing, wilting, distortion (curling / cupping) and death.  Young tree shoots, roots, and leaves
are especially vulnerable to damage.  Roots will present with a stubby, thickened appearance.  At the onset
of chlorine deficiency tree leaf tissue color will shift to more blue-green and then bronze.

Cobalt (Co)
Cobalt (Co) is a rare, bright,  whitish-blue metal.  It is used as a blue glass colorant, as a steel

additive, in high speed cutting tools, for cancer treatments, for magnets, and is part of the animal required B-
12 vitamin.  Cobalt is magnetic.
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Cobalt is essential for tree root function.  It is associated with normal tree rhizosphere flora and
critical recycling processes in soil.  It is required in extremely small concentrations and can quickly become
toxic.  As a magnetic metal, it is involved in many interactions with other metals in the soil and its availability
is tied to soil pH changes.  Within the tree it is immobile once placed.

Cobalt accumulates in preferentially in tree roots (90% in roots / 10% in shoots).  Shoot accumula-
tion is centered in green tissues (leaves, primary cortex, and secondary cortex) where is stabilizes chloro-
phyll conservation and recycling systems (i.e. slows senescence).  Legume trees require cobalt for nodula-
tion and nitrogen fixation systems.  Toxicity first is evident as greatly slowed phloem transport processes.
Animals require a cobalt containing vitamin (B-12) which is produced by soil bacteria and algae, and taken
up into plants.  B-12 is not required by, nor produced by, trees.

Cobalt serves a modifying and protective function in trees protecting and stabilizing a growth
regulator (auxin) and inhibiting associated high auxin concentration ethylene production.  Cobalt is a part of
one secondary metabolic pathway in trees and influences CO2 uptake by tissues.  Cobalt is taken up by
tree cells during daytime (not at night) because of the energy expensive metal ion carrier required.  The form
of cobalt made available impacts tree health.  Cobalt nitrate has been cited as improving tree drought
tolerance.  Cobalt chloride was found to increase growth while cobalt acetate additions inhibited growth.
As pH falls (becomes more acidic), more cobalt is made available and taken up by trees.

Anaerobic conditions in soil tend to release cobalt.  Liming soils (increase pH) and addition of
composted organic materials tend to decrease cobalt availability.  Soil with high concentrations of manga-
nese have less cobalt available for trees due to the cobalt being tied up with manganese.  Cobalt and zinc
interact in interesting ways.  Increased zinc and cobalt concentrations cause iron deficiency.  Cobalt toxicity
on site mimics both iron (Fe) and manganese (Mn) deficiency.  Cobalt counteracts zinc’s impact of sup-
pressing potassium, calcium, and magnesium uptake.

Copper (Cu)
Copper (Cu) is a soft, reddish-brown metal.  It is easily worked and used for wires, pipes, paints,

antiseptics, and coins.  It is mixed to produce several different materials:   brass is copper and zinc;  bronze
is copper and tin; and monel is copper and nickel.

Copper is one of the essential metals in trees.  Copper can quickly become toxic at elevated
concentrations.  It is used in dozens of enzyme system.  Copper is used in electron transport, cell membrane
health, and in CO2 fixations.  In tree leaves and secondary cortex, copper is concentrated in an electron
transport material which feeds electrons to light harvesting center I (LHCI) called plastocyanin.  Copper is
also required for the final step in electron transport for respiration where (with Fe) oxygen is converted to
water.  The greatest use for copper in tree cells is part of an enzyme which decomposes damaging oxygen
materials (oxygen free radicals).  The tree uses copper for oxidizing many different materials.

Copper is almost always found in trees as an organically bound compound (phytochelatins) usually
associated with sulfur.  The two forms available in trees is cuprous (Cu+) which is colorless, and the more
oxidized cupric (Cu++) which is brown to blue in color.  The cupric form is only found in a organic com-
pound form in a tree.  In tree soil, copper is available below a pH  <6.1.  As pH increase (more basic),
copper become progressively more unavailable.  Soils with pH >7.5 tend to be copper deficient.  As a
general rule, copper solubility in soil decreases 99% for each increase in pH value.

Copper deficiency cause tree shoot and root damage and death, while stimulating release of dor-
mant buds, generating a characteristic bushy or broomed look.  Tree leaves may appear small and intern-
odes short.  Leaf blade edges may be rolled and distorted.  Leaves will first present with an atypical blue-
green color moving to yellow.  Leaf blades can develop dead spots.  Young periderm can show small areas
with corky patches and small lesions, sometimes with gums and resins exuded (exanthema).  Copper
toxicity is first noticeable as stunted root growth, dead roots, and leaf yellowing.  Copper deficiency mimics
potassium (K) deficiency.  Copper toxicity mimics iron deficiency chlorosis.



Dr. Kim D. Coder,  Warnell School,  University of Georgia     57

Copper has many interactions with other tree essential elements.  As phosphorus and potassium is
increased, less copper is available.  This effect is most noticeable with increasing phosphorus levels.  As
copper concentrations increase, the less zinc and molybdenum are available to trees, but the more manga-
nese availability.  Copper sulphate (CuSO4) alone or in a mixture with various lime products have been used
for centuries as fungicides, algicides, and higher plants.  Copper sulphate is soluble in water and cheap.
Continued use of copper based fungicides can lead to iron (Fe) deficiencies.

Iron (Fe)
Iron (Fe) is a shiny, silver-white, easily corroded  metal.  It is the most common metal in our culture.

It is never found in its pure form.  It is used in steel making.  It is magnetic.
Iron is a universal component of plant life.  Trees use iron in a myriad of tasks.  Iron is stored in

trees as ferritin, an iron complex protein.  Iron is used in a tree in heme and iron-sulfur proteins which utilize
the reversible energy states of iron.  The heme groups play and important part in attracting damaging oxygen
radicals especially in photorespiration and when the tree is under anaerobic conditions.  The iron-sulfur
proteins are used throughout the tree in electron transport chains.

