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Fundamentals of Tree NutritionFundamentals of Tree Nutrition

What is a nutrient?What is a nutrient?
What are the essential nutrients elements?What are the essential nutrients elements?
What are the mechanisms by which they What are the mechanisms by which they 
are available?are available?
How are nutrients taken up by trees?How are nutrients taken up by trees?
What is the distribution of nutrients within What is the distribution of nutrients within 
trees?trees?
How do they influence growth and vigor?How do they influence growth and vigor?



What is a Nutrient?What is a Nutrient?

Any element or compound contributing to Any element or compound contributing to 
an organisms metabolism, growth, or an organisms metabolism, growth, or 
other functioningother functioning

Essential nutrientsEssential nutrients are those that can not are those that can not 
be synthesized by the organism and be synthesized by the organism and 
therefore must be obtained from an therefore must be obtained from an 
external sourceexternal source



Macronutrients:  Macronutrients:  >1000 >1000 ppmppm

MagnesiumMagnesium

CalciumCalcium

SulfurSulfur

NitrogenNitrogen

PotassiumPotassium

PhosphorusPhosphorus

OxygenOxygen

HydrogenHydrogen

CarbonCarbon

NameName

Pigmentation, Enzyme Pigmentation, Enzyme 
CofactorCofactor

MgMg+2+2MgMg

Cell Walls, RegulationCell Walls, RegulationCaCa+2+2CaCa

Proteins, Amino AcidsProteins, Amino AcidsSS--SS

Proteins, Amino Proteins, Amino 
Acids, DNAAcids, DNA

NONO33
-- NHNH44

++NN

StomatalStomatal ApertureApertureKK++KK

Bioenergetics Bioenergetics –– ATPATPPOPO44
--33PP

BiomoleculesBiomolecules, , 
RespirationRespiration

OO--22OO

BiomoleculesBiomoleculesHH++HH

BiomoleculesBiomoleculesHCOHCO33
--CC

Key Roles in PlantsKey Roles in PlantsCommon Ionic Common Ionic 
FormsForms

SymbolSymbol



Micronutrients:   Micronutrients:   <1000 <1000 ppmppm

ChlorineChlorine

ZincZinc

ManganeseManganese

CopperCopper

BoronBoron

MolybdenumMolybdenum

IronIron

NameName

PhotosynthesisPhotosynthesisClCl--ClCl

Enzyme Cofactor Enzyme Cofactor ––
Protein SynthesisProtein Synthesis

ZnZn+2+2ZnZn

ChloroplastsChloroplastsMnMn+2+2MnMn

PhotosynthesisPhotosynthesisCuCu+2+2CuCu

Sugar Transport, Sugar Transport, 
Cell Division, Cell Division, 
Enzyme SynthesisEnzyme Synthesis

B(OH)B(OH)33BB

Enzyme Cofactor Enzyme Cofactor ––
Amino Acid Amino Acid 
SynthesisSynthesis

MoOMoO22
--44MoMo

Enzyme Cofactor Enzyme Cofactor --
PhotosynthesisPhotosynthesis

Fe(IIIFe(III))FeFe

Key Roles in PlantsKey Roles in PlantsCommon Common 
FormsForms

SymbolSymbol



Mechanisms of Nutrient Supply to RootsMechanisms of Nutrient Supply to Roots

Growth of roots into the soil to intercept Growth of roots into the soil to intercept 
exchangeable  nutrientsexchangeable  nutrients

Mass flow of ions with the movement of Mass flow of ions with the movement of 
soil water as a result of transpirationsoil water as a result of transpiration

Diffusion of ions toward the root surface Diffusion of ions toward the root surface 
when uptake rate exceeds supplywhen uptake rate exceeds supply



Mechanisms of Nutrient Supply to RootsMechanisms of Nutrient Supply to Roots

Predominant mechanism depends on the Predominant mechanism depends on the 
relative mobility of the nutrient in question:relative mobility of the nutrient in question:
–– Growth interception important for CaGrowth interception important for Ca

