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Abstract: Economic losses and environmental hazards are meaningful problems of emitted ammo-
nia induced by extensive use of synthetic nitrogen fertilizers. The concept presented as yield scaled
fertilizer productivity (YSFP) in our meta-analysis in addition to nitrogen use efficiency (NUE), ni-
trogen agronomic efficiency (NAE), and productivity of applied nitrogen (PAN) were used to
weight ammonia emission (AV)-induced reductions in wheat, maize, and rice production. The com-
prehensive meta-analysis was used to weight the reductions in these parameters by AV as the dif-
ference between observed means of the collected studies and their adjusted means using AV factor.
There were higher reductions in agronomic production induced by AV in rice than maize and
wheat. AV-induced reductions in PAN of rice, maize, and wheat were decreased by 4.99, 3.71, and
2.42 (kg grains kg™ N), respectively. YSFP and PAN recorded the highest sensitivity to AV in wheat
(R? = 0.88 for both) and rice (R? = 0.92 and 0.89, respectively), while NUE was the most efficient
parameter in weighting AV agronomic effects (R?=0.81). Slow-released N fertilizers resulted in the
lowest reductions in AV agronomic parameters followed by organic amendments and then urea
while using other synthetic fertilizers recorded the highest reductions by 3.90, 6.40, 1.41, and 4.70 in
YSFP, NUE, NAE, and PAN, respectively. Inhibitors had the highest effect on mitigating AV agro-
nomic losses compared with biochar and mulching and affected the parameters following that order
as percentages of no amendments, YSFP (52.63%) > PAN (47.18%) > NUE (40.83%) > NAE (38.75%).
This study outlines the reductions in agronomic production induced by AV and weights the effi-
ciency of various mitigation strategies under various agronomic conditions. The results proved the
efficiency of YSFP with NUE parameters to weight the effect of AV on crop yield, while suggesting
to find out more applicable parameters in further studies.

Keywords: ammonia emission; yield scaled fertilizer productivity; nitrogen use efficiency; nitrogen
agronomic efficiency; productivity of applied nitrogen

1. Introduction

Wheat, maize, and rice are the most important field crops worldwide with a har-
vested area of 2.40, 2.38, and 1.92 x 10% ha during 2019, respectively. China is the main
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producer of these crops by an average yield of 133.6, 260.96, and 211.41 Tg in 2019 [1]
through intensive cultivation systems. Nitrogen fertilization is the main input that in-
creased from 0.88 Tg to 26.1 Tg from 1961 to 2016 [2], however, this increase was accom-
panied by a sharp reduction in nitrogen use efficiency (NUE) from 65.0% to 25.0% from
1961 to 2010 [3]. That means that a large quantity of reactive N (~270 kg N ha yr') is being
lost to the environment [4]. The main path of N losses is ammonia volatilization (AV),
accounting for 10-60% of the total N losses, which has notable adverse environmental
impacts and influences global, regional, and local nitrogen cycles [5]. The emitted ammo-
nia from N fertilizers to the atmosphere was determined as 60% and expected to increase
dramatically under the accelerated growth in fertilizer use [6]. The emitted ammonia from
wheat, maize, and rice in China was 2.24, 4.75, and 3.69 Tg, respectively, causing signifi-
cant economic losses and environmental hazards [7].

Emitting ammonia from farmlands is controlled by numerous factors including ag-
ronomic conditions [air temperature and precipitation, soil moisture, soil texture, aera-
tion, pH, soil organic matter content (SOM), soil total N content (STN), and cation ex-
change capacity (CEC)] and agronomic practices (fertilizer type, application rate and
depth, tillage system, mulching, organic and inorganic amendments, and irrigation sched-
uling) [8-11]. The AV reduces with increased clay content due to adsorbing ammonium
(NHy"), increasing water retention, and decreasing aeration by clay. AV from N fertilizers
was 1.2 to 2.0% in clay soil [12], 9.5% in light loamy soil [13], and around 20.0% in sandy
loam soil [14]. Higher hydroxyl anion (OH") concentration under high soil pH conditions
means higher AV because of the high deprotonation of NHs* to NHs [15]. The activity of
urease enzyme and reaction equilibrium constant for hydrolysis of N fertilizers and the
NHs diffusion rate to the atmosphere increase with increasing soil temperature [16]. In
contrast, other researchers indicated that air temperature is not a limiting factor of AV
[17]. An inverse correlation between AV, precipitation, and soil moisture has been re-
ported [18-20],_where rainfall of 3 mm after fertilization increased NHs emissions, while
71.4 mm decreased NHs volatilization by 84.0% [21].

Appropriate agronomy practices play a notable role in controlling the losses of N
fertilizers through AV [18]. The most common effective strategy to mitigate AV is reduc-
ing the amount of N fertilizer, because of the strong positive correlation between the ap-
plication rate and AV [22]. There are many commercial N fertilizer types that differ in
their reactive N content, form, and hydrolysis activity; choosing the appropriate type of
agronomic conditions and practices is an alternative strategy to reduce the emitted am-
monia. Urea is the most common fertilizer type in China with an average of 65.0% of used
fertilizers by main crops (rice, wheat, and maize); however, it recorded the highest AV
(49.0-66.0%) when compared with other N types (ammonium nitrate, ammonium sulfate,
calcium ammonium nitrate, and ammonium bicarbonate) [23,24]. Coating urea with sul-
fur and polymers, for example, reduces its hydrolysis activity and slows the release of
ammonium and nitrate, which reduces AV significantly [25-27]. Mixing any N fertilizer
type with urease and/or nitrification inhibitors is a recent suggested method for altering
AV [28]. Complete or partial replacement of synthetic N fertilizers with organic amend-
ments has been reported as an effective alternative to mitigate AV [29,30]. Recently, an
enormous attention was directed to the biochar role in AV mitigation [31]. Contrarily, it
was reported that AV increased under the application of biochar [26,32,33]. Subsurface
placement of N fertilizers is one of the most effective agronomic practices for controlling
AV by reducing the exposure to the air [34,35].

Meanwhile, studies so far have been mostly directed at the impact of fertilizer man-
agement strategies on either crop yields or AV, leaving synergies, and trade-offs between
yield and AV unaddressed [36]. Achieving food security while sustaining environmental
quality is important; greenhouse gases are progressively considered concerning crop
productivity [37]. Still, despite numerous studies aimed at mitigating AV by improving
management practices [38,39], little is known about the impacts of mitigation strategies
on yield-scaled AV. The feasibility of applying the chosen strategy for AV mitigation has
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an economic impact, which is indicated by plant production that is outweighed by the
environmental impact of the farmer. The common agronomic parameters are yield-scaled
fertilizer productivity or yield-scaled AV (YSFP), nitrogen use efficiency (NUE), nitrogen
agronomic efficiency (NAE), and productivity of applied nitrogen (PAN), represented by
Equations (4)—(7), respectively (Table 1). YSFP and PAN are functions of yield and applied
N rate without taking control into consideration, contrary to NAE, while NUE is a func-
tion of changes in nitrogen uptake between treatment and control and the applied N. We
hypothesized that these parameters differ in their sensitivity to reflect the effect of AV on
crop yield, thus the main objectives were: (1) Testing the sensitivity of agronomic param-
eters to AV from different crops under various agronomic conditions and practices. (2)
Agronomical weighting of AV effects and the efficiency of different mitigation strategies
on controlling these impacts.