Iron-sulfur and iron-copper combinations are responsible for almost all electron conserving pro-
cesses in a tree including ATP production.  The photosynthetic system is filled with iron containing electron
transport materials like cytochromes and ferredoxin.  Iron is also critical to nitrogen and sulfur metabolism
processes.  Chlorophyll production and maintenance requires iron and is sensitive to deficiency.  Iron also is
used with copper in the final respiration step in trees reducing oxygen to water.

Iron is found in two ionic forms in soil, ferrous (Fe++) and ferric (Fe+++).  Iron in aerobic soil
exists either as insoluble oxides or as in the ferric form (Fe+++) bound in organic compounds.  In the tree,
iron is taken up by membrane carriers in the ferrous form which is then processed using cell energy into the
ferric form.  Tree roots exude protons and organic acids which lowers rhizosphere pH and increases iron
solubility while facilitating binding of iron into organic structures.  This process also occurs with phosphates.

Iron deficiency is similar to manganese deficiency.  The deficiency symptoms are concentrated in
young tissues because iron, once placed, is immobile.  In young leaves yellowing occurs between vascular
bundles (veins).  Eventually the entire leaf yellows and begins to prematurely senescence.  Soil with high pH
(more basic), high calcium concentrations, and / or high calcium carbonate concentrations (lime) accelerate
iron immobilization in leaves and associated tissue yellowing and bleaching.  High manganese, copper, zinc
concentrations, especially under acid conditions, can also lead to iron deficiencies.

Soil compaction, over watering / flooding (anaerobic conditions), and high pH lead to iron defi-
ciency.  Iron is minimally soluble in a soil between a pH of 7.0 and 9.0.  Above pH 6, insoluble iron-
phosphate complexes are generated minimizing phosphorus availability.  Iron concentrations are very low on
calcareous soils especially around pH 8.0.  Iron toxicity can occur when too much iron is added to an acid
soil.  The tree roots will appear brown and dead, and leaves will darken and die without abscission.  Fertili-
zation with iron should be in the form of an organic compound or iron phosphate.

Magnesium (Mg)
Magnesium (Mg) is a light weight, reactive silver-white metal.  It is abundant in the Earth’s crust and

in seawater.  It is used for various metal alloys, fireworks, flares, light bulbs, medicines, and Epsom salt
(magnesium sulphate).  It is critical for trees principally because it is the center of chlorophyll molecules.

A significant part of the Earth’s crust is made of magnesium.  This is a common essential element
used by trees in a host of processes.  Magnesium activates more enzymes than any other element.  It is at
the core of chlorophyll, scattered as an facilitator along the carbon acquisition and transformation process,
and key to production of ATP energy systems.  Magnesium helps maintain the structure of DNA and RNA.
Magnesium also stimulates (with potassium) proton pumps on living membranes.  Magnesium is also re-
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sponsible for assuring starch management in leaves.  The many physiological processes requiring magnesium
are all slowed and damaged by its deficiency, even before visible symptoms are noticed.

Magnesium is highly conserved and mobile in a tree.  Energy in a tree can not be captured or used
without magnesium.  Magnesium deficiency is first noticed in older leaves margins and in leaf blade islands of
yellowing and death.  Leaves with patches of yellowing which eventually engulf the entire leaf is common.  A
noticeable color change occurs in many leaves with yellowing closely followed by coloration from the
protective pigments anthocyanin.

Magnesium deficiency can mimic potassium deficiency and must be carefully diagnosed.  Poor
drainage, drought, cold temperatures, acidic pH, and excess leaching can all lead to magnesium deficiency.
Any increase in potassium or calcium availability tends to decrease magnesium.  Iron, zinc, and manganese
are all chemically and biologically antagonistic with magnesium while phosphorus availability can help
increase magnesium availability.  In acid soils, aluminum suppresses magnesium uptake in trees.

In the past, manure was the best way to add magnesium in a low cost manner.  Now there are many
magnesium fertilizers which are soluble and cheap.  Dolomitic limestone has been a key enrichment product
for trees, adding both calcium and magnesium.  Unfortunately, care is needed in using dolomite because the
magnesium dissolves out first leaving the calcium behind to more  slowly dissolve.  This leads to a problems
with people thinking there is plenty of magnesium present because they see the remains of the dolomite,
when actually the magnesium has been gone for some time.  Most recommendations suggest separate
soluble magnesium and calcium products be added to tree soils.  The ratio of calcium to magnesium should
be approximately 3Ca / 1 Mg.   Magnesium toxicity can show symptoms of calcium and potassium defi-
ciency.

In some part s of the country where magnolia family trees grow, Epson salts have been a traditional
soil enrichment.  This salt is magnesium sulphate.  Early in the last century people noticed great improvement
in magnolia family tree color when Epson salts were added.  Magnolia family trees have a problem taking up
adequate magnesium in acid soils.  Also, ammonium fertilizers inhibit magnesium uptake during cool part of
the season.  Nitrate additions facilitate magnesium uptake.

Manganese (Mn)
Manganese (Mn) is a hard, whitish-gray, metal not found in its pure form in nature.  Similar to iron,

it will rust.  It is used in steel making, as a glass colorant, and in batteries.
Manganese is a metal used in small amounts but essential to a number of key processes in trees.

Manganese serves as the center block upon which water is split at the start of photosynthesis (LHCII) and
oxygen is given off.  Manganese helps facilitate photosynthesis.  Manganese is also part of a scavenger
enzyme which removes damaging oxygen radicals inside cells.  Manganese activates several other enzymes.

Manganese stimulates and supports amino acid and lignin synthesis.  Pest resistance in trees is
facilitated by manganese by increasing lignification, generating more defensive compounds, and chemically
inhibiting several fungal enzymes.  In some uses in a tree, manganese and magnesium are interchangeable in
limited amounts.

