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* An overview of the ROI from nurturing soil biology

Lesson lll. Managing P efficient Soils
» Best practices to support biological P supply

)

\ 15

P

[
)
l
) Phosphorus

| 3o |




Phosphorus
30.974

Lesson |. Roots, Rocks, and Mycorrhizae
* An introduction to the belowground biological players
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* P is the most exported nutrient
during grain harvest.

N Uptake (kg N ha.1)
8

s @
s 3

Total corn | Total grain | Harvest
uptake removal index
(unit / acre) (unit / acre) (%)
256 148 58

N (Ib)
P,05 (Ib) 101 80 79

K20 (Ib) 180 59 32 e
S (Ib) 23 13 57 S
Mg (Ib) 52 15 29 i
Bender et al.. 2013
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P Uptake (kg P05 ha")

1/5/26


https://cropphysiology.web.illinois.edu/wp-content/uploads/2022/08/BenderHaegele2013NutrUptakeBetterCrops.pdf
https://cropphysiology.web.illinois.edu/wp-content/uploads/2022/08/BenderHaegele2013NutrUptakeBetterCrops.pdf
https://cropphysiology.web.illinois.edu/wp-content/uploads/2022/08/BenderHaegele2013NutrUptakeBetterCrops.pdf

Wuenscher et al.. 2015
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Extracted
Phosphorus
(ppm)

Even in soils where
P is abundant, plants
can still be deficient
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A comparison of 14 soil P extraction methods

7 — 10 x more P available when harshly extracted

Phosphorlte

* In ag soils, P is locked up in or stuck on minerals
(with a lesser sum bound-up in organic matter).
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https://pse.agriculturejournals.cz/artkey/pse-201502-0007_a-comparison-of-14-soil-phosphorus-extraction-methods-applied-to-50-agricultural-soils-from-central-europe.php
https://pse.agriculturejournals.cz/artkey/pse-201502-0007_a-comparison-of-14-soil-phosphorus-extraction-methods-applied-to-50-agricultural-soils-from-central-europe.php
https://pse.agriculturejournals.cz/artkey/pse-201502-0007_a-comparison-of-14-soil-phosphorus-extraction-methods-applied-to-50-agricultural-soils-from-central-europe.php
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« Soils P is narrowly available and will sorb to

minerals or form precipitates with Fe, Al, & Ca
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mine P in partners
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Plant extraction process

M

theme alert

* Mining is a dynamic process, with more fine
roots grown when P is limiting

tal 2

P limiting conditions

]

P surplus conditions

10
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https://onlinelibrary.wiley.com/doi/full/10.1046/j.1365-3040.2001.00695.x
https://onlinelibrary.wiley.com/doi/full/10.1046/j.1365-3040.2001.00695.x
https://onlinelibrary.wiley.com/doi/full/10.1046/j.1365-3040.2001.00695.x

1/5/26

Fungi growing from roots

ycorrhizae

Mykos (fungus) - riza (root)

Cost to Plant

* Plants supply 5-20 % of C from
photosynthesis to mycorrhizae

12

12



Mycorrhizae

Mykds (fungus) - riza (root)

Benefits to Plant (and Farmer!)
 increase absorptive root surface area

* solubilize (‘mine’) minerals, like P
« enhance drought tolerance
» Improved disease resistance

13

13
* Mycorrhizae extend the root area upwards
of 10 to 70-fold
14
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» Mycorrhiza extract mineral P from soil to supply

the plant roots in return for sugar |
Qietal, 2022

~ No added P
1F

o —— - —_ -

i

—
Mineral P Mineral P No mineral P No mineral P
+ mycorrhiza No mycorrhiza + mycorrhiza No mycorrhiza
15
* Mycorrhiza can mine P from soil minerals and
supply it to plant roots, fertilizing the whole plant
35 4
30 4
é ’s Mycorrhiza present
g 15 4
é 10 -
S
5 - absent
0 13d ' 14d ' 16d ' 18d ' 21d ' 23d ' 25d ' 28d '
Days after planting Battini ef al. 2017
16
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https://pmc.ncbi.nlm.nih.gov/articles/PMC8987128/
https://pmc.ncbi.nlm.nih.gov/articles/PMC8987128/
https://pmc.ncbi.nlm.nih.gov/articles/PMC8987128/
https://www.nature.com/articles/s41598-017-04959-0
https://www.nature.com/articles/s41598-017-04959-0
https://www.nature.com/articles/s41598-017-04959-0

ycorrhizae

* Mycorrhiza are fed by the
plant in the form of sugar

Plant sugar
Soil P

17

17

ycorrhizae

 Plants transfer sugar to
roots to sustain microbial
partnerships.

