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Abstract: To prevent nutrient limitations to crop growth, nitrogen is often applied in agricultural
systems in the form of organic inputs (e.g., crop residues, manure, compost, etc.) or inorganic fertilizer.
Inorganic nitrogen fertilizer has large environmental and economic costs, particularly for low-input
smallholder farming systems. The concept of combining organic, inorganic, and biological nutrient
sources through Integrated Nutrient Management (INM) is increasingly promoted as a means of
improving nutrient use efficiency by matching soil nutrient availability with crop demand. While
the majority of previous research on INM has focused on soil quality and yield, potential climate
change impacts have rarely been assessed. In particular, it remains unclear whether INM increases
or decreases soil nitrous oxide (N2O) emissions compared to organic nitrogen inputs, which may
represent an overlooked environmental tradeoff. The objectives of this review were to (i) summarize
the mechanisms influencing N2O emissions in response to organic and inorganic nitrogen (N) fertilizer
sources, (ii) synthesize findings from the limited number of field experiments that have directly
compared N2O emissions for organic N inputs vs. INM treatments, (iii) develop a hypothesis for
conditions under which INM reduces N2O emissions and (iv) identify key knowledge gaps to address
in future research. In general, INM treatments having low carbon to nitrogen ratio C:N (<8) tended
to reduce emissions compared to organic amendments alone, while INM treatments with higher C:N
resulted in no change or increased N2O emissions.

Keywords: integrated nutrient management (INM); nitrous oxide emissions; organic nitrogen inputs;
inorganic nitrogen fertilizer

1. Introduction

Soil nitrous oxide (N2O) emissions are one of the largest sustainability concerns facing agriculture.
Atmospheric N2O concentrations have been increasing since the mid 19th century when humans
started applying nitrogen (N) fertilizer to cultivated land [1]. Nitrous oxide is naturally produced
through the denitrification and nitrification in the nitrogen (N) cycle, there is a clear link between
increased N application rates and increased N2O emissions [2,3]. Agricultural soil management
accounts for approximately 75% of anthropogenic N2O emissions in the United States [4]. Nitrous
oxide is a key greenhouse gas contributing to global climate change, with a global warming potential
nearly 300 times that of carbon dioxide (CO2) over a 100-year period and an atmospheric lifespan
of about 120 years [5]. Moreover, N2O contributes to roughly 6% of the overall radiative forcing
in the atmosphere and is considered to be the single most important ozone-depleting substance in
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our atmosphere [6]. Due to these harmful environmental impacts, and the fact that emissions are
largely anthropogenic in nature, it is critical to identify options for reducing N2O emissions from
agriculture. Although it results in increased N2O emissions, additional N is often applied either in the
form of inorganic N fertilizers or organic amendments (e.g., crop residues, manure, compost etc.) to
prevent N limitations to crop growth. Soil organic matter is an important, yet sometimes overlooked,
source of nutrients in agricultural systems. The current challenge of large amounts of reactive N
losses from agricultural systems is largely driven by inorganic fertilizer N inputs, while low-input
cropping systems that primarily rely on organic amendments and soil organic matter are thought to be
more sustainable. Organic amendments can promote soil health by building organic matter content,
increasing aeration, and enhancing microbial abundance and diversity [7,8]. Organic amendments
also provide plant-available nutrients and often act as a slow-release fertilizer throughout the growing
season. However, it is difficult to achieve the soil health and nutrient-provisioning benefits of organic
N sources. High-quality organic amendments with a low carbon to nitrogen ratio (C:N) decompose
quickly and contribute less to stable organic matter in the soil, whereas amendments with a high C:N
(low quality) decompose slowly and may not supply sufficient N to meet crop demand [9], potentially
resulting in lower yields. By contrast, inorganic N fertilizers easily dissolve in soil solution and are
quickly available for plant uptake upon application. Given their contrasting properties, the integrated
use of both organic amendments and inorganic fertilizers may contribute to improved soil quality
without sacrificing crop nutrition or yield.