Manganese is an essential elements tied in many ways to oxygen management in a tree.  Manganese
is immobile in a tree and any deficiency will show on new tissues.  Deficiency is usually seen on fully ex-
panded new leaves, not on forming leaves.  Manganese is commonly deficient in soil pH from 7.3 - 8.5, as
well as soils with free CaCO3.  Generally as pH increases manganese availability declines sharply.  Organic
soils and soils with high concentration of composted organic matter tend to tie up manganese.

Manganese deficiency commonly generates uneven mottled yellowing and bleaching between leaf
veins mimicking iron deficiency (iron deficiency presents more evenly through out tissues).  Leaves and new
shoots will show dead patches, marginal and tip bleaching, and discolored streaks.  Leaf veins may become
darker as blades become more yellow in color.  Manganese may also present with stunted tissues.  In trees
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manganese deficiency symptoms usually occur in the outside of the middle crown areas while magnesium
deficiency usually are seen at the crown top in new tissues.  The time between yellowing and bleaching of
leaf tissues and death is usually short.  Manganese deficiency is mistaken and misdiagnosed for magnesium,
iron, or sulfur deficiencies.

Manganese toxicity occurs in anaerobic and acid soils (along with cobalt and nickel).  Under these
conditions of manganese toxicity, bark lesions and leaf deformation and speckling will can occur.  More and
more manganese is taken up as pH falls (becomes more acidic).

Molybdenum (Mo)
Molybdenum (Mo) is a rare, hard, silver metal.  It is used as a steel additive and for medical uses.
Molybdenum is by far the heaviest metal essential to tree.  It plays a key role in nitrogen processing.

Although these are few other functions for molybdenum, it must be present for healthy trees.  The produc-
tion of two tree growth regulators depend upon molybdenum, auxin and ABA.  Molybdenum, as a heavy
metal, must be attached within a biological protein framework to function.  A total of five enzyme systems in
trees use molybdenum, dominated by nitrogen assimilation and transport.

For tree fertilization systems using nitrate, molybdenum is required for nitrate use.  Without molyb-
denum nitrate fertilizers will tend to present with nitrogen deficient symptoms.  Molybdenum is needed for
the nitrate to nitrite step, nitrogen gas to ammonia in nitrogen fixing symbionts, and in uric acid synthesis.
Molybdenum is essential for the nitrate reductase enzyme and responsible for nitrogen fixing microorganisms
like root nodule symbionts.

Molybdenum is mobile throughout a tree and any deficiency will present across the entire crown.
Molybdenum deficiency shows leaf blade yellowing between pale green leaf veins.  Tree leaves may de-
velop a mottled appearance similar to iron or manganese deficiency.  Leaves then begin to curl, distort and
die.  On sites with weathered acid soil, well drained coarse soils, and organic soil may all show molybdenum
deficiencies.  Low temperatures and high nitrogen concentrations can induce deficiencies.  Nitrogen defi-
ciencies need to be remedied with assurance of molybdenum availability.

Molybdenum inhibits iron use by trees.  Molybdenum availability is facilitated by phosphorus and
inhibited by sulfur.  Trees take up molybdenum in the form of the molybdate ion (MoO4

2-).  This ionic form
is closely tied to soil pH.  If pH >5 then molybdenum is in the form of MoO4

2-, if pH < 5 then molybdenum
is in the forms of HMoO4

- and H2MoO4.  For every whole pH unit above pH5, molybdenum solubility
increases by roughly  100X.  Liming soils will increase molybdenum (if present).  Molybdenum additions are
usually required on sandy soils and carefully managed on acid soils as the molybdenum will be tied up
(unavailable peak around pH4.0) with iron and aluminum.  Molybdenum toxicity generates a unique golden
yellow new shoot color and misshapened leaves.

Enriching a site with molybdenum is easy as it requires so little molybdenum to affect a change.
molybdenum can be added as composted organic matter in aerobic soils if the organic matter came from
soils with molybdenum.  An ammonium molybdate fertilizer source is also available.  Addition of phosphorus
can release bound molybdenum.

Nickel (Ni)
Nickel (Ni) is a silver metal.  It is used as a green glass colorant and in metal plating, heating ele-

ments, coins, magnets, and rechargeable batteries.  Nickel is magnetic.
Nickel is needed is extremely small amounts in trees.  It is found associated with one primary

enzyme called unease which facilitates the conversion of urea to carbon-dioxide and ammonia.  This is a
vital nitrogen transformation process in trees.  Nickel has also been cited as assisting in disease resistance in
trees.  Increasing nickel concentrations can quickly become toxic to tree tissues.  Lime can be used to
reduce nickel toxicity.
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Nickel deficiency is difficult to diagnosis because it is required in such small amounts.  Nickel
deficiency presents with symptoms similar to an iron or zinc deficiency.  Nickel deficiency generates mar-
ginal yellowing, distortion, and stunting of leaves.  New shoots  become brittle with distorted buds and loss
of apical dominance and apical control.  Nickel deficiency push premature senescence process.  Nickel
deficiency also greatly limits absorbing root initiation and growth.
Tree root damage and cold soils during the bud swelling period of early Spring tend to show nickel defi-
ciency.  Nickel deficiency causes an toxic accumulation of urea in tissues which are damaged and die.  This
urea toxicity occurs regardless of the type of nitrogen source.

Nickel availability is dependent upon soil pH.  Values of pH >6.7 have poor nickel solubility while
pH values <6.5 provide more solubility for nickel.  As in cobalt and manganese, as pH drops (more acidic)
more nickel becomes available.  Interactions with other elements are subtle but are important to recognize.
As nickel concentrations decline, iron availability declines.  High concentrations of zinc, copper, manganese,
iron, calcium, and magnesium all induce nickel deficiency.  Especially with zinc, copper, and manganese
fertilization, nickel availability can plummet.  Anaerobic soil conditions tend to increase nickel (and cobalt)
availability.  Nickel can be added where needed by using NiSO4 or Ni-organic complex enrichments.