–– Mass flow important for Mg, SOMass flow important for Mg, SO44
-- and Feand Fe

–– Diffusion important when demand exceeds mass flow Diffusion important when demand exceeds mass flow 
deliverydelivery

Often the case for N, P, and KOften the case for N, P, and K

Relative to KRelative to K++, NH, NH44
++, and NO, and NO33

--, Phosphate ion particularly , Phosphate ion particularly 
immobile and diffusion rate strongly limits availabilityimmobile and diffusion rate strongly limits availability



Uptake of Mineral Nutrients from SoilUptake of Mineral Nutrients from Soil

1. Exchange absorption of adsorbed nutrient ions
2. Absorption from the nutrient solution
3. Mobilization of chemically bound nutrients



Influence of pH on Soil Formation,Influence of pH on Soil Formation,
Nutrient Mobilization and AvailabilityNutrient Mobilization and Availability

Chemical Weathering
Humification

K
Ca and Mg

Biotic Activity
H+ and OH- Toxicity
Al-Fe Displacement
N and S Mobilization
P and B

Mo
Fe and Mn
Cu and Zn

pH 3 4 5 6 7 8 9



Primary Root AnatomyPrimary Root Anatomy



Transport of Ions in RootsTransport of Ions in Roots
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Mechanisms of Ion TransportMechanisms of Ion Transport
Across Cellular MembranesAcross Cellular Membranes



MycorrhizaeMycorrhizae

VA-Mycorrhiza

Endomycorrhiza

Ectomycorrhiza

Ectendomycorrhiuza

ANGIOSPERMS

Zygomycetes Zygomycetes
Ascomycetes
Basidiomycetes

GYMNOSPERMS

MONOTROPACEAE
Basidiomycetes

ARBUTACEAE
Basidiomycetes

PYROLACEAE
Basidiomycetes

ORCHIDACEAE
Basidiomycetes

ERICACEAE
Ascomycetes

Spore

Intercellular
Hyphal Net

Intercellular
Hyphal Complex

Vesicle
Arbuscule

Mycelial
Strands

Hartig Net

External Mantle



Characteristics of Characteristics of MycorrhizalMycorrhizal and Nonand Non--mycorrhizalmycorrhizal RootsRoots
of Eastern White Pine Seedlingsof Eastern White Pine Seedlings

0.430.430.740.74KK

0.070.070.200.20PP

0.850.851.241.24NNLeafLeaf
(% O.D. (% O.D. 

Wt.)Wt.)

1.141.140.780.78Root/Shoot Root/Shoot 
RatioRatio

321321405405Dry WeightDry Weight
(g)(g)

SeedlingSeedling

NonNon--mycorrhizalmycorrhizalMycorrhizalMycorrhizal

From Hatch (1973)



Atmospheric Nutrient DepositionAtmospheric Nutrient Deposition
to a Mixedto a Mixed--Deciduous ForestDeciduous Forest
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Nitrogen Fixation by Symbiotic BacteriaNitrogen Fixation by Symbiotic Bacteria



Nutrient Distribution Within Trees of Five SpeciesNutrient Distribution Within Trees of Five Species

From Van den Driessche (1984)



Nutrient Distributions within Hardwood and Conifer SpeciesNutrient Distributions within Hardwood and Conifer Species

282.8282.895.695.6129.0129.0-- -- --52.852.85.45.4150150White oakWhite oak

204.5204.533.033.0121.7121.718.718.722.022.09.19.13636DougDoug--fir fir 

Biomass (tons haBiomass (tons ha--11))

2029202920203939-- -- --333333150150White oakWhite oak

333333111114142121323222223636DougDoug--fir fir 

CalciumCalcium

41941926262727-- -- --31311414150150White oakWhite oak

220220111124242020171728283636DougDoug--fir fir 

PotassiumPotassium

414135353030-- -- --19191010150150White oakWhite oak

66669914141414191944443636DougDoug--fir fir 

PhosphorusPhosphorus

63163122223636-- -- --232399150150White oakWhite oak

320320101024241515191932323636DougDoug--fir fir 

NitrogenNitrogen

TotalTotal
(kg ha(kg ha--11))

