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Abstract
Improving nitrogen fertilizer use by plants and reducing N losses through applying the appropriate nitrogen (N) fertilizer 
rate with urease inhibitors (UIs) and nitrification inhibitors (NIs) may enhance crop production and the efficiency of N use. 
Sugarcane and unplanted plots were established in Central Thailand to investigate the effects of fertilizer application based 
on soil analysis and UIs, NIs and their combination (UINIs) on soil inorganic N, sugarcane productivity and N uptake. Both 
synthetic and natural inhibitors were investigated: UIs from N-(n-butyl) thiophosphoric triamide (NBPT) and garlic (Allium 
sativum L.) and NIs from dimethylpyrazole phosphate (DMPP), ground neem seed (Azadirachta indica A. Juss.) and praxelis 
(Praxelis clematidea (Griseb.) R.M. King & H. Rob). The results indicated the potential of applying UIs, NIs and UINIs 
along with N fertilizer to obtain a slower decrease in soil NH4

+ and improve sugar products. The results indicated enhanced 
sugarcane growth and an apparent increase (up to 31%) in the cane and sugar yields in all the inhibitory treatments. Notably, 
despite the synthetic NIs and NIs from plants having similar effects on soil inorganic N, the natural NIs tended to enhance 
sugarcane yields and N uptake. These findings supported the application of UIs and NIs as a potential solution to reduce N 
fertilizer rates and N losses from soil, while increasing crop productivity. In addition, NIs from plants might be of interest 
for further investigation and for promotion to farmers.
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Introduction

Nitrogen (N) is one of the most important nutrients for agro-
ecosystems and for its use in fertilizing agricultural land 
to improve crop production (Rütting et al. 2018). Synthetic 
N fertilizers, such as urea, are widely used in croplands; 
but over 50% of the N applied to fields is not utilized by 
plants and is lost to the environment (Bremner 1990; Hirel 
et al. 2011; Suter et al. 2016). N losses from fertilizer may 
be a cause of several forms of environmental degradations, 
such as increasing nitrogenous gases in the atmosphere 

(ammonia (NH3) volatilization via the hydrolysis of urea, 
nitrous oxide (N2O) emission from soil N transformation) 
and nitrate leaching and run off to waterbodies, leading to 
lower nitrogen use efficiency by plants (Liu et al. 2017; Chen 
et al. 2010).

Increased crop yields due to adding a high N fertilizer 
rate may be not a best solution for farmers. At least one 
study has reported a negative effect on soil fertility from 
excessive N fertilization (Sun et al. 2020). Thus, there is a 
need to enhance more effective management of agricultural 
land by improved N use by plants, together with increas-
ing agricultural yields and the associated profits by farmers. 
Best practice management using a science-based approach 
by adopting the best fertilizer use with the right source at the 
right time and the right rate and placement could increase 
both productivity and profitability, while ensuring improved 
environmental protection (Johnston and Bruulsema 2014).

In addition, agrochemicals input, such as urease inhibi-
tors (UIs) and nitrification inhibitors (NIs), have poten-
tial to reduce N losses from added mineral N to the soils 
and to improve N use by plants (Byrne et al. 2020). UIs, 
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such as N-(n-propyl) thiophosphoric triamide (NPPT) and 
(N-(n-butyl) thiophosphoric triamide (NBPT) can be used 
to delay urea hydrolysis, by suppressing the action of the 
urease enzyme that converts urea to NH4

+-N and thereby, 
protecting against NH3 volatilization and keeping fertilizer 
in the urea form (Arora and Srivastava 2013). NIs, such 
as 3, 4-dimethylpyrazole phosphate (DMPP) and dicyan-
diamide (DCD), basically act on microbial activity in the 
first step of the nitrification process, which inhibits the 
activity of ammonia oxidizing bacteria (AOB), with the 
membrane-associated ammonia monooxygenase (AMO) 
catalyzing NH3 oxidation to hydroxylamine (NH2OH) 
before it is oxidized to nitrite (NO2

−) by the multiheme 
enzyme hydroxylamine oxidoreductase (HAO) (Stein and 
Arp 1998). As a result the remaining NH4

+ in the soil can 
enhance the opportunity to absorb mineral N in the form of 
NH4

+ from the root zone (Subbarao et al. 2012) and subse-
quently mitigate N2O emission from aerobic soils during 
the sequential oxidation of NH2OH to NO2

− (Poffenbarger 
et al. 2018). Furthermore, combining UIs and NIs, which 
work by different mechanisms, may be an effective way 
of improving nitrogen use efficiency (Drury et al. 2017).