Integrated nutrient management (INM) is the concept of using a combination of organic, inorganic,
and biological amendments to increase nitrogen use efficiency (NUE) and reduce nutrient loss by
synchronizing crop demand with nutrient availability in soil [10]. There are three main principles that
govern INM: (1) use all possible sources of nutrients to optimize their input; (2) match soil nutrient
supply with crop demand spatially and temporally; and (3) reduce N losses while improving crop
yield [11]. Integrated nutrient management is a broad concept and particular versions of this approach
have gained popularity in different regions. For example, Integrated Soil Fertility Management (ISFM)
has a long history of research and application in smallholder farming systems of Africa. To meet
current food security challenges, ISFM is now viewed as an important framework for boosting crop
productivity while improving soil quality by several international initiatives [12]. A meta-analysis
of the effects of applying both inorganic fertilizer and organic amendments together found that
combining the two increased maize yield between 60% and 114% compared to either N source
alone [13]. A two-year experiment in hybrid rice systems using INM reported higher yield, NUE, and
soil organic carbon compared to both organic and inorganic amendments alone [14]. Javaria and Kahn
analyzed several studies with tomatoes and found that INM improved yield, overall crop quality,
and soil fertility [15]. Importantly, the principles of INM are broadly applicable and the concept of
combining organic with inorganic N sources can either be integrated into low-input systems to increase
soil nutrient supply or high-input systems to potentially reduce N fertilizer requirements. Given this
adaptability and the numerous cropping system benefits that it provides, INM will likely expand as
a practice to address nutrient losses from agriculture in the future.

Global NUE ranges from approximately 20–65% [16]. Nutrient imbalances are common in
agricultural systems with N fertilizer often being over- or under-applied [17], indicating significant
room for increased efficiency. A meta-analysis of experiments in sub-Saharan Africa found that
combining inorganic and organic amendments significantly improved nutrient efficiency [12].
Although much research has been dedicated to the effects of INM on crop productivity, NUE,
and aspects of soil quality, it remains unclear how INM impacts N2O emissions. Importantly,
increasing NUE by combining organic and inorganic fertilizers may reduce N2O emissions, which
would represent an additional positive cropping system benefit. However, available studies show that
N2O emissions from INM can both increase or decrease depending on cropping system context and
management [18,19]. It is generally thought that organic N inputs would lead to lower N2O emissions
compared to INM because organic N must be mineralized before becoming susceptible to losses. Yet it
is also possible that increases in labile carbon (C) and microbial activity associated with organic inputs
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may increase nitrification and denitrification processes, contributing to higher overall N2O emissions.
Reducing soil N2O emissions without negatively impacting yields is a critical sustainability challenge
facing global agriculture, particularly because N2O emissions can represent more than half of the
total C footprint of crop production systems. To gain a holistic understanding of the environmental
performance of INM, the potential for increased N2O emissions represents an environmental tradeoff
that needs to be considered.

To our knowledge, no attempt has been made to synthesize current evidence regarding the
potential climate-change impacts of N2O emissions from INM as compared to systems entirely
dependent on organic amendments. The purpose of this paper is to: (1) review the mechanisms
influencing how organic and inorganic N amendments affect N2O emissions; (2) synthesize findings
from the limited number of field experiments that have directly compared INM and organic N
input systems; (3) develop a hypothesis for conditions under which INM reduces N2O emissions;
and (4) identify key knowledge gaps to address in future research.

2. Effect of Organic vs. Inorganic N Sources on N2O Emissions

2.1. Summary of Research

There is no scientific consensus on whether N2O emissions are lower in systems using inorganic N
fertilizers or organic N amendments. In fact, a recent meta-analysis found that there was no significant
difference in N2O emissions between the two soil management approaches [20]. A comprehensive
analysis focused on maize production in the Midwestern U.S. found higher N2O emissions from
soils receiving manure than soils receiving inorganic N fertilizer [21]. However, these authors
noted that N2O emissions may have been greater in manure-amended experiments because the
N application rate in some studies were greater for manured fields than the inorganic N application
rate. By contrast, other reviews have reported lower N2O emissions from soils managed with organic
inputs compared to conventional systems using inorganic N inputs, particularly when assessed on
an areal basis [22–24]. Lower emissions with organic inputs in these comparisons could be due to
a number of confounding factors, including significantly lower N inputs in the organic systems [25].
There is a direct relationship between N2O emissions and N addition [26], therefore a reduction in N
inputs in organic systems is likely to reduce N2O emissions [27]. However, it should be considered
that a reduction in N rates may also contribute to lower crop yields, which may have implications for
global food production [28,29]. Despite the demonstrated relationship between N inputs and N2O
emissions, many other environmental and crop management factors can influence the complex process
of N2O loss from soil [30].