Roots Roots 
(%)(%)

Bole Bole 
Wood Wood 
(%)(%)

Bole Bole 
Bark (%)Bark (%)

Branches Branches 
(%)(%)

Foliage  Foliage  
(%)(%)

Age Age 
(yr)(yr)

SpeciesSpecies



Nutrient Distributions within Two Conifer SpeciesNutrient Distributions within Two Conifer Species

-- -- ---- -- ---- -- ---- -- ---- -- ---- -- --1616LoblollyLoblolly

204.5204.533.033.0121.7121.718.718.722.022.09.19.13636DougDoug--fir fir 
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Nutrient Profiles: DouglasNutrient Profiles: Douglas--fir 1fir 1--yr Foliageyr Foliage

aaPerPer ten leavesten leaves
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1414
1818
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1.0121.012
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0.030.03
0.040.04
0.040.04

3030
4040
5050

77
88
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8181
9494

106106

6767
8787

107107

0.0010.001
0.0010.001
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0.3720.372
0.4180.418
0.4570.457

0.0630.063
0.0690.069
0.0750.075

0.1890.189
0.2130.213
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878878
952952

0.8100.810
0.8720.872
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44
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6969
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Fe Fe 
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Na Na 
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Ca Ca 
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(g)(g)
Percentile Percentile 

classclass

(From Zinke and Stangenberger, 1979)



Nutrient Profiles: DouglasNutrient Profiles: Douglas--fir 1fir 1--yr Foliageyr Foliage

aaPerPer ten leavesten leaves
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0.2560.256
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(From Zinke and Stangenberger, 1979)



Ponderosa Pine Response to Elevated COPonderosa Pine Response to Elevated CO22
11--yr Foliageyr Foliage

MnMn/Fe/FeCa/KCa/KN/PN/P

69691.781.7817170.2600.260717114.0014.00AmbAmb + + 
300300

68681.701.7020200.2800.280666613.1113.11AmbAmb + + 
150150

65651.611.61770.1910.191606012.0012.00AmbAmb + + 
7575

57571.351.35990.2010.20142429.579.57AmbAmb

% % 
RankRankRatioRatio% % 

Rank Rank RatioRatio% % 
RankRankRatioRatioCOCO22

LevelLevel

Anderson, Houpis, Palasou (1986)



Haase and Rose (1995)
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Interpretation of Nutrient StatusInterpretation of Nutrient Status

ExcessExcess------FF

ExcessExcess+/+/--++++--EE

Luxury Luxury 
ConsumptionConsumption

++++00DD

DeficiencyDeficiency++++++CC

SufficiencySufficiency++00++BB

DilutionDilution++--++AA
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Seasonal Changes in Foliage Nutrient Content:Seasonal Changes in Foliage Nutrient Content:
Scarlet Oak in New YorkScarlet Oak in New York



Nutrient Use Efficiency (NUE):Nutrient Use Efficiency (NUE):
Net Primary Production (NPP) per Unit Nutrient UptakeNet Primary Production (NPP) per Unit Nutrient Uptake

15591559915915MgMg

217217130130CaCa

354354216216KK

1519151918591859PP

194194143143NN

Coniferous ForestConiferous ForestDeciduous ForestDeciduous ForestNutrientNutrient

Nutrient Use Efficiency Nutrient Use Efficiency 
(kg ha(kg ha--11 yryr--11))

From Cole and Rapp (1981)



Growth EfficiencyGrowth Efficiency
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Foliage, Production and the Availability ofFoliage, Production and the Availability of
Water and NutrientsWater and Nutrients

Soil Water
Storage

Nutrients
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Efficiency

Available
Water

Leaf Area

Productivity

Above
Ground

Below
Ground

Mineralization

Decomposition

Grier (1990)
Long et al. (2004)

