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Land use P legacies

Van Meter and Basu 2015



Converting wetlands to farm fields

Clear-cut, ditch, pump 
dry

Globally lost 50% of wetland 
area

1970-1985: ¾ million acres of 
North Carolina wetlands 
converted to farmlands 



Timberlake Observatory for Wetland Restoration (TOWeR)

• Privately owned 1000ha mitigation bank

• Focus 🡪 440ha agricultural field (formerly pumped)

• Two constrained inflows – single outflow

• Surrounded by preservation wetlands

• <5 m range in surface elevation

• Freshwater with wind-driven tides & bidirectional flow





How long will agricultural legacies impair 
water quality in a restored wetland?

Ardón et al. 2017



Early restoration showed N retention but P release.

Ardón et al. 2010 Ecosystems
Ardón et al. 2010 JGR Biogeosciences

NO
3
-N retention

P release



P legacy

• Based on first 2 years of monitoring

• P release 3-16 years after initial reflooding

• Ardon et al. 2010 JGR-B
• Constant plant uptake
• Constant hydrologic losses
• No changes in soil bulk densities 



Drought-induced saltwater incursion

S=6 

Ardón et al. 2013. Global Change Biology



Salinity increases NH
4
 in a restored site more 

than two reference wetlands

Ardón et al. 2013. Global Change Biology



P in surface water declines with higher 
salinity



There have not been large saltwater 
incursion events since 2012.



N in surface water was declining

But it has started increasing the last 2 years



P export declined 6 years after reflooding

Ardón et al. 2017 Elementa
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Last 2 years have seen increases in P from 
upstream farm



P has declined in surface water

75%

30%



Soil solution P has declined

Reference wetlands 



Summary
• P has continued to decline after reflooding

• Upstream farm continues to deliver P

• Droughts and SWI seem to affect N more than P

• More long-term monitoring after restoration

• Legacies constrain water quality improvements
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Introduction – Why So Much 
Manure?

• The desire for meat, dairy and other 
animal products has increased over 
time (worldwide). 

• Trend towards larger operations.

• These large farms or clusters of farms 
as as important sources of P pollution.

• These large farms or clusters of farms 
can produce the same amount of waste 
per year as cities. 2

1



What is an AFO? and How Can We Find Them ?

– Animal Feeding Operation 
– Animals confined for 45 days or more in a 12-month period
– Crops, vegetation not sustained in normal growing season over any portion of 

lot facility
– In areas under intensive animal agriculture, operations are very large i.e., 

have over 1000 animal units – called CAFOs 
– Actively discharges via pipe, ditch, etc. 

AFO

2



Existing Detection Methods

• Manual mapping
– Human TIME intensive
– Difficult to do over large spaces, multiple time periods, or update over time

• Daniel Ho group from Stanford – ML on aerial imagery
– A lot of training data and time required
– May not work well outside of development area

• Muenich Lab past work – ML using LiDAR and NDVI
– Data intensive, LiDAR not available everywhere or over time
– Both above computationally intensive

Nader and Ho, 2019*
https://doi.org/10.1038/s41893-019-0246-x

3 *Deep learning to map concentrated animal feeding operations (2019)



Current Approach

• NAICS/State permit 
data identifies AFO 
(lat-lon).

Combining publicly available AFO locations, socio-economic, environmental, 
and manure nutrient data to perform machine learning (ML) analysis to predict 
AFO locations – without the use of aerial imagery

4



AFO Dataset Developed for Testing – Training ML Model 

AFO data were collected for – 
AZ, AL, FL, IA, IN, MI, MN, MO, MS, NC, OH, OR, PA, TN, TX, WI

• AFO locations of 16 
states have been 
identified.

• Over 12,000 AFO 
points were 
identified across the 
states.

• Over 2,000 
non-AFO points 
were also identified 
across the states   

5



Environmental Raster Data: Represents Land Use and 
Environmental Degradation Over Time 

6 Source: MODIS



Socio-Economic Raster Data 

7

Source: US Census Bureau (2016)

Manure Nutrient Data - County NASS Statistics (2016)



Our ML Model Determined AFO Locations With up to 93.6% Accuracy 
in 1-km Raster Resolution

Model % correct 
prediction

Gaussian Naive Bayes 70.8%

Support Vector 
Classification

92.2%

Logistic Regression 91.3%

Random Forest 93.6%

Gradient Boosting 93.3%

Deep Neural Network 93.1%

Model % correct 
prediction1

Gaussian Naive Bayes 70.8%

Support Vector Classification 92.2%

Logistic Regression 91.3%

Random Forest 93.6%

Gradient Boosting 93.3%

Deep Neural Network 93.1%

8

• Our ML model reduces search 
space efficiently. 