Table 1. The equations used in calculating the missing observed data of observed agronomic parameters (Equations (1)-
(10)) and the scaled agronomic NHs (Equations (11)-(14)).

Equ. No. Observed Parameters Reference
Er(kg ha™) — E.(kg ha™1)
1). %) = 40,41
1) AV (%) TN (kg ha-D) x 100 [40,41]
) GYr(kg ha™') — GY (kg ha™t) Designed
2). 1) = -1
@ RFayy (kg grains kg™ I) TN(kg ha™1) x AV(kg ha™) mathematically
) Adj.GYr (kg ha™") = GYr(kg ha™") + RF;y, (kg grains ha™") Designed
: Adj. GY; (Mgha™') = GY;(Mg ha™') + RF;y,. (Mg grains ha™") mathematically
TN(kg ha™?)
4). YSFP (kgNMg™) = —————— 40,41
4) (kg 9 GY, (Mg ha 1) [ ]
NUr(kg ha™) — NU.(kg ha™?)
. ) = 42
) NUE (%) TN (o haD x 100 [42]
GYr(kg ha™') — GY.(kg ha™?)
-1y — T C 42
GYr(kg ha™?)
7). N 43
) PAN (kg kg™) TN(kg ha D) [43]
(8). N uptake (kg ha™1) = grains N content (kg Mg™') x GY(Mg ha™1) [40,41]
RFyy, (kg N uptake kg™ N applied) )
). _NUp(kg ha™) —NUc(kg ha™D . - EQSIgrl?d )
= TN(kg ha D) (kg ha mathematically
(10). Adj. NUy (kg N ha™) = NU;(kg ha™*) + RFyy, (kg N uptake kg™ N applied) Designed
mathematically
TN(kg ha™') + (TN x AL,
(11). YSFP,y (kg N Mg™1) = 100
GY(Mg ha=') + Adj.GY; (Mg ha™1)
NUr(kg ha™') + Adj.NU; (kg N ha™') — NU.(kg ha™?!
(12). NUE, (o) = U9 ha™) + Adj NUr (kg ) AEC( 9 ha7) 100
TN(kg ha_l) - TN(kg ha‘l) X m)
B GYr(kg ha™Y) + Adj.GYr (kg ha™') — GY;(kg ha™1)
(13). NAEzy (kg kg™) = — . T
TN(kg ha‘l) - (TN X m)
~ GYr(kg ha™1) + Adj. GYy (kg ha™?)
(14). PAN,y (kg kg™*) = — r

- AE

AV is ammonia emission factor; Er and E; are emitted ammonia from treatment and control, respectively; and TN is
the applied N rate. GY, GYr, and GY; are grain yield observed, treatment, and control, respectively. AV is ammonia
volatilization, NUy and NU. are N uptake from treatment and control, RFy, is response factor of grain yield, and RFyy,
is response factor of N uptake. Adj.GYr and Adj.NUr are the adjusted grain yield and N uptake. YSFP is yield scaled
fertilizer productivity (kg N Mg grains), NUE is nitrogen use efficiency (%), NAE is nitrogen agronomic efficiency (kg
grains kg' N), and PAN is productivity of applied nitrogen (kg grains kg™ N). YSFP,y,, NUE,y, NAE,,, and PAN,, are
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the AV-scaled agronomic parameters. All measurement units for each variable are presented between brackets. All abbre-
viations are listed in Table S2.

2. Materials and Methods
2.1. Study Area

China represents a large area of 9.6 x 106 km?, with wide-scale variations in agronomic
conditions including climatic conditions and soil properties. There are a wide range of soil
textures from sandy (clay content is less than 60 g kg) to clay soils (clay content is higher
than 600 g kg). Soil pH, SOM (g kg™), and STN (g kg™) range from 4.2, 5.6, and 0.2 t0 9.8,
80, and 4.6, respectively (Table S1) [44,45]. Temporal and spatial variations in climatic
conditions are presented across China, wherein air temperature ranges between 3 and 27
°C and the annual precipitation is between 350 and 1600 mm based on the data of the
China Meteorological Data Service Center (CMDC) (Table S1).

2.2. Data Collection

Peer-reviewed papers about AV in China from several databases [Google Scholar,
Web of Science (ISI), Research Gate, and China National Knowledge Infrastructure
(CNKI)] were collected using the keywords “ammonia volatilization” and “ammonia
emission”. We searched more than 1200 papers online and downloaded around 400 pa-
pers, which included AV (kg ha™ or as a percentage of the applied N). The following cri-
teria were used to determine the relevance of these papers to our study, thereafter, a total
of 132 papers with 1240 datasets were chosen and listed in Table S1. References of these
studies are included in the supplementary materials.

Experimental details include trial location, type, implementation year, number of
replicates, crop type (wheat, maize and rice), climatic conditions (precipitation and tem-
perature), and soil properties (pH, clay content, SOM and STN).

Treatment details and agronomic practices include tillage systems, irrigation, ferti-
lizer rate, and type and methods of application and amendments like organic materials,
biochar, mulching, and inhibitors.

AV rate is stated as percent or kg ha, grain yield (Mg ha), grains N content (g kg™),
N uptake (kg ha?), NUE (%), NAE (kg kg™), YSFP (kg N Mg grains), PAN (kg kg™),
standard error (SE), and standard deviation (STD).

