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Overview: Multiple biophysical limitations of agricultural systems
• Land access
• Ecosystem dynamics and energy use
•
•
•
•
•
•
•

Water
Nutrient cycling (nitrogen, phosphorus)
Soil erosion
Pollution: nutrient, chemical, sediment
Energy
Greenhouse gas (GHG) emissions
Climate Change

• Sustainable agriculture goals, challenges, and solutions

• Food security (Efficient food production; Improved food distribution; Reduced
food waste; Regional self sufficiency; Improved nutrition)
• Multifunctional landscapes
• Mismatched timescale of soil and ecological processes compared to
perturbation resulting from land management choices.

Agriculture and Ecosystem Services

Zhang et al. 2007.
Ecological Economics. 64(2):253-260.

Biophysical limitations: Agricultural land extent

Biophysical limitations: Agricultural land extent
Peak arable land
• FAO projection –
arable land increase
until 2050

Biophysical limitations: Agricultural land extent

Biophysical limitations: Water

Source: USGS data, summarized by
https://sustainabilityreport.duke-energy.com/2008/water/withdrawal.asp

Biophysical limitations: Water

Source: USGS
https://water.usgs.gov/edu/wuir.html

Biophysical limitations: Water

Withdrawals (Millions gallons per day)

Irrigated land (acres)

Groundwater

Surface
Water

Total

Sprinkler

Microirrigation

Surface

49,500

65,900

115,000

31,600

4,610

26,200

Source: USGS
https://water.usgs.gov/edu/wuir.html

Biophysical limitations: Water

http://www.fao.org/nr/water/aquastat/water_use/index.stm#maps

Biophysical limitations: Water
Challenges
• 1.4 billion people currently live
where withdrawal > recharge.
• 50% of irrigation water is lost to
evapotranspiration.
• Vegetable and fruit production
often requires irrigation.
• Grain crops also irrigated in
many regions.

Land management changes
• Efficient irrigation

• Water delivery: drip irrigation
• Water need: sensors
• Common in high value crops

• Cropping system rotations

• Drought tolerate crops (e.g., sorghum
instead of maize in areas where
withdrawals > recharge)

• Breeding

• Perennial grains
• Drought tolerance
• Climate change

Biophysical limitations: nutrients
Nitrogen (N) cycle

Phosphorus (P) cycle

• Abundant in atmosphere (N2).
• Energy intensive to convert to
bioavailable forms (N fertilizer).
• Oversupply causes pollution.

• Limited and necessary resource
for plant growth.
• Oversupply causes
eutrophication of aquatic
systems.
• Large stocks trapped in dam
sediment.
• Overapplied in U.S.

• NO3- leaching to aquatic systems
• N2O gas potent GHG
• NH3, NOx air pollution

• Economic incentive to overapply.

Biophysical limitations: nutrients
Eutrophication
• Resulting from excess N and P.
• 65% of U.S. estuaries and coastal
waters are moderately to
severely degraded.
• Algal blooms (toxins preclude
drinking water and fishery
usage).
• Hypoxia (low-oxygen waters,
result in fish kills, ’dead zones’)
Lake Erie, May 9, 2011, NASA MODIS true color image

Biophysical limitations: nutrients
2017 Gulf Dead Zone
• 8,776 square miles, (size of New
Jersey)
• Largest observed since
measurements began in 1985.
• Average size 5,800 square miles.
• Reduction target: 1900 square
miles.

NASA Earth Observatory

Biophysical limitations: nutrients
Illinois winter bare fallow with ponding

Illinois tile drainage

Image: Mark David

Biophysical limitations: Phosphorus scarcity
Consensus

Uncertainty

• Essential to life: DNA, RNA, ATP
(ie. cell structure and energy).
• No substitute for biological
function.
• Not manufactured.
• Abundant in Earth’s crust;
readily extractable in only 11
countries (phosphate rock).

• 60,000 Mt phosphate rock
reserves.
• Lack of transparency. Commercial
reserve estimates, plus USGS.
• Many authors estimate depletion
before 2100.
• Globally, increased demand
anticipated. Only European and N.
American soils are P-saturated
from overapplication.
Cordell and White. 2014. Sustainability. 3:2027-2049.

Biophysical limitations: Peak Phosphorus and
conservation
• P cycle renews over 10s to 100s of million years.
• Mis-matched time scale of P use and renewal.

