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N and P losses in the 2 (eSS
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Agronomic P use efficiency (PUE) is high in the MRB

‘ Most counties
E e > 60-80% PUE

PUE (%)
Less than 30
30 to 45

45 to 60 » "
S ‘ & 0 250 500 1.000
Wi Greaterthan 80\ yspA NRCS = —

PUE (%) calculated by

balance approach:
« County-level
* “same season”
 Grain P = P fertilizer
e Grain harvested + P
fertilizer sales

Global PUE (same-season)

estimated by difference
approach is =16%

Dhillon et al 2017 Agronomy J 109(4):1670



Phosphorus paradox?

How can there be such high agronomic PUE in lllinois and Indiana,
but also
high P loading from agricultural fields to surface waters?




Agronomically minor but

environmentally significant

Example: hotspots 200 kg P/km?
=1.81b P/ac

Typical P fertilizer application as 200 Ibs of DAP/ac
=40.5 Ib P/ac

= equivalent in magnitude to
4.4% loss of application

Total P losses

1! S ! b

Ao

95% PUE (assuming residual use) can
still entail large water quality impacts
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Both legacy P and residual P matter for source apportionment

Quencexle!j;m]nﬂqu
pubs acs.org/es
Muddied Waters: The Use of “Residual” And “Legacy” Phosphorus

Shengnan Zhou™ and Andrew ]. Margenot™

Cite This: https://doi.org/10.1021/acs.est.3c04733 I: I Read Online
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ABSTRACT: Phosphorus (P) inputs to the biosphere have
quadrupled in less than a century due to intensification of rock
phosphate mining and the use of P fertilizers for crop production.
Accumulation of P in soils can increase P transfers across the soil-

1>
water continuum that impair aquatic ecosystem function and water output
resource quality for society. However, what this accumulated P is = +A
called, and subsequent connotations of magnitude versus mechanism
at pedon versus watershed scale, varies in the literature. We argue
that the two commonly used terms of “residual” and “legacy” P
Y gacy 2 ‘Legacy P" mechanism of P ‘Residual P": magnitude of

though t_)llen usecli mterch'.mgc‘.lbly, .h(.)ld dlslmc'l meanings SN iy scrose waisrshod and - ferilizer P remalis: i aoll
connotations. Tracing the historical origins and trajectories of these ;000 0n water quality ie. +A= -P output

terms reveals that “residual P” refers to the magnitude of fertilizer P
that remains in the soil after crop harvest, whereas “legacy P" refers

Both are sources of non-point P — but not in the traditional or
commonly used sense of the term



Both legacy P and residual P matter for source apportionment

Input >
output
= +A

“Legacy P’: mechanism of P
transfer across watershed an
mpact on water quality

‘Residual P": magnitude of
fertilizer P remains in soill,
i.e., +A =F input -P output

Zhou & Margenot 2023 Environmental Science & Technology 57:21535



How are non-point source (NPS) loads calculated?

* Non-point sources are generally measured indirectly, by difference
« This makes discrimination among or partitioning of multiple non-point sources
challenging, because multiple types are lumped together

fssoUNs £,
05595000

05599490 A\

03381495

Example of non-point P in lllinois

« Total P export calculated using
network of USGS “super gages”

» Point source P calculated based
on emissions of ~210 point source
facilities

Non-point source
= total export — point source

Problem: non-point sources are
not further discriminated

lllinois Nutrient Loss
Reduction Strategy

® Urban runoff

Total P

4%

M Point sources
e
Non-point

sources
48%
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Streambank
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Mackinaw River (lllinois) migration from 1939-2015
identified by rectifying aerial imagery

« Meandering streams in flat topography
especially prone to erosion

 Loads sediment as streambank soil

« Soils eroded into the stream contain P —
most of it is native, from parent material
(i.e., not fertilizer)

Zhou, Li & Margenot. Geoderma 2022. 424: 115989



dissolved reactive
phosphate-P release

>

The form of P Is overlooked but entails lag times

Example of P forms in streambank soils
and theoretical release rates

3%

* Only a small % of the P eroded
with streambanks will dissolve
soluble P upon entering the stream
« Majority of P will likely take years
to decades to centuries to dissolve

|  Allows for DRP losses even with
apatite P iterative sediment
deposition-remobilization down
the channel

organic P

P N -

£ :

time since erosion into stream
Zhou, S. & Margenot, A.J. 2023, CATENA 231: 107305