Real-time tracking of the movement of sugar
from above to belowground in corn. 18
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* Most mycorrhiza live
inside root cells and
form an ‘arbuscule’

19

19

rbuscular \ycorrhizae

» The arbuscule is the site
of nutrient exchange.

Arbuscular mycorrhizae are called “AM” or
“‘“AMF” and are common crop bioinoculants.

20

20
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Two things to know about AlVI

» There are lots of different types of AM fungi

diversity in 'root growth

21

21

Two things to know about AV

« The partnerships are dynamic and managed by plants

Plants wake up AM spores as
the roots grow through soil.

Plant root

22

22
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Two things to know about AlVI

» The partnerships are dynamic and managed by plants

New arbuscule development , Arbuscule degradation ’
Septu ]

Cellwall  Plasma mem | Periarbuscular spaca
riarbuscular membrane

Plants let AM colonize roots when they are P starved &
evict them when they are not needed.

23

23

Mycorrhizae
(outside of plant\

in the soil)

-

ﬁ HELMHOLTZ
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MZILRPB4

Helper Bacteria

* Mycorrhizae rely on bacteria
to mine P from minerals

also called “P solubilization”

25

MZLRPB4

2

5 MZLRPB2 4

Helper Bacteria

* Mycorrhizae rely on bacteria
to mine P from minerals

also called “P solubilization”

bacteria stained
green

b

Helper bacteria grow on mycorrhizae
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* Roots have economic
partnerships with microbes

* The economy is dynamic
v" Plant demand ?
v Available microbe labor ?

27

Phosphorus
30.974

Lesson ll: Agronomic Benefits from Symbiosis
» An overview of the ROI from nurturing mycorrhizae

28

28
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* Let’s start with a more familiar symbioses. How
much is provided by rhizobia?

N
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Available Soil N (ppm)
»
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Root nodules full of rhizobia
Qin et al. 2023

* Do mycorrhizae impact plant-available N ?
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https://link.springer.com/article/10.1007/s42729-023-01229-z
https://link.springer.com/article/10.1007/s42729-023-01229-z
https://link.springer.com/article/10.1007/s42729-023-01229-z
https://link.springer.com/article/10.1007/s42729-023-01229-z
https://link.springer.com/article/10.1007/s42729-023-01229-z
https://link.springer.com/article/10.1007/s42729-023-01229-z

* Ok, how much P is mined from soil minerals by

arbuscular mycorrhizae (AM)?
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Qin et al. 2023

Corn root tip with arbuscular mycorrhizae

* What impact does AM have on corn growth?

Corn shoot mass (g dry wt)
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https://link.springer.com/article/10.1007/s42729-023-01229-z
https://link.springer.com/article/10.1007/s42729-023-01229-z
https://link.springer.com/article/10.1007/s42729-023-01229-z
https://link.springer.com/article/10.1007/s42729-023-01229-z
https://link.springer.com/article/10.1007/s42729-023-01229-z
https://link.springer.com/article/10.1007/s42729-023-01229-z

* What impact does AM have on corn growth?
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Corn root mass (g dry wt)
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« What impact does AM have on soy growth?
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Soy shoot mass (g dry wt)
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Qin et al. 2023 3
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https://link.springer.com/article/10.1007/s42729-023-01229-z
https://link.springer.com/article/10.1007/s42729-023-01229-z
https://link.springer.com/article/10.1007/s42729-023-01229-z
https://link.springer.com/article/10.1007/s42729-023-01229-z
https://link.springer.com/article/10.1007/s42729-023-01229-z
https://link.springer.com/article/10.1007/s42729-023-01229-z

* What impact does AM have on soy growth?
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Impact on yield

(normalized effect)

o
N}

» What impact do AM fungi have on yield?

Zhang et al., 2018

0.9 4 .
Negative | Neutral | Positive

o
wn

=
=)
!

-0.2 4

Trial

* In a majority of 168 trials, the incidence or
inoculation of AM led to a consistent yield bump.

36

36
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https://link.springer.com/article/10.1007/s42729-023-01229-z
https://link.springer.com/article/10.1007/s42729-023-01229-z
https://link.springer.com/article/10.1007/s42729-023-01229-z
https://nph.onlinelibrary.wiley.com/doi/10.1111/nph.15570
https://nph.onlinelibrary.wiley.com/doi/10.1111/nph.15570
https://nph.onlinelibrary.wiley.com/doi/10.1111/nph.15570

How are AM so impactful?

