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Agriculture (USDA) civil rights regulations and policies, this

institution is prohibited from discriminating on the basis of race,
color, national origin, sex (including gender identity and sexual
orientation), age, disability, and reprisal or retaliation for prior civil
rights activity.

I n accordance with Federal law and U.S. Department of

Program information may be made available in languages other
than English. Persons with disabilities who require alternative
means of communication for program information (e.g., Braille,
large print, audiotape, and American Sign Language) should
contact the responsible State or local Agency that administers the
program or USDA’'s TARGET Center at (202) 720-2600 (voice and
TTY) or contact USDA through the Federal Relay Service at
(800) 877-8339.

To file a program discrimination complaint, a complainant should
complete a Form AD-3027, USDA Program Discrimination
Complaint Form, which can be obtained online, at
https://www.usda.gov/sites/default/files/documents/ad-3027.pdf,
from any USDA office, by calling (866) 632-9992, or by writing a
letter addressed to USDA. The letter must contain the
complainant’s name, address, telephone number, and a written
description of the alleged discriminatory action in sufficient detail
to inform the Assistant Secretary for Civil Rights (ASCR) about
the nature and date of an alleged civil rights violation. The
completed AD-3027 form or letter must be submitted to USDA by:
mail:

U.S. Department of Agriculture

Office of the Assistant Secretary for Civil Rights

1400 Independence Avenue, SW

Washington, D.C. 20250-9410; or

fax:

(833) 256-1665 or (202) 690-7442; or
email:

program.intake@usda.gov.

This institution is an equal opportunity provider.

Form AD-475-A—Assisted Poster/ Revised May 2022

derechos civiles del Departamento de Agricultura de los

Estados Unidos (USDA), esta institucion tiene prohibido
discriminar por motivos de raza, color, origen nacional, sexo (incluyendo
identidad de genero y orientacion de sexual), edad, discapacidad,venganza
o represalia por actividades realizadas en el pasado relacionadas
con los derechos civiles.

Conforme a la ley federal y las politicas y regulaciones de

La informacion del programa puede estar disponible en otros
idiomas ademas del inglés. Las personas con discapacidades que
requieran medios de comunicacion alternativos para obtener
informacién sobre el programa (por ejemplo, Braille, letra
agrandada, grabacion de audio y lenguaje de sefias americano)
deben comunicarse con la agencia estatal o local responsable que
administra el programa o con el TARGET Center del USDA al (202)
720-2600 (voz y TTY) o comunicarse con el USDA a través del
Servicio Federal de Transmisién de Informacién al (800) 877-8339.

Para presentar una queja por discriminacion en el programa, el
reclamante debe completar un formulario AD-3027, Formulario de
queja por discriminacién del programa del USDA, que se puede
obtener en linea, en https://www.usda.gov/sites/default/files/
documents/ad-3027s.pdf, en cualquier oficina del USDA, llamando
al (866) 632-9992, o escribiendo una carta dirigida al USDA. La
carta debe contener el nombre, la direccién y el nimero de teléfono
del reclamante, y una descripcion escrita de la supuesta accion
discriminatoria con suficiente detalle para informar al Subsecretario
de Derechos Civiles (ASCR, por sus siglas en inglés) sobre la
naturaleza y la fecha de la presunta violacion de los derechos
civiles. La carta o el formulario AD-3027 completado debe enviarse
al USDA por medio de:

correo postal:

U.S. Department of Agriculture

Office of the Assistant Secretary for Civil Rights
1400 Independence Avenue, SW

Washington, D.C. 20250-9410; 0"

fax:
(833) 256-1665 0" (202) 690-7442; 0"

correo electrénico:
program.intake@usda.gov.
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‘What factors limit Crop Production?’
or ‘Soil Fertility writ Large’ g%

water

below-ground aeration
atmospheric CO,
temperature

mechanical support
nutrients <— DBasic SO|I Fertlllty

disease/pest pressure

Pepper plants growing poorly.

symbloses Image credit: Neith Little, UMD Extension



Definition of a nutrient

e Required for life-cycle
completion

® Exogenous

o plants can’t generate
them

o obtained from

environment



Liebig-Sprengel law of the minimum

Minimum

Growth is dictated by the
nutrient present in the
most limiting amount.

