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GLOBAL VIEW

Adequate crop yields to feed 7.8 billion people today, and
nearly 10 billion by mid-century (Vollset et al. 2020),
depend on large amounts of nitrogen (N) input, which in
turn represent an inherent weakness in our global food
production system. The challenge has nothing to do with N
supply as that is virtually unlimited. Nearly 80% of the
atmosphere is composed of N,, a relatively inert gas, that
can be converted to reactive N forms (mostly nitrate, NO3™
and ammonium, NH, ") via biological and industrial pro-
cesses and used to satisfy crop N requirements. Instead, the
main problem is one of excess: it is difficult to precisely
supply enough N to meet crop physiological requirements
while also controlling the fate of reactive N to avoid losses
to the environment. As a result, cropping systems respon-
sible for the bulk of humanity’s food supply leak too much
NO;™, causing severe degradation of water quality and
riparian and aquatic ecosystems. Gaseous losses as
ammonia, nitrogen oxides (NO,), and nitrous oxide (N,O)
reduce air quality and account for much of agriculture’s
contribution to climate change. To make up for these los-
ses, the global annual input of fertilizer N to cropland is
double the N input from the natural processes of biological
N fixation (BNF) (Fowler et al. 2013). At the same time,
crops in large parts of the world, and particularly in sub-
Saharan Africa (SSA), suffer chronic N deficiency and low
yields due to lack of sufficient input of N and other
nutrients (Berge et al. 2019; Senthilkumar et al. 2020).
These concerns were well documented and recognized
within the scientific community when our 2002 Ambio
paper (Cassman et al. 2002) was presented at the 2nd
International Nitrogen Conference in Washington DC
(October 2001). Achieving better synchrony between N
supply and demand across the wide range of cropping
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systems and environments in which crops are grown was
identified as the solution to both meet crop N needs and
better protect environmental quality. But it was difficult to
find robust and relevant field data on N fertilizer efficiency
(NFE, also called recovery efficiency of fertilizer N) of
major food crops as quantified by the proportion of applied
N taken up the crop. Such data are essential for monitoring
and mapping N losses to identify crops and regions with
greatest potential for improvement, or areas where progress
has been made.

To that end, our paper brought together the best avail-
able data on NFE for the major grain crops rice, wheat, and
maize to establish benchmarks based on direct measure-
ments taken as much as possible in farmer-managed pro-
duction fields. Although there is a copious literature on
NFE measured in “small-plot” experiments, estimates
from those studies are not representative of NFE in larger,
non-uniform production fields as managed by farmers. Our
results documented relatively low NFE of 18-49% occur-
ring at production scale in several major cereal systems
depending on crop species, cropping system, and country.
While not good news for the environment because such
low levels of NFE equate to more than 50 Tg of applied
fertilizer N not taken up by crops' and at risk of loss, it
documents enormous room for improvement.

In recent years, approaches to estimate N use efficiency”
have focused on constructing N budgets and N use effi-
ciency indicators based on estimates of N inputs and

! Current annual global fertilizer N use on cropland is about 100 Tg
(excluding grasslands and forage crops).

2 N use efficiency is a broader measure than NFE because, in addition
to applied N fertilizer, it also includes N supply from mineralization
of soil organic matter, and N inputs from manure, BNF and
atmospheric deposition, all of which contribute to the N supply for
crop uptake.
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outputs at farm (Quemada et al. 2020), national (Zhang
et al. 2015), and global scales (Ladha et al. 2016). General
conclusions from this work are consistent with our 2002
Ambio paper: N use efficiency varies widely but is often
well below achievable levels. Using input—output budget-
ing approaches, global N use efficiency from crop pro-
duction is currently in the 40-50% range.” Few studies
since 2002 have added new data on NFE from farmer-
managed production fields, or on critical nutrient budget
components such as N inputs from biological fixation and
the amount of N released from mineralization of soil
organic matter (SOM). Hence, large uncertainties remain
with data and coefficients used to construct such nutrient
budgets (Zhang et al. 2020).

At a global scale, average N use efficiency has increased
slowly during the past 20 years. A general proxy for NFE
trajectories can be seen in time-trends for N fertilizer use
versus the amount of N removed with harvested crop
materials. In high-yield cropping systems of North Amer-
ica, for example, N removal was considerably less than
applied N fertilizer from 1960 to 1970 (an indication of N
excess), and considerably more than applied in recent
decades (Fig. 1a). This crossover reflects improved NFE
due to rising crop yields, modest improvements in N fer-
tilizer management, and increased soybean production, the
latter a legume crop with large capacity to meet its N
demand through BNF, thus requiring little N fertilizer
(Salvagiotti et al. 2008). Greater N removal than N fertil-
izer inputs in Latin America also reflects both increasing
crop yields and large expansion of soybean-based cropping
systems in Argentina, Brazil, Paraguay, and Uruguay
(Fig. 1g).