• Decreasing quality as better supplies mined.
• Decreasing ease of extraction.
• 800% price spike in 2008.

• Estimates of Peak P: 1989 vs. 2033.
• Distribution: 95% of reserves in Morocco, China, USA, South Africa, Jordan.

• Preparing for a ‘soft landing’. Improving P recycling.
• Remove inefficiencies: livestock manure, crop residue, organic waste P
recycling.
Cordell and White. 2014. Sustainability. 3:2027-2049.

Biophysical limitations: Nitrogen pollution
N amendment
• N addition improves crop yields.
• Inorganic N fertilizer readily
manufactured.
• Organic N sources managed
through crop rotation and
manure.

N challenges
• Biologically reactive and
therefore prone to loss.
• Inefficient usage, ~50% of
inorganic fertilizer lost to
environment.
• Organic N sources may not be
sufficiently bioavailable at time
of crop need.
• Livestock density and manure
management

Biophysical limitations: N & P recycling
Nutrient recycling and retention
• Extend vegetative cover

• Increase system productivity.
• Increase soil organic matter (SOM) by
incorporating plant matter.
• Active root zone retains nutrients and
improves soil physical structure.

• Diversified rotations to extend
vegetative cover
•
•
•
•

Cover crops (retain nutrients)
Legume crops (N fixation)
Perennial rotations (extended root zone)
Crops with complementary nutrient
needs: intercropping, agroforestry

• No-till to reduce runoff and erosion.

• Industrial solutions:
• Slow release fertilizers, inhibitors
• Precision agriculture
• End fall fertilization

• Efficient manure usage
• Integrated livestock and crop
landscapes.
• Manure processing for methane
and compost.
• Manure as resource, not waste
product.

Nitrate leaching grouped by type of cover crop
30
Non-legume cover crop leaching (69)
Green Manure leaching (8)
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Yield effect by legume N inputs

Yield effect by cover crop type

Legume cover crops (206)
Non-legume cover crops (69)
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Biophysical limitations: Soil erosion
Mechanisms

Land management changes

• Erosion mechanisms:

• Extend vegetative cover

• Water, wind, mechanical

• Environmental controls:
• Intense rainfall
• High wind velocity

• Management controls:
•
•
•
•

Bare soil
Tillage
Decreased aggregate stability
Farming on steep terrain

• Winter cover crops
• Perennial rotations

• Crop residue to protect soil
• Landscape diversification
•
•
•
•

Wind barriers
Shelterbelts
Strip cropping
Contour cultivation

• Avoid steep terrain
USDA NRCS

Biophysical limitations: Soil erosion management

Image: Mastrorilli.
CREA: Southern Italy.

Biophysical limitations: Soil erosion
Soil Erosion Rate

Sample
size

Median
(mm/yr)

Mean
(mm/yr)

SE
(mm/yr)

Conventional

448

1.537

3.939

0.321

Conservation

47

0.082

0.124

0.022

Native vegetation

65

0.013

0.053

0.016

Soil production

188

0.017

0.036

0.004

Mis-matched time scale of soil production compared to
soil erosion.
Montgomery. 2007. PNAS. 104: 13268–13272
Berhe et al. 2014. Nature Education Knowledge 5(8):2

are combined with U.S. GTOPO30 elevations,
it becomes apparent that most extreme rates of
denudation (>135 m/m.y.) are (perhaps not surprisingly) confined to those Cordilleran regions

Farmland Denudation
Although the movement of rock and soil during road construction, building excavation, and
other construction activities accounts for ~30%

(USDA) and other organizations have developed quantitative procedures for estimating soil
loss in response to agricultural practices, primarily across the stable North American craton.

Biophysical limitations: Soil erosion
Continental average = 21 m/m.y.

Natural soil erosion rate

Natural erosion rates (m/m.y.)
> 135
135 to 60
60 to 30
30 to 15

Summerfield & Hulton (1994)
GTOPO30 (1996)

< 15
Figure 6. Estimates of average natural erosion (denudation) rates inferred from GTOPO30 area-elevation data and global fluvial erosion-elevations relations from Summerfield and Hulton (1994). Mean rate of denudation for the entire area of the contiguous United States is ~21 m/m.y.

Wilkinson and McElroy. 2007.
Geol. Soc. Am. Bull.. 119(1/2):140-156.