What is the Next Evolution? Integrate the Data, Train the Model and 
Predict the AFO Locations on Parcel Level

In simple terms, parcels can be defined as individual property 
boundaries. They are generally represented in the shape of a polygon – 
that stores information about the concerned parcel – landuse, owner 
details, type of activity, etc. 

63 million parcel units 
across the 16 sixteen 
states.

9



• Group 1 parcels - 693 acres of 
average parcel size of AFOs. 

• 21% of group 1 AFO parcels 
have perennial grass land use.

• 20% of group 1 AFO parcels 
have corn land use.   

Overlaying AFO locations with parcel data, 
we categorized AFO in three groups, based 
on the average parcel size  – 

1. Group 1 – comprises 9 states 
2. Group 2 – comprises 5 states 
3. Group 3 – comprises 2 states 

Identifying Parcels From AFO Locations - 

10



• Group 2 parcels - 1584 acres of average 
parcel size of AFOs. 

• 33% of group 2 AFO parcels have 
perennial grass land use.

• 3% of  group 2 AFO parcels have corn 
land use.   

• Group 3 parcels - 4171 acres of average parcel 
size of AFOs. 

• 27% of group 3 AFO parcels have perennial grass 
land use.

11



Can the Parcel Data Identify AFOs ?

• 20000 AFOs were identified in parcels of 16 states from Land Based Classification System 
(LBCS) codes.

• Over 2 million – AFOs + probable AFOs were identified in the 16 states.

• AFO identification in a parcel is dependent on land-owners, residents, or even non-profits.
12



Conclusions  
• Possible to effectively identify AFO locations without using data intensive approaches. 
• Use of parcel data incorporates more ground truth in our work. 
• Parcel data helps us identify the differences in AFO size and land use.
• Parcel data can help us identify unregulated AFOs. 
• Parcels can provide us with a more accurate representation of socio-economic 

variables e.g., land under Federal OZs.
 

13

Next Steps - 
Replicate the steps of the raster AFO prediction work.
● Downscaling data. 
● Fine Tuning ML model and improving accuracy by incorporating 

newer categories. 
RESEARCH TEAM @
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INTRODUCTION

▪ Phosphorus is essential for agricultural production and most of the P currently being used to fertilize crops is 
sourced from phosphate rock, which is a finite resource. The world population is expected to reach nearly 10 
billion by 2050 according to the World Bank, which will lead to an increase in food demand, and P rock demand by 
extension. Therefore, phosphorus should be used efficiently, and recycling should be practiced as far as possible. 

▪ To investigate the possibilities for a more sustainable use of phosphorus it is necessary to have a complete picture 
of the phosphorus flows. 

▪ Levels of input and output ,together with accumulation and loss balances for the different sectors (agriculture, 
industry, households and the waste management sector) need to be identified and quantified

▪ To our knowledge, most of the phosphorus transports models, if not all, are static, meaning that they bring 
hopefully clear and detailed representation of flows at a given time. 

▪ In the logic pointed out by the SPA that we can’t manage what we can’t measure, we have set the goal of building a 
dynamic modeling, bringing a capacity to apprehend temporal evolutions. The core foundation is a “dynamic 
system modeling” of P flows, based on Modelica language. 



MODEL STRUCTURE

▪ The data were processed in a Material Flow Analysis (MFA) which provides a systematic assessment of the flows and 
stocks of materials within a system defined in space and time by strict application of the 'conservation of mass' principle.

▪ The processes are grouped in five sub systems:  Agriculture, Industry, Housholds, Waste and Environment

▪ A process (~subsystem) is defined as an entity where transformation, transport or storage of phosphorus occurs. 
Examples of processes are Arable Land and Food Industry. We distinguish 29 Process and 76 flows. 



MODEL STRUCTURE

▪ System boundaries: the flow of transit products which are transported through the system are excluded 
from this analysis. Also, the amounts of rock phosphate imported and transformed to phosphoric acid or 
other elemental P were not included in the flow assessment since the same amount of P was later exported

▪ Other Processes or flows can be added in a later version if it seems useful or relevant: 
✔ Flows in the oceans, or via birds and insects 
✔ Sub-systems for phosphate mining and beneficiation and transformation processes
✔ Exchanges with the atmosphere: Planetary Boundary Level 

▪ Accumulation may occur within a process (e.g. in Arable soil), but there are also processes in which 
accumulation does not occur

▪ Flows between processes (mass per time) are calculated as million kg of phosphorus (Mkg P).



MODEL STRUCTURE

 



Phosphorus cycle: Roland Scholz Model

▪ We distinguish five sub-systems:
1. Exploration, 
2. Mining
3. Phosphorus processing
4. Use, 
5. Recycling and dissipation



Phosphorus Modelica library

The phosphorus library is grouped into several Packages, each 
Package will include modules that represent the different 
processes described in the Phosphorus cycle model.