A narrowing gap between N fertilizer inputs and N
removal also indicates a trend towards improved NFE as
seen in the high-yield systems of Western and Central
Europe (Fig. 1b) and more recently in East Asia, which
mostly reflects trends in China (Fig. 1f). Improved NFE in
these regions largely results from more judicious use of N
fertilizer in response to policies and regulations promoting
higher NFE rather than the benefits of increasing crop
yields. In Eastern Europe and Central Asia, the decline in N
fertilizer use that resulted from collapse of the former
U.S.S.R. has been reversed along with rising crop yields,
with indications of a trend towards higher NFE (Fig. 1c¢).
Offsetting these positive trends is the widening gap
between N fertilizer inputs and N removal in cropping
systems of West and South Asia, which suggest decreasing
NFE (Fig. 1d,1e).

3 Most published estimates are for time series until 2010, with global
cropland N use efficiency estimates ranging from about 42 to 47%,
e.g., Lassaletta et al. (2014); Zhang et al. (2015).
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After years of stagnation, fertilizer use in sub-Saha-
ran Africa has started to increase, from about 8 kg nutrients
ha™" in 2000 to about 20 kg ha™' today,” although the gap
between crop N removal and fertilizer N use has widened
in recent years (Fig. 1h). As a result, current farm yields are
less than 33% of attainable yield with currently available
technologies (van Ittersum et al. 2016) and soil nutrient
stocks are being depleted. Closing the African yield gap
will require reducing the gap between physiological
nutrient requirements and the amount of applied nutrients
on a massive scale (Berge et al. 2019).

Increased public concern about N pollution in many
high- and middle-income countries has led to regulatory
action and a range of policies related to N pollution (Kanter
et al. 2020). Limits on the amount of N fertilizer have been
implemented in some countries, while other jurisdictions
rely on voluntary measures or use a relatively straightfor-
ward “N balance” approach (the difference between N
inputs and N removal in harvested materials) as the means
to track progress towards environmental goals (McLellan
et al. 2018). A key challenge in all such programs is the
capacity to link NFE at the level of a farmer’s field or farm
to environmental outcomes at the watershed or ground-
water resource scale because of large deficiencies in ability
to accurately model crop N uptake, N cycling through soil
organic matter, and losses of reactive N via leaching and
gaseous emissions. While farmers can easily monitor N
balance, it is much more difficult to estimate NFE because
it is confounded by uptake of indigenous soil N from
mineralization of SOM and residual N from applications to
the previous crop. Although ability to predict N supply
from soil N mineralization across a wide range of soil types
and climates remains a difficult scientific challenge, it
would give farmers a powerful tool to improve synchro-
nization of crop demand and N supply throughout the
growing season through improved timing and amount of N
topdressings. Despite widespread concerns about N pollu-
tion from agriculture and regulations to reduce it, we
believe that public- and private-sector investment explicitly
focused on raising crop yields while also decreasing N
losses is woefully inadequate relative to the magnitude of
the challenge and associated societal benefits.

NITROGEN INNOVATIONS

In our 2002 paper, we proposed an “N synchrony frame-
work” for evaluating promising technologies to achieve
“just-in-time N supply,” without excess or deficiency,
throughout the crop growth cycle as the means to achieve

* Based on IFASTAT Fertilizer Consumption and Fertilizer Use By
Crops databases, IFA, Paris.
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Fig. 1 Trends in fertilizer N use and crop N removal by region, 1961-2017. Data source IFA Nutrient Use Efficiency database, IFASTAT, 2020.
The dataset contains national scale estimates for N inputs to cropland from fertilizer, manure and biological N fixation, as well as N removal by