Lag times matter: discrepancies of losses vs balances

 +35% P loss as a 5-year
average (2017-2021) for lllinois

35%

46 million Ibs/yr

TOTAL

4.8% PHOSPHORUS

416 million Ibs/yr

NITRATE-N

397 million Ibs/yr
15%

nterim reduction

337 million Ibs/yr

BASELINE 34 million Ibs/yr

25%
interim reduction
26 million Ibs/yr

45%
long-term reduction

218 million Ibs/yr

45%
long-term reduction
19 million Ibs/yr

2023 lllinois NLRS Biennial Report Summary

* Yet: lllinois has had a net negative P
balance since 1990
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Streambank erosion contributes substantial riverine
sediment and TP export

 Globally, bank erosion accounts for an average of » Exactly the 31%
* 40% riverine suspended sediment export conservative estimate
* 31% riverine TP export for lowa
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Zhou, S. & Margenot, A.J. In review Schilling et al. 2022. JSSWC 77 (2) 103



How much does streambank erosion contribute to P export
at the state scale?

31% of total P loads
for lowa estimated to
be from streambank
erosion




What about streambank erosion in the MRB?
51 peer-reviewed studies, largely <15 years duration
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Streambank erosion P is appreciable in the MRB

P loaded by bank erosion is 1-100%

of watershed P export in magnitude
* 31% of watershed P on average
« 0.7 kg P/ha on average
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Average TP loads via bank erosion (0.7
kg/ha) align in_magnitude with the
average non-point loss in the MRB

i

0.8 kg/ha

EXPLANATION
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Review of state nutrient loss reduction strategies (NLRS)

Developed by th

1n coq

Wisconsin’s Nutrient
Reduction Strategy

November 2013

December 2014

=

ILLINOIS

NUTRIENT LOSS
REDUCTION STRATEGY

xecutive Summary
Minnesota Nutrient Reduction Strategy

The Minnesota Nulrient Reduction Strategy

(NRS) will guide the state in reducing excess
nutrients in waters so that in-state and
downstream water quality goals are

ultimately met.

Nutrient impacts are widespread. Excessive
nutrients pose a significant problem for

Minnesota’s lakes, rivers, and groundwater,
as well as downstream waters including the
Greal Lakes, Lake Winnipeg, the Mississippi

River, and the Gulf of Mexico. Nutrients are

important for human and aquatic life;

however, when levels exceed normal Figure 1. Major drainage basins in Minnesota.

conditions, problems can indude excessive

algae growth, low levels of oxygen, toxicity to aquatic life and unhealthy drinking water.

Substantial nutrient reductions are needed across much of Minnesota. For example, in 433 Minnesota
lakes with impairments related to nutrients, an average of 45 percent phosphorus reduction is needed
to meet water quality standards. Phosphorus levels in 48 river stretches exceeding the pending river
eutrophication standards need an average 41 percent reduction. Many of these rivers flow toward the
Mississippi River and into Lake Pepin, where similar levels of phosphorus reduction are needed to
achieve a healthy lake. Nitrate, a dominant form of nitrogen in polluted waters, commonly exceeds the
levels established to protect drinking water, especially in wells located below sandy soils and shallow
soils above fractured bedrock. Nitrate levels are high enough to harm the food chain for fish in some

rivers and streams fed by groundwater and drainage ditches.




Review of updates to state NLRS

2022 Progress Update

Missouri Nutrient Loss Reduction Strategy

f
.

ILLINOIS
NUTRIENT LOSS

REDUCTION STRATEGY

The Missouri Nutrient Loss Reduction Strategy (NLRS) is a collection of

approaches to reduce nutrient pollution from point and nonpoint sources. The overarching gq H
is to improve local water quality and reduce statewide nutrient pollution that ends up in the I I l p e I I ' e n a I 0 n

and Gulf of Mexico.

