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What can we control?

 The inputs of N into 
the crop and animal 
production systems

 The efficiency of 
converting those 
inputs into edible 
crop N and animal N 
products

 The “sizes of the 
holes” in the 
production pipeline 
and when and where 
they “leak” surplus N

 Engineer treatments 
of losses at edge of 
field

Firestone & Davidson, 1989
Davidson et al. 2000



Nitrogen Use Efficiency (NUE) for Crop Production

(Zhang et al., 2015, Nature)

NUE = Crop N/Inputs

Nsur = Inputs – Crop N

𝑵𝑵𝒔𝒔𝒔𝒔𝒔𝒔 = 𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪 𝑵𝑵 (
𝟏𝟏

𝑵𝑵𝑵𝑵𝑵𝑵
− 𝟏𝟏)
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107 Tg N in global crop products needed in 2050 (FAO, 2012)

Sufficient food
production with
low pollution

(Zhang et al., 2015, Nature)

Average N surplus 
tolerable for safe 
operating space:     
~40 kg N ha-1 yr-1



NUE beyond crop production



NUE beyond crop production

Sufficient food
production with
low pollution

*43%

N
itr

og
en

U
se

Ef
fic

ie
nc

y

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

 Technologies and
management practices

 Market and policy incentives
 Shifts in crop mix

Challenges and opportunities
for improving N management

(Zhang et al., 2020, GBC;
Li & Zhang et al., 2019)

Global average 
NUE = 43%

 Food waste throughout the 
supply chain & by consumers

 Dietary choices
16%*

 Livestock management 
 Insufficient recycling of 

livestock manure

22% *Crop-livestock system 
has two leaky pipes



(Li & Zhang et al., in review)

CAFE Framework for nutrient management

Despite high efficiencies, livestock makes 
up 67% of Denmark’s ag production; they 
import 54% of animal feed

Inefficient 
cropping systems 
account for most 
of China’s N 
surplus Despite relatively high efficiencies for crop 

and livestock production, food waste 
substantially increases N surplus in the U.S.

Malawi has very low N surplus due to low 
food production, leading to food insecurity



POTW: Upper Potomac River catchment above 
Chain Bridge near Washington, D.C.

NFSR: North Fork Shenandoah River
SFSR: South Fork Shenandoah River

Estimated change in point and non-point source load contributions to 
catchment total N yield and export from 1986 to 2012. Sabo et al. in 
review

Contributions to Riverine N Load by Sector and Subwatershed

Point source N loads decreased due mostly to 
improved sewage treatment

Expansion of turkey production in SFSR 
& NFSR increased N loads

Decreased N deposition 
decreased forest N loads

Expansion of turkey 
production cancelled 
improvements in point 
sources in the SR 
catchments, but there was 
an overall improvement for 
the whole upper Potomac

Cropland NUE 
improvement 
decreased overall 
ag N load in the 
Potomac



Schipper, Gold, &  
Davidson. 2010. 
Managing 
denitrification in 
human-dominated 
landscapes. Ecological 
Engineering, 36: 
1503–1506.

Engineering the Fate of Surplus N Lost to Ecosystems



Take  hom e  m e ssag e s
Inp u ts , e ffic ie nc ie s , and  le aks of N in to 
the  e nvironm e n t  can  b e  m anag e d  

The  CAFE fram e work he lp s  id e n tify the  
sca le s  whe re  p olic ie s  m ay b e  m ost 
e ffe c tive  in  m itig a ting  N losse s  a t e ach  
sca le  

Effic ie nc ie s  d e c line  and  su rp luse s  
incre ase  m oving  a long  the  Crop -An im al-
Food -Ecosyste m  (CAFE) con tinuum  
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