Assumes no interaction
between nutrients.



Plant-Essential Nutrients (tables 4-1 & 4-2, pp. 55-56, MANMH)

Non-Mineral Mineral*

carbon (CO,)** Macronutrients Micronutrients
Exgrls;e(noz)*’** Primary | Secondary ir:;rl‘(e(r(elj;z’+'):ez+)

(H,0)* nitrogen calcium Zinc (Zn?*)

(NO5, NH,* [ (Ca?")

phosphorus | magnesium | chlorine (CI")
(HPO,%, (Mg?*) manganese (Mn2*, Mn**)
H,PO,) sulfur (S50,2) | boron (H,;B0,, H,BO,", B,0,%)
E)}(();t?ssmm copper (Cu?*)

cobalt (Co?*)

molybdenum (Mo?*)

*uptake (typically) via roots; **uptake via leaves

‘Holding charge is holding nutrients’



Plant-Essential Nutrients (tables 4-1 & 4-2, pp. 55-56, MANMH)

Non-Mineral Mineral*

carbon (CO,)** Macronutrients Micronutrients
Ex?s;e(noz)*’** Primary | Secondary ir:;rl‘(e(r(elj;z’+'):ez+)

(H,0)* nitrogen calcium Zinc (Zn?*)

(NO;-, NH* [ (Ca?")

phosphorus | magnesium | chlorine (CI)
(HPO,%, (Mg?%*) manganese (Mn?*, Mn+*)
H,PO,) sulfur (S50,%) | boron (H,B0,, H,BO,", B,0,%)
E)g?ssmm copper (Cu?*)

cobalt (Co?")

molybdenum (Mo?*)

*uptake (typically) via roots; **uptake via leaves

‘Holding charge is holding nutrients’



A useful mnemonic for essential plant
nutrients (Courtesy, R. Weil, UMCP)

C. B. Hopkins Café Co.
Closed Monday Morning & Night.
See you Zoon, the Mgmt.

C. B. HOPKIiNS CaFé Co.
Closed Monday Morning & Night.
See you Zoon, the Mgmt.




What do plants do with nutrients?

Indispensable roles in the machinery of cell
function.

Nitrogen Protein

Phosphorus [Energy delivery; DNA structure

Potassium |[Salt balance between roots and soil

Magnesium |Essential element in chlorophyll
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Three main questions to answer

e Why are some soils better at supplying
nutrients than others?

e How do soils lose nutrient content; and
how can you tell?

e What can be done to maintain fertility?



Why are some soils better at
supplying nutrients than others?



All things being equal why is it that some
soils are more fertile than others?

The beginning of the answer:

Some soils contain more nutrients anyway

Some soils can hold on to nutrients better



Q. Why do some soils inherently contain more
nutrients?

A. Because soils develop from different geologies

Mineral Formula

Quartz, quartzite SiO,

Olivene (Ca,Mg),Sio,

Kaolinite Al,Si,O:(OH),

Muscovite KAL(AISi;O0,,)(FOH),

Montmorillonite (Na,Ca),3(Al,Mg),Si,0,,(0OH),*n(H,0)
Limestone (Ca,Mg)CO,

.... and some geologies contain more nutrients!



Q. Why do some soils hold more nutrients?

A. Because soils differ in
Organic matter content

Relative amount of sand, silt and clay (‘soil
texture’)

Relative amount of different types of clays
pH



Soil component | Relative ability to hold
positive charge

Organic matter 100-550
Vermiculite clay 120-150
Montmorillonite clay 80-120
lllite clay 15-40
Kaolinite clay 3-15
iron oxide clays (at pH 7) 0-2
silts 0
sands 0

Soils with more clay, more OM and more of
certain clays will hold more positive charge.

‘Holding charge is holding nutrients’

Increasing surface area

n
>




Because all soils typically have a distribution of sand, silt, clay and
organic matter, all soils have some ability to hold nutrients

Amount of charged held per unit
Soil Textural Class weight of soil
(cmoles+/kg) or (meq +/100g)

sands 1-5

fine sandy loams 5-10

loams and silt loams 9-15

clay loams 15-30

clays >30

*meq = ‘milliequivalents’



Texture

Soil texture is like family.