EvapotranspirationPrecipitation

Drainage



SummarySummary
Nutrients are elements and compounds used in Nutrients are elements and compounds used in 
plant metabolism, growth or functionplant metabolism, growth or function
Macro and micro nutrients differ in relative Macro and micro nutrients differ in relative 
abundance, but are essentialabundance, but are essential
Availability and uptake variesAvailability and uptake varies
They are allocated in different concentrations and They are allocated in different concentrations and 
contents among plant partscontents among plant parts
They are seasonally variableThey are seasonally variable
They are linked to productivity through many They are linked to productivity through many 
functions functions –– an important one being leaf area an important one being leaf area 
development development 



Nutrient Cycling through Forests:Nutrient Cycling through Forests:
Nutrient InputsNutrient Inputs
–– Atmospheric deposition; wet and dryAtmospheric deposition; wet and dry
–– Nitrogen fixationNitrogen fixation
–– Rock weatheringRock weathering
–– Hydrologic inputs; transport to siteHydrologic inputs; transport to site

Accumulation and StorageAccumulation and Storage
–– Accumulation during forest developmentAccumulation during forest development
–– Storage in forest ecosystemsStorage in forest ecosystems

Ecosystem LossesEcosystem Losses
–– Streams and ground waterStreams and ground water
–– Losses to atmosphereLosses to atmosphere
–– Losses in fireLosses in fire
–– Losses in forest harvestLosses in forest harvest

Inputs Inputs –– Losses = Change in StorageLosses = Change in Storage



Storage in Forest Ecosystems:Storage in Forest Ecosystems:
Trends in Net Ecosystem Production and Nutrient Trends in Net Ecosystem Production and Nutrient 

Losses During SuccessionLosses During Succession



Nutrient Accumulation During Forest Development:Nutrient Accumulation During Forest Development:
PostPost--fire Jack Pine, New Brunswick, Canadafire Jack Pine, New Brunswick, Canada

From MacLean and Wein, 1977



Macronutrient Storage and Annual Circulation:Macronutrient Storage and Annual Circulation:
A MixedA Mixed--deciduous Forest in Great Britain deciduous Forest in Great Britain 



Comparative Losses of Nutrients as a result of Timber Harvest
in Different Ecosystems



Nutrient Losses Associated with Harvest:Nutrient Losses Associated with Harvest:
Hubbard BrookHubbard Brook



Ecosystem Response to LongEcosystem Response to Long--termterm
SmallSmall--quantity Nitrogen Additionsquantity Nitrogen Additions



Nitrogen Pools and Flux:Nitrogen Pools and Flux:
A 300A 300--yearyear--old Maple Forestold Maple Forest

N Pool sizes in kg ha-1 and fluxes in kg ha-1 yr-1.
(From Mitchell et al. 1992)



Mineral Cycling in a Mixed Forest of Oak, Mineral Cycling in a Mixed Forest of Oak, 
Hornbeam, and BeechHornbeam, and Beech

All units are kg ha-1 yr-1.   Stippled area is quantity retained in phytomass.  Hatch area is that 
quantity returned to the soil by washing and leaching of the canopy, stem flow, and litter.

From Duvigneaud and Denaeyer-De Smet (1970).



Nutrient and Biomass Content for Major Forest TypesNutrient and Biomass Content for Major Forest Types

Content in kg ha-1

From Marion (1979)



Nitrogen Use Efficiency:Nitrogen Use Efficiency:
Net Primary Production (NPP) per Unit Nitrogen UptakeNet Primary Production (NPP) per Unit Nitrogen Uptake

9292Boreal DeciduousBoreal Deciduous

120120TropicalTropical

9292MediterraneanMediterranean

103103Temperate DeciduousTemperate Deciduous

179179Temperate ConiferousTemperate Coniferous

295295Boreal ConiferousBoreal Coniferous

Biomass Production per kg Biomass Production per kg 
Nitrogen UptakeNitrogen Uptake

(kg ha(kg ha--1 yr1 yr--1)1)

Forest RegionForest Region

From Cole (1984)