Various synthetic UIs and NIs have been tested to 
reduce environmental impacts and enhance crop yields; 
however, there has been no report on the side-effects, eco-
logical impacts, performance stability and benefit-to-cost 
ratio (Arora and Srivastava 2013). Hence, inhibitors from 
natural sources are an interesting alternative to improve N 
use by plants, as well as not being environmentally harm-
ful, while maintaining chemical stability and efficiency at 
low concentrations, as well as being cost-effective. The 
potential of allicin extracted from garlic has been reported 
to inhibit urease activity (Mathialagan et al. 2017) and 
effective plants acted as NIs, such as neem cake, neem 
oil (Pengthamkeerati and Modtad 2016), mint (Patra et al. 
2007), aromatic plants (Upadhyay et al. 2011) and Brachi-
aria humidicola pastures (Subbarao et al. 2006). These 
biological nitrification inhibitors (BNIs) have various 
functional groups with diverse chemical structural constit-
uents, fatty acids, phenylpropanoids, flavonoids, quinines, 
diterpenoids and isothiocyanates (Sadhukhan et al. 2022), 
with different modes of action (Ruser and Schulz 2015).

Praxelis (Praxelis clematidea (Griseb.) R.M. King & H. 
Rob) is an invasive weed in unmanaged agricultural lands 
in many countries, including Thailand (Thepphakhun and 
Intanon 2020). Praxelis contains phenylpropanoid, flavo-
noids and other compounds (Yang et al. 2020), with these 
compounds having been evaluated for antibacterial and 
antifungal activities (Nguyen et al. 2021). It is of interest 
to investigate the ability of praxelis as a new BNI to reduce 
losses of N fertilizers to the air and water and to achieve 
higher crop yields at lower cost.

Ideally, the application of an appropriate fertilizer rate on 
the basis of soil analysis should be done in an efficient way 
to meet crop uptake demand. However, when N fertilizer 
was added to the soil, mineral N was converted to NH4

+ and 
then NO3

− forms which are easily losses to the environment. 
The concept of applying the right rate of fertilizer along 
with urease and nitrification inhibitors may be an effective 
strategy to encourage the performance of N fertilizer use in 
the field and help ensure that plants could uptake most of the 
N applied to the soil and both economic and environmen-
tal protection goals are achieved. Thus, the objective of the 
current research was to investigate the effects of fertilizer 
rates (by farmer or soil analysis) and synthetic and natural 
UIs and NIs on soil inorganic N and crop yields and qual-
ity in planted and unplanted plots of sugarcane. Synthetic 
inhibitors of NBPT and DMPP and inhibitors from plants 
of garlic, neem and praxelis were investigated.

Materials and Methods

Experimental Design

The study site was conducted during 2019–2020 at the Lop 
Buri Research Station, Faculty of Agriculture, Kasetsart 
University, Khok Charoen district, Lop Buri province, Thai-
land (15°21' N, 100°55' E). Precipitation and air temperature 
data were obtained from a nearby weather station (Fig. 1). 
The initial selected soil characteristics of the study site were 
sand 29%, silt 24%, clay 47% (clayey soil), pH 6.7, organic 
matter (OM) 2.93%, available P 87 mg kg−1 and available 
K 394 mg kg−1.