Biophysical limitations: Soil erosion
Wilkinson and McElroy

Cropland average = 600 m/m.y.

Cropland soil erosion rate

1997 cropland erosion (m/m.y.)
> 2,000
2000 to 1500
1500 to 1000
1000 to 500

U.S. Department of Agriculture
Natural Resources Division
Resources Assessment Division
Washington, DC (2000)

< 500
Figure 8. Rates of cropland erosion derived from estimates by the Natural Resources Conservation Service using the Universal Soil Loss Equation, and scaled to a farmland average of 600 m/m.y. The solid blue line is the western edge of the North American craton, here defined as the
margin of the Great Plains physiographic province. Areas of arable land are largely confined to cratonic regions under 1 km in elevation.

Wilkinson and McElroy. 2007.
Geol. Soc. Am. Bull.. 119(1/2):140-156.

Biophysical limitations: Energy
Conventional rotation
Yield (Mg dry matter ha-1)
Energy: tractor (MJ ha-1)
Energy: machinery (MJ ha-1)
Energy: other (MJ ha-1)

Winter
wheat

Barley

Rape

Winter
wheat

Sugar Beet

Peas

Mean per
rotation

5.3

4.8

2.7

5.3

8.2

3.1

4.9

2,891

2,848

3,812

2,891

3,647

2,765

3,142

792

842

1,109

792

1,303

814

942

2,113

2,092

1,588

2,113

216

1,703

1,637

Energy: N fertilizer (MJ ha-1)
Total Energy Use (MJ ha-1)

Bertilsson et al. 2008. Organic Crop Production, Ch9
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A comparison of the rate of return in calories per fossil fuel
invested in production for major crops –average of two organic
systems over 20 years in Pennsylvania (based on Pimentel,
2006b, modified)

Crop
Corn
Corn
Corn
Soybean
Soybean
Soybean

Technology
Organic1
Conventional2
Conventional3
Organic4
Conventional5
Conventional6

kcal
Yield Labor
Energy
output/
(t/ha) (hrs/ha) (kcal × 106 ) (input)
7.7
7.4
8.7
2.4
2.7
2.7

14
12
11.4
14
12
7.1

3.6
5.2
8.1
2.3
2.1
3.7

7.7
5.1
4.0
3.8
4.6
3.2

1) Average of two organic systems over
in Pennsylvania.
1 & 4:20
20 years
year average
Pennsylvania
2 & 5: over
20 year
2) Average of conventional corn system
20average
yearsPennsylvania
in Pennsyl3 & 6: U.S. average
vania.

Energy use in corn field
Conventional Practice
(GJ/ha)

Energy input of legume N

Legume-fertilized
(GJ/ha)

Inputs

Energy Equivalents (GJ/ha)

25

20

N fertilizer

8.91

NA

herbicide

0.83

0.83

corn seed

1.50

1.50

NA

1.46

11.23

3.79

disking

0.35

0.69

planting

0.25

0.51

cultivation

0.17

0.34

fertilizer application

0.51

NA

pesticide application

0.06

0.06

harvesting

0.57

0.57

Farm equipment energy

1.91

2.17

Total energy use

13.14

5.96

red clover seed
Input energy

15

Farm management

10

5

0
4

5

6

7

Climate Zone (USDA Hardiness Index)

8

harvested rice (FAO 2015)
From 2012 to 2030, CH4 emissions from this source are projected to decrease 3.8% from 522
million tonnes of CO2 equivalent to 502 million tonnes (FAO 2015)

Biophysical limitations: Greenhouse gases (GHG)
Other Agriculture Sources of non-CO2 Emissions (CH4, N2O):

From 1990 to 2012, total emissions from other agricultural sources (such as burning of crop
residues) increased from 277 million tonnes of CO2 equivalent to 301 million tonnes, corresponding
to approximately 5.6% of total agricultural emissions in 2010 (FAO 2015).
Type of emission

Total emissions
1990 (MtCO2e)

Total emissions
2012 (MtCO2e)

Total emissions
2030* (MtCO2e)

Agricultural soils
(N2O)

1,614 (35.4%)

2,114 (39.3%)

2,195 (38.1%)

Enteric fermentation
(CH4)

1,869 (41%)

2,080 (38.7%)

2,365 (41.1%)

Rice cultivation
(CH4)

466 (10.2%)