Nitrogen (N)
Nitrogen (N) is a gas but all the other elements in its family are metals or metalloids.  Nitrogen gas is

relatively  inert, colorless, and orderless.  It comprises ~78% of  the atmosphere.  Nitrogen is used in the
food industry as preservatives, refrigerants, and as a protective gas, and used in fertilizers, explosives, and
medical diagnostic systems.

Nitrogen is the premier element of the soil which trees exert tremendous energy to procure.  It is
usually the major component of general fertilizers and usually represents the element of greatest expense to
enrich a site.  A tree requires greater amounts of nitrogen than any other essential element derived from the
soil.  Only water is needed in more abundance than nitrogen for tree healthy.  Nitrogen availability limits tree
growth in most ecological systems.

Nitrogen is key to modifying how carbon chains function.  Nitrogen is a components of all amino
acids, nucleic acids, and proteins.  Nitrogen has a tremendous oxidation / reduction range going from nitrate
(NO3

-) with valance of +5 through dinitrogen gas (N2) with a valance of 0 to ammonium (NH4
+) with a

valance of -3.  This eight electron difference allows for many uses to be made of nitrogen products.
To capture, reduce, transport, and use nitrogen many transformations must occur.  Trees spend a

great amount of energy (15-20%) to manage and conserve nitrogen.  Molybdenum, iron, sulfur and cobalt
are all needed to take up and process nitrogen.  When these elements are in low concentrations, nitrogen
uptake and processing is constrained.  An interesting trade-off must be made with magnesium.  Darkness
and excess magnesium inhibits the molybdenum complex from processing nitrogen, but magnesium is
required for this processing.  This provides for a careful balancing of magnesium and molybdenum in nitro-
gen processing.  Nitrogen deficiency impacts almost everything in a tree.  Nitrogen deficiency especially
impacts sulfur transformations and use.

Nitrogen enrichment is both common place and complicated.  Every complete fertilizer contains
nitrogen.  This treatment of nitrogen will not cover enrichment.

Phosphorus (P)
Phosphorus (P) is a non-metal which is highly reactive  in pure form.  Phosphorus is essential for

bioenergy systems,  animal bones and  teeth, and  genetic materials.  It is used in fertilizers and for phospho-
rescent coatings.  The pure form  must be stored under water to keep it from reacting with the atmosphere.

Phosphorus is found everywhere in tree physiology. Phosphorus provides the structural connections
in DNA and RNA.  Phosphorus is a key component separating living insides from dead outside by holding
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together phospholipids found in all membranes.  Phosphorus is an activator for energy transfer (i.e. ATP)
and carbon chain manipulations.  It activates enzymes and can cause modifications in proteins.  Phosphorus
is temporarily attached to various compounds in order to energize reactions or to position materials for
further processing.  Phosphorus is a universal energy and metabolism element.  Phosphorus is also used as a
pH buffer inside cells.  It always occurs with a +5 valence whether in phosphate (PO4

3-) or pyrophosphate
(P2O7

4-).
Phosphorus deficiency symptoms are so global and intricate in a tree care must be taken to not miss

other element deficiencies at the same time.  Phosphorus deficiency leads to darkened or blue-green foliage,
leaf dwarfing, heavy anthocyanins discoloration (red / purple pigments), and more tannins (browns) pro-
duced in leaves along veins.  Phosphorus deficiency tends to present with stunted shoots.  It is usually more
growth problems than foliage problems in the beginning of phosphorus deficiency.  Older tree tissues will
show phosphorus deficiency first as new tissue acts as a sink for remobilized phosphorus.

High concentration of phosphorus can lead to zinc and copper deficiencies.  Below a pH of 5.0
phosphorus is deficient under most conditions.  Aerobic conditions with adequate moisture is needed for
good phosphorus availability.  Phosphorus enrichment can be added anytime.  There are many phosphorus
enrichment materials of various costs for use on tree sites.

Phosphorus enrichment is common place and found associated with nitrogen and potassium in
various mixtures and formulations.  This treatment of phosphorus will not cover enrichment.

Potassium (K)
Potassium (K) is a soft, whitish-silver, extremely reactive  metal.  It is used in fertilizers (potash).

The pure metal must be stored in kerosine to prevent it from reacting violently with water or humidity.  It is
used in oxygen rebreathers, batteries, fertilizers, food preservatives, explosives, and rock dating.

Potassium is the most abundant cation in found in trees.  It exists not as a part of structures and
compounds, but as free ion in symplast where its concentration cytoplasm maintained constant.  Potassium
activates not builds organic materials.  Many enzymes require a univalent cation for activation, and as such
sodium can substitute for potassium in a limited way.  In brackish water potassium is taken up in order to
keep sodium out.  Potassium is used (like sodium in animals) to maintain cell electronic equilibrium by
balancing the charge of anions.  For example, polymers of materials like DNA, which is a polyanion)
requires potassium to maintain a neutral charge.

Potassium primes the protein synthesis machinery, provides osmotic force, and is the ionized water
bath for the chemical reactions of a tree cell.  Potassium is pumped into guard cells f the leaf to open
stomates.  It is used in other cells to maintain pressure against the cell walls (turgor pressure).  Potassium is
used in transport systems and helps balance pH levels across internal membranes to provide for proton
banking used in ATP production.  Potassium is also used in transporting (co-transport) sucrose and amino
acids across outside cell membranes.  For example, potassium is responsible for phloem loading.