The sugarcane plots and unplanted plots were established 
using a randomized complete block design with 4 and 3 rep-
lications, respectively. Each experimental plot size was 28 
m2 (4 rows per plot, each 7 m long) with 1.5 × 0.5 m as the 
row × plant spacing. The sugarcane and unplanted experi-
mental plots consisted of 10 treatments: control (C), only 
N fertilizer with commonly applied rate by local farmers 
(F), only N fertilizer with the soil and leaf analysis rate (S) 
according to the recommendations by the Department of 
Agriculture in Thailand, DMPP/NBPT (DM/NB), DMPP/
DMPP (DM/DM) and DMPP/NBPT + DMPP (DM/NBDM), 
neem/garlic (NE/GL), neem/neem (NE/NE) and neem/gar-
lic + neem (NE/GLNE) and praxelis/praxelis (PR/PR)). The 
sugarcane plots were planted with healthy sugarcane plants 
(Saccharum officinarum L.) variety Khon Kaen 3 and the 
stems were split with 3–4 joints per piece. The stems were 
placed horizontally into the furrows, and the basal fertilizer 
was added when the sprouts first emerged before covering 
with soil.

After planting for about 3 months, ammonium phosphate 
fertilizer was applied as basal fertilization at 312.5 kg ha−1 
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or 50 kg N ha−1for F and at 118.75 kg  ha−1 or 19 kg N 
ha−1for S. The basal (N-P-K) fertilizer formula for F was 
16–20–0 and for S was 16–16–8. All inhibitor treatments 
were added with ammonium phosphate fertilizer at the same 
rate of S. The inhibitors from plants including garlic, neem 
and praxelis were grinded before use. The N fertilizer was 
then well combined with each inhibitor before applied to the 
soil. Each inhibitor was applied to the plot, with the DM/NB, 
DM/DM and DM/NBDM treatments added with DMPP 5% 
of N fertilizer. The NE/GL, NE/NE and NE/GLNE treat-
ments were added with ground neem seed 20% of N ferti-
lizer and praxelis was applied for the PR/PR treatment at a 
rate of 200% of N fertilizer. Fertilizer was added again with 
UIs and NIs after basal application for 2 months as dressing 
fertilization. Urea was added at rates of 312.5 kg N ha−1 
or 143.75 kg N ha−1 for the F treatment and 43.75 kg ha−1 
or 20.125 kg N ha−1 for the S and other treatments. Inhibi-
tors (NBPT and DMPP) were added at the rate of 5% of N 
fertilizer for the DM/NB and DM/DM treatments. The DM/
NBDM treatment was added with NBPT and DMPP at the 
rate of 2.5% of N fertilizer. Garlic, neem and praxelis were 
added with rates of 10%, 20% and 200% of N fertilizer for 
the NE/GL, NE/NE and PR/PR treatments, respectively. The 
NE/GLNE treatment was added with garlic and neem at rates 

of 5 and 10% of N fertilizer, respectively. For dressing ferti-
lization, 0–0–60 fertilizer was added at rates of 125 kg ha−1 
for F and 50 kg ha−1 for S and the rest. Watering was applied 
as necessary and monitoring was carried out for pests and 
diseases until maturation. The unplanted plot also had inputs 
of basal and dressing fertilizers at the same rates as the sug-
arcane plot.

Field Measurements

A soil sample was taken from each plot at 3 days after ferti-
lization, at 1 month and then once every 2 months thereafter 
until maturation, for 1st and 2nd fertilization. Each sample 
was extracted with 2 M KCl solution at a 1:10 soil-to-
solution ratio and the solution was filtered for analysis of 
NH4

+–N and the NO3
−–N using standard methods (Green-

berg et al. 1992) using a UDK 132 semi-automatic distil-
lation unit and the colorimetric method (Greenberg et al. 
1992) using a UV spectrophotometer, respectively.

The sugarcane was harvested after maturation from along 
7 m of the 2 middle rows from 4 rows plot. Sugarcane yield 
was determined by cutting the sugarcane at the base close 
to the ground and about 25–30 cm below the leaf base at the 
top. Both the leaves and leaf sheaths were removed from 

Fig. 1   Daily air temperature and rainfall during the cropping season 
at the Lop Buri Research Station, Faculty of Agriculture, Kasetsart 
University, Khok Charoen district, Lop Buri province, Thailand. 

Arrows indicate times of planting, fertilizer and inhibitors applica-
tions and harvesting events for the cropping season
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2 rows and weighed. A subsample of 3 stalks from the 2 
middle rows was collected, weighed and then determined 
for oven-dry moisture (at 60 °C) to obtain the sugarcane 
yield and aboveground biomass. The total N content of the 
cane and sugarcane leaves were subsampled and analyzed 
using the Kjeldahl method for N uptake (Bhanuvally et al. 
2017), where:

The sugar yield was determined using commercial cane 
sugar (CCS) and the sugarcane yield. The CCS value was 
derived from juice sucrose (%Pol), total soluble solids con-
tent (%Brix) and fiber content measurement using a pola-
rimeter, refractometer and total solids determination in sug-
arcane, respectively.

