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Nutrient Cycling
		

Section 1. Learning outcomes

After this chapter you will be able to:
· Briefly describe what happens to a water body after an input of excess nutrients
· Define “dead zone”
· Understand the role of the Haber Bosch process in the green revolution and its ties to greenhouse gas emissions
· Describe the ways in which humans have influenced the nitrogen cycle
· Identify the status of the planetary boundary control variable for nitrogen and phosphorus cycle disruption.
· Understand the importance of nitrogen fixing bacteria in agriculture and describe where they are found
· Describe some impacts on human health of nitrogen pollution
· Understand which foods have a relatively higher nitrogen footprint.


Section 2. Section Overview

We will begin with an introduction to nutrient cycling in ecosystems, and we will discuss impacts of excessive nutrient pollution on aquatic systems.

Section 3. Introduction to nutrient cycling and dead zones

Nutrients are elements that are needed by organisms for growth and survival.  Macronutrients such as nitrogen (P), phosphorus (P) and carbon (C) are needed in relatively large amounts, while micronutrients like iron (Fe) and zinc (Zn) are needed in small amounts.  

In my aquatic systems, either N or P is the “limiting nutrient,” which means that addition of more of that nutrient will result in high levels of algal growth. 

In the picture shown below, one side of the lake was amended with nutrients and the other side wasn’t.  You can see the algal growth in the far lake. This also happens along the coast where nutrient-rich river water empties into the ocean.
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The red coloring in this figure below shows “dead zones” where oxygen has been depleted (called hypoxia) through the decay of the algae.  Excess N and P are the cause.
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Over 500 dead zones occur globally, and this results in greater than $2B per year in lost harvest.

The cartoon below outlines the process step by step.
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How does the river water become so laden with nutrients?  Excess chemical fertilizer applied to fields can be carried off the fields into waterbodies through agricultural runoff. Also, manure applied to fields as a source of nutrients can lead to runoff of N and P.




Section 4.  Bacteria involved in the nitrogen cycle

The nitrogen cycle involves specialized bacteria.

· Nitrogen fixers:  Nitrogen as N2 comprises 78% of our atmosphere but is unusable to most plants in this form.  Nitrogen-fixing bacteria combine, or “fix,” nitrogen with hydrogen to form ammonium, which can be used by plants.  Bacteria that live on roots of soybeans can do this, which is why soy is often rotated with other crops.  This is also part of the reason why beans had such a low carbon footprint.  Industrial production of N fertilizer results in high GHG emissions.
· Nitrifying bacteria:  Nitrification = process by which bacteria convert ammonium ions, first into nitrite ions, then into nitrate ions.  Plants can take up nitrate most easily. 
· Denitrifying bacteria: Denitrification = process by which bacteria convert nitrate to nitrogen gas.  This process is desirable in natural and engineered systems containing high nitrate, because the product, nitrogen gas, will be lost from the aquatic system as it enters the atmosphere.

Section 5: Human influence on the nitrogen cycle

We have greatly influenced the nitrogen cycle!

· Nitrogen fixation was a bottleneck (or limiting factor) for crop production.   Our ability to grow large amounts of crops during the Green Revolution was enabled by the invention of the process to chemically convert nitrogen gas to ammonia, a usable form for plants.  
· This reaction is called the Haber-Bosch process.  Nitrogen gas and hydrogen are combined under very high heat to produce ammonia.  The energy required for the high heat results in very significant greenhouse gas emissions for this process.

Human-driven N cycle disruption occurs primarily through four processes:

· Industrial fixation of atmospheric N2 to ammonia (~80 Mt N yr-1)
· Agricultural fixation of atmospheric N2 via cultivation of leguminous crops (~40 Mt N yr-1)
· fossil-fuel combustion (~20 Mt N yr-1)
· and biomass burning (~10 Mt N yr-1). 

Human activity has doubled the amount of nitrogen entering the environment, overwhelming nature’s denitrification abilities.

This timeline shows when nitrogen fixation for fertilization really took off.  The red line rises above all lines by the late 1960’s and keeps on rising.  The increase in the green line is due to the increase is cultivation of legumes, including soy.
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The cartoon below shows nitrogen fixation fluxes (natural with green arrows and anthropogenic with purple arrows).  You can see human activity has roughly doubled nitrogen fixation.
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Section 6.  The Planetary Boundary for Nutrients

Nitrogen and phosphorus cycle disruption are both addressed by the planetary boundary concept.
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Figure .  The Planetary Boundaries diagram.  Source: Steffen et al. 2015

Nitrogen cycling is actually an important part of both the Nitrogen Cycle boundary, and the Climate Change boundary.  
 
· For the nitrogen cycle boundary, it is considered a slow variable, “eroding the resilience of important sub-systems of the Earth System.” (Rockstrom et al. 2009)
· Nitrous oxide is a very potent greenhouse gas and is included in the climate-change boundary
· Also, fixation of N2(gas) for use as fertilizer (accomplished by the Haber-Bosch process) is extremely energy-intensive.