OUR PHOSPHORUS MODEL

The model is composed of 593 equations



PHOSPHORUS MODEL

Agriculture Model ▪ Model with 7 sub models: Arable land, Grassland, Grazing animals, 
Intensive animals, Manure, processed Manure and Mineral fertilizer

▪ 118 Equations
▪ 7 input flows
▪ 10 output flows
▪ 9 internal flows
▪ Accumulation occurs in Arable and grassland soil

Type
Inflow Animal manure

Ratio animal manure between arable and grassland
Total mineral fertilizer 
Partitioning mineral fertilizer between arable and 
grassland
Seed and plant material

Outflow Arable crops
Grass
Leaching losses
Ratio leaching losses between arable and grassland

Accumulation Inflow minus outflow



PHOSPHORUS MODEL

Industry Model

▪ Model with 3 sub models: Food Industry, Feed 
Industry and Non-Food industry

▪ 57 Equations
▪ 10 input flows
▪ 11 output flows
▪ 2 internal flows
▪ No Accumulation occurs inside Industry

Sector Type

Inflow

Food Meat from poultry, pigs and grazing cattle, domestic production

Food, feed and non food Arable crops (food, feed and non-food): domestic production
Food, feed and non food Eggs, wool, dairy: domestic production
Food Fish from the ocean
Food, feed and non food Import of meat, arable crops, eggs, wool, dairy, fish  
Food Import of living animals
Food Dead animals to incineration
Feed Import animal feed
Feed P addition to animal feed
Non Food P in detergent for dishwashers

Outflow

Food Meat, eggs, dairy, fish for export
Food Meat, eggs, dairy, fish for domestic use

Food By-products from food industry to feed industry

Food Pet food, domestic use and export

Food Bones, export for fertilizer, feed, pet food and porcelain

Food Products from dead animals to cement production
Food Waste from dairy industry
Food, feed and non food Waste water from industry
Feed Animal feed for domestic use
Non-Food P in detergent for dishwashers

Accumulatio
n Food, feed, non food

Inflow minus outflow must be zero



PHOSPHORUS MODEL

Waste Model

▪ Model with 15 sub models: 
(Organic waste from Industry, 
Household waste, WWTP, 
SEWAGE SLUDGE, etc..)

▪ 131 Equations
▪ 4 input flows: Waste from 

industry and Households
▪ 9 output flows: Recycled, 

accumulated or sequestered



PHOSPHORUS MODEL 

 

 

Periods Regions
F1 

(Mkg/ha)

2000 Netheerland 1036675,0 212807,9 10400,0 3,7 14000,0 2,1 46,1

2001 Netheerland 1012758,8 211773,6 10400,0 3,7 14000,0 2,1 45,2

2002 Netheerland 1019109,2 221440,1 10400,0 3,7 14000,0 2,1 45,7

2003 Netheerland 1011450,0 223961,5 10400,0 3,7 14000,0 2,1 45,5

2004 Netheerland 1012113,0 231288,0 10400,0 3,7 14000,0 2,1 45,7

2005 Netheerland 999976,3 241733,0 10400,0 3,7 14000,0 2,1 45,6

2006 Netheerland 1019239,6 224834,7 10400,0 3,7 14000,0 2,1 45,8

2007 Netheerland 1016379,9 227782,9 10400,0 3,7 14000,0 2,1 45,8

2008 Netheerland 1018404,2 248716,3 10400,0 3,7 14000,0 2,1 46,5

2009 Netheerland 1017118,5 248013,4 10400,0 3,7 14000,0 2,1 46,4

2010 Netheerland 995337,8 237530,4 10400,0 3,7 14000,0 2,1 45,3

2011 Netheerland 988262,1 236286,9 10400,0 3,7 14000,0 2,1 45,0

2012 Netheerland 986523,7 237989,3 10400,0 3,7 14000,0 2,1 45,0

2013 Netheerland 982948,3 236033,8 10400,0 3,7 14000,0 2,1 44,8

2014 Netheerland 993462,0 231686,3 10400,0 3,7 14000,0 2,1 45,0

2015 Netheerland 1007988,8 232419,6 10400,0 3,7 14000,0 2,1 45,6

2016 Netheerland 994753,8 215932,0 10400,0 3,7 14000,0 2,1 44,6

2017 Netheerland 991551,0 215286,1 10400,0 3,7 14000,0 2,1 44,5

2018 Netheerland 987056,9 216044,7 10400,0 3,7 14000,0 2,1 44,3

2019 Netheerland 983405,0 198141,1 10400,0 3,7 14000,0 2,1 43,7

Calculation of phosphorus Flow F1  from Grassland+Silage maize to grazing animals