Statistical Analysis

Analysis of variance (ANOVA) was determined to evaluate 
the effects of fertilizer rate, UI and NI applications and times 
on soil inorganic N, plant yield and N use. The statistical 

N uptake
(

kg ha−1
)

= (% of N concentration∕100)
× dry matter yield

(

kg ha−1
)

model used was a repeated measure. Multiple comparisons 
were appraised tested using Duncan’s multiple range test 
with P < 0.05 as the significance level. Factor analysis, using 
the principal component method, was performed to deter-
mine the pattern of treatments (N rates and inhibitors) in the 
planted study area.

Results and Discussion

Soil Inorganic N

For soil NH4
+–N and NO3

−–N, main and interaction effects 
between treatments and sampling time were significant 
(p < 0.001) for both plots (sugarcane and unplanted) and 
soil depths of 0–10 cm (topsoil) and 10–30 cm (subsoil), 
as shown in Table 1. Figures 2 and 3 show the effect of 
fertilizer rate and inhibitors on NH4

+–N and NO3
−–N in 

the topsoil and subsoil for both plots throughout the crop-
ping season (over a year). The sugarcane and unplanted 
plots had a similar trend for both NH4

+–N and NO3
−–N at 

both soil depths, by being greater after fertilizer applied and 
then reducing with time. The fertilizer rate and inhibitory 

Table 1   Analysis of variance of 
soil inorganic N for main and 
interactive effects of UIs and 
NIs (Treatment) and sampling 
time (Time), n = 240

Parameter Source of variation Df F P > F

Topsoil
Unplanted plot Soil NH4

+–N Treatment 9 25.78  < 0.0001
Time 7 134.35  < 0.0001
Time × treatment 63 4.22  < 0.0001

Soil NO3
−–N Treatment 9 12.85  < 0.0001

Time 7 414.47  < 0.0001
Time × treatment 63 8  < 0.0001

Sugarcane plot Soil NH4
+–N Treatment 9 28.98  < 0.0001

Time 7 47.5  < 0.0001
Time × treatment 63 3.4  < 0.0001

Soil NO3
−–N Treatment 9 109.91  < 0.0001

Time 7 454.47  < 0.0001
Time × treatment 63 8.95  < 0.0001

Subsoil
Unplanted plot Soil NH4

+–N Treatment 9 25.11  < 0.0001
Time 7 126.35  < 0.0001
Time × treatment 63 3.51  < 0.0001

Soil NO3
−–N Treatment 9 12.89  < 0.0001

Time 7 184.79  < 0.0001
Time × treatment 63 4.5  < 0.0001

Sugarcane plot Soil NH4
+–N Treatment 9 20.44  < 0.0001

Time 7 43.53  < 0.0001
Time × treatment 63 1.85 0.0007

Soil NO3
−–N Treatment 9 178.01  < 0.0001

Time 7 414.87  < 0.0001
Time × treatment 63 7.58  < 0.0001
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effects on soil inorganic N were observed in both planted and 
unplanted plots. The unplanted plot was expected to more 
clearly express these effects on soil inorganic N, because the 
applied N fertilizers were not completely utilized by plants 
and greater remained in the soil. However, these effects were 
still found in the planted plot as well. This finding indicated 
the UIs and NIs used were also effective even when small 
amounts of N fertilizer applied.

Effect of N Fertilizer Rate

For the planted and unplanted plots, F had a greater 
NH4

+–N and NO3
−–N than S, but inconsistently signifi-

cant (Figs. 2 and 3). This N rate effect was more pro-
nounced: (1) at the beginning after fertilization and then 
decreased with time; and (2) during the 2nd or dressing 

fertilization. This was due to more N being applied in F 
than S (193.75 and 39.125 kg N ha−1, respectively) or 
about 5 times greater. At the 2nd fertilization, a much 
higher N rate was applied in F (143.75 kg N ha−1) than S 
(20.125 kg N ha−1).