2.2. Mechanisms Controlling N2O Emissions

Nitrous oxide is produced by the activity of soil microorganisms through two phases of the
nitrogen cycle: nitrification and denitrification [31,32]. A number of variable and interacting factors
within the soil system control these phases of the N cycle. Soil texture, freeze/thaw cycles, precipitation
events and temperature all significantly effect N2O emissions but cannot be easily controlled through
management [33]. Factors affecting N2O emissions that can be more easily altered by crop management
practices include: soil organic C content, nitrate and ammonium concentrations in soil solution,
N application rate, type, and technique, soil oxygen status, microbial abundance and activity, soil
pH, soil drainage and moisture, and crop species [3]. Application of inorganic versus organic
N fertilizer will influence many of the above factors [34], and a number of potential interactions
are expected to occur among factors, which will ultimately determine the relative change in N2O
emissions (e.g., changes in soil moisture will influence microbial activity and subsequently inorganic
N concentrations). Important factors that are differentially affected by organic N amendments and
inorganic N fertilizer are briefly discussed below: soil organic carbon, soil structure and moisture,
soil pH, soil N status. For a more general review of microbial processes regulating N2O emissions,
the reader is referred to the following papers [32,34–37].
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2.2.1. Soil Organic Carbon

Carbon availability is a key component of the denitrification process. Early research showed
that denitrification is greatly influenced by C availability, with denitrification rates of (nitrate) NO3-N
remaining low when C was unavailable despite high N concentrations, but increasing rapidly in
response to C addition [38]. Depending on the source of organic N amendments, addition of organic
material to soils may increase N2O emissions by providing the necessary C substrates for driving
microbial nitrification and denitrification processes [34,39]. Similarly, N2O emissions tend to increase
with the C:N of soil, due in part to the potential for reduced plant N uptake and increased microbial
consumption of inorganic N during soil organic matter decomposition [20]. Manure application
increases total organic C and total N pools in soil at levels proportional to the application rate [40].
When comparing soil with a history of manure application to a non-manured soil, it was found that
N2O emissions were nearly 25 times greater from manured soil [41]. In contrast to organic amendments,
inorganic N fertilizers do not provide additional C substrate, but this will not necessarily lead to lower
emissions. Moreover, addition of inorganic N fertilizer can have a priming effect on soil microbial
communities which facilitates more rapid decomposition of soil organic matter [42], potentially also
increasing N2O emissions.

2.2.2. Soil Aggregation, Drainage, and Moisture

The relationship between water-filled pore space (WFPS), drainage, and N2O emissions is not
completely understood. Generally, N2O emissions are greatest following a significant increase in soil
water content after a rainfall or irrigation event [22], likely due to a flush of microbial activity from soil
wetting and drying events [43]. Both denitrification and nitrification processes contributing to N2O
emissions are stimulated at high WFPS, with nitrification playing a larger role as soils dry down [32].
Soils with restricted drainage, even if they are not completely water-saturated, are particularly prone to
greater N2O emissions [2]. For example, fine-textured soils that typically are associated with greater soil
water content tend to have higher N2O emissions [20]. Thus, an important opportunity for decreasing
emissions is to increase soil aeration, potentially through soil amendments or changes in soil structure.
Increased aggregate stability can create larger soil pores between aggregates in fine-textured soils,
and greater pore sizes may increase oxygen (O2) content, which has been shown to decrease N2O
emissions [32]. Accordingly, soils managed with organic amendments tend to have greater aggregate
stability compared to those managed with inorganic fertilizer [25], therefore the addition of organic
amendments may reduce N2O emissions, especially in fine-textured soils.

At the same time, it must be considered that organic amendments can increase soil water holding
capacity, particularly for coarse-textured soils. In addition, because O2 concentrations in soil pores are
determined by water content as well as microbial activity, elevated microbial respiration in response
to higher C availability in organic inputs may decrease O2 content and increase N2O emissions [34].
The extent to which these physical and biological processes may interact to increase or decrease soil
water content will largely depend on initial soil texture. Soils with lower water holding capacity may
be more likely to experience increases in soil water content following addition of organic N inputs,
whereas soils with initially higher water holding capacity may benefit more greatly from increased
pore size, in turn leading to increased O2 concentrations and decreased N2O emissions.