Potassium deficiency first presents as darkened or blue-green colored leaves.  Both photosynthesis
and respiration processes decline and collapse.  Water conservation processes in leaves are compromised.
Over time marginal leaf scorch develops in leaves, usually starting at the tip.  Leaves will be stunted and
internodes will not expand.  Older leaves will show symptoms first as potassium is remobilized and moved
to young tissue.  Shoots will be stunted and die back with increasing deficiency.  Potassium deficiency
presents symptoms similar to phosphorus deficiency.

Potassium enrichment is common place and found associated with nitrogen and phosphorus in
various mixtures and formulations.  It is important potassium deficiency testing be based upon fresh tree leaf
or shoot sap, not on dry weight of tissue.  Potassium has been traditionally enriched through addition of
herbivore manure and plant ashes to a site.  This treatment of potassium will not cover enrichment.
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Silicon (Si)
Silicon (Si) is a metalloid with unique electrical properties.  It is the second most abundant element

in the Earth’s crust and is usually found combined with oxygen.  It is found as quartz and flint stones and
used in watches, glass, ceramics, semiconductors, solar cells, and silicone rubbers.

Silicon is an element whose essentiality is greatly debated among mineral nutritionists.  It has been
established as absolutely essential in some types of algae and in a primitive plant called scouring-rush
(Equisetum).  Silicon is used for a number of tasks in trees and is considered essential by silicon research-
ers.  Many older agronomic, annual and non-woody plant texts and review papers do not consider silicon
essential.

Silicon is found in large concentrations n the Earth’s crust and most soils.  Silicon is found usually as
silicic acid (H4SiO4) in soils, approaching 500 times the concentration of phosphates.  Silicon is found within
trees in great amounts.  As in other soil elements silicon is transported through the tree in the water stream.
Once incorporated in cell materials, the organo-silicates function with a valance of +5 or +6, not the el-
emental valance of +4.

Because of its super abundance in nature, silicon deficiency is almost nonexistent.  Lack of defi-
ciency does not change its essential nature in trees.  Silicon is responsible for mitigating stress and stimulating
defensive compounds (i.e. phytoalexins) in trees.  Silicon strengthens and stiffens cells walls in trees.  Silicon
enrichment under deficient conditions stimulates higher chlorophyll concentrations in leaves.  Silicon substi-
tutes for phosphates in DNA / RNA production systems providing chemical and structural stability.

Silicon strengthens leaves to resist and minimize pest attacks.  Potassium silicate accumulates in
epidermal tissues outer walls just under the leaf cuticle.  Silicon appears to be most needed in supporting
absorbing root functions and growth.  Silicon is critical on organic and tropical, heavily leached and acidic
soils.  Silicon has also been cited in managing metal toxicity under acidic conditions, especially aluminum.
Because silicate and phosphate compete for soil location sites, silicon enrichment or increased availability
pushes phosphates into tree-available forms.

Although enrichment of sites with silicon is usually rarely required, the low cost calcium silicate or
the more expensive potassium silicate can be used.

Sulfur (S)
Sulfur (S) is a reactive non-metal, brittle,  yellow solid.  It is used in building materials, food preser-

vatives, fertilizers, batteries, bleach, detergents, paints, and rubber manufacturing.
Sulfur is used in similar ways, but not to the extent and various uses, as nitrogen.  Sulfur require-

ments average less than 1/20th of nitrogen requirements in trees.  Sulfur is required in the electron transport
chains of photosynthesis and respiration in iron-sulfur protein complexes.  Sulfur is part of two structural
amino acids and several coenzymes.  Other sulfur containing amino acids are considered stress amino acids
and generated under a variety of environmental stress conditions.

In trees, sulfur uptake and transformations require tremendous energy input and careful manage-
ment.  Up to 5-10% of tree energy has been cited involved with sulfur management.  Trees incorporate
sulfur using magnesium, nitrogen and iron.  Sulfur is used in trees because of its great range of chemical
activity (oxidation / reduction).  For example, sulfate (SO4

2-) has a valance of +6, solid sulfur (S) has a
valance of 0, and hydrogen sulfide (H2S) has a valance of -2.

Sulfur deficiency first impacts nitrogen uptake and incorporation.  As such sulfur deficiency presents
nitrogen deficiency symptoms.  Symptoms begin in young leaves moving to mature leaves because once
placed sulfur is difficult to move in a tree, unlike nitrogen).  Symptoms include leaf yellowing and shoot
stunting, thinning, and structural weakness.

Many fertilizers use sulfur not for its essentiality or reversal of deficiency, but for ease of transport
and low cost connections to other elements.  Sulfur is also added to sites to control / change pH levels,
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impacting other elements.  Because sulfur and sulfur compounds are commonly used in element enrichment
processes in soils, this text will not further review enrichment of sulfur.

Zinc (Zn)
Zinc (Zn) is a hard, brittle, silver metal resistant to corrosion.  It is used for galvanizing steel and in

batteries, coins, paints, sunscreen, photocopiers, and cathode ray tubes.
Zinc is a required metal in trees.  Zinc is divalent (+2) metal cation but unlike most of the other

metals, does not in use undergo valence changes (i.e. no oxidation / reduction cycles).  There are many zinc
using or zinc activated enzymes in trees.  Zinc function to activate proteins sometimes as the active site and
sometime as a structural or conformational component.  Many time zinc is seen cross-linking sulfur in
proteins.

Zinc is required in trees for the proper transcription of DNA and gene expression.  It is a key
component in photosynthetic enzymes.  Zinc is required for growth regulator (auxin) synthesis and for
combining ammino acids into proteins.  Under anaerobic conditions, zinc helps detoxify alcohol accumula-
tions.  In soils, zinc at low to neutral pH is found in the form Zn2+ and at high pH is found in the form of
ZnOH+.  High pH (>8.2) tends to generate insoluble zinc (ZnCO3) and produce zinc deficiencies in trees.