Notably, the increase in soil inorganic N in F and S was 
not in proportion to the N fertilizer rate applied, suggest-
ing that the more N fertilizer was applied, the greater the N 
losses to the environment. Once the N fertilizer had been 
applied in the soil, some of the mineral N was absorbed 
by plants and the excess N contributed to increasing the 
soil inorganic N associated with an increase in the N rate 
(Wang et al. 2022). Greater NO3

− leaching was observed 
when a higher N rate was applied; for example, at applied 
N rates of 0 and 396 kg N ha−1 year−1, NO3

− was leached 
at 4 and 155 kg N ha−1 year−1, respectively (Cameron et al. 
2013).

Fig. 2   Variation of soil NH4
+–N on treatment of N fertilizer with 

UIs and NIs compared to treatment with only N fertilizer under field 
experiment on a topsoil unplanted plot, b subsoil unplanted plot, c 

topsoil sugarcane plot and d subsoil sugarcane plot. Bars indicate sig-
nificant differences (P < 0.05) according to Duncan’s multiple range 
test. Line arrows indicated the timing of fertilizer application
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Effect of UIs and NIs

For the N rate based on soil analysis (S treatment), the 
UIs and NIs retained N in soil for a higher amount and 
longer time, and the inhibitory effects seemed to be bet-
ter in NH4

+–N than NO3
−–N at both soil depths (Figs. 2 

and 3). This observation was perhaps because the inhibitors 
had a direct effect on NH4

+ via urea hydrolysis and NH4
+ 

transformation to NO3
−. In addition, NO3

− was easily lost 
from the soil, especially via leaching, due to its negative 
charge; consequently, it remained relatively lower than the 
NH4

+ form. In addition, the UIs and NIs slowed down the 
NH4

+–to–NO3
− transformation of the N fertilizers, resulting 

in the gradual presence of NO3
− in the soil. As a result, soil 

NO3
− was well observed with the inhibitory effects of UIs 

and NIs in this study (Fig. 3). Another reason on a higher N 
retained in soil and an observation of the UI and NI effects 
on soil N was because this studied soil was high in clay (47% 

or clayey soil) and soil organic matter (2.93%) where NH4
+ 

was highly sorbed on negative charge of soil particles and 
organic matter, and where N leaching losses were poor com-
pared to sandy soil or light textured soil (Chen et al. 2020).

For the 1st or basal fertilizer application, NH4
+ in the 

inhibitor plots of DMPP, neem and praxelis tended to have 
higher (but not significantly so) levels and was retained 
longer in the soil for at least 1 month, compared to the only 
fertilizer applied or S (Fig. 2). This finding suggested that 
these NIs of DMPP, neem and praxelis could retard N ferti-
lizer transformations via NH4

+–N–to–NO3
−–N through the 

nitrification process and prolong NH4
+ in the soil, despite 

the very low ammonium fertilizer rate (19 kg N ha−1) used 
in this study. These NIs suppressed nitrifiers (AOB and 
ammonia oxidizing archaea) by direct binding and interac-
tion with AMO, which is an enzyme that oxidizes NH3 to 
NH2OH in the first step of the nitrification process and is 
subsequently converted to NO2

− and NO3
− (Hooper et al. 

Fig. 3   Variation of soil NO3
−–N on treatment of N fertilizer with 

UIs and NIs compared to treatment with only N fertilizer under field 
experiment on a topsoil unplanted plot, b subsoil unplanted plot, c 

topsoil sugarcane plot and d subsoil sugarcane plot. Bars indicate sig-
nificant differences (P < 0.05) according to Duncan’s multiple range 
test. Line arrows indicated the timing of fertilizer application
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1997). Therefore, the longer NH4
+ was retained in the soil, 

the more enhanced the uptake of NH4
+–N by plants, with 

concomitant reduced N losses (such as N2O emissions) and 
NO3

− leaching produced from the next step of the nitrifica-
tion process (NH2OH to NO3

−) (Bremner 1997; Bremner 
et al. 1980; Signor and Cerri 2013).