Missing climatic data were collected from China Meteorological Data Service Center
(CMDC) according to the study implementation year and site, and then we calculated the
cumulative precipitation and temperature as a summation of daily observations during
the growth period of each crop. Missing soil properties data were collected using other
papers implemented at the same experimental site. When the numerical data were not
included by a study, AV rates and agronomic attributes were extracted from figures using
GetData Graph Digitizer software version 24. We used Equation (8) to calculate missing
data of NUE (Equation (5)), then we used AVr (Equation (1)) with Equations (4)—(7) to
calculate adjusted YSFPav, NUEav, NAEav, and PANav (Equations (11)—(14)) (Table 1). All
data were input in Microsoft excel 2013 package. Missed STDs were generated using Excel
or calculated using coefficient of variance (CV), standard error, t-values, p-values, and
confidence interval (CI) using the meta-analysis software and the following equations

[46,47]:
SD = SE x+/n (15)
SD = CV X mean (16)
D |CI — mean|
= = 17)
2Zo:/z X \/ﬁ

where 7 is sample size, « is the significant level, and Z,,, = 1.96 when a = 0.05.
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2.3. Calculating the Reductions in Agronomic Parameters by AV and Data Grouping

Firstly, we expressed the AV as ammonia emission factor [AV (%)] (Equation (1)) to
avoid the effect of AV from control and adjust it to treatments only. Secondly, the increase
in grain yield and N uptake was adjusted (Adj. GYrand Adj. NUr) (Equations (3) and (10))
using the response factor (Equations (2) and (9), respectively). The adjusted YSFPav,
NUEav, NAEav, and PANav were calculated using AV, Adj. GYr, and Adj. NUr as pre-
sented by Equations (11)—(14) (Table 1). Data were grouped into three main categories:
wheat, maize, and rice. Under each category, datasets were grouped into six classes based
on N fertilizer rate (kg N ha™): C1) 1-80, C2) 81-139, C3) 140-179, C4) 180-239, C5) 240-
300, and C6) 2300. Under class 4 of N rates, nitrogen sources were categorized into four
groups: urea, other mineral fertilizers (OCF), improved nitrogen fertilizers (IU) including
the coated and slow-released N fertilizers, and organic amendments (OA). Amendments
were grouped into mulching, biochar, and inhibitors. Application depth of N fertilizers
was classified into surface and subsurface applications. More details about grouping are
presented by Abdo, Shi, Li, Yang, Wang, Li, Abdel-Hamed, Merwad and Wang [7].

2.4. Data Compilation and Analysis Using Meta-Analysis

Quality control for the collected data was done using different manners wherein,
normal distribution for the collected data of AV (kg N ha), YSEP (kg N Mg grains), NUE
(%), NAE (kg grains kg™ N), and PAN (kg grains kg™' N) was carried out using Shapiro-
wilk normality test at p < 0.05. We used bootstrap method to estimate the average of
SD/mean ratio for none-normal distributed data [46] and generated normal distributed
data (Figure S1). Then, publication bias was evaluated at p > 0.05 by Rosenthal’s Fail-safe
N test and using Z-values and two-tailed p-values [48]. A heterogeneity test was imple-
mented at p <0.05 using the software Comprehensive Meta-Analysis (CMA-2), which con-
firmed that all estimated effect sizes (ESs) were located within 95% confidence interval
(CI) limits and the pooled ES. That means the variations were greater than the sampling
error. CMA-2 program allows testing the normality of data in a further procedure called
Duval and Tweedie’s Trim and Fill, which indicated zero trimmed studies in our analysis.
All calculations and equations used for estimating variance, weight, fail-safe N test, Duval
and Tweedie’s Trim test, and heterogeneity are provided within CMA-2 [49].

After implementing the quality control, the effect of ammonia volatilization (AV) on
decreasing agronomic parameters was calculated as the difference in means between the
observed values of these parameters (YSFP, NUE, NAE, and PAN) as X, and the adjusted
values when hypothesizing no AV detected (YSFPav, NUEav, NAEav and PANav) as X,.
We used unmatched groups and pre- and post-data pathways to calculate the effect size
for each pairwise comparison with positive effect direction (to avoid the negative signs)
[7,50]. Then, pooled effect size (Equation (23)) of each group was calculated and compared
between each two groups using the software [7]. Each resultant forest plot in our figures
represents the reduction in the investigated agronomic parameter as a result of AV. The
following equations were used by our analysis to calculate changes of difference in means
[51]:

D=X,— X, (18)
ng+n
Vp = rlllnzz gooled (19)

_ (nl — 1)512 + (nz — 1)522 (20)
Spooled - ny +n, — 2
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SEp = \/V_D (21)

1

W = m (22)
k
_ - WES;
ES="2—— (23)
i=1 Wi

where D is the difference in means between meaningful and same scale means, X, and
X, are the means of observed and adjusted agronomic parameters, respectively, n1 and n:
are sample sizes of agronomic and adjusted agronomic parameters, 5§oozea is the squared
standard deviation of pooled effect size, Vj, is variance of difference in means, SE}, is the
standard error, W is the weight, 7 is variance between groups, ES is the effect size for
each variable, k is the number of effect sizes within the group, and ES is pooled effect
size of the group.

The differences in response of reductions in agronomic parameters to amendments
were calculated as average percentages of each parameter within the three crops using the
following equation:

mean dif ference of no amendment—mean dif ference of amendment
mean dif ference of no amendments

Parameter response (%) = X 100 (24)

The random effect model was chosen as it is more stable with a small standard error-
based confidence interval [52]. Path analysis represented by structural equation modeling
(SEM) was investigated using Amos 22.0 (IBM; Armonk, NY, USA) to quantify the overall
response of agronomic parameters to all agronomic conditions and practices [53]. Con-
strained multiple regression analysis was done to measure the relation strength between
the agronomic parameters and AV. Both rate and depth factors were used in the meta-
analysis when studying their effect on the mean differences of agronomic parameters to
have acceptable heterogeneity, thus we did regression analysis to measure each single
factor contribution in our analysis output. Regression analysis was also done for the
amendments effect using rate and amendments to measure the rate contribution in our
analysis output. The meta-analysis was done for fertilizer type effect using one fertilizer
rate (C4) as we have enough data with acceptable heterogeneity, thus we did not imple-
ment the regression analysis between rate and type. All statistics were performed using
SPSS Statistics 20 (IBM, Armonk, NY, USA), and figures were drawn using Origin 2021
(OriginLab, Northampton, MA, USA).

3. Results
3.1. Overall Responses of the Investigated Agronomic Parameters to AV

Reductions in agronomic parameters in response to AV were presented by the pooled
effect sizes of difference in means within each group at CI = 95% (Figure 1). There were
overall significant reductions in YSFP (kg N Mg grains), NUE (%), NAE (kg grains kg~
N), and PAN (kg grains kg' N) by 2.98, 3.67, 0.71, and 2.42 from wheat crop, 3.16, 3.96,
0.93, and 3.71 from maize and 3.49, 4.19, 1.59, and 4.99 from rice, respectively. Decreases
in agronomic parameters were higher in rice than maize while wheat reported the lowest
response to AV. Constrained multiple regression analysis fitted at 95% confidence band
(Figure 2) showed a strong relationship among the explanatory variable (AV) and the ag-
ronomic parameters for the three crops. The coefficient of determination (R?) for the agro-
nomic parameters ranged between 0.82 and 0.88 in wheat, 0.50 and 0.81 in maize and 0.70
and 0.92 in rice. The NAE reported the lowest dependability in response to AV for the
three crops. YSFP recorded the highest response to AV (0.88 and 0.92) followed by PAN
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(0.88, 0.89) in wheat and rice, respectively, while NUE reported the highest response (R?=

0.81) in maize.