MODEL OUTPUTS: NETHERLANDS CASE

Phosphorus  input flows and output flows for Grassland Process

Flow Flow name Process Source Process de 
destination 

F1 Grass_maize P2, Grassland_Silage 
maize

P3,Grazing 
animals

F2 Pasture_Manure P3,Grazing animals
P2, 
Grassland_Sila
ge maize

F16 PferttoGraz P9,Mineral Fertilizer
P2, 
Grassland_Sila
ge maize

F68 ManuretoGraz P5, Animal manure
P2, 
Grassland_Sila
ge maize

F65 GraztoSurf P2, Grassland_Silage 
maize

P13,SurfaceWa
ter



MODEL OUTPUTS: NETHERLANDS CASE

P accumulation rate and application rate of animal manure and mineral fertilizer in  Grasslandkg/ha 
▪ There is a significant 

reduction in the use of 
mineral fertilizer in 
Grassland from 11.3 kgP/ha 
in 2000 to 1.9 kg P/ha in 
2019.

▪ A slight decrease is 
observed in the use of 
animal manure which 
decreased from 38 kgP/ha 
in 2000 to 33 kgP/ha in 
2019. 

▪ Soil P accumulation in 
Grassland and Silage maize 
lands has decreased 
significantly from 21 kgP/ha 
in 2000 to 6 kgP/ha in 
2019). 



MODEL OUTPUTS: NETHERLANDS CASE

Efficiency of P use in Grassland

The “efficiency” of the Grassland 
sector, defined as the amount of 
P in grass crops (Animal feed) 
divided by the total P intake 
increased from 64% in 2000 to 
85% in 2019 



MODEL OUTPUTS: NETHERLANDS CASE

Flow Flow name Source Process Destination 
Process

F9 ArabletoFoodind P1, Arable land P7, Food industry

F11 ArabltoFeedind P1, Arable land P8, Feed industry

F31 ArabltoNonFood P1, Arable land P10,Non-food 
industry



MODEL OUTPUTS: NETHERLANDS CASE

P accumulation rate and application rate of animal manure and mineral fertilizer in Arable land in 
kg/ha 

▪ There is a significant 
reduction in the use of 
mineral fertilizer in Arable 
land from 16.1 kgP/ha in 
2000 to 2.7 kg P/ha in 2019.

▪ A slight decrease is observed 
in the use of animal manure 
which decreased from 40.7 
kgP/ha in 2000 to 36.1 
kgP/ha in 2019. 

▪ Soil P accumulation in Arable 
land has decreased by half 
from 38.8 kgP/ha in 2000 to 
19.4 kgP/ha in 2019). 



MODEL OUTPUTS: NETHERLANDS CASE

Efficiency of P use in Arable land

The “efficiency” of the Arable 
land sector, defined as the 
amount of P in Arable crops 
divided by the total P intake 
increased from 33% in 2000 to 
52% in 2019 



MODEL OUTPUTS: NETHERLANDS CASE

Recycling rate of Phosphorus in  industrial and  Households 
waste

The recycling rate of phosphorus remains very low in the Netherlands (15%). We 
note a clear reduction in the rate from 2013 to reach around 8% in 2018. 

Phosphorus  in  industrial and Households waste and recycled Phosphorus



NEXT STEPS

3

1

2

The model will be declined to 13 Countries and 3 Regions:
Countries : Netherlands, Morocco, USA, China, Switzerland, India, Brazil, Ethiopia, Egypt, Jordan, 
Tunisia, Saudi Arabia and Algeria

Regions : European union, Africa and the World

In parallel to this work, we are developing a Database which will include all the data needed to do the 
calculations for all Countries and Regions listed above.

Other modules will be added to the Phosphorus library to include the exploration, Mining and 
phosphorus processing to be able to represent the whole supply demand chain of phosphorus as 
described by Roland Scholz as part of the Global TraPs project (Transdisciplinary Processes for 
Sustainable Phosphorus Management)



Thank you for your 
attention



PHOSPHORUS MODEL

Environnement Model

▪ Model with 3 sub models: 
Garden/Nature, Surface Water, Lost P

▪ 14 Equations

▪ 8 input flows

▪ Accumulation occurs in water system 
and  the remainder of the P accumulation 
is sequestered



PHOSPHORUS MODEL

HOUSEHOLD MODEL

▪ 1 Equation
▪ 2 input flow
▪ 1 output flow
▪ Phosphorus enters the household from the food 

and the non-food industry and leaves the 
household as waste (human waste, food 
residues etc.).