2.2.3. Soil pH

Denitrification-associated N2O emissions are generally greater in acidic soils (pH < 6) which may
either be due to increased activity of relevant soil microbes in these conditions or inhibition of enzymes
necessary for complete denitrification, including nitrous oxide reductase [20,37,44]. As such, the ratio
of N2O:N2 production is generally higher in soils that are acidic to neutral compared with alkaline
soils [2]. Soils receiving primarily organic inputs tend to have slightly higher pH than those managed
with inorganic fertilizer due to the acidifying potential of inorganic N fertilizer [9,20,25]. Considered
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in isolation of other interacting effects discussed above (e.g., soil moisture and C:N), maintenance
or increase of soil pH following repeated organic amendment may help to mitigate N2O emissions
from soil.

2.2.4. Soil N Availability

Increases in N inputs tend to increase soil inorganic N concentrations and N2O emissions [45],
through stimulation of both nitrification and denitrification microbial processes [32,46]. Addition of
inorganic N fertilizer may cause large amounts of NO3 to accumulate in soil because an available C
source is needed to provide energy for microbial activity and C and N transformations [38]. Moreover,
the ratio of N2O:N2 produced via denitrification increases with increasing soil NO3 concentrations [38],
suggesting higher N2O emissions in soils with inorganic N application. By contrast, soils receiving
primarily organic N sources tend to have lower levels of available NO3 [47]. The majority of C and
N added through organic amendments is stored in organic matter pools, which are less susceptible
to N losses [48]. However, even if soil inorganic N concentrations do not increase with organic
amendments, N losses are not always lower. For example, recent research indicates that when organic
N sources contain a relatively high concentration of inorganic N (i.e., more than 0.3% dry weight),
the percentage of applied N emitted as N2O is generally greater than the expected ranged predicted
by the Intergovernmental Panel on Climate Change default emission factors and may be higher than
inorganic N addition [49].

3. INM and N2O Emissions

3.1. Summary of Field Research

Research is limited on the effects of INM on N2O emissions. We performed a literature
search in Web of Science, Google Scholar and Scopus using the following search terms: nitrogen,
organic amendments, inorganic fertilizer, integrated nutrient management, integrated soil fertility
management, combined inorganic and organic amendments, nitrous oxide and N2O emissions.
Publications included in the review had to represent field experiments comparing N2O emissions
over the course of a growing season in four treatments: (1) unfertilized control plot; (2) organic-only;
(3) inorganic-only, and a combination of organic and inorganic N inputs, which was considered to
represent an INM approach for the purposes of this paper. A summary of experimental details and
the overall effects of INM compared to organic N inputs on N2O emissions for each study (n = 6) are
presented in Table 1.

Meng et al. [50] compared N2O emissions from maize (Zea mays L.) and winter wheat
(Triticum aestivum L.) treated with composted manure, inorganic N fertilizer and a combined INM
approach with equal amounts of N from both sources in China during 2002–2003 (treatments had
been established in 1989). They found no difference in N2O emissions among all treatments over the
two growing seasons but still recommended combining inorganic and organic fertilizers to improve
overall soil fertility. Emissions were positively correlated with WFPS and soil temperature, and the
authors concluded that these factors, along with pH, likely accounted for the lack of difference between
treatments. Yields in each treatment were not reported.

Researchers in Zimbabwe [18] measured N2O emissions from seasonal wetland soils in rape
(Brassica napus) production supplemented with a combination of ammonium nitrate and organic
manure at varying levels. While higher N rates increased N2O emissions, they found that INM
reduced emissions compared to sole organic or inorganic treatments despite total N inputs for INM
being slightly higher (125 for INM compared to 97.5 and 120 kg N ha−1 for organic and inorganic
treatments, respectively). These authors noted that the INM treatment with the highest rate of manure
led to increased N2O emissions compared to lower rates from manure alone, which was due to
increased N rate more than N source. Soil moisture was a poor predictor of N2O emissions in this
study, likely due to the consistently high moisture levels caused by irrigation. The INM treatment
increased yield significantly compared to both inorganic and organic treatments.
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Table 1. Description of field experiments reviewed in this paper including study location, crop, total nitrogen (N) rate, and mean nitrous oxide (N2O) emissions from
the selected organic amendment, inorganic N fertilizer, and Integrated Nutrient Management (INM) treatment comparisons, fertilizer-induced emission factor (EF)
and carbon to nitrogen ratio (C:N) of the organic amendment treatment. The effect of INM on N2O emissions and crop yield is summarized when reported.