You get what you get,
and you’re stuck with it
unless you move away.

Silt TS
0.05 - 0.002 mm

oo /Clay |
' L 7 less than 0.002 mm
R . S iy



Why does texture affect ability to hold charge?

a)

Graphic from Fig. 2.3 of Functionalization of Metal Oxide Nanostructures via Self-Assembly. Implications and Applications by

Surface area to volume ratio

Increase of surface area to volume ratio (SA:V)

S.Area = 6 u?

Volume =1 *

SA/V ratio = 6:1

Portilla (2017).

b)

e\

S.Area =12 1?2

Volume = 1 v*

SAV ratio = 12:1

c)

S.Area = 24 ¢

Volume = 1 u?

SA/V ratio = 24:1

d)

S.Area = 384 v°

Volume = 1 u?

SA/V ratio = 384:1




Higher surface area to volume ratio (SA/V) =
Larger ion exchange capacity

Root hair

666666

Image credits: Left, LSU College of Agriculture’s Louisiana Home Lawn Series; Right, photo by John Matychuk on Unsplash.
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Clays attract
positive ions
because
negative charge
IS built into them
when they are
formed.
‘isomorphic
substitution’



Clays attract

Caz'h Mg2+ /= )
K* H* positive ions
+ +
Na© H because
H Caz-b .
2t H negative charge
H* K* Ca IS built into them

when they are
formed.

‘isomorphic
substitution’
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Positive charges
(which attract
negative ions)
are rarer in clays

(except for iron
oxides)



Ability of soils to hold charge:
‘ion exchange capacity’

Amount of
charge that
can be
retained by
a certain
amount of
soil mass

centimoles of
charge per kg of soil
(‘cmoles/kg’)

‘Milliequivalents’ of
charge per 100g of
soil (‘meq/100g’)

‘Cation Exchange
Capacity’

(CEC; ability to hold
cations, e.g. Ca%*)

OM and

most
clays

‘Anion Exchange
Capacity’

(AEC; ability to hold
anions, e.g. Cl")

Iron oxide
clays




Clinging ions came
from the soil water
and can go back to
it.

cat*t H* Mg2+ H* Ca?* K*

So we have a special term for the ability of the
soil to hold charge:

‘Exchange Capacity’
(EC)



Sonon, Saha and
Kissell,
Extension.uga.edu,
Circular 1040.

Soil H,0 Soil Solids
(plant available) (fertility tests)

Cations adsorbed to soil

: Di : . .
Cations issolved cations fCeition Bl e Caeaiiy? (CEE)
Anions Dissolved anions Anions adsorbed to sol
‘Anion Exchange Capacity’ (AEC)
Dissolved H* H* adsorbed to soil
H* ‘Active acidity’ ‘Reserve acidity’
pH of soil/water slurry pH of buffer test

CEC>AEC Exchange Capacity >> dissolved ion content



‘Exchange Capacity’

® routine analysis by some soil testing labs
® Example: exchangeable positive charge was extracted and
measured on per kg basis by a soil testing lab

3 cmoles of + from H

What is the CEC of this soil?
12 cmoles of + from Ca
5 cmoles of + from Mg

1 cmole of + from Na

4 cmole of + from K



‘Exchange Capacity’

® routine analysis by some soil testing labs
® Example: exchangeable positive charge was extracted and
measured on per kg basis by a soil testing lab
3 cmoles of + from H
What is the CEC of this soil?

12 cmoles of + from Ca
CEC =3+12+5+1+4
5 cmoles of + from Mg =25 cmole of +/ kg soil

=25 meq of +/ 100g soil
1 cmole of + from Na

4 cmole of + from K



While nutrient content can be
tested we can also evaluate the
share of the ion exchange capacity
occupied by certain elements.



There is particular interest
in the share of adsorbed
elements that are not

‘Base Saturation’

= share of CEC

provided by ‘basic’

cations

cmol + charge / kg due to Mg, Ca, Na, K

CEC

acidic.