Wheat (YSFP) |
Wheat (NUE) |
Wheat (NAE) |
Wheat (PAN) -
Maize (YSFP) -
Maize (NUE) -
Maize (NAE) -
Maize (PAN)
Rice (YSFP) |
Rice (NUE) -
Rice (NAE) -
Rice (PAN) 1

o (213)

—@ (250)

—8—i (213)

—8—i(213)
—8—i (213)

—8—i (250)
—&— (250)

9 (370)

1 (250)
8~ (370)
B (370)

—8—1(370)

4

Pooled effect sizes

Figure 1. Differences in means of the reductions in agronomic parameters in response to ammonia
volatilization (kg N ha™). YSFP is yield scaled fertilizer productivity (kg N Mg grains), NUE is
nitrogen use efficiency (%), NAE is Nitrogen agronomic efficiency (kg grains kg! N), and PAN is
productivity of applied nitrogen (kg grains kg N). Numbers between brackets are the number of
pairwise comparisons (datasets).

12

10

Mean difference of parameters

a- Wheat b- Maize c- Rice
= YSFP (R?=0.88) " = YSFP (R*=0.77) = YSFP (R®=0.92)
* NUE (R*=0.86) °° . 15} « NUE®R?=0.81) -t 257 . NuE (R*=0.75) &
4 NAE (R*=0.82) o A NAE (R?=0.50) " 4 NAE (R*=0.70) z
v PAN(R*=0.88 v PAN (R*=0.70 ° o PAN (R* = 0.89,
¢ ) & AN ( ) . B v q ) : X
20w o
o¥ ok
L L 3
gt ¥ > 3 15 . Z
""'E‘:A sl 10} ‘v .::: R —
LA ‘., 4 &vv . me== [
STV i 4
o AE, w5 Y g
51 N
g &
LY :ﬂ A A A
oL Sl
40 50 60 70 0 20 40 60 80 100
AV (kg N ha) AV (kg N ha™) AV (kg N ha)

Figure 2. Constrained multiple regression models of the overall agronomic parameters in response to ammonia volatiliza-
tion (AV, kg N ha™). YSFP is yield scaled fertilizer productivity (kg N Mg grains), NUE is nitrogen use efficiency (%),
NAE is nitrogen agronomic efficiency (kg grains kg N), and PAN is productivity of applied nitrogen (kg grains kg™ N).
The number of observations included in the regression analysis (n) for each parameter were 213 in wheat, 250 in maize,
and 370 in rice at p < 0.05.

120

The contribution of the agronomic conditions [climatic conditions including temper-
ature (T); precipitation (P); and soil properties including soil pH, clay content (C), organic
matter (SOM), and total N (STN)] and practices [fertilizer type (FT) and rate (RT), appli-
cation depth (AD), and amendments (A)] in the response of agronomic parameters to AV
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was drawn using path analysis (Figure 3). The SEM of wheat showed a significant positive
effect of STN on all parameters; FR on YSFP; FT on all parameters except YSFP and AD
on NUE and PAN; and T on all parameters but insignificant with YSFP. Contrarily, all
other agronomic conditions and properties had significant negative effects on the reduc-
tions of the agronomic parameters caused by AV except P, which had an insignificant
effect on YSFP and NAE and C on NUE and PAN. SEM of maize showed significant neg-
ative responses of all agronomic parameters to FT, FR (except YSFP which was positive),
T, and A (except PAN which was insignificant). In contrast, significant positive effects
were noticed for P on all parameters, SOM on YSFP and NUE, STN on NAE and PAN,
AD on YSFP, and C on PAN. The SEM of rice reported significant responses of all agro-
nomic parameters even positive to P, STN, FR (except NAE and PAN), and T (except YSFP
and PAN); or negative to FT, A, and AD (except YSFP and NUE).
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Figure 3. Path analysis of agronomic conditions and practices effects on the overall mean differences of agronomic param-
eters as a response to ammonia volatilization (kg N ha) and the correlations between these parameters. YSFP is yield
scaled fertilizer productivity (kg N Mg grains), NUE is nitrogen use efficiency (%), NAE is Nitrogen agronomic efficiency
(kg grains kg™ N), and PAN is productivity of applied nitrogen (kg grains kg™ N). FT is fertilizer type; FR is fertilizer rate
(kg ha™'); AD is the application depth (surface or subsurface); A is the amendments applied including mulch, biochar, and
inhibitors; T is accumulative temperature during growth season (°C); P is the accumulative precipitation during growth
season (mm); C is the clay content (g kg™); pH is soil pH; SOM is soil organic matter content (g kg™?); and STN is soil N
content (g kg™). Red arrows refer to negative effects, blue arrows refer to positive effects, both sides arrows refer to corre-
lation between parameters, and scattered arrows refer to insignificant effects. (A) is wheat, (B) is maize, and (C) is rice.

There were significant correlations between the investigated parameters in the three
crops (Figure 3). The highest correlations were reported among NUE, NAE, and PAN in
wheat (0.92-0.94) and rice (0.81-0.92), while it was between NUE and PAN (0.88) in maize
followed by NUE and NAE (0.71). Generally, these parameters showed weak correlation
in maize as compared with wheat and rice, and the lowest correlation (0.57) was between
YSFP and PAN in maize.