522 (9.7%)

502 (8.7%)

Manure management
(CH4, N2O)

335 (7.3%)

364 (6.8%)

413 (7.2%)

Other emissions
(CH4, N2O)

277 (6.1%)

301 (5.6%)

281 (4.9%)

Total non-CO2 emissions

4,561 (100%)

5,381 (100%)

5,756 (100%)
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CGIAR

Yield-scaled N2O flux by clay texture (rainfed corn in temperate North America)

Biophysical limitations: Greenhouse gases (GHG)

Environmental Working Group

Biophysical limitations: Climate Change
USDA key points

• Livestock vulnerable to
temperature stress.
• Next 25 years mixed projection,
increasingly negative effects of
climate change.
• Exacerbate current stressors:
weeds, disease, pests.
• Multiple stressors to ecosystem
processes, including temperature
stress, precipitation extremes.

• Predicted higher frequency of
extreme weather reduces
aggregated crop yield.
• Adaptation necessary to
maintain yield.
• Regional cropping systems
• Breeding (pests, drought, heat
stressors)

Sustainable Agriculture: Climate Change
EcoAgricultural Partners smallholder farmer training
• Understanding local climate change
effects
• Soil nutrient management
• Mulching, compost, manure

• Tillage and residues: erosion
• Soil and water management

• Improved irrigation
• Prevent runoff: drainage and infiltration
ditches, beds, furrows
• Drainage channels
• Reduce erosion: terrace farming

• Agronomic practices

• Cover crops, green manure (reduce bare
soil, add N source)
• Intercropping, relay cropping
(complementary crops)
• Contour, strip cropping
• Crop varieties

• Integrated pest management (IPM)

• Cultural practices: resistant varieties,
remove unhealthy plants, rotating annual
plants, companion planting, intercropping
• Biological: identify beneficial insects,
support habitat.
• Physical: remove infection
• Chemical: when above not sufficient.

• Agroforestry

• Diversify: income, fuelwood source,
nutrition (fruits, nuts, oils), medicinal plants
• Microclimate: reduce heat and water stress
• Wind break
• Practices: tree fence, tree buffers, trees in
pasture, alley cropping, homestead trees,
woodlots, apiculture

• Livestock management

• Mixed farming: rotations with pasture,
forage, and row crops.
• Improved breeds

Sustainable Agriculture: Management tools
Conservation Agriculture

• Minimal soil disturbance
• No-till (or reduced tillage)

• Permanent soil cover
• Perennials, cover crops,
intercropping, agroforestry, leave
residues on field

• Rotation
• Reduce pests, disease, weeds
• Mixture of grains, legumes

• Apply flexibly to local conditions
• Target local soils and climate
• Socio-economic needs (nutrition,
income)

Clover interseeded into wheat
Rye cover crop

Conventional vs. organic soils
Bare fallow in corn-soybean rotation

Summary: Land management toward sustainable agriculture
• Agricultural land extent

• Productive lands have already been
brought into production
• Need smarter usage of agricultural lands
• Maintain soil base
• Regional cropping system

• Ecosystem cycles
• Water

• Increase irrigation efficiency
• Crop rotations with lower water demand

• Nutrients

• Increased vegetative cover
• Increased nutrient cycling
• P conservation

• Land management that complements
local ecology
• Communicate mismatched timescale of
soil processes and human decision
making

• Sustainable agriculture
• Food security

• Attaining food security has technical, social,
and economic components.
• Distribution of food remains challenge.
• Yield-centric vision: maximize per area crop
yield.
• Support diverse ecosystem services from
agricultural landscape.
• Flexibility to reduce animal agriculture to
meet caloric and nutritional needs

• Multifunctional landscapes

• Define regional ecosystem services goals.
• Provides nutrition and water quality for
farming communities.
• Optimizing calories is not sufficient,
communities need access to nutritionally
balanced foods.

• Payments for Ecosystem Services (PES)
markets

Discussion points
• How create an economy that values maintaining ecosystem cycles.
• Current paradigm: Energy used to optimize yield.
• Multifunctional landscape: Energy used to support multiple
ecosystem services – yield, soil development, diversification.
• What are key intervention points toward supporting ecosystem
processes.
• What is the value of regional food self-sufficiency and access to
diverse diet.

Thank you for your attention.
Questions?
Photo: Queiroz