Study Country Crop Rotation Total N Rate (kg N ha−1)
Mean N2O

(mg N m−2) EF * (%) C:N of Org † N2O Trend INM Yield

Meng et al. (2005) [50] China Maize, winter wheat

Org: 150 MC #

Inorg ‡: 150 urea
INM: 75 kg MC + 75 urea

(150 total INM)

Control: 15
Org †: 85.6
INM: 81.8

Inorg ‡: 76.7

Org: 0.471
INM: 0.445
Inorg: 0.411

7.75 No significant
differences Not reported

Nyamadzawo et al. (2014) [18] Zimbabwe Rape

Org: 97.5 M §

Inorg: 120 NH4NO3
INM: 65 M + 60 NH4NO3

(125 total INM)

Control: 250
Org: 1930
INM: 770

Inorg: 1200

Org: 17.231
INM: 4.160
Inorg: 7.917

Not reported INM < Org, Inorg Org, Inorg < INM

Cai et al. (2013) [51] China Maize, winter wheat

Org: 150 MC ‖

Inorg: 150 urea
INM: 75 MC + 75 urea

(150 total INM)

Control: 22
Org: 166
INM: 118
Inorg: 181

Org: 0.960
INM: 0.640
Inorg: 1.060

8 No significant
differences Not reported

Ding et al. (2013) [19] China Maize, winter wheat

Org: 150 MC
Inorg: 150 urea

INM: 75 MC + 75 kg urea
(150 total INM)

Control: 20.4
Org: 117.8
INM: 132.5
Inorg: 142.7

Org: 0.812
INM: 0.934
Inorg: 1.019

8 INM, Org < Inorg Not reported

Nyamadzawo et al. (2014) [52] Zimbabwe Maize, winter wheat

Org: 120 M
Inorg: 120 NH4NO3

INM: 60 M + 60 NH4NO3
(120 total INM)

Control: 32
Org: 27
INM: 35
Inorg: 41

Org: −0.042
INM: 0.025
Inorg: 0.075

Not reported Org < INM < Inorg Org < INM, Inorg

Sarkodie-Addo et al. (2003) [53] United Kingdom Maize

Org: Inc ¶ rye
Inorg: 250 NH4NO3

INM: Inc rye + 250 NH4NO3

Rye
Control: 6.07

Org: 5.27
INM: 9.15
Inorg: 7.72 N/A Rye: 13

Wheat: 18
Org, Inorg < INM

Rye < winter wheat
Org < INM < Inorg

Org: Inc winter wheat
Inorg: 200 NH4NO3

INM: Inc winter wheat + 200 NH4NO3

Winter Wheat
Control: 2.65

Org: 2.32
INM: 15.4
Inorg: 8.87

* Emission Factor (EF) calculated as = (N2Otrt − Nctl)/N2O rate trt × 100; † Organic-only treatment; # Manure compost; ‡ Inorganic-only treatment; § Cattle manure; ¶ Incorporated.
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Two field studies in China compared N2O emissions from inorganic NPK fertilizer, compost, and
INM with 50% of N from each source in both wheat and maize. Both studies found that combining
inorganic NPK and compost significantly reduced N2O emissions compared to compost or NPK
fertilizer alone at a total N rate of 150 kg N ha−1 [19,51]. Cai et al. found that WFPS was significantly
correlated with N2O emissions [51], whereas Ding et al. did not observe this relationship [19]. Both
researchers suggested that applying composted organic amendments with C:N lower than 20 would
reduce N2O emissions due to a lower amount of N released during decomposition into the soil [19,51].
Soil pH was also negatively correlated with N2O emissions in Ding et al. [19], which supports the
hypothesis that N2O emissions may be mitigated in soils with organic N inputs in part due to the
effect of organic amendments on soil chemistry. Despite significant differences in N2O emissions, crop
yield did not differ among N input strategies in Cai et al. [51]. Ding et al. [19] did not report yield.

Nyamadzawo et al. [52] measured the effects of INM on N2O emissions during one growing
season for winter wheat and one for maize in Zimbabwe using combinations and rates of cattle manure
and ammonium nitrate. The INM treatment increased N2O emissions compared to the cattle manure
treatments, but decreased emissions compared to the inorganic fertilizer treatments. The lower N2O
emissions from the organic amendment treatments were likely due to the slow decomposition of C and
N in the manure and the slow release of mineralized N. These authors noted that if the low-quality
manure were the only source of N, there would be yield penalties. There was no correlation between
N rate and N2O emissions, which emphasizes the importance of N source in this experiment. Yields
from the INM treatments were not different from the inorganic N treatments, but were greater than the
manure treatments. These results clearly demonstrate a tradeoff between yield and N2O emissions
and the potential to balance the two with an INM approach.