37

37

« Recall: Mycorrhizae extend the root area
upwards of ten to seventy-fold*

38
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https://www.sciencedirect.com/science/article/pii/S0048969721059350
https://www.sciencedirect.com/science/article/pii/S0048969721059350
https://www.sciencedirect.com/science/article/pii/S0048969721059350
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o P can be soaked up
WO . .
B dlr_ectly by either
e fine-roots or
mycorrhizae
P into roots via P directly
mycorrhizae from soill
(option 2) (option 1)
39
. 100"~
g 75 Most P is soaked up
£ ] through mycorrhizae,
o 50
S when present.
% 25 1
S
T — “But, it is not the
% 2] [EFax same for every
o ] Clover crop or AM species
504 | Tomato
Smith et al, 2003 40

40
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https://academic.oup.com/plphys/article-abstract/133/1/16/6111857
https://academic.oup.com/plphys/article-abstract/133/1/16/6111857
https://academic.oup.com/plphys/article-abstract/133/1/16/6111857

Mycorrhizae

Mykaos (fungus) - riza (root)

Benefits to Plant (and Farmer)

* enhance drought tolerance

41

41

« AM fungi remain partners with plants even during
severe drought stress

Effect of drought on AM colonization

mild stress : —e—
moderate stress : —eo—
severe stress : —eo—
0 1.0 2.0 3.0

Mean effect size
Chandrasekaran, 2024

42

42
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https://pse.agriculturejournals.cz/artkey/pse-202408-0004_the-role-of-arbuscular-mycorrhizal-fungi-in-refining-plant-photosynthesis-and-water-status-under-drought-stress.php

providing enhanced

access to water and photosynthetic activity.

Photosynthetic ratei
Transpiration ratei
Water use efficiencyi

Effect of AM on droughted plants

—e—
00—

—o—

0

Chandrasekaran, 2024

1.0 2.0 3.0
Mean effect size

43
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Mycorrhizae

Mykos (fungus) - riza (root)

Benefits to Plant (and Farmer)

» suppress pests and diseases

44

44
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https://pse.agriculturejournals.cz/artkey/pse-202408-0004_the-role-of-arbuscular-mycorrhizal-fungi-in-refining-plant-photosynthesis-and-water-status-under-drought-stress.php

* AM suppress root diseases by outcompeting
pathogens for nutrient and shielding roots.

Rilling and Veresoglou, 2011

45

45

Phosphorus
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Lesson lll: Managing P efficient Soils
» Best practices to support biological P supply

46

46
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https://royalsocietypublishing.org/doi/full/10.1098/rsbl.2011.0874
https://royalsocietypublishing.org/doi/full/10.1098/rsbl.2011.0874
https://royalsocietypublishing.org/doi/full/10.1098/rsbl.2011.0874
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» What kinds of management decisions impact
soil biology, and in what direction?

| Root Size or .

Fertilization ? ?
Tillage ? ?
Fungicides ? ?
~ Bioinoculants or 2 ?

" biostimulants

47

47

Fertilization

 AM associations are greatly reduced when P
fertilizer is applied to fields.

Wheat 10 2010 - 2011
8r - ]
x‘:v .:’:'V:'; _(CU 6| — [ ] ] —
# = o
2. L~ PHo
s o
2 | | O
(@]
o110
(@]
0 [[°eHe

0 25 50 100 200 400 0 25 50 100 200 400
P application rate (kg P ha)
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https://nph.onlinelibrary.wiley.com/doi/full/10.1111/nph.15308
https://nph.onlinelibrary.wiley.com/doi/full/10.1111/nph.15308
https://nph.onlinelibrary.wiley.com/doi/full/10.1111/nph.15308

New arbuscule development l Arbuscule degradation l

Perarbuscular membrana

* Plants evict AM when they are not providing a benefit.

49
New arbuscule development ’ Arbuscule degradation !
Periarbuscular membrane
* Plants evict AM when they are not providing a benefit.
50
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https://nph.onlinelibrary.wiley.com/doi/full/10.1111/nph.15308
https://nph.onlinelibrary.wiley.com/doi/full/10.1111/nph.15308
https://nph.onlinelibrary.wiley.com/doi/full/10.1111/nph.15308
https://nph.onlinelibrary.wiley.com/doi/full/10.1111/nph.15308
https://nph.onlinelibrary.wiley.com/doi/full/10.1111/nph.15308
https://nph.onlinelibrary.wiley.com/doi/full/10.1111/nph.15308

Fertilization

» Qverall, mineral fertilizers tends to reduce the
benefit of AM associations, particularly for P.

SRR R

Change in AM Abundance

53 92 7L 74 75 70
N v No Yes N Y
Zhang et al., 2018 Fertilization 51

51

Management REEL _Sl_ze of AM Benefits
Activity

Fertilization increased reduced
Tillage ? ?
Fungicides ? ?