▪ Accumulation occurs inside Household (We 
assume that the P stock in the human body does 
not change within each year)

▪ Flow from deceased people to the environment 
is neglected  for Netherlands (0.1 Mkg P)



PHOSPHORUS MODEL

Import MODEL

▪ Imported products comprise: Meat, fish, eggs, 
wool, milk and other dairy products, arable and 
horticultural products, feed compounds, feed P 
additives and mineral fertilizer.

▪ Mineral fertilizer is defined as the net 
use in the Netherlands. 

▪ 8 Equations
▪ 6 output flows



PHOSPHORUS MODEL

Export MODEL

▪ Exported products include Meat, 
fish, eggs, wool, milk and other 
dairy products, bones, arable 
and horticultural products.
▪ 3 Equations
▪ 6 input flows
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biogeochemistry with process-based, 

coupled freshwater 
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Research motivation
Myriad consequences of increased loadings of terrestrial sediments and 
nutrients (e.g., N, P) to rivers and coastal waters and changed N:P ratios 

Red Tide  

Coastal Hypoxic Dead Zones

Green 
Tide  

Fig. Dead Zones 
[https://en.wikipedia.org/
wiki/Dead_zone_(ecology
)#/media/File:Aquatic_De
ad_Zones.jpg]
Inserted Fig. Red Tide 
[https://en.wikipedia.org/
wiki/Dead_zone_(ecology
)#/media/File:La-Jolla-Red
-Tide.780.jpg]
Inserted Fig. Green Tide 
[https://upload.wikimedia.
org/wikipedia/commons/1
/19/Blue-gree_algae_bloo
m_Lake_Erie.png]
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What drives such global problems?
• Large algal blooms (including non-HABs) and hypoxic events 
― Inorganic nutrients (e.g., NO23, PO4)

• Shifts in community composition towards more toxic or harmful algal 
species
― Changes in nutrient supply ratios, including N:P
― Relative abundance of different N and P forms (e.g, NO23, NH4, urea, 

DIN, DIP)

• Intertwined nutrient, algae, and solid dynamics
― Interactions between PO4 sorption/desorption and solid particles 
― Algal growth reduction due to light shading by SS

Estimating global river solids, N, and P in both quantity and composition is 
thus necessary for understanding many HABs and hypoxic events.

3



Why is a comprehensive global, 
process-based, freshwater biogeochemistry 
model needed?• Projecting future changes requires process-based models that are 

robust under unprecedented conditions expected in the next century.

• Prior applications of process-based freshwater biogeochemistry models 
have generally been limited to small watersheds (e.g., RIVE, QUAL2K). 

• Previous global watershed models do not mechanistically resolve 
instream biogeochemical processes and are also limited in their capacity 
to represent nutrient storage in terrestrial plants and soils (e.g., Global 
NEWS, IMAGE-GNM).

We address limitations of previous models by developing a global, 
spatially explicit, process-based, Freshwater Algae, Nutrient, and Solid 
cycling and Yields (FANSY) model, and incorporating it within the 
NOAA/GFDL Land Model LM3-TAN. 4



NOAA/GFDL Land Model LM3-Terrestrial and 
Aquatic Nitrogen (TAN)

Lee et al., Nat Commun, 2019 

• Soil-plant C and N 
cycles [Shevliakova et al., 
Global Biogechem Cy, 2009; 
Gerber et al., Global 
Biogechem Cy, 2010]

• Hydrology, lake, and 
river routing [Milly et al., J 
Hydrometeorol, 2014]

• Freshwater N cycle 
[Lee et al., Biogeosciences, 
2014, 2019]

5



Freshwater Algae, Nutrient, and Solid cycling 
and Yields (FANSY)

Lee et al., Submitted, 2022 6



Model forcing and simulations
Baseline simulations
• Implemented globally at 1 degree spatial and 30 minute temporal 

resolution 
• By considering the combined effects of climate, atmospheric CO2, 

atmospheric N deposition, human land use, and fertilizer applications
• Calibrated based on contemporary year 1990’s results and analyses 

limited to a period 1982-2010

Sensitivity simulations
• Increasing each nutrient input source (e.g, soil runoff, sewage) by 15%
• Removing each nutrient input source
• Changing a free parameter of terrestrial soil detachment by ±15%
• Changing a first order denitrification rate coefficient value by ±15%
• Replacing a dynamically simulated light extinction coefficient with 

prescribed parameter values (ke=0.15, 0.45)
• Changing two empirical parameters (±15%) in modeling interactions of 

PO4 sorption/desorption with solid particles based on the Freundlich 
equation

7



SS Yield, Load, and Concentration Results 

Lee et al., Submitted, 2022 

• This result corresponds to a coarsely calibrated 
value of the only one free terrestrial soil erosion 
parameter.