Zinc deficiency in trees is first seen as leaves darkening and taking on a blue-green color which
fades into a general yellowing.  Leaves become stunted with a mottled appearance between the veins.
Leaves eventually become distorted and die.  Tree shoots become stunted with internodes not expanding.
Shoots become distorted and die.  Roots tend to exude gums and resins, and stop growth.  Zinc deficiency
is common in highly weathered and calcium rich soils with pH >8.2 where zinc becomes insoluble.  In
organic soils, or soils with a large amount of composted organic matter, zinc tends to become bound up and
unavailable.

As zinc becomes more deficient, more phosphorus is taken up be trees.  Zinc competes with nickel
for transport and activation sites generating zinc deficiencies when nickel concentrations are too great.  High
concentrations of zinc suppresses potassium, calcium, and  magnesium.  Under anaerobic conditions, or
through enrichment, cobalt minimizes this effect.

Zinc is easily added to enrich tree sites with many effective and low cost products.  Traditionally,
zinc nitrate (Zn(NO3)2) as a 1% foliar application has been used to small trees and shrubs.  In some cases
and under some conditions, this foliar spray cause leaf damage.  Using ZnSO4 as a 0.18% solution with
hydrated lime has been cited as preventing zinc damage to leaves as a foliar spray.  Zinc has not been found
to be effective as a trunk injection or implant.  Mycorrhizae in trees tend to mitigate and protect trees from
zinc toxicity impacts.

The Others!
The three remaining elements not described above are carbon (C), hydrogen (H), and oxygen (O).

They are intimately associated with all life.  No deficiency can exist of these elements in trees because the
very fabric of tree life is woven of these three elements.  They are gathered from the environment as di-
atomic gases, as part of other compounds, and most notable from carbon dioxide (CO2) and water (H2O).
Each of these three elements in their pure form are briefly described below.

Carbon (C) is a non-metal which easily links to itself and other elements.  Life is dependent upon
the chemical qualities of carbon.  The study of living systems  revolved around organic or carbon chemistry.
In a  pure natural state carbon can be found as diamond, graphite, or coal.  It is used for energy, steel
making, carbonation, dry ice, charcoal, abrasives, and archeological dating.
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Hydrogen (H) is the simplest element with one proton and one electron.  Hydrogen is an odorless,
colorless, and highly flammable gas.  It is by far the most common element in the universe.  There is little of
this element in a pure gas form in the atmosphere because it is so light it has been eroded away and lost to
space.  On Earth hydrogen is concentrated in water.  It is an elemental constituent of fertilizers, foods,
chemical feedstocks, and weapons.

Oxygen (O) is a colorless, odorless gas which comprises ~ 21% of the  atmosphere.  It combines
with many other elements (oxides) and comprises ~46% of the Earth’s crust and is the dominant atom in
water.  It is essential for life because of its oxidative ability.

Summarizing Elements

Many elements are essential to tree life.  All of these essential elements are needed in different
proportions.  Too much or too little of any single element disrupts tree life.  Each element has a unique job
to perform in a tree.  Figure 28 provides a summary list of why different elements are most essential.  Figure
29 provides the Coder Element Interaction Matrix for Trees (CEIMT).  The CEIMT shows major interac-
tions between tree essential element availabilities on tree sites.
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Figure 28:  General description of the most important
functions in trees for essential elements.

  Element Functions

Carbon Activators
N all amino acids, proteins, nucleic acids ...
S stress amino acids, proteins, and coenzymes

Energy
P capture, storage and use of cellular energy, sugar phosphates, adenosine

 phosphates (ATP), nucleic acids, all membranes

Cell Wall Structure
Ca binder of polysaccharide in cells walls
B binds pectic polysaccharide in and between cell walls
Si stability in cell walls

Parts of Enzymes and Metabolites
Mg chlorophyll
Fe heme pigments, ferredoxin and iron-sulfur proteins
Mn water splitting enzyme in LHCII and superoxide dismutase enzyme
Zn several enzymes constituents
Cu several enzymes constituents
Ni urease enzyme
Mo nitrogenase, nitrate reductase

Activator / Modifier of Enzymes
K many enzymes activated
Cl LHCII water splitting and oxygen release
Mg phosphate transfers, many (most) enzymes
Ca binds to calmodulin (an important regulator of enzymes) & other enzymes
Mn citric acid cycle enzymes, many enzymes
Fe activates several enzymes
Zn activates several enzymes
Cu activates several enzymes
Co stabilizes and activates enzymes

Counter Ionic Charge
K    Cl   Ca    Mg

Counter Osmotic Pressure
K    Cl
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Figure 29:  Coder Element Interaction Matrix for Trees  (CEIMT).
Element which increases availability and decreases another element availability is
considered antagonistic (A).  Element which increases availability and increases
another element availability is considered synergistic (S).
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Tree  Life  Processes

Essential elements are conserved in trees by many processes.  Key element conservation and
recycling processes include heartwood generation, senescence, abscission, cladaptosis, and other forms of
compartmentalization.  Some elements are mobile inside a tree while others are immobile, locked into place
once and not moved.  Tree-mobile elements can be continually recycled.  In soils some elements are mobile
and some are immobile.  The elements mobile in a soil environment may not be mobile inside a tree.  For
trees, rooting surface area, root density, and continued root growth are key to capturing both soil mobile
and immobile elements.

Senescence
The living process in a tree conserving and recycling mobile resources, including essential elements,

is called senescence.  Senescence includes the pre-planned and orderly dismantling of light gathering ma-
chinery and associated elements inside a deciduous tree leaf, retracting of mobile essential elements from
within a woody or absorbing root to be sealed off, or recall of mobile elements within a twig to be shed.