Sarkodie-Addo et al. [53] compared winter rye and wheat as green manures with added
ammonium nitrate and measured subsequent N2O emissions in one growing season in the U.K.
Incorporating green manure with added inorganic N fertilizer significantly increased N2O emissions
compared to inorganic N addition and green manure alone. Sarkodie-Addo et al. [53] suggest that
elevated N2O emissions were due to the supply of C from the incorporated rye and wheat residue,
which combined with the added inorganic N provided energy for denitrifying microbes. Crop yields
in the INM treatments were greater than in the green manure treatments, but not the inorganic N
fertilizer treatments.

3.2. Potential for Minimizing N2O Emissions with INM

We found only six field experiments that fit our criteria for inclusion in this review. Despite the
limited data, several key factors appear to be controlling N2O emissions in INM compared to organic
amendment systems. Water-filled pore space and C:N of the organic amendment are likely factors
explaining the variability in N2O emissions from INM systems. Nitrous oxide emissions tend to peak
following rainfall events as the soil dries during the transition from high soil moisture to low [22,50].
However, when soil moisture remains high (i.e., with irrigation), the correlation between N2O
emissions and WFPS disappears [18]. Therefore, in the absence of irrigation, a substantial proportion of
N2O emissions will be driven by changes in WFPS and cannot be mitigated via management. Integrated
treatments received about half the amount of organic material as the organic-only treatments, which
would not be likely to result in short-term changes in soil porosity or soil water holding capacity as
discussed above. However, to our knowledge no studies have measured N2O emissions for more than
three years to determine potential long-term effects between organic and INM systems.

For the studies included in this review, C:N of organic amendments in the INM treatments
had the greatest potential to control N2O emissions. N2O emissions from INM systems using
organic amendments with C:N near 8 (composted manures and yard waste compost) were lower or
equivalent to the organic amendment treatments in most cases [19,50,51]. Conversely, when the C:N
of organic amendments were around 8 which included treatments of fresh cattle manure and freshly
incorporated green manure, N2O emissions from INM increased compared to the organic amendment
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treatments [52,53]. These results suggest that high C substrate availability relative to the amount of
added N is an important contributor to N2O emissions in INM systems [54]. Differences in C:N of
amendments in these studies were typically due to composting, which has been shown to reduce the
C:N of organic material [55,56], and limit N2O emissions when compared to non-composted organic
inputs [55]. This preliminary review suggests combining compost with inorganic N fertilizer holds
promise for further reducing N2O emissions compared to either inorganic or organic N inputs alone.

While field studies on N2O emissions from INM are rare, a number of investigations have assessed
the effects of organic amendment C:N on N2O emissions in lab incubations. As noted above, microbial
communities that carry out critical steps of N mineralization, nitrification, and denitrification depend
on a supply of available C to function. Considering a context without inorganic N addition, organic
amendments with high C:N (>20) tend to result in microbial immobilization of inorganic N, in turn
reducing N available for denitrification [57]. Alternatively, amendments with low C:N are more rapidly
mineralized by soil microbes [57], releasing C and N which can promote increased microbial activity
and increase N2O emissions. However, microbial activity and resulting N2O emissions from INM
treatments not only depend on C:N, but also the amount of inorganic N in soil from added fertilizer.
Application of inorganic N fertilizer with an organic amendment containing large amounts of labile C
may further enhance denitrification and therefore increase N2O emissions [58]. In fine-textured soils,
N2O emissions from both soil fertilized with only inorganic N fertilizer and composted amendments
applied in combination with inorganic N application are similar [59]. Moreover, a synthesis of N2O
emission factors for organic N addition recently placed compost and compost plus inorganic N fertilizer
application in low- and medium-risk categories, respectively, as compared to the high-risk group
containing animal slurries and biosolids [49].