PRIORITY
PROGRESS

Priorities Promised in

2020-2021 mlm i 2017 - 2019

74 P

continuing to Implement Numeric Nutrient Criteria department successiully installed sc
for Lakes in 2020 an
Natural Rest

Wisconsin's
lowa Department of ::iaurltte:r:va:nd Land Stewardship N Utri e nt

lowa Department of Natural Resources

lowa State University College of Agriculture and Life Sciences R e d u Cti 0 n

Updated December 2017

Strategy




Most states in the MRB do not account for streambank
erosion in original nutrient loss reduction strategies (NLRS)

Streambank erosion

recognized as a

nonpoint P source?
Yes

Yes

Streambank erosion
recognized as a Measures taken to reduce P
State nonpoint P source? Description from the strategy load from streambank erosion  Reference State
Tlinois Yes * Addressed under “urban nonpoint  * The T11nois Streambank (IEPA, 2013) Missouri
sources", Stabilization and Restoration
* approximately 40% of NPS P Program funds low-cosl
loads are estimated to be derived stabilization of eroding
from overland erosion. dissolved streambanks.
reactive P losses. and streambank  + In 2004-2012, 93 km of ST
; 3 Wisconsin
erosion. eroding streambanks was
* Sewverely eroding streambanks stabilized, reducing louds by an
estimated to contribute estimated 25.9 Mg P.
approximately up o 304%-30% ol
total sediment entering surface
waters in IL
owi cs 4 ) (IDALS, J0T7)
high proportion of P loading to streambank stabilization
lowa streams. propased.
* Accurately accounting for Arkansas
streambank P sources is s
challenging due to limited .
methods for measuring beyond a Kentucky
local scale. Louisiana
Minnesota Yes * Streambank erosion 18 described  * Implementing watkershed BMPs  (MPCA, 2014) Mississippi
as a major source of P to surface that promotes the retention or Ohio
waters and target for reduction detention of surface runoff and
> = - lennessee
effort. tile drainage will aid in
¢ approximately 20% of the total managing downstream flows,

NPS P load from Minnesota to
Mississippi River basin hikely
comes from streambank erosion.

Streambank erosion is the main
source of P under wet conditions,
but it is not significant during dry
penods,

consequently reducing
streambank erosion.

Description from the strategy

Measures taken to reduce P
load from streambank erosion

* Streambank erosion in Missouri is * Missouri Soil and Water

a significant part of P loading to
surface waters.

* Streambank erosion is a major
nutrient loading source to lakes,
streams, and groundwater.

Conservation Program funds
streambank stabilization and
grazing management to reduce
streambank erosion.

0.3 m tillage setback from the
top of a channel should be
maintained to maintain
streambank integrity.
Streambank and shoreline
protection are identified as
BMPs to manage sediment and
nutrient loading and
recommended to use.

Reference
(MDNR, 20114)

(WDNR & UWE, 2013)

(NRD, 2014)
(ISDA, 2008)
(KDW, 2014)

(CPRA etal.. 2014)
(MDEQ, 2012)

(OEWA & OEPA, 2014)
(TDEC. 2015)

Margenot et al 2023 JEQ. 52(6): 1063



Not distinguishing streambank erosion within non-point
source will incorrectly count it as an agricultural source

SCETY OFAMER(A s@ismes  surface water P loads are...
1. ...relatively unquantified

2. ...typically unaccounted for in many
nutrient loading assessments/policies

- ﬁééronomj Cropgtience S=j] Contributions of streambank erosion to

Streambank erosion and phosphorus loading to surface waters:
Knowns, unknowns, and implications for nutrient loss reduction

research and policy Conselquences: _ _
1. Agricultural P contributions are

Andrew J. Margenot"? Shengnan Zhou? Richard McDowellF © | Thomas Hebert? .
Garey Fox® | Kcith Schilling® Shawn Richmond” | John L. Kovar®* © | ove reStI m ated
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' Department of Crop Sciences, University of Tllinois Urbana-Champaign, Urhana, Minais, USA

Tt Sl s e Ut of s o g, o, s, 5 P is missed in strategies to reduce loads
' Resources may be misdirected
- i S S 4. Expectations may not be realistic

HLSDA ARS National [aharatary for Agriculture and the Environment. Ames, lowa, USA

! Agricultural Nutricnt Policy Council, Wa ton. District of Columbia, USA

w

rth Carolina Stare University. Raleigh. North Carolina. USA

“Lemke Engineering and

o it (Gulf HTF target: 2035, or 21357?)
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Why are streambank erosion P contributions absent?