In senescence, a tree recalls valuable mobile essential elements, on-loan to leaves, roots, and twigs
to be shed.  Approximately 77% of nitrogen (N), potassium (K), and phosphorus (P) in deciduous tree
leaves are remobilized and returned to the tree.  Less than 45% of magnesium (Mg) is returned from
senescing leaves.  There is usually a slight loss of the heavier metals with falling leaves.  Tissues killed quickly
by pathogens, or damaged by animals or climatic extremes, do not have time to senesce.  In these cases the
tree can not recall and reuse any of the essential elements in the tissues except through ecological recycling.
Figure 30.

H2O
A critical inorganic component of tree life is water.  Roughly 80% of all variation in tree growth is

water related, either through water volume concentration in the soil, aeration interactions, and/or drainage in
the soil.  Water is an essential “element” of trees.  Although it is composed of two essential elements, it
functions as such a critical feature of everything living including dissolving, surrounding, transporting, and
buffering essential elements.  Water is essential!

Water is the catalyst of life.  When water availability is constrained, life slows, declines, and fails.
The properties of water make it both unusual chemically and critical biologically.  Pure water in small
portions is clear and colorless with no taste or odor.  Water is an essential “element” of tree life.

Essentially Wet!
Water is essential to tree life as well as the most limiting resource.  The value of water lies with its

chemical properties, physical reactions, and biological uses.  Water is the single most important molecule in
trees as well as the ecological systems which sustain trees.  Within each living tree cell is a water-based
solution that contains, supports and dissolves a variety of elements, materials and molecules responsible for
life.  For example, water is the starting point for photosynthesis capturing energy from the sun, a hydraulic
fluid, a transport stream, and solvent.  Water comprises 80% of tree mass on average.

Molecular Form
A water molecule -- the most basic unit -- is composed of three atoms covalently bonded together.

These bonds involve sharing electrons between atoms.  Two of the three atoms are small hydrogens, each
with a single negatively charged electron surrounding a positive charged proton with various numbers of
neutrons.  The third atom in water is a massive oxygen which has an atomic structure that easily captures
and holds up to two negatively charged electrons.  These covalent bonds between atoms in a water mol-
ecule are strong.
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Figure 30:  General view of element mobility in a tree
symplast with growth and senescence.
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There are many kinds of water.  Water can exist in nine (9) different forms (isotope combinations).
There are two (2) types of naturally occurring hydrogen available for use which vary in their nuclear compo-
nents.  There are three (3) naturally occurring oxygen types available.  The lightest form of water is by far
the most common, molecular weight 18 amu.  The heavier isotopes of naturally occurring water (molecular
weights = 19-22) may not be as biologically active as standard water but are extremely rare.  Table 16.

Charge Exposure
In binding with oxygen, hydrogens tend to loose their negative charged electrons for most of the

time.  The almost continuous loss of negatively charged electrons from both hydrogens partially exposes
their positively charged proton centers.  The capture of two extra negatively charged electrons for most of
the time by oxygen, adds a partial negative charge to oxygen.  The ability of oxygen to steal electrons
(unequal sharing) from its hydrogen partners generate a partial charge separation within water molecules.
The partial positive and negative charges balance out within one water molecule leaving no net charge.

Individual molecules of water have a slight tendency to completely ionize or disassociate.  Chemi-
cally two water molecules can break apart into one H3O

+ ion and one OH- ion, or an average disassociation
of one H+ (proton) and one OH- (hydroxy group).  A chemical balance exists between water molecules in
ionized and non-ionized states, with most in a non-ionized form.  At a neutral pH (pH = 7), one in 10 million
water molecules are ionized.  As pH becomes lower (more acidic), more H+ ions exist per liter of water.  A
pH of 4 means the concentration of H+ is one in 10,000.  Water molecules generally stay in one molecular
piece, unequally sharing the hydrogen’s electrons.

Sticky Shapes
Part of understanding partial charge attraction is examining the shape of the water molecule.  There

are many ways to envision three atoms in water attaching to each other.  Water molecules are not straight or
a 90o L-shaped.  Oxygen has four possible attachment points for hydrogens, the corners of a tetrahedron,
but can only bond with two hydrogens.  The two hydrogens can only be attached to a single oxygen in one
way.  The hydrogens are always at a ~105o (104.5o) angle away from each other around a much larger and
massive oxygen atom.  At this angle, each hydrogen presents a partial positive charge to other water mol-
ecules and materials.  The oxygen presents two variable partial negative charges to other molecules.  Figure
31.

The interactions between water molecules involve partial negative charges attracting partial positive
charges among all other water molecules.  This partial charge attraction is called “hydrogen bonding.”
Hydrogen bonding is not as strong as a covalent bond between atoms, but is strong enough to require some
energy to break (i.e. 4.8 kilocalorie/mole).  Hydrogen bonding can also occur over longer distances (1.8X
longer) than the short covalent bonds between atoms in a water molecule.

H-Bonds
As a liquid, every water molecule is surrounded with other water molecules except those at an edge

or on the surface.  Within liquid water, each molecule is held within an ephemeral framework of 0-4 hydro-
gen bonds from all directions.  The mutual attraction between water molecules is called “cohesion.”  Even
though one hydrogen bond slips to another molecule, the average number of these bonds per water mol-
ecule remains roughly the same for each energy level.  As temperatures climb, more hydrogen bonds break.
At the liquid water surface, more molecules escape from liquid into a gas form with increasing temperature.
Figure 32.