Acid Basic
cations |cations
H+ Ca2+
Al3* Mg2+
Fe3* Na*
Mn4+ K+




Higher surface area to volume ratio (SA/V) =
Larger ion exchange capacity

Root hair

666666

Image credits: Left, LSU College of Agriculture’s Louisiana Home Lawn Series; Right, photo by John Matychuk on Unsplash.



. What is the CEC of this soil?
Base Saturation CEC = 3+12+45+1+4

=25 cmole of +/ kg

Example: exchangeable positive =25 meq of +/ 100g

charge was extracted and

measured

. .
3 cmoles of + per kg from H What is the base saturation?

12 cmoles of + per kg from Ca
5 cmoles of + per kg from Mg
1 cmole of + per kg from Na
4 cmole of + per kg from K



Base Saturation

Example: exchangeable positive
charge was extracted and

measured

3 cmoles of + per kg from H

12 cmoles of + per kg from Ca
5 cmoles of + per kg from Mg
1 cmole of + per kg from Na
4 cmole of + per kg from K

What is the CEC of this soil?
CEC = 3+12+5+1+4
=25 cmole of +/ kg
=25 meq of +/ 100g

What is the base saturation?

BS=cmol of + due to ‘Base’ cations / CEC
(12+5+1+4)/25
(22/25) = 0.88 = 88%

Acid cations Basic cations
H+ Ca2+

Al3t Mg2+

Fe3* Na*

Mn4+ K+

Multiply decimal base
saturation by 100 to get %
base saturation




Review:

* Soils with more OM, and clays hold more nutrients — a function of
- geology (clays) and

- Management (OM content and loss of upper soil layers)
* Nutrient holding capacity = Exchange Capacity
- CEC > AEC

* Snapshot of nutrients held = Base Saturation (BS)

* pH = -log,, (H+); more abundant H* means
- Lower pH
- Less abundant OH" (H* and OH" play a zero-sum game)
- Lower CEC and lower BS






What is pH?

e measure of acidity € -2 alkalinity
e shorthand for the number of dissolved H*
ions in soil water

Acidic |Alkaline
More abundant |H* OH-
Less abundant [OH- |H*

H* and OH" play a zero sum game



What is pH?

Acidic

Basic
Lots of H+ weesssssssssss———  outral

s Lots of HO-
5 6

3 4 ' 8 Y 10 11 12 13 14

Examples of pH Conditions:

pH 2 pH 7 pH7.4  pH10 pH 12
T ;
& U @T @ |
] tomato o human
gastric juice Faman pure blood hand household
Juices

g water soap bleach



pH = -log [H*]; ‘a logarithm is an exponent’

[H*] (moles/L) [H*] (moles/L) pH [OH]
N 10" 1 1013
.01 102 2 1012
.001 103 3 101
.0001 104 4 10710
.00001 10° 5 10
.000001 106 6 108
.0000001 107 7 107
.00000001 108 8 10©
.000000001 109 9 10>

H* and OH" play a zero sum game



You can’t manage
nutrients without
managing pH;
notice a ‘sweet
spot’ between pH
6 & 6.5 for most
ag crops

*Nitrogen fixation in
legumes is facilitated by
slightly acidic to neutral pH.

4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0

potassium

. ‘ _ ; . calcium

magnesium
|

molybdenum

copper

4.5 5.0 5.5 6.0 6.5 #.© 7:5 8.0



pH affects not only nutrient availability
(see previous slide) but also CEC (and
AEC).
C32+ Mg2+ H* K
K+ H+ C32+ H+ Caz-..
Na* H*Y 2t Mg** H*
H* Caz+ K* H* Ca2+ Mg2*
C?* H* G HY 2t Hg.z H+s there are the
H*2+K*+Cai+ N;g"’ +C_a2; H*’S ¢ fewer spaces
G- H R Ba g remain for other

) Caz"l' H* Mgz H+ Caz+ K*

cations.