3.2. Induced AV Changes in Agronomic Parameters to N Application Rate

A difference in means of the pooled effect sizes represented by forest plots (Figure 4)
indicates the reductions in the wheat agronomic parameters (YSFP, NUE, NAE, and PAN)
caused by AV at CI=95%. These parameters showed no relative response to the increment
in N application rate (from C1 to C6), where the maximum YSFP (4.36 kg N Mg grains)
was recorded at C5 rate, while the minimum (1.31 kg N Mg grains) was at C1. N appli-
cation rate (C3) resulted in the highest reductions in NUE and NAE (4.9% and 0.98 kg
grains kg N, respectively), whilst the lowest NUE and NAE values (2.09 and 0.22) were
reported after applying C6. The highest reduction in PAN (3.08 kg grains kg N) resulted
by applying C1, while the lowest (0.75 kg grains kg N) was recorded under Cé. Relative
reductions in means difference of maize NAE and PAN at CI = 95% were recorded with
increasing the fertilization rate from C1 (2.78 and 7.55) to C6 (0.78 and 2.06) (Figure 4).
Maximum reduction in YSFP (4.17) was reported at C6 while the minimum (2.70) was at
C2. Applying N rate at C2 resulted in the highest reduction in NUE (5.69), while applying
C6 reported the lowest reduction in NUE (3.66). The highest reductions in rice YSFP and
NUE (3.79 and 5.59, respectively) at CI= 95% were reported under N application rate (C4),
but the highest reductions in NAE and PAN (2.52 and 10.26, respectively) were recorded
under C6 (Figure 4). N application rates, C5, C3, C2, and C4 resulted in the lowest reduc-
tions in YSFP, NUE, NAE, and PAN (1.9, 1.65, 1.02, and 4.81, respectively).
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Figure 4. Differences in means of the reductions in agronomic parameters in response to ammonia volatilization (kg N
ha) under different N fertilizer rates. YSFP is yield scaled fertilizer productivity (kg N Mg grains), NUE is nitrogen use
efficiency (%), NAE is Nitrogen agronomic efficiency (kg grains kg N), and PAN is productivity of applied nitrogen (kg
grains kg N). C is the fertilizer rate class (kg ha™), (C1) 1-80, (C2) 81-139, (C3) 140-179, (C4) 180-239, (C5) 240-300, and
(C6) 2300. Numbers between brackets are the number of pairwise comparisons (datasets).

Generally, YSFP showed higher response to AV in maize (3.46) followed by wheat
(3.03) then rice (2.64), while NUE of maize had the highest response to AV (4.59) followed
by rice (3.48) and then wheat (3.21). NAE and PAN had the highest response to AV in rice
(1.72 and 6.53), then maize (1.37 and 4.21) and wheat (0.65 and 1.96). The analysis was
done for the rate effect without taking the application depth into consideration, thus we
carried out the linear regression analysis to figure out the application depth effect (Table
2). The regression analysis showed a significant relation (R?) between application depth
and YSFP, NUE, NAE, and PAN of wheat by 0.03, 0.09, 0.03, and 0.04, respectively when
studying the rate effect. There were no significant relations between application depth
and all parameters of maize and rice except PAN in rice by 0.04.

Table 2. The coefficient of determination (R?) resulted from regression analysis when studying the interaction effects be-
tween study factors included in the same pooled effect size in the meta-analysis.

Factors Fertilizer Rate (a) Application Depth Fertilizer Rate (b) Amendments
Parameters
Wheat
YSFP 0.076 ** 0.033 * 0.020 0.070
NUE 0.003 0.093 ** 0.022 0.044
NAE 0.039 * 0.033 * 0.144 ** 0.064
PAN 0.096 ** 0.042 * 0.258 ** 0.044
Maize
YSFP 0.032 * 0.00 0.013 0.282 **
NUE 0.036 * 0.009 0.017 0.186 *
NAE 0.070 ** 0.006 0.157 0.206 **
PAN 0.212 ** 0.011 0.072 0.255 **
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Rice
YSFP 0.231 ** 0.00 0.125 ** 0.041
NUE 0.056 ** 0.012 0.010 0.037
NAE 0.001 0.005 0.013 0.052 *
PAN 0.144 ** 0.041 ** 0.134 ** 0.043

YSFP is yield scaled fertilizer productivity (kg N Mg grains), NUE is nitrogen use efficiency (%), NAE is Nitrogen agro-
nomic efficiency (kg grains kg™! N), and PAN is productivity of applied nitrogen (kg grains kg™! N). * is the significance at
p <0.01, and ** is the significance at p < 0.05. Number of observations included in the regression analysis (n) for each
parameter was 85 in wheat, 152 in maize, and 195 in rice. Fertilizer rate (a) was included when calculating the pooled effect
size of application depth effect, while fertilizer rate (b) was included when calculating the pooled effect size of amend-
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ments effect.

3.3. Induced AV Responses of Agronomic Parameters to N Fertilizers Type

Using the improved N fertilizers (slow released fertilizers, IU) showed notable re-
ductions in the mean differences of wheat agronomic parameters in response to AV as
compared with other N fertilizer types (Figure 5). IU recorded the lowest reductions in
YSFP, NAE, and PAN by 1.59, 0.29, and 1.70, respectively, at CI = 95%, while NUE rec-
orded the lowest reduction (3.03) under the application of organic amendments (OA) less
than IU by only 0.06. Using mineral N fertilizers, even urea (U) or others (OCF) reported
the highest reductions in all agronomic parameters. OCF reported the maximum reduc-
tions in NUE, NAE, and PAN of 4.85, 0.78, and 3.00 at CI = 95%, while the maximum
reduction in YSFY of 3.26 resulted under U type. Differently, the highest reductions in
YSFP, NAE, and PAN of 3.51, 1.11, and 3.62 at CI =95% were recorded under U type while
it was (4.33) for NUE under OA type in maize (Figure 5). Using IU fertilizers resulted in
the lowest reductions in YSFP, NUE, and PAN of 2.54, 3.54, and 2.71, respectively, at CI =
95%, while the lowest reduction in NAE (0.84) was obtained under OA application. OCF
fertilizers resulted in the highest decrease in all rice agronomic parameters (YSFP, NUE,
NAE, and PAN) of 5.35, 10.09, 2.62, and 7.84, respectively at CI = 95% (Figure 5). Contra-
rily, the application of IU fertilizers resulted in the lowest decrease in YSFP and PAN by
2.65 and 4.21, while the lowest decreases in NUE (5.25) and NAE (1.21) were reported
under the application of U and OA, respectively.
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Figure 5. Differences in means of the reductions in agronomic parameters in response to ammonia volatilization (kg N
ha™) under different N fertilizer types. YSFP is yield scaled fertilizer productivity (kg N Mg grains), NUE is nitrogen use
efficiency (%), NAE is Nitrogen agronomic efficiency (kg grains kg N), and PAN is productivity of applied nitrogen (kg
grains kg™ N). U is urea, OCF is other commercial N fertilizers, IU is slow-released fertilizers, and OA is organic sources.
Numbers between brackets are number of pairwise comparisons (datasets).



Agronomy 2021, 11, 2593

12 of 21

Surface (YSFP)
Subsurface (YSFP)
Surface (NUE)
Subsurface (NUE)
Surface (NAE)
Subsurface (NAE)
Surface (PAN)

Subsurface (PAN)

On average, of the three crops, OCF showed the highest reduction in all parameters
by 3.90, 6.40, 1.41, and 4.70 at CI=95% for YSFP, NUE, NAE, and PAN, respectively, while
the application of IU resulted in the lowest reductions in YSFP, NUE, and PAN by 2.26,
4.08, and 2.87, respectively. NAE recorded the lowest value (0.77) under OA application.