harvested crops. Grasslands and forage crops are not included

meaningful increases in NFE at scale. The need to con-
comitantly increase crop yields and NFE was the primary
justification for this approach (Cassman 1999) because
crops that absorb more of the available N and transform it
into economic yield offer the best path to achieve both
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goals, thereby decreasing the amount of N at risk of loss to
the environment. A number of promising technology
options were identified. Here, we evaluate progress over
the subsequent two decades.
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Trends in Fig. 1 suggest that in some regions, either
motivated by voluntary incentive schemes or regulatory
policies (van Grinsven et al. 2015), changes in manage-
ment practices and/or adoption of new technologies have
contributed to improved N efficiency. It is difficult,
however, to attribute improvements to adoption of
specific technologies because NFE improvement can
occur from technologies other than fertilizer management.
Hence, widespread adoption of practices that contribute to
more uniform plant stands, higher plant densities, more
vigorous early season growth rates, and higher yields have
indirectly increased NFE when there is excess N supply.
In mechanized systems, these practices include use of
integrated pest management, GMO crops that reduce yield
loses from weeds and insect pests, and precision-farming
technologies such as auto-steer tractors guided by global
positioning systems that avoid strips without N fertiliza-
tion and N fertilizer overlaps. A general movement away
from a single large N fertilizer application before planting
or at sowing towards smaller, split applications during the
growing season has been promoted to farmers in high-
yield cereal production systems worldwide, although it is
difficult to obtain good data on the degree of adoption by
farmers.

In contrast, compared to its theoretical promise (Cass-
man and Plant 1992), adoption of variable-rate fertilization
technology has been disappointing. Lack of adoption by
large-scale mechanized farmers appears to reflect an
unproven value proposition for the required investments in
equipment, software, data, and labor to implement vari-
able-rate fertilizer application, while low levels of motor-
ized mechanization represents the biggest adoption barrier
for medium and small farms in developing countries
(Lowenberg-DeBoer and Erickson 2019). To overcome
these barriers for small farms, a considerable body of
research has produced a number of “low-tech” site-specific
nutrient management (SSNM) tools that give consistent
increases in crop yields and profits (typically by 10-20%
relative to current farmers’ practice) and N use efficiency
(typically by 30-40%) in many crops, including rice, wheat,
maize, and other crops in Asia and Africa (Dobermann
et al. 2002; Khurana et al. 2008; Chen et al. 2014; Pasuquin
et al. 2014; Saito et al. 2015; Rurinda et al. 2020; Wang
et al. 2020). These substantial improvements have been
achieved across a wide range of environments and are
typically associated with a modest reduction in N fertilizer
rates and a shift towards more split N applications to
improve congruence between N supply and crop N
demand. It is likely that adoption of these tools also
reduces NOj leaching and N,O emission losses (Pampolino
et al. 2007; An et al. 2015). We know of no other inter-
vention that has demonstrated such robust, win—win per-
formance across large regions.
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Yet despite robust validation of the SSSM approach, it
has been a challenge to achieve widespread adoption by
millions of smallholder farmers, for which a combination
of conventional and digital extension education tools have
been tested (Pampolino et al. 2012; Cui et al. 2018; Sharma
et al. 2019; Zossou et al. 2020). Experience thus far sug-
gests multiple reasons for limited impact at larger scale,
including: weak capacity in government extension systems,
insufficient private-sector uptake, decision tools that are
still too complex to use and do not have sustainable busi-
ness models, lack of integration with financial and input
supply services, insufficient integration of other agronom-
ically relevant and geospatial information, and lack of
policy-driven incentives to promote farmer adoption.

“Smart” fertilizer formulations and specialty products
designed to regulate specific N transformation pathways in
soil to better synchronize N supply and demand have been
around for decades. Yet progress towards defining the
conditions under which these products work has been slow,
and inconsistency of expected returns from their use have
limited widespread adoption. Enhanced-efficiency fertiliz-
ers’ currently account for less than 5% of the global fer-
tilizer N market. Nitrogen transformation inhibitors and
other N fertilizer “stabilizers” applied to broadacre crops
account for the bulk of that market, whereas controlled-
and slow-release fertilizers are mostly applied to high-
value crops such as turf, ornamentals, nurseries and plan-
tations. Biological nitrification inhibition—the ability of
plant roots to suppress soil-nitrifier activity through pro-
duction and release of nitrification inhibitors—has been
proposed as an innovative genetic modification pathway to
reduce N,O emissions (Subbarao et al. 2017). Although
scientifically interesting, we doubt it has potential for real-
world impact due to the complexity of regulating expres-
sion of this trait in response to both N supply and crop N
demand as they change throughout the crop growth cycle.

Crop genetic improvement is often emphasized for its
promise to improve N use efficiency, as mentioned in our
Ambio paper (Cassman et al. 2002). However, we are not
aware of new crop varieties with proven improvement of
specific traits governing N efficiency or BNF despite many
millions of dollars of public- and private-sector investment
towards these goals. Breeding for N use efficiency must
coordinate genetic control of physiological and metabolic
factors influencing N uptake from soil and N utilization
efficiency and allocation within the plant. And both pro-
cesses involve numerous finely tuned biochemical path-
ways and feedback mechanisms that are highly sensitive to
environmental conditions (Cormier et al. 2016; van

3 This includes controlled-release fertilizers, slow-release fertilizers,
sulfur-coated fertilizers, stabilized nitrogen fertilizers (urease inhibi-
tors, nitrification inhibitors, etc.).
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Lammerts Bueren and Struik 2017), making “trade-off”
free genetic solutions unlikely (Denison 2015).