When interpreting results from experiments measuring N2O emissions using a combination of
inorganic N and organic amendments with varying C:N it is critical to consider both the total N rate
and type of amendment. Huang et al. [60] found decreasing N2O emissions in response to increasing
C:N of different organic residues in a laboratory experiment, and observed that this relationship
became stronger when combined with inorganic N addition. However, in this study, the treatment
with the highest N2O emissions (and lowest C:N) also had the greatest total N rate, which likely
accounts for the high emissions. Similarly, results from another laboratory experiment measuring
N2O in response to increasing C:N of crop residue amendments and varying levels of inorganic
fertilizer suggest that reductions in N2O emissions are more likely to occur when lower C:N organic
amendments are applied alone or when higher C:N organic amendments are applied in combination
with inorganic fertilizer [55]. Differences from our review of field experiments and these laboratory
studies can be accounted for by the fact that crop residues were used as organic amendments to
provide organic material, and not necessarily an N source, while manure or compost were used as
an organic N source in the reviewed field experiments. Moreover, a recent global meta-analysis of
fertilizer emission factors for organic amendments concluded that C:N only partially explains the
response of N2O emissions to organic amendments, particularly for C:N lower than 25 where other
environmental and management factors appear to become increasingly important [49]. In general,
research on the effects of amendment C:N at this lower range of values, including the studies reviewed
here, is inconsistent and further field investigations are needed.

A third factor possibly explaining trends for N2O emissions from INM systems is the total N
rate when using a combination of organic and inorganic fertilizers. For this review the majority
of studies had similar N rates between all treatments, but one study used an additive N approach
(i.e., full inorganic N rate plus full organic N amendment rate) for their INM treatment. Increasing
N rate generally increases N2O emissions [26,45]. Not surprisingly, using an additive approach to N
application for an INM treatment resulted in higher N2O emissions compared to the other treatments
consisting of either inorganic or organic N inputs alone which had lower total N rates [53]. Studies
using a substitutive approach to assess the effects of INM (i.e., half inorganic N rate plus half organic
N rate) generally found no differences or decreased N2O emissions compared to inorganic or organic
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N inputs alone [18,19,50,51]. To account for potential differences in N rate for INM treatments across
studies, we also calculated fertilizer-induced emission factors (EF) (Table 1). When EFs were averaged
across studies, INM resulted in a value of 1.2% compared to 3.9% for organic-only treatments and 2.1%
for inorganic-only treatments. While there was a large amount of variability for these means, based
on this calculation, INM stands out as a potential management strategy to reduce N2O emissions.
To assess the effect of combining inorganic and organic treatments on N2O emissions more accurately,
it is recommended that consistent total N rates, or consistent levels of different N rates, should be
applied for INM, organic, and inorganic treatments in future experiments.

It is important to note that combining inorganic fertilizer and organic amendments is not
a guaranteed strategy for reducing N2O emissions from agricultural soils. However, this review
suggests that INM systems employing amendments with medium to low C:N (<8) and a substitutive
approach to total N application rates (proportional reduction of N rate from each N source) have
the greatest potential to mitigate N2O emissions. Previous lab experiments provide support for this
hypothesis by indicating that integrating inorganic N fertilizer with organic amendments having low
to medium C:N may help avoid two important processes contributing to N2O emissions, namely
stimulation of soil microbial communities through addition of excessive carbon substrates (high C:N)
and rapid inorganic N mineralization (low C:N).

4. Knowledge Gaps and Additional Considerations

4.1. Knowledge Gaps for Field Research

The challenge of sustainably increasing global food production through appropriate nutrient
management practices can also directly be related to soil N2O emissions. Due to a limited number of
available field experiments, definitive conclusions about amendment properties driving N2O emissions
in INM systems cannot be drawn here. To further understand the effect of C:N on N2O emissions,
future INM field experiments should include amendments with a range of C:N paired with inorganic
N fertilizer at a constant total N rate (i.e., substitutive N input approach), similar to the laboratory
research conducted by Frimpong and Baggs [54]. Moreover, different types of organic amendments
(e.g., manure, compost and green manure from different species) with the same C:N should be paired
with constant total N rates to explore the effects of other amendment properties aside from C:N on N2O
emissions. While most studies reviewed here used equal portions of organic and inorganic N sources
in their INM treatment, there is limited knowledge about the ideal of organic amendment versus
inorganic N fertilizer necessary to mitigate N2O emissions while optimizing crop yield with an INM
approach. Our review indicates that additional factors contributing to N2O emissions in INM systems
requiring further study include the duration and method of composting amendments; the method,
timing, and location of amendment and fertilizer applications (including whether N sources were
incorporated into soil); and local climate and soil characteristics.