Non-point source P (Ib/acrelyr) bl

<0.50
0.50 10 0.99
| 110140
| REY
-

No Data - Avg of nearby HUCBs

Data is difficult to produce

Non-point (agricultural) P losses account for
approximately half of lllinois riverine P export (48%)
The lllinois Nutrient Loss Reduction Strategy does not
currently include streambank erosion estimates in its
source partitioning

2015 NLRS Biennial assessment:
“The phosphorus assessment did not include stream bed
and bank erosion as sources of phosphorus, nor did we
include losses of phosphorus from ephemeral gulley
erosion. Data are not currently available to estimate
these potential sources of phosphorus throughout
lllinois.”



Both legacy P and residual P matter for source apportionment

Input >

output

= +A
“Legacy P’: mechanism of P “‘Residual P”: magnitude of
transfer across watershed and fertilizer P remains in soll,
impact on water quality i.e., +A =F input -P output

Zhou & Margenot 2023 Environmental Science & Technology 57:21535



Mass balances: a critical tool to estimate residual P

Agonomc INPUTS

Internal cycling

Intentional
Biomass removal
Manure

Unintentional
Run-off
Leaching
Erosion

Residual P = AP = ), Outputs — Inp

Zhou & Margenot 2023 Environmental Science & Technology 57(51): 21535
Margenot et al. 2024 Global Change Biology. 30(6): e17376



How much soil residual or legacy P is there in lllinois?

Large positive balance encumbered in = 25 year period

250000

200000

150000 |

1

100000

Mg P yr

50000 r

-50000

—&— Net inputs

—v— Manure
—--- Riverine Export

1 1 1 1

Modified from David & Gentry 2000 JEQ 29:494

B Accumulation
B Depletion
I Riverine export

1 1 1 1

Year

= +4.85 billion lbs P
positive balance

203 Ib P/ac across lllinois
croplands

How much of a relative enrichment?

21 million ha of cropland
Assume 4500 Ib P/ac to 3’ depth
=94.5 billion Ibs P

=~ +5% of soil P stocks

1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000



What'’s the form of residual P? (can we use it via drawdown?)

~ THE MORROW PLOTS : g _
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Soil residual P: past inputs can stick around for a long time

Morrow Plots: established 1876
Unigue opportunity to evaluate the form of legacy / residual soil P
Large positive P balances accrued over 145 years — majority within 15 years

2500
Phase 1 Phase 2 Phase 3 Phase 4

2000 No Rock Manure Soil-test-based application of
fertilization phosphate chemical fertilize

1500 Fertilized

1000

Ul
o
o

P balance (lbs acre™)

-500

-1000

-1500

Margenot, Xu, Kasmerchak. In prep.



Soil residual P does not build up in a specific form or pool

depth (cm)

1.
2.
3.

Surplus P found mostly in surface depths (0-12")
Surplus P exists in highly diverse forms — transformed from fertilizer inputs
<10% of positive P balance ends up as labile forms susceptible to DRP loss

P fractions
_ Labile P Crop
vineral _available
Y, associateP; hut also

50

75

-100

0

100 200

-100 0 100 200
P pool size (mg/kg)

-100

Calcium P P |OSS
Total-P, risk

Residual P

Crop rotations

CC = corn-corn

CS = corn-soybean

COH = corn-oat-hay
(alfalfa)

0 100 200
Margenot et al. 2024 Global Change Biology. 30(6): e1737



Hard to track residual P using soil test P

* Not quantitative, but qualitative : more residual/legacy P ~ higher soil test P
« Basis for drawdown that is profitable

3000 -
I 2 — o e g
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=) 00 .00 qo”
S 0 -
ks i .
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Mehlich-3 P (Ib/ac) Margenot et al. In review.



Residual P in soils contribute to non-point P losses

Soil P hotspots from former barns partly explains (24-46%) higher tile DRP loads

Log (DRP load (kg ha™'))

20 30 40 S0 10 20 30 40 50 10
Bray P - 1 soil test (mg kg™')

[ ] Area drained by tiles
Bray P-1 soil test (mg/kg)
s 12-20

21-30

31-40

41-50

51-60

61-

Andino et al 2020 JEQ 49(5):1273



Legacy P may explain losses even under negative P balances

» Despite annual P deficits (-5 to

-9 kg/ha), losses of P as DRP and
were still measured
* |n part due to elevated soil test P

concentrations

Legend
/\ CSW Site
O CS Site
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TP Loss (kg ha™")

| !
| L 08 o
-
| S
. :
| - 0.6 o
l | 9
A | 04 g
v | 2
| (1))
oY 02 &
[1)]
[ >
- ' 00 <
I 35
\vavd {J) CS-corn i e
() CS-soybean '
7 CSW-corn { - 3.0 2
& CSW-soybean [ (®))
B CSW-wheat 25 2
v [ $
[
[ Bl
‘ S
o s 3
I -
O - 1.0 @
v { 8
| 05 9
\ <
T T T T T [ T T 0.0
-100 -50 0 50 100 150 200.20 15 -10 5 0 5 10 15