For similar reasons, there has been little progress
towards increased contributions from BNF by legume
crops, or developing cereal crops with N fixation capability
(Ladha and Reddy 1995; Beatty and Good 2011; Rogers
and Oldroyd 2014). Impressive basic research has been
conducted on different approaches, including improvement
of root-associated endophytic bacteria to develop nodule-
independent N,-fixing systems, engineering root nodule
symbiosis in cereals, and transferring nitrogenase genes
into cereal crops. Despite progress in expanding scientific
knowledge, none of these approaches—if they work—are
likely to reach commercialization within the next 20 or
30 years because of the number of genes involved. In
recent years, commercial activity has focused on identifi-
cation and/or improvement of endophytic bacteria for
associative N fixation. Several companies aim to com-
mercialize endophytic products in the near future, but more
rigorous, independent field testing is still required. At best,
such microbial formulations have potential to contribute
relatively small amounts of about 20-30 kg N ha™" during
a cropping season, compared to typical N uptake require-
ments of about 200 kg N/ha for high-yielding cereal crops,
and similar large amounts from legume BNF inputs.

Two notable trends have emerged in the global N bal-
ance since we wrote our paper. First, industrial N is
becoming a key ingredient in global sustainability chains,
including uses to reduce emissions in transportation and
power stations, construction, extraction and processing of
mineral resources, feed additives, wastewater treatment,
and pharmaceuticals. Industrial uses of inorganic N
(mainly as ammonia, urea, and ammonium nitrate) now
represent around 20% (ca. 33 Mt) of total industrial N
production. Annual growth of that sector has averaged
4-5% during the past 20 years and is likely to continue or
accelerate. Efficiencies and losses from these multiple end-
uses have not been well quantified, but this is also a rapidly
emerging area to support development of new green
technologies.

Second, there has been massive growth in livestock
production and associated nutrient pollution as demand for
meat and dairy products has soared with rapid economic
and income growth, particularly in countries such as China
and India. Nitrogen losses from livestock systems and
virtual trade in N are now estimated at 65 Tg N year™', or
one-third of all human-induced N losses to the environment
(Uwizeye et al. 2020). Continued growth in livestock
production is anticipated as economic growth spreads to
other populous, low-income countries in Asia, Latin
America, and Sub-Sahara Africa where farm animals can
play a pivotal role in creating a new, circular food system
for meeting both dietary requirements and environmental
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protection (van Zanten et al. 2019). This megatrend calls
for innovation in developing improved livestock produc-
tion systems and business models that include opportuni-
ties for nutrient recovery and recycling. Several major
companies and venture capital startups are investing in
such technologies.

It is frequently suggested that food system solutions
must include substantial shifts in diets to reduce con-
sumption of livestock products and large reductions in food
losses or waste (Foley et al. 2011; Springmann et al. 2018;
Willett et al. 2019). In countries like China, such trans-
formations could contribute significantly to future crop-
land, grassland and nutrient needs (Ma et al. 2019). While
technically feasible, however, we see little scope for either
option to substantially reduce N input requirements in crop
production within a relevant time frame for impact. To our
knowledge there is scarce evidence that diets can be sub-
stantially modified in developed countries with high meat
and dairy consumption, or in low-income developing
countries where current levels of meat and dairy con-
sumption are so low that nutrition is greatly improved by
increased consumption as economic development pro-
ceeds. We are also uncertain about the potential for alter-
native protein sources and production systems from
industrial scale cell culture, insects, or plant-based meat
mimics. If these technologies can displace meat production
from livestock, they could achieve a large reduction in N
use and losses from conventional agriculture. But it is not
at all clear that diet change of any kind will achieve
widespread consumer acceptance simply because dietary
preferences are so tightly interwoven with culture and
heritage.

OUTLOOK

We are left with the synchronization framework proposed
20 years ago, and an urgent call for innovation and open
thinking to redesign agriculture in terms of crops, cropping
systems, integrated crop-livestock systems with better
nutrient recycling and recovery, and the agricultural land-
scape itself in terms of hydraulic flows and conservation
features such as riparian buffers and constructed wetlands.
Capture and recycling of N (and P) from multiple waste
streams will likely become increasingly important.