The effect of praxelis in the 1st fertilization might have 
been due to retardation in the nitrification process in a 
different way from the other NIs used in this study. Yang 
et al. (2020) investigated phytochemicals in the flowers of 
praxelis and found 3 chromenes, 3 phenylpropanoids, 3 
flavonoids and 3 other compounds. Many researchers have 
reported that some of the compounds belonging to func-
tional groups have potential to be biological nitrification 
inhibitors (BNIs), including fatty acids, phenylpropanoids, 
flavonoids, quinines, diterpenoids, terpenoids, tetranortrit-
erpenoids, pyrazoles, thiadiazoles polyphenol and isothiocy-
anates (Subbarao et al. 2006, 2013, 2012, 2015; Sadhukhan 
et al. 2022; Patra et al. 2007; Kiran and Patra 2003; McCarty 
and Bremner 1989). Their action with the AMO enzymatic 
pathway results in some of these blocking both AMO and 
HAO (Sadhukhan et al. 2022). As a result, praxelis might be 
a potential NI, as was observed in the current study. Further 
investigation on the side effects of praxelis should be per-
formed to confirm its beneficial use in croplands.

For the 2nd fertilizer application, the UIs of NBPT and 
garlic and the NIs of DMPP, neem and praxelis were applied 
with urea fertilizer either solely or in combination. After 
application, the soil NH4

+ in the UI and NI inhibitor plots 
tended to be higher (but not significantly so) than the only 
fertilizer applied (S), as shown in Fig. 2. However, these 
inhibitory effects on soil NH4

+ were only observed 3 days 
after the 2nd fertilizer was applied (day 76) and with greater 
effect at both soil depths of the sugarcane plot than the 
unplanted plot. This observation suggested that these UIs, 
NIs and their combinations could slow down the rate of urea 
hydrolysis and the nitrification process in the soil, resulting 
in a higher level of soil NH4

+. However, the inhibition of 
UIs and NIs on soil NH4

+ was observed in a short period 
after the fertilizer was applied, possibly due to the low N 
rate used in this study (20.175 kg N ha−1). In addition, urea 
fertilizer was used for dressing and the inhibition of UIs 
and NIs on urea might be more complicated, resulting in 
less effects on NH4

+ in this study. This could be explained 
by the urea addition in the form of carbonic diamide being 
transformed to NH4

+ through ammonification, due to urea 
hydrolysis (Kumar et al. 2021). Adding UIs will delay the 
urea hydrolysis process by controlling the rate of urea trans-
formations and inhibiting the active site of urease enzyme 
in the form of H-bonding and/or hydrophobic interactions 
(Byrne et al. 2020). As a result, UIs will slowly release NH4

+ 
to the soil. However, the remaining urea fertilizer might have 
greater potential to be lost to the environment, resulting in a 

decreased amount of urea fertilizer and, subsequently, lower 
urea conversion to NH4

+. The effect of the NIs on urea appli-
cation was the same as for the 1st fertilization, resulting in an 
expected higher level of NH4

+ in the soil. Therefore, these 
UIs and combined UIs and NIs had a diverse effect on the 
soil NH4

+.
For both the 1st and 2nd fertilizations, the synthetic and 

natural inhibitors used in this study had a similar inhibitory 
efficiency on soil NH4

+ and NO3
− (Figs. 2 and 3). Notably, 

during the 2nd fertilization, the sole or combined uses of 
UIs and NIs produced similar effects on the soil NH4

+ and 
NO3

− (Figs. 2 and 3). These observations suggested that 
both synthetic and natural inhibitors or the sole and com-
bined uses of UIs and NIs were of comparable efficiency on 
soil inorganic N under the conditions applied in this study. 
Perhaps further investigation of inhibitory effects on other 
variables, such as the microbial population and its activ-
ity, might provide a better understanding on N fertilization 
transformation in the soil.

Average Soil Inorganic N

Figure 4 shows the relationship between the average soil 
NH4

+ and NO3
− across sampling time with N fertilizer 

rate. For the only fertilizer application, soil NH4
+ and 

NO3
− seemed to increase, with an increase in the N rate for 

both the topsoil and subsoil in the planted and unplanted 
plots. This observation regarding the N rate on average soil 
NH4

+ and NO3
− suggested that the N fertilizer rate of F was 

excessive and resulted in a greater loss to the environment 
compared to S.