P Balance (kg ha-1) Average P Balance (kg ha-1)

Hanrahan, B., King, K. et al. 2023. J Great Lakes Res. 102232



Summary

Non-point P losses have not well-quantified contributions from non-contemporary,
non-fertilizer sources

Streambank erosion is a key and overlooked non-point source of P

MRB state nutrient loss reduction plans do not account for streambank erosion
Legacy P in soils (‘residual P’) and in channels have different origins, but can mute
current and future water P load response to BMPs

* Only a fraction of P accumulated in soils is susceptible to DRP loss

e Legacy P-driven lags in water quality recovery must be quantified in order to...
1. Accurately account for direct agricultural P contributions within non-point sector
2. Potentially manage a nonpoint source of P
3. Efficient use of NLRS resources
4. Establish realistic expectations of nutrient loss reduction magnitudes and timeframes

UNITED SOYBEAN BOARD
Award #2021-4-360731-469
Award #2023-4-360731-642 Award #2230180 Award #2311-212-0101

ILLINOIS

National
Science
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Fill the gap on streambank erosion contributions to
P loading for the state of lllinois

Scaling bank assessments with
historical aerial imagery using Al

)

8&%

€

Human Annotated Water

Extent Datasets

Verfication Measurement

Obj 1: Estimate extent and magnitude of past
streambank erosion

Obj 2: Quantify present fine-scale streambank
erosion at sentinel watersheds

Obj 3: Develop estimates of state-wide P
loading via streambank erosion at HUC-8 scale
Obj 4: Integrate results to update lllinois NLRS
& support watershed planning

Monitoring

Cross-scale sensing

Quantific
ation

ArcGIS

Erosion Pins

Terrestrial Laser Scanner

{ et D ¢y Mask
lfl 2% I:l Dec‘oder
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Image Encoder ¢4 Prompt
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\ / —_— Prompt
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Efficient Model Fine-tuning
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Terrestrial laser scanner




La Moine

Macoupin A& Sangamon
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Erosion Pin Sites
Land Use

@ Cropland

O Forest

O Pasture

@ Prairie

B Soil Sampled
Stream Order

Any streams in the area for which
we could measure bank erosion?

« ~30% of total P loads from a watershed may
(on average) be from streambank erosion
* This is largely native soil P, not fertilizer
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What and Why

What is involved:

1. 247 rebar insert horizontally into the streambank
in 3x3 grid

2. Site visits every 6 months for at least 2 years
(4x)

3. Streambank soils sampled for P analyses
« Data shared with landowner

Outcomes (why)

1. Provide field data to demonstrate the % of P
losses not from agriculture but currently being
counted as agriculture

2. Update the lllinois NLRS

3. Proposal to US EPA that their P reduction
timelines are impossible — science suggests the




Lags in P loading to surface water: the Baltic case

« Since early 1900s, an estimated 60 million Ibs P accumulated in the Baltic Sea basin
» Losses from streambank erosion and legacy pool contributed nearly half of P loads

* Despite point source and agricultural reductions, total P loads still high

Sweden

Lithuania

_ vl

Estimated bottom concentrations (mg/)

B <2
o

Russia

1906

Sweden

Russia

g

= (od ' “?‘
1955 Poland

Russia

2012

McCrackin et al 2018 GBC 32(7):1107



Contribution of legacy P has increased in absolute and relative terms

Waterborne phosphorus loads (kt y')

70

60 -
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30 -

20

10 -+

o
1

Lag of legacy P loading to surface water: the Baltic case

» Streambank erosion and legacy P key contributors to lag effect in Baltic Sea basin
* Reductions in point sources and agricultural losses alone will not stop P loading in
the near-term

B Rapid transport
21 Direct coastal effluent
B Mobile legacy

(23 Background

1920s 1940s

Waterborne phosphorus loads (kt y-')
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Slower response of legacy P = lag in P reductions

b
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I Vobike legacy
[ Background

BAU PUE
Decade McCrackin et al 2018 GBC 32(7):1107 Scenario
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