3.4. Controlling AV Effects on Agronomic Parameters by Subsurface N Application

Subsurface application of urea fertilizers resulted in notable reductions in the mean
differences of all wheat agronomic parameters as compared with surface application at CI
= 95% (Figure 6). The reductions in YSFP, NUE, NAE, and PAN in response to AV
dropped down significantly from 3.56, 4.03, 0.75, and 2.12 under surface application to
2.67, 2.16, 0.55, and 1.43, respectively under subsurface application for wheat. Similarly,
decreases in these parameters as affected by AV in maize crop reduced from 3.72, 5.07,
1.24, and 3.98 under surface application to 3.59, 4.80, 1.19, and 2.17, respectively, under
subsurface application strategy (Figure 6). Responses of these parameters to AV in rice
crop showed a different trend with NAE, which increases from 1.42 under surface appli-
cation to 1.53 under subsurface amendment. Other parameters including YSFP, NUE, and
PAN showed similar response trends to maize and wheat where their reductions dropped
down from 3.65, 4.29, and 6.27 under surface amendment to 3.60, 2.21, and 4.55 under
subsurface application.
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Figure 6. Differences in means of the reductions in agronomic parameters in response to ammonia volatilization (kg N
ha™) under surface and subsurface applications. YSFP is yield scaled fertilizer productivity (kg N Mg grains), NUE is
nitrogen use efficiency (%), NAE is Nitrogen agronomic efficiency (kg grains kg™! N), and PAN is productivity of applied
nitrogen (kg grains kg™ N). Numbers between brackets are number of pairwise comparisons (datasets).

Generally, YSFP showed higher response in wheat (0.89) to the changes in AV caused
by application depth than maize (0.13) and rice (0.05), while the response of NUE was
higher in rice (2.08) than wheat (1.87) and maize (0.27). Changes in AV in response to
application depth affected maize PAN (1.81) higher than rice (1.72) and then wheat (0.69).
The linear regression analysis indicated a significant contribution of fertilizer rate when
studying the application depth effect on all agronomic parameters of the three crops ex-
cept wheat NUE and rice NAE (Table 2).
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3.5. Role of Amendments in Mitigating AV —Induced Reductions in Agronomic Parameters

Applying amendments such as mulch, biochar, and inhibitors resulted in significant
decreases in the mean differences of all agronomic parameters of wheat in response to AV
as compared with no amendments application (Figure 7). Inhibitors indicated the lowest
reductions in YSFP, NUE, NAE, and PAN by 1.32, 2.50, 0.54, and 1.4 at CI = 95% as com-
pared with no amendments, which recorded the highest reductions in these parameters
by 3.54, 4.86, 1.07, and 3.11, respectively. The effects of amendments in mitigating the re-
ductions in wheat agronomic parameters as affected by AV took the following order: In-
hibitors > mulch > biochar > no amendments. Similarly, the lowest reductions in maize in
YSFP, NUE, and PAN (1.68, 1.70 and 1.19 at CI = 95%) were recorded under inhibitors,
while biochar resulted in the lowest decrease in NAE by 0.40 (Figure 7). On the other hand,
no amendments application reported the highest decreases in YSFP, NUE, NAE, and PAN
by 4.72, 4.22, 0.89, and 3.36, respectively at CI = 95% in maize. The role of these amend-
ments in controlling the reductions in maize parameters took the same trend of wheat
except for NAE, which was: Inhibitors > biochar > mulch > no amendments. The effects of
AV on rice agronomic parameters showed different responses of wheat and maize to the
amendments as compared with no applications (Figure 7). The lowest decreases in YSFP,
NUE, NAE, and PAN (2.57, 4.87, 1.27 and 3.13 at CI=95%) were reported under inhibitors
application, while the highest reductions (6.6, 12.78, 3.42, and 7.41 at CI = 95%), respec-
tively, were not recorded with no amendments but mulch application. Accordingly, the
trend of these amendments on controlling the reductions in all rice agronomic parameters
influenced by AV took this trend: Inhibitors > biochar > no amendments > mulch.
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Figure 7. Differences in means of the reductions in agronomic parameters in response to ammonia volatilization (kg N
ha™) under different amendments. YSFP is yield scaled fertilizer productivity (kg N Mg grains), NUE is nitrogen use
efficiency (%), NAE is Nitrogen agronomic efficiency (kg grains kg N), and PAN is productivity of applied nitrogen (kg
grains kg™ N). Numbers between brackets are number of pairwise comparisons (datasets).

On average, of the three crops, inhibitors followed by biochar showed the highest
effect on controlling the reductions in all agronomic parameters, while mulch increased
the reductions in NUE and NAE as compared with no amendments application. The re-
sponses of these parameters to inhibitors and biochar applications took the following or-
der as percentages of no amendments: YSFP (52.63% and 26.87%) > PAN (47.18% and
26.78%) > NUE (40.83% and 25.51%) > NAE (38.75% and 25.34%). The regression analysis
showed no significant relation (R?) between the fertilization rate and effect of amendments
on the difference in means of 53all agronomic parameters of the three crops except wheat
NAE and PAN (0.14 and 0.26, respectively) and rice YSFP and PAN (0.13 and 0.13), which
showed significant relations (Table 2).
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4. Discussion
4.1. Overall Description of the Study Variables

The meta-analysis values presented by the forest plots refer to the reductions in ag-
ronomic parameters as a result of N losses through AV. AV-induced N loss means more
N are needed to maintain the same yield, which will result in reducing the agronomic
weights of nitrogen fertilization. Additionally, these losses decrease the crop yield, which
negatively affects the agronomic weights (YSFP, NUE, NAE, and PAN). No direct meas-
urements have been introduced to weight the agronomic AV effects, but a statistical de-
scription of these responses was introduced in numerous studies [41,54]. There were neg-
ative correlations between AV and agronomic parameters of wheat, maize, and rice (NAE,
PAN as nitrogen partial factor productivity and NUE) [20,54,55]. These parameters re-
sponded significantly to AV in rice higher than maize and then wheat as a result of differ-
ences between AV rates from each crop, wherein AV losses represented 30-39% of the
applied N in rice, 11-48% in maize, and less in wheat (1-20%) [14]. Recently, Abdo, Shi,
Li, Yang, Wang, Li, Abdel-Hamed, Merwad and Wang [7] reported in a meta-analysis
study that AV as change ratio at CI = 95% in rice was higher than maize and wheat by
18.21% and 5.13%, and these changes were significantly correlated with agronomic con-
ditions (air temperature, precipitation, and soil properties). Additionally, another mean-
ingful explanatory factor for variations in the responses of agronomic parameters to N
losses (AV) is yield stability measured by Sustainable yield index (SYI). The overall SYI of
maize (0.84) was higher than wheat (0.75), especially under high N fertilization rates,
while the yield stability of wheat was higher than maize when reducing applied N by 25—
50% [55]. Under the same N fertilization treatment, wheat showed higher SYI (0.41) than
rice (0.33) [56]. Reductions in yield stability explained the higher sensitivity of rice than
maize and then wheat to AV losses.