The average soil NH4
+ and NO3

− in all UIs and NIs 
seemed to be in a same range as for S, except for soil NH4

+ 
in the planted plot being slightly higher than for S (Figs. 4 
and 5). This inhibitory effect was less pronounced for the 
average soil inorganic N across cropping season, due to the 
low N rate applied, with the inhibition lasting for a short 
period after application. In addition, both (1) synthetic and 
natural inhibitors and (2) sole and combined use of UIs and 
NIs produced similar inhibitory effects on the average soil 
inorganic N. This observation suggested that all inhibitors 
were competitive efficiency on soil inorganic N in this study.

Crop Yields and N Uptake

The N rate and inhibitor effects on crop yields and N uptake 
are shown in Fig. 6. For plots where only fertilizer was 
applied, the cane and sugar yields and N uptake increased 
with an increasing rate of N applied (C < S < F) and fitted 
well with quadratic equations (Fig. 6). Fortes et al. (2013) 
also observed a positive response of sugarcane to N levels, 
with both linear and quadratic relationships. The cane yields 
and N uptake were significantly (p < 0.05) higher in the F 
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(102.38 t ha−1 and 112.88 kg ha−1) than S (91.67 t ha−1 and 
88.01 kg ha−1), with increases of 12% and 28%, respectively. 
All treatments with UIs and NIs had a similar or higher 
yields and N uptake than for F, while all were significantly 
higher than for S. Notably, the natural inhibitors (neem, gar-
lic and praxelis) seemed to have greater (but inconsistent) 
cane and sugar yields than the synthetic inhibitors, except 
for the DM/DM that was the highest for all yields and N 
uptake among all treatments (p < 0.05) (31% yield increase 
from the S). This was consistent with another study where 
the N uptake increased due to increasing the N rate until 
the optimum rate (80 kg ha−1), above which there were no 
further increases (Salvagiotti et al. 2009).

These findings suggested that the N rate based on soil 
analysis (S) might be insufficient for sugarcane plants, 
resulting in lower crop yields and N uptake, compared to 
the N rate applied by farmers (F). These N rate effects were 
also noticed in soil inorganic N (Figs. 2 and 3). Notably, 

the applications of the UIs and NIs with the N rate by soil 
analysis increased yields and N uptake and had comparable 
yields with the N rate applied by farmers. Possible causes 
for this result included: (1) the UIs may have reduced urea 
hydrolysis due to the delayed N release into the soil (Paw-
lick et al. 2019) and the NI mitigated microbial activity that 
converted NH4

+ to NO3
− through nitrification (Norton and 

Ouyang 2019), resulting in maintaining N in the soil longer 
and increasing N absorption by plants; (2) the maximum 
plant uptake was limited to what the crop needed and any 
excessive rate of N fertilization would limit the yield poten-
tial (Sun et al. 2020; Zhao et al. 2019); (3) the increase in 
NH4

+ availability was affected by the inhibitors used that 
may have promoted nutrient use by the plant; and (4) the 
soil texture and soil organic matter play an important fac-
tor in yield and N uptake (Cambouris et al. 2016). The fine 
textured soil in this study (clayey soil and high organic mat-
ter) induced higher and longer N in soil, resulting in better 

Fig. 4   Relationship between N application rate and soil NH4
+-N 

under field experiment on a topsoil unplanted plot, b subsoil 
unplanted plot, c topsoil sugarcane plot and d subsoil sugarcane plot. 
Each point is mean of 3 and 4 replicates on unplanted and sugarcane 

plots, respectively. Line plot is for no inhibitor applied. Lowercase 
letters indicated significantly different (P < 0.05), according to Dun-
can’s multiple range test. Inset graph shows magnified treatments of 
UIs and NIs for circled area on main graph
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sorbed NH4
+ on surface of soil particles and lower N leach-

ing and loss (Chen et al. 2020). Therefore, in this study, the 
UI and NI effects in this clayey soil on soil N transforma-
tion and crop yields were more pronounced, as evidenced in 
higher yield response (up to 31% increase). Also notable was 
that the DM/DM application produced the highest yields and 
N uptake over all treatment, including F. However, this level 
of DM/DM did not have such an effect on soil inorganic N, 
which might require further study to understand this effect.