We remain highly skeptical of the potential for single-
factor genetic improvements in N use efficiency, or other
“single-factor” genetic technologies to pay off. Instead, we
see most promise in systematic agronomic approaches that
harness Big Data and geospatial extrapolation frameworks
to accelerate the process of optimizing crop and soil
management practices governing both yields and resource
use efficiencies at production scale (Cassman and Grassini

@ Springer
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2020). Traditional, replicated field studies with two or three
treatment variables are not up to the task of optimizing the
1020 management factors (including selection of the
optimal hybrid or cultivar) that affect NFE, crop yield,
profit, and other key performance indicators. Machine
learning and other artificial intelligence approaches can
play an important role in developing optimized, tailored,
and site-specific management solutions (Saikai et al. 2020),
particularly once it becomes possible to move seamlessly
from data to prescriptive analytics and automated decision
making (Smith 2020). The rapid spread of GPS-enabled
smartphones presents a unique opportunity for directly
reaching 2 billion people in smallholder farming house-
holds, provided the smartphone apps and messages are
scientifically sound, give actionable advice, and utilize
feedback mechanisms to enable rigorous testing and con-
tinuous improvement (Fabregas et al. 2019). Public access
to high-quality, high spatial resolution data on soil prop-
erties, long-term weather records, current weather condi-
tions, and robust weather forecasts represent essential and
relatively low-cost “public goods” to support the needed
innovation and should be given a high priority by policy-
makers.

We also note that while substantial improvement in NFE
is necessary, it is not sufficient to meet water quality
standards in major crop producing regions like the US Corn
Belt. Cover crops, conservation tillage, and modified
cropping systems may also be required (Castellano and
David 2014), as well as retirement of the most sensitive
land from crop production. For example, strategic con-
version of < 3% of cropland in the Upper Mississippi,
Ohio, and Missouri River watersheds is estimated to
achieve a 45% reduction in nitrate losses and reduce extent
of the hypoxia zone within regulatory targets (McLellan
et al. 2015).

The current global food system relies on a handful of
staple crops,® many of which are grown in a few “bread-
basket” regions with good soils and favorable climates, to
produce consistently high yields in sufficient quantities to
meet global demand for calories, protein, and vegetable oil.
While many other crops contribute importantly to human
food supply and nutrition at a national scale, none are
widely traded on global markets to supply the majority of
countries that rely on food imports for a substantial portion
of total food requirements. Hence, our current food system
depends on globalized production and trade in crop and
livestock commodities, and modern science and technology
to produce them. We see continuation of this globalized
food system in a post-pandemic world because it fosters
crop production where soils and climate give comparative

S The key crops include rice, wheat, maize, potatoes and sweet
potatoes, cassava, soybean, oil palm, sugarcane, and sugarbeets.
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advantages in capture of sunlight and conversion into
human food with greatest efficiency in use of inputs such as
labor, nutrients, water, and energy. While some nations
may have comparative advantage for production of rice,
others have advantages for maize, soybean, wheat, pota-
toes, or oil palm. Global trade, economic development,
social and economic equality provide the means to support
balanced diets in a world without hunger and without
further environmental degradation. And while recent
studies have estimated N balance limits within the plane-
tary boundary concept (Steffen et al. 2015; Zhang et al.
2015), the range is too large to be an effective target at the
field or farm level. Emphasis should be given to better
estimating acceptable N loss limits at the field level so that
farmers and supporting agricultural industries can innovate
to reach them across the wide range of soils, climates, and
crops that comprise our major food production systems. It
is notable that the knowledge and tools to better estimate
environmental performance limits at a field scale, as
influenced by soil, weather, cropping system, and man-
agement practices, would also strongly contribute to
developing technologies that improve NFE by achieving
greater synchrony in N supply and demand.

Despite the enormity of the challenge, we are confident
that environmental damage and human health problems
caused by N losses from modern, high-yield agriculture can
be eliminated within 30 years. But our confidence assumes
that policy-makers have the vision to make adequate R&D
investments with a ruthless focus on accelerating yield
growth of major food crops on existing farmland while
concomitantly increasing NFE, as well as transparent
environmental performance standards, and robust, low-cost
metrics that allow farmers to monitor progress towards
those standards. Policies to meet this grand challenge
include adequate public investment in education and
human resource development, as well as free public access
to high-quality data on soil properties, historical and real-
time weather data, and water resources at a spatial reso-
lution sufficient to drive innovation towards increasingly
precise crop and soil management in farmers’ fields to
optimize productivity and avoid negative environmental
consequences.
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