• Simulated global river SS loads to the 
coastal ocean by LM3-FANSY as 9-11 Pg yr-1 
between 1982-2010

• Previous estimates 
― Global NEWS estimates of 11-27 Pg yr-1 

[Beusen et al., 2005]
― Discharge Relief Temperature sediment 

delivery model (QRT) estimate of 13 Pg 
yr-1 [Syvitski et al., 2005]

Pearson correlation coefficients (r) and p values (p) between 
measurement-based (Meybeck and Ragu, 2012) vs. simulated SS 
yields, loads, and concentrations across 64 rivers for the year 1990. 

8



Multiple form N Yield, Load, and Concentration 
Results 

Lee et al., Submitted, 2022 

• Simulated global river N loads to the 
coastal ocean by LM3-FANSY as 
36.4-41.3 Tg yr-1 between 1982-2010

• Previous estimates from multiple 
sources varying between 36.5-47.8 Tg 
yr-1 

r and p values between measurement-based (Meybeck and 
Ragu, 2012) vs. simulated NO23, NH4, DON, and TKN yields, 
loads, and concentrations across 50, 36, 18, and 11 rivers for the 
year 1990. 

9



Multiple form P Yield, Load, and Concentration 
Results 

Lee et al., Submitted, 2022 

• Simulated global river P loads to the coastal ocean 
by LM3-FANSY as 6.5-7.8 Tg yr-1 between 
1982-2010

• Previous estimates 
― Global NEWS estimates of 9 PTg yr-1         

[Mayorga e al., 2010]
― IMAGE-GNM estimate as of 4 Pg yr-1           

[Beusen et al., 2016]

r and p values between measurement-based (Meybeck and 
Ragu, 2012) vs. simulated PO4, DOP, and TP yields, loads, and 
concentrations across 46, 9, and 5 rivers for the year 1990. 

10



Nutrient composition implications

Lee et al., Submitted, 2022 

• Overestimated DIN:DIP molar ratios in 5 artic rivers, 
largely attributed to underestimated P inputs to 
these rivers (i.e., Indigirka, Kolyma, N. Dvian, 
Yenisey, and Youkon, marked in squares) 

• Underestimated ratios in the 2 Asian rivers, due to 
both overestimated P inputs and underestimated N 
inputs to these rivers (i.e., Huang He, Zhujiang, 
marked in circles)

11



Model sensitivity to changes in parameter settings 
and nutrient inputs

Lee et al., Submitted, 2022 

• The model results are fairly robust to each nutrient input source increase by 15% and 
±15% changes in the PO4 sorption/resorption parameters. 

• ±15% changes of the one free parameter of terrestrial soil erosion component (C1) lead 
to ±13% changes in global river SS loads.

• ±15% changes of the denitrification rate coefficient lead to -5% and 11% changes in 
global river DIN loads.

• Removing each nutrient input source suggests that terrestrial soil runoff is the most 
dominant source of river N and P loads, followed by terrestrial litter runoff/weathering 
and wastewater and removing these sources also reduces r values for NO23, NH4, PO4, 
DON, and DOP.

• Removing the dynamic light shading component leads to a ~6%, ~45%, and ~93% 
overestimation of river organic nutrient (DON, PON, and DOP) loads, while it drives 
underestimated river inorganic nutrient (DIN and DIP) loads by ~9% and ~40% and also 
reduces r values modestly.

12



Conclusion

Lee et al., Submitted, 2022 

• Our results suggest skillful simulations of LM3-FANSY for most riverine 
constituents despite being restricted to a universal parameter set – the same 
parameters for all the basins (i.e., without tuning of each basin).

• Although LM3-FANSY is capable of producing river solids and nutrients in 
various forms and units, some disagreement between the modeled and 
measurement-based estimates remain.
― Uncertainties associated with measurement methods, location, and frequency 
― Opportunities to greatly improve estimates of soil P storage and runoff to streams 

and rivers with the LM3 extension to include terrestrial P dynamics
― Improvements to global datasets including runoff, wastewater, and weathering
― Consideration of the effects of anthropogenic hydraulic controls (e.g., dams)
― Extensive river measurements across the world, with a better assessment of 

uncertainties

• LM3-FANSY constitutes a significant step toward a more process-based representation 
of the coupled, freshwater algae, nutrient, and solid dynamics linking global terrestrial 
and ocean biogeochemistry towards next generation Earth System Models. 
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Sustained stoichiometric imbalance and its ecological 
consequences in a large oligotrophic lake

Jim Elser
Director, Sustainable Phosphorus Alliance

(In review, PNAS)



A confession

Phosphorus Sustainability:
Major focus since 2007

Ecological Stoichiometry

The study of the balance of 
energy and multiple chemical 
elements in ecological systems 

Ecological stoichiometry
Major focus since 1988





Stoichiometric balance matters

“The time has come for national and 
international environmental agencies and 
policy-makers to recognize the risks of 
unbalanced N/P ratios and other parallel 
imbalances in elemental stoichiometry to 
the biosphere and humanity.’