Principal Component Analysis

Figure  7 shows the plot of the first two components 
obtained from the factor analysis among soil inorganic 
N, crop yields and N uptake, which explained 84.5% of 
the total variance. In the first component (69.6% of the 
total variance), F and S (with and without inhibitors) were 
grouped with a positive loading, while C was separated 

with a highly negative loading. The second compo-
nent (14.9% of the total variance) was highly positively 
explained by F, while the others (C, S and inhibitors) were 
grouped with a lower loading range. The first component 
was well explained by soil inorganic N and the second 
component by crop yield and N uptake in this study.

As shown in Fig. 7, all treatments were composed of 
three groups: Group 1 (F), Group 2 (S with and without 
inhibitors) and Group 3 (C). In addition of Group 2, all 
synthetic and natural UIs and NIs were slightly closer than 
S. This observation was in agreement with the results men-
tioned in the soil inorganic N and crop yield and N uptake 
above, where all inhibitors had a similar trend on these 
variables that somewhat differed for F, S and C. In addi-
tion, the result showed the three groups were separated by 
the influence of the N fertilizer rates applied, indicating 
that N rate played an important role on soil N and crop 
yield in this study.

Fig. 5   Relationship between N application rate and soil NO3
−–N 

under field experiment on a topsoil unplanted plot, b subsoil 
unplanted plot, c topsoil sugarcane plot and d subsoil sugarcane plot. 
Each point is mean of 3 and 4 replicates on unplanted and sugarcane 

plots, respectively. Line plot is for no inhibitor applied. Lowercase 
letters indicated significantly different (P < 0.05), according to Dun-
can’s multiple range test. Inset graph shows magnified treatments of 
UIs and NIs for circled area on main graph
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Overall, the current findings suggested that using natural 
or biological inhibitors might be worthwhile promoting to 
farmers. Other studies also considered that biological inhibi-
tors are stable, readily available and biodegradable and have 

a long-term effect, with no side effects and a high benefit-to-
cost ratio (Arora and Srivastava 2013; Kiran and Patra 2003; 
Patra et al. 2007) and thus, show potential for sustainable 
agriculture (Otaka et al. 2021; Subbarao et al. 2013).

Conclusions

The findings from this study suggested that the N rate 
applied by farmers seemed to be excessive for sugarcane 
cultivation, resulting in greater soil inorganic N. The N rate 
based on soil analysis was relatively low and caused a lim-
iting effect on sugarcane yields and N uptake. This study 
found that when the applied N rate was based on soil analy-
sis, adding UIs, NIs and their combination was of impor-
tance in retarding urea hydrolysis and NH4

+ conversion to 
NO3

− via the nitrification process in the soil. These UIs and 
NIs effects helped to maintain soil NH4

+ supplied from both 
ammonium and urea fertilizers and remained or enhanced 
sugarcane yields and N uptake, in a comparable to N rate 
by farmer. As a result, addition of UIs and NIs might be a 
potential solution to reduce N fertilizer use while maintain-
ing or enhancing yields and N uptake in sugarcane cultiva-
tion. In addition, reducing the N rate applied and adding UIs 
and NIs might possibly decrease N fertilizer losses from the 
soil, resulting in environmental benefits. In this study, the 
UIs and NIs or the synthetic and natural inhibitors seemed 
to have similar levels of efficiency in maintaining soil inor-
ganic N; however, the natural inhibitors might be of interest 
due to their slight benefits regarding sugarcane yields and 
N uptake. Further investigation might be required, involving 
other variables to detect UI and NI effects on N fertilizer 
transformation or any side effects of praxelis.

Fig. 6   Relationship between N application rate and a sugarcane yield, 
b sugar yield and c N uptake. Each point is mean of 4 replicates with 
regression from no inhibitor applied. Lowercase letters indicated sig-
nificantly different (P < 0.05), according to Duncan’s multiple range 
test. Inset graph shows magnified treatments of UIs and NIs for cir-
cled area on main graph

Fig. 7   Factor analysis of all treatments (N application rate and inhibi-
tors) on soil inorganic N, crop yield and N uptake in this study
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