(s

~ Bioinoculants or

~ . e. ? ?
biostimulants

52

52
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https://nph.onlinelibrary.wiley.com/doi/10.1111/nph.15570
https://nph.onlinelibrary.wiley.com/doi/10.1111/nph.15570
https://nph.onlinelibrary.wiley.com/doi/10.1111/nph.15570

Tillage
» Reduced tillage can improve the abundance of
AM and increase root colonization.

Carrara et al., 2018 53

53

Tillage
» Qverall, higher tillage intensity reduces AM
associations, even for occasional tillage.

Bowles et al., 2016 54

54
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https://www.sciencedirect.com/science/article/abs/pii/S0167198724002848
https://www.sciencedirect.com/science/article/abs/pii/S0167198724002848
https://www.sciencedirect.com/science/article/abs/pii/S0167198724002848
https://doi.org/10.1111/1365-2664.12815
https://doi.org/10.1111/1365-2664.12815
https://doi.org/10.1111/1365-2664.12815

Fertilization increased reduced

Tillage increased / variable reduced

Root Size or .

Fungicides ? ?

% Bioinoculants or 2 2

" biostimulants

55

55

Fungicides
 Impact of fungicide is minor and varies by
ingredient & application (ex. seed vs. foliar)

Cameron et al., 2017

56

56
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https://acsess.onlinelibrary.wiley.com/doi/abs/10.2134/agronj2016.10.0597
https://acsess.onlinelibrary.wiley.com/doi/abs/10.2134/agronj2016.10.0597
https://acsess.onlinelibrary.wiley.com/doi/abs/10.2134/agronj2016.10.0597

| Root Size or .
Fertilization increased reduced
Tillage increased / variable reduced

o o minimal
% Fungicides minimal (except for systemic

~ fungicides)
Bioinoculants or ? ?
biostimulants

57
Bioinoculants
 Bioinoculants are living microbes that provide
nutrients to plants
A, ::
W 23
Ak -g 8 # 32.96%
€8 N c :
&3
=2
¥ec # 46.69%
g o ’
z
Santos Sousa et al., 2022 _ EHesonssiivead ) 58
58
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https://link.springer.com/article/10.1007/s13593-022-00784-6
https://link.springer.com/article/10.1007/s13593-022-00784-6
https://link.springer.com/article/10.1007/s13593-022-00784-6
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Biostimulants
* Biostimulants do not contain microbes.

» The application of biostimulants yields a similar
Increase in yield as bioinoculants.

AM :
bioinoculant

Bacterial
bioinoculant :

Biostimulant < ‘feed your soils’

(non-living) : :
0 10% 20%
Yield Response

Li et al.,, 2020

59

59

Management REEL _Sl_ze of AM Benefits
i Activity

Fertilization increased reduced
Tillage increased / variable reduced
) Fungicides minimal red.uced b_y.
i systemic fungicides
' Bioinoculants or - .
biostimulants minimal increased

60

60

30


https://www.frontiersin.org/journals/plant-science/articles/10.3389/fpls.2022.836702/full
https://www.frontiersin.org/journals/plant-science/articles/10.3389/fpls.2022.836702/full
https://www.frontiersin.org/journals/plant-science/articles/10.3389/fpls.2022.836702/full

Take-aways

1. Mycorrhizae and helper bacteria can provide a substantial
supply of nutrients (ex. P, K, N) in exchange for plant sugar.

mycorrhizae & helper bacterla

61

Take-aways

2. There are always trade-offs: consider the biology, don’t
obsess over it.

TUESDAY, MAY 28, 1985

' Tiny Fungus Emerges as Botanical ‘Cornerstone’

New farm uses are
being explored.

By ERIK ECKHOLM

LITTLE-KNOWN family of

KeepupW|th the news — “ breakthroughs are comlng

WOTTe: pead —
pmmm of NPI bloteaml
company in Salt Llh City. The h:y

62
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Take-aways

3. Manage for root and AM health with balanced fertilization,
reduced tillage, and feeding soils with organic matter.

A
PRINCIPLES OF Iﬁ-—"

SOILHEALTH MAXIMIZE
BIODIVERSITY

im L MAXIMIZE SOIL COVER
63

63

Take-aways

4. Do | need bioinoculants?
e |t depends on whether you have sizeable populations.
e Add an AM bioinoculant to a batch of seed and monitor
results.

e After 15t year, consider using a biostimulant to keep the
AM active

64

64
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https://www.nrcs.usda.gov/conservation-basics/natural-resource-concerns/soils/soil-health
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