Increasing acidity
lowers CEC and
BS: the more




Target pH in Maryland

e pHT.0
o alfalfa establishment

e pH5.6
o tobacco

e pH5.2
o potatoes, sweet potatoes, blueberries

e pH6.5
o most other agronomic and horticultural
crops



pH review
* Most crops have a target pH around 6.5
*pH =-log,, (H+)

e more abundant H* means
-Lower pH

—Less abundant OH™ (H* and OH" play a zero-sum
game)

—Lower CEC and lower BS



How is soil fertility lost?






(Other than erosion)
How is it that soils lose
their ability to supply
nutrients?



Note that soil-based nutrients are ionic

Non-Mineral Mineral*
carbon (CO,)** Macronutrients Micronutrients
oxygen (Oy)", Primary Secondary |iron (Fe*, Fe?')
hydrogen (H,O)* nickel (Ni*)
nitrogen (NO;" | calcium (Ca?*) N (Zn2*
, NH,* magnesium (Mg?*) ch(_ ")
ohosphorus sulfur (SO,2) chlorine (CI)
(HPO42', Mmanganese (Mn2+, Mn4+)
H2PO4'.) boron (H;BO,, H,BO,, B,O,%)
zgf;]ssmm copper (Cu2+)
cobalt (Co?*)
molybdenum (Mo2*)

*uptake (typically) via roots; **uptake via leaves




lons (nutrients) dissolve in water or stick to the charges in the soil.

_______|Dissolveinwater _________stickto charges in the soil

The good

The bad

Roots pull nutrient out of the soil water — Nutrients can be held by the
dissolution of nutrients is exactly what soil to be made available to
makes them plant-available. plants later

Dissolved nutrients can be leached out of Some nutrients can be held so
the root zone. This may be the fate of up strongly that they are never  ay
to 50% of applied N O N made plant-available again.o B

WO



Nutrients can change from
(plant-available) ionic forms to
gaseous forms that volatilize
out of the soil.



Because of waterlogging, NO;™ is transformed to N,, &
N,O gasses. If plants are not killed by a lack of oxygen
in the soil the survivors develop an N-deficiency.



https://crops.extension.iastate.edu/what-about-n-losses-2000

Nutrients can interfere with
each other’s uptake, or form
insoluble compounds



Nutrient in
Excess

NH4+’ Ca2+, Mg2+

K* or Ca?*
Cl
CaZ+
Mg2*
M02+
Fe
Mn
Ca

PO,>

Induced )
. . mechanism
Deficiency

K+
Mg2+
NO; and SO,*
2+
Me Within-plant competition or
Ca%t uptake competition
Cu2+
Mn
Fe
B

Formation of insoluble
Fe, Mn, Zn**, Cu®* R,
& M, e, A compounds inhibiting uptake

https://www.maximumyield.com
/how-nutrient-antagonism-
leads-to-nutrient-deficiency-in-

plants/2/2092



https://www.maximumyield.com/how-nutrient-antagonism-leads-to-nutrient-deficiency-in-plants/2/2092

Over time, soils in humid
environments become
increasingly acidic thereby
taking you out of the ‘sweet
spot’.



Where/How does soil acidity originate?

® nitrification (oxidation) of ammonium

o most fertilizers and all organic sources

® organic acids produced by plant roots
and microbes

® rainfall
o carbonic acid, nitric acid, sulfuric acid

® transformation of geologic minerals to

soil minerals
o 3H*perlAl*

o OXidation Of Su lfu r Image credits: LSU College of Agriculture’s

Louisiana Home Lawn Series

o 2H'perlS



Soil material too high in C
can rob plants of N



N immobilization N mineralization
‘? — }
(mulch) (incorporate)
(bacteria compete with plants for soil N)

(the soil food web adds
to the store of soil N)

25:1

Sawdust Wheat straw Corn stover Mature Finished Microbial

400:1 80:1 60:1 alfalfa hay = compost biomass
25:1 15:1 10:1

Slow Decomposition > Fast Decomposition

UMN Extension



How can nutrient deficiencies
be determined?
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Mobile nutrients Immobile nutrients

Nutrient deficiency symptoms occur as yellowing of leaves, interveinal yellowing of leaves, shortened
internodes, or abnormal coloration such as red. purple, or bronze leaves. These symptoms appear on
different plant parts as a result of nutrient mobility in the plant.