The strong coefficient of determination (R?) between YSFP (followed by PAN) and
AV in wheat and rice indicates the importance of these two parameters in evaluating the
effects of AV on yield reductions. On the other hand, NUE is an efficient parameter with
the highest R? to measure the response of maize yield to N losses via AV. Notably, YSFP
and PAN parameters, which are functions of same two factors (N rate and grain yield,
Equations (4) and (7)), were effective in weighting AV agronomic weights of high density
crops (wheat and rice), while NUE parameter, which is a function of the difference be-
tween N uptake of treatment and control and applied N rate (Equation (5)), was effective
with maize (low density crop). It seems that the plant density had an indirect effect on
these agronomic parameters through affecting AV. Emitted NHs decreased with the in-
creased plant density as the crop canopy can change microclimates [57]. Wheat YSFP as
yield-scaled NHs emission and maize NUE were presented as valuable parameters for
balancing the trade-off between AV and yield performance [58]. In contrast, using the dif-
ference between grain yield of the treatment and control and N rate (NAE, Equation (6))
failed to describe the changes in agronomic parameters in response to AV effectively in
the three crops. Similarly, there were moderate negative correlations (r < 0.40) between
wheat parameters (NUE as nitrogen recovery efficiency and NAE) [59]. Additionally, the
strong correlation between NUE and PAN in the three crops indicates the suitability of
using one of them as an efficient measurement for weighting the agronomic impact of AV.

The overall reductions in the agronomic parameters caused by AV were affected pos-
itively or negatively by the agronomic conditions and practices as illustrated by the path
analysis. These conditions and practices affect both AV and plant growth and yield of the
three crops. NHs volatilization is a complex process of inseparable factors (crop, climate,
and soil properties) [60]. As observed in the present study, temperature increased the re-
ductions in the agronomic parameters in wheat and rice while mitigating these reductions
in maize (Figure 3). Precipitation increased the decreases in these parameters in maize and
rice, while it decreased them in wheat. Temperature and precipitation are important fac-
tors for N fertilizer hydrolysis and NHs formation and diffusion rate [17,61]. AV showed
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significant variations across China in response to differences in soil properties (especially
soil pH, clay content, soil organic matter content, and soil total nitrogen), which was pre-
sented by stepwise regression equation as potential AV (Y) = 2.89 - 0.0059 clay — 0.0453
SOM + 0.1431 pH + 0.1477 STN [11]. Detailed discussions about these interactions are
available in our previous work [7]. In parallel, soil properties (fertility level) affect plant
growth and production, which could indicate variations in AV agronomic weights.

4.2. Response of AV Agronomic Weights to N Rates

A relative increment in AV with increasing N rate has been stated as a scientific rule
by extensive search findings, with an overall average of 18% emitted from the applied N
[62,63]. However, our study showed an irrelative increase in the reductions of agronomic
parameters as affected by AV with the increased N rate, which indicates an irregular re-
sponse of grain yield and N uptake to the increased N rates. The reversible correlation
between YSFP and PAN (Equations (4) and (7)) was presented in our study, especially
with wheat and maize, wherein C1 and C2 recorded the highest reductions in YSFP and
lowest reductions in PAN, while the opposite trend was recorded under C5 and Cé.
Hence, the two parameters are effective in reflecting the effect of N rate on agronomic AV
changes in wheat and maize, while NAE could be the most appropriate parameter for rice
crop, which had the highest reduction at C6 and the lowest at C2. Crop characteristics
such as plant height, plant density, leaf area, growth season and period, and N needs may
affect AV indirectly or directly, which consequently results in AV variations according to
crop type [64]. An irrelative response of AV to N rate as reported in the meta-analysis
study by Abdo, Shi, Li, Yang, Wang, Li, Abdel-Hamed, Merwad and Wang [7] is an im-
portant explanatory case for the irregular changes in agronomic AV weights. They illus-
trated that there were large variations in AV from the wheat field among C1 to C4, while
these variations were smaller among C4 to C6. Also, AV from maize fields increased no-
tably with increasing N rate from C1 to C2 and from C3 to C4 while other rates showed
small increases in AV. Likewise, AV from rice fields showed a higher response to in-
creased N rates from C1 to C2 and C4 to C5 as compared with other N rates. Additionally,
grain yield and N uptake (the main variables of calculating agronomic parameters)
showed irrelative responses to the increased N rates [65], which affected the agronomic
weights of AV according to our findings. The response of AV to application depth at dif-
ferent N rates represented in our regression analysis may affect AV agronomic weights
especially in wheat crop.

4.3. Response of AV Agronomic Weights to Fertilizer Type

Significant reductions in the AV-induced decreases in agronomic parameters were
reported under the application of slow-release fertilizers (IU). Slow N release from a rich
N source (coated urea) for a longer time would mitigate AV by decreasing the hydrolysis
and ammonification rate in parallel with increasing the N uptake by plants [66,67]. In ad-
dition to containing very slow-releasing nitrogen, organic amendments (OA) notably im-
prove soil's physical, chemical, and microbial properties, which improve plant growth
and production and reduce AV. That would explain the lowest reductions in NUE of
wheat and NAE of maize and rice in our analysis [68]. Nevertheless, crop yield is signifi-
cantly decreased as more mineral N was replaced by OA due to its relatively lower avail-
ability than synthetic N [66], an observation which is supported by our results about the
highest reduction in maize NUE under OA application. Our results indicated that the
commercial fertilizers classified to urea (U) as the most common fertilizer in China and
other sources (OCF) reported the highest reductions in agronomic parameters in response
to AV. These fertilizers showed higher AV than OA and IU owing to higher available N
contents [U (466 g N kg), OCF such as ammonium nitrate (335 g N kg), calcium ammo-
nium nitrate (260 g N kg1), ammonium sulfate (205 g N kg), and ammonium bicarbonate
(155 g N kg1)]. However, our meta-analysis robustly demonstrates a new important find-
ing, i.e., the highest reductions in NUE of wheat and NAE of maize and rice under OA
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application indicate a lower response of grain yield and N uptake with a higher response
of AV to the applied N as OA. Also, OCF reported the highest reductions in wheat and
rice agronomic parameters as affected by AV, while in maize, U recorded the highest re-
ductions. These results were comparable with that obtained by Abdo, Shi, Li, Yang, Wang,
Li, Abdel-Hamed, Merwad and Wang [7], who reported increments in U (AV) from wheat
and maize fields by 13.4% and 7.5% and a decrease by 12.9% when compared with OCF
(AV). This could be linked with the lower N content in OCF than U, which means less
response of grain yield and N uptake, while the water-logged conditions in rice fields
seem to be more favorable for OCF hydrolysis, especially diammonium phosphate (DAP)
ammonium nitrate and ammonium sulfate [69,70]. It is worth mentioning that the lowest
reduction in rice NUE as a response to AV was recorded with U not IU applications, alt-
hough IU had the highest effect on mitigating AV from rice fields [7]. This could be ex-
plained by the low rates of IU used in our analysis compared with U rates. Accordingly,
YSFP and PAN are more efficient parameters in weighting AV agronomic response to
fertilizer type strategy than NUE and NAE.