- Peñuelas & Sardans 



Example: How balanced is Flathead Lake?

Shiva Smyth



Lake N, P concentrations variable but showing 
little systematic change.  N:P very HIGH.

NOTE:  VERY imbalanced N:P!



Loading of N & P is variable but showing 
little systematic change.  Loading N:P is 

somewhat low.

Lake N:P

Loading N:P

High loading 
corresponds to years 
of high discharge

High loading => low N:P

(In review, PNAS)



Loading of N & P is variable but showing little 
systematic change.  Loading N:P is somewhat low.

Lake N:P

Loading N:P

How?

• River P is particle–associated? = strong P sedimentation after inflow. Effective N:P ratio of 
loading is higher than indicated.

• What about wastewater treatment?

(In review, PNAS)



Loading of N & P is variable but showing little 
systematic change.  Loading N:P is somewhat low.

(In review, PNAS)

Current 
wastewater 
treatment 

more effectively 
removes P than N



Loading of N & P is variable but showing little 
systematic change.  Loading N:P is somewhat low.

Lake N:P

Loading N:P

How?

• River P is particle–associated? = strong P sedimentation after inflow. Effective N:P ratio of 
loading is higher than indicated.  

• Wastewater treatment raises loading N:P

• N deposition to the lake surface?  (but only ~10% of total loading)
• N fixation?  Denitrification likely very low.
• Differential in-lake sedimentation of P relative to N? (45% of TP is dissolved, 18% of TN)

(In review, PNAS)



Consequences of high N:P?
   P limitation of phytoplankton growth

(In review, PNAS)

+P

+N



Consequences of high N:P?
    high particulate C:P and N:P

(In review, PNAS)



Consequences of high N:P?
   poor food quality for zooplankton

(In review, PNAS)

+P



Consequences of high N:P?
   potential for aerobic methane production?

+P



Another consequence: toxin production

Van de Waal, D.B., V.H. Smith, S.A.J. Declerck, E.C.M. Stam, and J.J. Elser. 2014. Stoichiometric 
regulation of phytoplankton toxins.  Ecology Letters 17: 736–742.  doi: 10.1111/ele.12280

C-rich toxins increase under imbalanced 
N:P (either low N:P or high N:P)

N-rich toxins increase under P-limitation 
(high N:P) 

but decrease under N limitation (low 
N:P)



Stoichiometric Extremes:
Causes and consequences

Oligotrophic lakes, like Flathead and Superior, often 
exhibit very high (imbalanced) N:P ratios. 

thrilllist.com

Greatlakesnow.org

Downing and 
McCauley L&O 
1992



Another example: Lake Superior

Oligotrophic lakes, like Flathead and Superior, often 
exhibit very high (imbalanced) N:P ratios. 

thrilllist.com

Greatlakesnow.org

Downing and 
McCauley L&O 
1992



Increasing imbalance in Lake Superior

The lake is doing this to itself:

Isotopes
Mass balance
Many rate measurements of N cycle

Reductions in P coincide with increases in N, 
likely due decreased denitrification. 



Another example: North Sea

thrilllist.com



Another example: North Sea

thrilllist.com
High DIN:DIP inshore

High particulate C:P 
and N:P inshore Long-term decline in P but not N

DIP:DIN

DIN
• Attribute to P-focused 

nutrient management in 
northern Europe

• Point to similar N:P 
increases in Baltic, 
Mediterranean, 
Mississippi R plume, 
Chesapeake Bay, & 
Pearl River (Hong 
Kong)

DIP

1975 1985 1995 2005 2015



Imbalanced N:P stoichiometry can 
occur from both natural and 

anthropogenic processes and can be 
sustained for a long time.

It has important consequences for 
biota, food webs, and biogeochemistry.

So, we need to study, and manage, 
more than one nutrient at at time.

Stoichiometric balance matters

Thanks!



Re-Envisioning the 
Phosphorus Mass Flow 
Diagram for Convergent 

Research
Rebecca Muenich, Anna Maria Marshall, Jay Rickabaugh, Justin Baker, John Classen, Alison 
Deviney, Khara Grieger, Christine Hendren, Ashton Merck, Elise Morrison, Daniel Obenour



Background – Boundary Objects

● Artifacts – abstract or concrete – that people coming 
from a range of knowledge bases can engage with 
to address a problem together.

● Allow a broad range of individuals to contextualize 
their contributions to a highly complex problem.