4.2. Yield-Scaled Emissions and INM

Recent reports have highlighted the importance of considering crop yield response when
measuring the environmental impact of N2O mitigation strategies for agriculture. For example,
the concept of yield-scaled emissions (expressed as mass of N2O emissions per unit yield) has gained
recognition as a practical assessment tool [61]. Importantly, if fertilizer N input strategies aimed at
N2O mitigation decrease yield in addition to reducing N2O emissions, they may not be considered
as an effective strategy for addressing both food security and environmental goals. With a focus
on yield, research demonstrates that management of crop nutrients through INM can increase crop
productivity compared to fields managed with inorganic N fertilizer alone [11]. Similarly, based on the
few studies in this review that reported yield, INM holds the potential to increase yields compared
to organic amendments alone [18,52,53]. A general consideration is that promising yield-scaled N2O
mitigation strategies either decrease emissions while maintaining yield, or maintain emissions while
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increasing yield. On a yield-scaled basis, soils receiving only organic amendments have been found
to emit more N2O than soils receiving inorganic N fertilizer [24,25,62]. However, this comparison is
confounded by other factors that often limit yield in systems primarily managed with organic N inputs
(e.g., pests [28,63]), which may not accurately represent N2O emission potential based on soil nutrient
management alone. Two studies measuring yield in this review [18,52] also calculated yield-scaled
emissions and found that INM treatments generally reduced yield-scaled emissions compared to
organic amendment and inorganic N fertilizer treatments. Future field experiments should evaluate
yield-scaled emissions when assessing the potential environmental and agronomic benefits of INM,
as this metric is likely to become increasingly important due to the ongoing challenge of achieving
global food security.

4.3. Net Global Warming Potential

This review focused on direct soil N2O emissions, but the net global warming potential (GWP) of
cropping system greenhouse gas (GHG) emissions is determined by changes in soil N2O, CO2, and
CH4 emissions as well as changes in soil C [64]. Addition of organic amendments can be expected
to increase soil CO2 emissions, while also contributing to short- and long-term pools of soil C [65].
Increases in soil C are particularly important because they can offset higher soil CO2 emissions due to
respiration of organic C added to the field through organic amendments, as well direct N2O emissions
and embodied CO2 costs related to organic or inorganic N inputs [34,66]. At the same time, when
assessing the combined addition of inorganic N fertilizer with organic amendments, cycling of soil C
and N is tightly coupled and N fertilizer addition has been shown to influence microbial activity and
the breakdown of C and N substrates compared to organic amendments alone [65]. Future work is thus
needed under field conditions to determine whether INM increases or decreases the buildup of soil C
relative to addition of organic amendments alone, while also simultaneously monitoring for potential
changes in N2O fluxes. Finally, there are upstream environmental impacts beyond the field boundary
related to inorganic and organic N sources that need to be considered. Large amounts of energy are
consumed to produce and transport N fertilizer and this is associated with significant embodied CO2

costs, which can be large enough to negate changes in soil C discussed above [67]. Likewise, organic N
amendments derived from manure or compost have CO2, N2O, and CH4 emissions associated with
their processing and transport [34]. Therefore, to fully determine the net impact of INM practices
on GWP, changes in soil C and the embodied GHG costs associated with inorganic N fertilizer and
organic amendments need to be quantified and weighed against any increase or decrease in soil N2O
emissions discussed in this review.

5. Conclusions

Increasing nutrient use efficiency and reducing nutrient loss in agricultural systems while
simultaneously improving crop yields is a critical sustainability challenge facing humanity. The concept
of using all available sources of N inputs (organic, inorganic or biological) has been gaining momentum
under the umbrella term Integrated Nutrient Management (INM) to help address this challenge. While
INM is considered a sustainable approach offering a number of potential cropping system benefits,
there is limited research on the effects of this management strategy on air quality and climate change,
particularly N2O emissions. Soil N2O emissions result from microbial nitrification and denitrification
processes which are affected by a number of soil properties including moisture content, texture, pH,
source of organic amendments and the C and N contents of amendments. In this paper, available field
studies were reviewed to identify promising INM strategies for reducing N2O emissions compared
to organic N inputs. Despite considerable variability in results and the complexity of potential
mechanisms controlling N2O emissions, INM treatments having low C:N (<8) tended to reduce
emissions compared to organic amendments alone, while INM treatments with higher C:N resulted in
no change or increased N2O emissions. To further understand the effect of C:N on N2O emissions,
future INM field experiments should include amendments with a range of C:N paired with inorganic
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N fertilizer at a constant total N rate (i.e., substitutive N input approach). Moreover, different types of
organic amendments (e.g., manure, compost and green manure from different species) with the same
C:N should be paired with constant total N rates, or levels of N rates, to explore the effects of other
amendment properties aside from C:N on N2O emissions.
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