4.4. Response of AV Agronomic Weights to Application Depth

Our meta-analytic study reported significant efficacy of the subsurface application of
N fertilizers on reducing the weight of agronomic AV losses compared with surface ap-
plication, which agreed with the findings of Huang, Lv, Bloszies, Shi, Pan and Zeng [66],
who reported an increase in crop yield and a decrease in yield scaled NHs under subsur-
face application technique. It has been widely established that deep application of N fer-
tilizer into the soil mitigates emitted NHs through a number of mechanisms, including
alternation of soil urease activity, reduction of NHs* concentrations in paddy floodwater
and surface soils, and augmentation of NH4* immobilization [7,71]. We noticed differences
in the response of each parameter to AV among the three crops, where YSFP recorded the
highest sensitivity to AV in wheat, while NUE and PAN were the most sensitive to AV in
rice and maize, respectively. Wide variations among the grain yield of these crops could
have a significant contribution in these differences in addition to variations in AV accord-
ing to crop type as stated previously. N rates showed a significant effect on the response
of weighted AV agronomic parameters to the depth of application, as illustrated by the
regression analysis (Table 2). We found previously that reductions in AV in response to
subsurface application were increased with increasing fertilization rate, especially higher
than C3. Also, applying N at rate (C4) reported a higher response of AV to subsurface
application in wheat than maize and then rice, while using the highest N rates (C5 and
C6) resulted in higher response of AV to application depth in rice than maize and wheat
[7]. These findings clearly point out the differences in the sensitivity of the investigated
parameters to AV among the three crops in response to the application depth technique.
Also, they indicate the efficiency of using YSFP with wheat, NUE with rice, and PAN with
maize when studying the effect of application depth on agronomic AV weights.

4.5. Response of AV Agronomic Weights to Applied Amendments

Our analysis indicated a higher promotion effect of inhibitors to the agronomic prop-
erties of wheat, maize, and rice against the losses by AV than other amendments. This
promotion effect illustrated by the reductions in the mean difference between observed
and adjusted agronomic properties has two main pathways: the first is altering AV by
inhibiting the urease activity stronger than mulch and biochar [7,72]. The second is that
inhibitors showed positive effects on crop yield (5.3% increase more than single urea in a
meta-analysis by Silva, et al. [73]) and resulted in higher NUE than biochar and mulch
[54,74]. Additionally, there are numerous contradictory findings about the role of biochar
in reducing agronomic-scaled NHs, where biochar's effect on mitigating AV and optimiz-
ing crop yield depends mainly on its type, rate, and soil properties, especially pH [75]. In
parallel, Vaccari, et al. [76] reported an increment in wheat yield of 28.5% after biochar
application, while Blackwell, et al. [77] indicated a negative influence of biochar at a high
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rate on wheat yield. Interestingly, Xie, et al. [78] reported no apparent effect of biochar on
rice yield. Biochar may increase AV by increasing soil pH and C:N ratio, but it also can
improve crop yield due to increasing the retention of NH4+*-N and NOs-N against leaching
[79,80]. Our analysis robustly indicated a lower effect of mulch on controlling the reduc-
tions in agronomic parameters induced by AV, as our study included all mulching types
with different N rates. Mulch increased the reductions in AV agronomic weights over no
amendment application in rice. Film and stalk mulches can reduce AV significantly
[33,81], however, Sun, et al. [82] reported that straw mulching could increase AV with no
effect on the crop yield or NUE in wheat-rice rotation system. Generally, it could be stated
that the application of inhibitors is the best strategy for enhancing the agronomic param-
eters of wheat, maize, and rice against AV losses, while mulching is not an effective strat-
egy with rice, but better than biochar with wheat. Biochar application is effective in pro-
moting the yield-scaled AV of maize and rice more than mulching. The responses of crop
production to AV could be weighted efficiently following the order: YSFP > PAN > NUE
> NAE when neglecting the fertilizer rate effect. When including N rates, it is better to use
PAN and NAE for wheat and YSFP or PAN for rice, as reported by the regression analysis.
Our recent study showed significant variations among the effect of amendments on AV
mitigation in response to crop type, fertilizer rate, and agronomic conditions [7]. All pa-
rameters followed the same order within each crop except NAE of maize, which indicates
a dominant effect of controlling grain yield, thus it could not be an effective parameter for
weighting agronomic AV reductions from maize fields.

5. Conclusions

Besides causing environmental adversity, ammonia volatilization from N fertilizers
induces significant economic losses directly through losing N fertilizer or indirectly
through reduction in crop yield. Our analysis was directed to weight the reductions in
crop yield by AV using four agronomic parameters. We found differences in the efficacy
of these parameters in weighting agronomic AV losses according to crop type, fertilizer
type and rate, application depth, and applied amendments, in addition to agronomic con-
ditions. Generally, a direct proportion of yield and AV, as used by YSFP and PAN, showed
higher stability under various conditions and mitigation strategies of AV especially with
wheat and maize, while NUE was effective with rice. However, adding yield of control to
the equation (NAE) had a negative effect on the parameter sensitivity to AV agronomic
losses. These parameters were not efficient in weighting the response of AV agronomic
losses to applied N rates and amendments (except inhibitors), especially with rice, while
they all weighted AV agronomic losses in response to application depth and fertilizer type
effectively. Accordingly, the lowest AV agronomic losses (except YSFP) were reported
under the highest fertilization rate (C6) in wheat and maize, while these losses were the
lowest under fertilization rate (C2:C4) in rice. IU recorded the lowest AV agronomic losses
in wheat and maize, while the lowest losses with NUE and NAE in rice were reported
under the application of urea and organic amendments. Further research has to be done
to find out an applicable parameter reflecting all controlling factors when weighting AV
agronomic losses.

Supplementary Materials: The following are available online at www.mdpi.com/arti-
cle/10.3390/agronomy11122593/s1, Figure S1: Normal distribution of the observed data included in
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tions and practices of the collected studies and scaled agronomic NH3 using the emitted ammonia
and increased in yield; Table S2: List of abbreviations.
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