Section 7.  Impacts from human-caused disruption of the nitrogen cycle
From Erisman et al., 2013, Consequences of human modification of the global nitrogen cycle. Phil Trans of the Royal Soc.:

Direct Impacts of N Cycle Disruption on Human Health
· NOx in lower atmosphere leads to increased tropospheric ozone, smog, particulate matter
· Increase ozone leads to increased asthma and premature death
· Nitrate pollution of drinking water is a major problem

Aquatic systems
· Acidification of water bodies.  Early life stages sensitive
· Increased eutrophication

Terrestrial systems
· Foliar damage
· Increased susceptibility to stress
· Decreased species richness

Climate change—warming
· N2O from industrial and agricultural sources is a GHG (greenhouse gas)
· ozone is a GHG
· N2(gas) fixation is extremely energy-intensive

Climate change—cooling
· Increase Nr leads to increased C sink
· Aerosols can scatter solar radiation


Section 8.  Understanding our nitrogen footprint.

Our nitrogen footprint has a number of components:
The graph below (Leach et al., A N Footprint Model, 2012) shows the various components in the N footprint for the US and the Netherlands.  Notice food production is the major source.



[image: ]
Figure .  Source: Leach et al. 2012.

Xue and Landis (2010) Eutrophication potential of food consumption patterns. ES&T, studied how N disruption would be impacted by different diets.  

They looked at the N footprint of a number of food groups, and broke it down by process:


[image: ]

Figure .  Source: Xue and Landis (2010)

Also, they modeled how N disruption would be impacted by changes in diets from foods with relatively high N footprint (called eutrophication potential) to foods with lower N footprints.  The graph below shows how the N footprint is decreased as various shifts are made to differing extents.
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Leach et al. (2016) summarized N footprint data for various food groups.




Figure .  Nitrogen footprint data in g N/kg food. Source: Leach et al. (2016)

Exercise:

Look up the make up of the current US diet using National Geographic’s tool called “What the World Eats.”

1) Calculate the N footprint for the 1950 diet and the current diet.

2) Calculate the N footprint for a country of your choice.













Table.  Footprint data for carbon, nitrogen, and water for food categories. Compiled by Leach et al. (2016)
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Section 9.  Options for reducing nutrient cycle disruption

There are a number of ways to control nutrient pollution
· Reduce fertilizer use on farms and lawns
· Apply fertilizer at times that minimize runoff
· Plant vegetation “buffers” around streams
· Restore wetlands and create artificial ones
· Improve sewage treatment technologies
· Reduce fossil fuel combustion
· Raise different crops
· Efficient food systems
· Dietary shifts toward foods with a lower N footprint
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Figure 1. Global nitrogen fixation, natural and anthropogenic in both oxidized and reduced forms through combustion, biological fixation, lightning and fertilizer
and industrial production through the Haber—Bosch process for 2010. The arrows indicate a transfer from the atmospheric N, reservoir to terrestrial and marine
ecosystems, regardless of the subsequent fate of the N,. Green arrows represent natural sources, purple arrows represent anthropogenic sources.
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FIGURE 2. Eutrophication potential of researched food groups by life cycle stage. Stages include the agricultural production, food
processing, food packaging and transportation. Median values within this study are presented in the bar graph. Certainty bars
represent the 10 and 90% confidence intervals.
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Table A.1
Carbon, nitrogen, and water footprint factors for major food categories reported per kg product, per 1000 kcal, and per kg protein. References for original footprint factors (per kg
product) denoted with superscript letters.

Carbon Nitrogen Water

kg CO,-eq/kg kg CO,-eq/ kg CO,-eq/ g N lost/kg g N lost/ g N lost/kg m/kg m3/ m>/kg

product® 1000 kcal kg protein product” 1000 kcal® protein” product® 1000 kcal protein
Vegetable products
Wheat 0.58 0.1 3.5 13.9 3.7 112 2.0 0.5 15.8
Rice 1.14 0.8 35.7 9.4 2.6 112 13 0.4 151
Fruits 0.36 0.7 59.7 7.1 124 1056 0.5 0.9 73.1
Pulses 0.78 0.1 1.6 16.1 4.4 64 1.7 0.5 6.6
Starchy 0.21 0.2 7.7 2.8 3.7 128 0.1 0.2 6.4

roots

Vegetables 0.73 5.8 138.6 15.8 441 1056 0.1 0.2 5.6
Nuts 1.17 0.4 13.7 9.3 1.8 64 1.5 0.3 10.4
0il 1.63 0.6 0.0 0.0 0.0 0 3.2 0.4 0.0
Animal products
Poultry 5.05 1.2 6.7 89.8 74.8 432 1.5 1.2 7.1
Pork 6.87 21 133 126.0 94.0 608 2.8 21 13.7
Beef 26.45 114 78.9 234.0 160.1 1104 6.6 4.5 31.1
Milk 1.34 2.6 36.7 20.4 40.9 576 0.7 1.4 19.8
Cheese 9.78 2.3 36.2 1271 36.7 576 2.9 0.8 131
Eggs 3.54 14 17.7 72.1 49.7 608 1.3 0.9 11.0
Fish 3.83 1.9 11.2 80.1 72.0 416 X X X

2 Heller and Keoleian (2014).

b Updated from Leach et al. (2012).

¢ Mekonnen and Hoekstra (2011, 2012).

" Conversion factors derived from the U.S. Department of Agriculture National Nutrient Database for Standard Reference were used to convert footprint factors from per kg
product to per 1000 kcal and per kg protein; see Supplementary Material.

™" Data unavailable.
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