Hydrogen bonding occurs when hydrogen is positioned between two strongly electronegative
atoms.  Oxygen, fluorine, nitrogen and chlorine can participate in compounds with hydrogen bonding.
Oxygen in one water molecule can form a hydrogen bond with a hydrogen on another water molecule.
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Table 16:  Percent of the nine (9) naturally occurring
water molecule forms in the atmosphere.
(Note percents are NOT in decimal form).

      total
  hydrogen    oxygen    percent  water
      mass      mass    form  on  Earth

2 (1H,1H) 16 99.74 %
2 17   0.04 %
2 18   0.20 %

3 (2H,1H) 16   0.01 %
3 17   0.000004 %
3 18   0.00002 %

4 (2H,2H) 16   0.000001 %
4 17 (4 X 10-10) %
4 18 (2 X 10-9) %

     100%
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Figure 31:  Diagram of water molecule with an oxygen (O)
and two hydrogen (H) atoms combined.  The hydrogen
atoms are always separated by ~105o (104.5o) as they
glide around the oxygen perimeter, never on opposite
sides.  Oxygen draws electrons away from the hydrogens generating
a polar molecule with partial negative charges (~-) on the oxygen side
and partial positive charges (~+) on the hydrogen side.
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Figure 32:   Diagram of seven water molecules interacting
with each other due to partial electrostatic charges
and the associated 0 to 4 hydrogen bonds per
molecule.  The dotted lines represent hydrogen bonds.
Remember, this is a simple two dimensional diagram, while
water molecules are in a four dimensional framework of constantly
changing hydrogen bonds.
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Both oxygen and nitrogen form hydrogen bonds that can positively influence the shape or conformation of
biological molecules.  Both chlorine and fluorine pull apart and disrupt biologics.

Complex Structures
Water is simply not a host of individual molecules interacting.  Because of hydrogen bonding, water

develops complex geometric relationships with surrounding water molecules which exist in few other materi-
als.  The potential for a maximum of four hydrogen bonds coming from a single water molecule allows water
to mimic a four-sided, three dimensional structure called a tetrahedron, rather than a flat, two-dimensional
triangle.  As these tetrahedrons stack-up, they form small areas of structure which approximate a crystalline
form.

As more crystalline areas develop and line-up with each other, water can be described as having a
semi-crystalline form in a liquid state.  This semi-structure confers stability which makes water unique.
Water is dominated by this stable semi-crystalline structure up to about 105oF (40.5oC).  At this tempera-
ture the energy within water is great enough to prevent most large structural areas of hydrogen bonding from
occurring.  This stability temperature is biologically significant because water which surrounds, supports, and
interfaces with many tree enzymes and molecular conformations begin to subtly change properties above this
temperature.

Ice Floats
As liquid water cools, more and more hydrogen bonds are formed and maintained.  This increased

attraction with decreasing temperature continues until 40oF (4oC) when water is at its densest.  As liquid
water continues to cool, the hydrogen bonding of cold water begins to reorganize into larger areas of
crystalline-like structures.  As energy content in liquid water declines to 32oF (0oC), hydrogen bonds set-up
a liquid crystal structure made of tetrahedron shapes.

As water freezes, the tetrahedrons are set into true crystal forms.  This water crystal formation is a
solid which is less dense than the liquid from which it formed.  The four hydrogen bonds and the packing
density of tetrahedron crystals formed at freezing separates the individual water molecules by more space
than is present between water molecules in a liquid form.  Ice floats because it is less dense than liquid
water.  The lower density tetrahedron structure of solid water allows ice to float, and provides the basic
building blocks and shapes found in snowflakes and frost.

Little Big Size
The most abundant form of water has the smallest molecular weight of 18 mass units with 16 mass

units coming from a single oxygen.  Other molecules similar to the mass and size of water molecules quickly
evaporate and exist as a gas at tree growth temperatures.  Because of hydrogen bonding, water molecules
are “sticky,” attracting each other and generating properties expected of a much different, much heavier and
larger compound.  Water interacts with any materials having at least small irregularities in electronic compo-
sition.  Water will adhere to many surfaces which have many forms of partial charges and ionic terminals.

Electric Shells
Many elements essential to trees dissolve readily in water and form ions, either positively charged

“cations” or negatively charged “anions.”  Ions come from the disassociation or separation of a molecule.
Table salt easily ionizes into positive cation sodium (Na+) and negative anion chlorine (Cl-) when stirred into
water.  The full charges on the ions cause the partially charged water molecules to line-up and surround
each in a hydration sphere or layer.  The ions then tend to behave as larger molecules because they are
blanketed with many water molecules attracted by their charge.  Figure 33.

In soil, most essential elements are not dissolved in solution but held within organic materials or
mineral compounds.  There are always a small portion of these elements dissolved in water and attracted to
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Figure 33:  Two-dimensional diagram of water molecules
surrounding an ion with a negative charge generating
a hydration sphere effectively increasing ionic size.
The partial positive charges on the water molecules
line up toward the negative ion.
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the various charges on soil particles.  The small water molecule charges, in-mass, tug at any surface materi-
als and surround them (dissolve them).  An individual water molecule is very small compared to most other
materials and can be drawn into the smallest of pores or spaces.  This physical property helps water dis-
solve many things.  Water infiltrates and coats life and its resources.

Biology
Water provides a solution and climate for specific biochemical reactions to occur.  The structure or

configuration of enzymes depend upon water’s structural support.  In addition, many reactions and their
associated biological catalysts are temperature sensitive.  Water provides a constant temperature bath and a
stable environment for life-functions.  Water is also a component or product of some biological reactions.

For example, the photosynthetic system in a tree depends upon oxidation of water to provide
electron resources needed for capturing light energy.  The oxygens in O2 gas released in photosynthesis are
derived from water.  The hydrogens from water are used as a source for chemical reduction of CO2
captured from the air.  Water provides electrons, hydrogens, and oxygen to capture light energy, make tree
food, and produce oxygen!  Water is a tree essential “element.”

Conclusions

Trees require 19 elements from the environment, plus tremen-
dous amounts of water, to survive and thrive.  At one time or another,
each essential element could be at a deficient level, toxic level, or at a
biologically and therapeutically adequate level.  Trying to balance all 19
elements is difficult, for both a tree and for a tree health care provider.
Only a few elements generate short term (i.e. noticeable) growth gains.
The rest of the essential elements participate in keeping a tree healthy
and structurally sound.  Tree life depends upon the “essential 20!”
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