Symptoms caused by nutrients mobile in the Symptoms caused by nutrients immobile in the
plant occur on the lower, older leaves. plant occur on the upper, younger leaves.

e = = .. = - e

[

2-.
-
B

B

_ %«v

T L D G 2 e I _“‘i'.ﬁ.-' kY
Potassium deficiency in corn, lower leaves Iron deficiency in soybean, upper leaves
Deficiency on Deficiency on Sauyer, lowa

State Ext.,

Older Leaves Younger Leaves



Location 4
on shoot Eucalyptus globulus E. urophylla, E. grandis

immobile

mobile




b

http://www.nue.okstate.edu/Spatial N_Variability.htm



http://www.nue.okstate.edu/Spatial_N_Variability.htm
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Concentration of essential elements

ion in the soil of

Relationship between plant growth and concentrat

elements that are essential to the plant,



Can the concentration of a nutrient be too high?
» toxicity is only a problem with some
Yes .
nutrients, but...

* In soil water nutrients are ionic.
If they are too abundant the soill
water may be too salty.

« High concentrations of one
nutrient can interfere with
another.



Deficiencies and toxicities can occur even if
soil test levels are ‘good’ or ‘optimal’

source _|Effects

Slower nutrient flow

drought Possible salinity problems
to roots
Induced Induced
waterlogging Lack of O, to roots nutrient nutrient
loss toxicities

temperature Cold soil may restrict below-ground growth

Crop-inappropriate pH makes Low pH reduces

pH deficiencies/toxicities more  capacity of CEC to
likely hold nutrients
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https://www.agric.wa.gov.au/mycrop/diagnosing-phosphorus-deficiency-field-peas
https://www.pioneer.com/home/site/us/agronomy/library/corn-drought-affects/
https://www.slideshare.net/viticulture/grapevine-micronutrient-use-deficiency-symptoms-in-the-sjv-of-california

Early-season
deficiencies
often sort
themselves
out.



https://pss.uvm.edu/vtcrops/articles/EarlyCornProblems.html
https://petersonfarmsseed.com/blog/scout-now-for-early-season-sulfur-deficiency/

As I mentioned, the unfavorable conditions for crop growth
this spring mean that observing some deficiency symptoms in
young corn plants should not be cause for immediate alarm.
However, if deficiencies continue after growing season
conditions improve, it 1s important to confirm any deficiency
before trying to correct the problem. Since the visual
symptoms are sometimes not clear-cut, it could be beneficial to
collect affected plants and conduct tissue nutrient analysis.—

Fabian G. Fernandez, UMN Extension

http://bulletin.ipm.illinois.edu/print.php?id=1163



http://bulletin.ipm.illinois.edu/print.php?id=1163

What can be done to maintain
fertility?



‘What factors limit Crop Production?’
or ‘Soil Fertility writ Large’

water

below-ground aeration, atmospheric CO,
temperature

mechanical support

nutrients <+ ‘Basic Soil Fertility’
disease/pest pressure

symbioses



What be done to maintain fertility?
Optimize pH (stay in the sweet spot)

Maintain soil organic matter levels!
(maximize Exchange Capacity)*

Follow your nutrient management plan!
(make it unlikely that crop growth will be
nutrient limited)*



What be done to maintain fertility?

Make use of cover crops
(retrieve nutrients from lower soil layers;
cover the soil to avoid erosion)

Occasionally utilize animal manures

(to maintain secondary and micro nutrients,
but beware of getting P to excessive levels)



Questions

Neith Little
Please fill out a teaching evaluation: https://go.umd.edu/AGTEACH
6615 Reisterstown Rd, Suite 201, Baltimore, MD 21215
301-226-7415 / nglittle@umd.edu
https://go.umd.edu/urbanag

This institution is an equal opportunity provider.

UNIVERSITY OF
MARYLAND Egs m
EXTENSION



https://go.umd.edu/AGTEACH
mailto:nglittle@umd.edu
https://go.umd.edu/urbanag
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