● Help us move in the same direction, minimizing the 
effort of anchoring to a common purpose and 
re-negotiating context along the journey.

Star, S.L., 1989. The structure of ill-structured solutions: Boundary objects and heterogeneous distributed problem solving. In Distributed artificial 

intelligence (pp. 37-54). Morgan Kaufmann.

Leigh Star, S., 2010. This is not a boundary object: Reflections on the origin of a concept. Science, Technology, & Human Values, 35(5), pp.601-617.

“The creation and management of 

boundary objects is a key process in 

developing and maintaining coherence 

across intersecting social worlds.”

~ Susan Leigh Star



Background – Mass Flow Diagrams
• Many example uses of mass, 

energy, heat, etc flow 
diagrams through systems in 
science & engineering
• Defined system boundaries
• Pathways for “x” to move in and 

out of system, and within 
system

• Sankey diagrams became a 
common way to display these 
flows through systems in the 
early 1900s

Schmidt, M., 2008. The Sankey Diagram in Energy and Material Flow Management. Journal of Industrial Ecology 12, 
82–94. https://doi.org/10.1111/j.1530-9290.2008.00004.x
Lupton, R.C., Allwood, J.M., 2017. Hybrid Sankey diagrams: Visual analysis of multidimensional data for understanding 
resource use. Resources, Conservation and Recycling 124, 141–151. https://doi.org/10.1016/j.resconrec.2017.05.002

https://doi.org/10.1111/j.1530-9290.2008.00004.x
https://doi.org/10.1016/j.resconrec.2017.05.002


Background – P Flow Diagrams

Metson, Geneviève S, Graham K MacDonald, Allison M Leach, Jana E Compton, John A 
Harrison, and James N Galloway. “The U.S. Consumer Phosphorus Footprint: Where Do 
Nitrogen and Phosphorus Diverge?” Environmental Research Letters 15, no. 10 (October 1, 
2020): 105022. https://doi.org/10.1088/1748-9326/aba781.



Background – P Flow Diagrams



Background – P Flow Diagrams

Cordell, D., & White, S. (2013). Sustainable Phosphorus 
Measures: Strategies and Technologies for Achieving 
Phosphorus Security. Agronomy, 3(1), 86–116. 
https://doi.org/10.3390/agronomy3010086



Origin of the STEPS P Flow Diagram



On the Convergence Boundary Objects

• Boundary Objects support team members in moving toward a 
shared goal, allowing each to bring their contributions within 
the context of a shared problem

• With the concept of Convergence Boundary Objects, our team 
introduces the additional intention that team members also 
interact with the CBO to onboard a deep understanding of one 
anothers’ methods and approaches, enabling them to 
formulate and pursue new research questions together 



Current Uses & Desired Interventions: 
Engineering



Current Uses & Desired Interventions: 
Economics

Derived demand for P in 
agricultural systems

International trade and 
market dynamics 

Farmer risk perceptions, consumer 
preferences and P consumption 

Social benefits of 
increased productivity 

Social costs of 
water pollution 



Current Uses & Desired Interventions: 
Policy

Where on This CBO (and How) Do These Public Sector 
Stakeholders Influence Phosphorus Flows?

Federal Government:
● Environmental Protection Agency
● Department of Agriculture
● Tennessee Valley Authority

State Governments:
● Agriculture Divisions

○ Agronomy
○ Soil & Water Conservation
○ Environmental Programs

● Environmental Quality (Water)
○ Point Source (WWTPs)
○ Nonpoint Source (Runoff)
○ Mineral Services (Mining)

● Cooperative Extension Services / Ag Universities

Local Governments:
● Soil & Water Conservation Districts
● Watershed and Drainage Districts
● Counties and Municipalities



Current Uses & Desired Interventions: 
Stakeholder Engagement

• Provides a representation of 
key sectors involved in 
complex flows

• Total flow amounts helps to 
identify sectors or 
intersections most useful to 
target intervention

Figure credit: Sustainable Phosphorus Alliance



Examples of STEPS P-Flow Diagram 
Use

• First round of RFPs
• Describe how the 

project contributes to 
the 25-in-25 vision of 
STEPS. Quantify to 
the extent possible by 
referring to the P-flow 
diagram.

• Formation of 
stakeholder working 
groups

• Road mapping efforts

Formation of stakeholder working groups



Expected Evolution of the P-Flow 
Diagram

• An interesting outcome has been that in early discussions, all 
STEPS researchers seem to be converging to improve the 
P-Flow diagram to be dynamic and interactive

• A strong interest in connecting stakeholder networks and 
“control points” to the P-flow diagram

• Also focus on refining the numbers and adding uncertainty 
estimates to the flows



Framework for a dynamic, interactive P-flow 
diagram with stakeholder networks and 
control points
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