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Abstract

Potato (Solanum tuberosum L.), the world’s fourth most significant food crop, faces a critical
sustainability challenge: meeting escalating global demand while mitigating the substantial
environmental footprint of its production. Potato exhibits high nitrogen requirements,
which makes conventional fertilization significantly inefficient, with nitrogen use efficiency
(NUE) being below 40%, contributing to severe environmental losses, including nitrate
leaching and nitrous oxide emissions. In this comprehensive review, global research is
examined regarding enhanced-efficiency nitrogen fertilizers, such as nitrification inhibitors
(NIs), urease inhibitors (UIs), and slow-released fertilizers, which promote a pivotal strategy
for sustainable potato cultivation. An extensive analysis is provided exploring the biochem-
ical mechanisms of these inhibitors, their complex interactions with potato physiology,
and also their impact on tuber yield, quality, and environmental footprint. These insights
are combined with sustainable strategies to optimize nitrogen fertilization in potato crop-
ping systems. Lastly, essential knowledge gaps, such as ongoing soil-health impacts and
climate-change interactions, are underlined, and future directions of research are proposed
to advance inhibitor utilization on potato production.

Keywords: potato (Solanum tuberosum L.); nitrogen; nitrogen use efficiency; inhibitors;
indicators; sustainable cultivation

1. Introduction
1.1. The Evolution of Potato Cultivation and Its Global Importance

Potato (Solanum tuberosum L.) appears to be the fourth most significant food crop
globally, following rice, maize, and wheat [1]. This annual plant, which belongs to the
Solanaceae family, traces its roots back to the Southern American Andes. Its cultivation
is estimated to have begun around 8000 to 10,000 years ago in Southern Peru [2,3]. In
Europe, the potato appeared in Spain after the Columbian exchange, with the earliest
records of its cultivation dating to sixteenth century [4]. According to Swamy [5], potatoes
are broadly both cultivated and consumed around the world with more than 5000 known
potato varieties. The major potato-producing countries are China, India, Russia, Ukraine,
and the United States [6]. Among these countries, the United States is exceptional in its high
productivity, with its commercial yield per hectare ranging from 45 to 50 tons between 2014
and 2024, while the yield per hectare in the other major countries was substantially less,
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ranging from 15 to 25 tons per hectare [1] (Figure 1). In 2023, potato production worldwide
reached 387 million tons, highlighting the crop’s crucial role during a period with a severe
food-security crisis and a continuously growing population [7].
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Figure 1. Average potato yield trends in the top five potato-producing countries (2014—2024) [1].

In addition to its production, the potato exhibits high nutritional value, substantial
yield dynamics, and broad adaptivity to a wide range of environments. These qualities
make potatoes a key crop for humanity [8]. Beyond being a considerable source of car-
bohydrates, potatoes contain dietary fiber, a plethora of vitamins (C, B1, B2, B6, and B9),
essential minerals (potassium, magnesium, and iron), as well as carotenoids, and phenolic
acids [9-13].

It requires a lot of nitrogen (N) input to achieve high tuber yield as well as quality in
potato production [14]. Approximately 1% to 4% of plant dry matter consists of nitrogen,
and it is responsible for plant growth [15]. Nitrogen, a valued nutrient for potatoes, presents
a distinct effect on vegetative growth, chlorophyll synthesis, and photosynthetic efficiency.
It also ensures proper tuber formation and crop yield [16,17]. Across diverse locations, soil
types, and varieties, total N uptake of potatoes extends from 168 to 448 kg N/ha, with 60%
of this amount stored in the tubers [18]. Furthermore, potatoes exhibit low nitrogen use
efficiency (NUE), which typically ranges between 40% and 60%; as a result, producers often
overapply fertilizer to secure the crop’s yield [19]. Excessive application of insufficient
nitrogen fertilization in potato production is prone to environmental losses [8,20].

1.2. Global Dependence on Nitrogen Fertilizers and Environmental Consequences

Rising food demand driven by a rapidly increasing global population will place
agricultural systems under significant pressure [21]. As a consequence, dependence on syn-
thetic fertilizers has been expanding. According to Song et al. [22], fertilizer utilization has
been increasing at an annual rate of 1.3% between 2019 and 2023, highlighting agriculture’s
need for nutrients to support both crop productivity and food security. The global market
is dominated by nitrogen fertilizers, especially urea-based fertilizers, serving as a key
element for promoting plant development and supplying important nutrients [23]. Even
though they enhance crop yield, their effectiveness remains quite low, with only 30-50%
of applied N being assimilated by plants during the growing season [24]. Ghosh et al. [25]
reported that potato production requires a substantial amount of N input in order to reach
an adequate yield, which usually is exceeded by excessive fertilization.

The heavy application of N fertilizers has an adverse impact on the environment and
soil. Large proportions of nitrogen inputs are lost through ammonia (NH3) volatilization,
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and lead to nitrate (NO3 ™) leaching, gaseous emissions, air pollution, soil degradation and
water eutrophication (Figure 2) [26-28]. Furthermore, excessive N application exhibits as a
significant economic cost to farmers in potato production [29].

Mineral-N Pool

Fertilizer N

Figure 2. Illustration presenting the fate of the applied nitrogen fertilizer in the soil.

1.3. Need for Efficient Nitrogen Strategies in Potato Cropping Systems

To address the above challenges, sustainable nitrogen management has arisen as a key
strategy in order to ensure food security and minimize environmental pollution [30]. The
aim of sustainable N management is to improve N inputs to meet the specific crop needs
while enhancing productivity and ecological resilience [31]. All these objectives align with
the goals of the European Green Deal, which focuses on substantially reducing the use of fer-
tilizers by 20% and nutrient losses by 2030 [32-34]. According to the regulations, achieving
sustainable intensification in potato production requires complete nitrogen management
approaches that focus on nitrogen use efficiency and overall system enhancement [35,36].
One promising approach could be the adoption of enhanced-efficiency fertilizers, including
nitrification (NI) and urease (UI) inhibitors, slow-release fertilizers (SRFs), and also their
combination. They are characterized by both minimizing N losses to the environment and
allowing crops to utilize nitrogen effectively [37].

1.4. Objectives and Scope of the Review

The primary objective of this review is to comprehensively synthesize scientific knowl-
edge regarding enhanced nitrogen fertilization strategies in potato cultivation. Particularly
the types, biochemical mechanisms, and efficacy of nitrogen fertilizer inhibitors, such as
nitrification inhibitors, urease inhibitors, and slow-release fertilizers, will be analyzed,
evaluating their effectiveness in diverse potato-production systems compared to conven-
tional fertilizers. This evaluation will focus on the impacts on potato productivity, NUE
parameters, and environmental footprint. A key novelty of this review lies in the combined
addition of yield, nitrogen-related, and environmental indicators to assess nitrogen man-
agement strategies like enhanced-efficiency fertilizers. Furthermore, the study will address
critical knowledge gaps, such as the impacts on soil health, environment interactions, and eco-
nomic barriers of using inhibitors and will propose alternative pathways and future research
focusing on enhancing inhibitor use in potato production. Primarily, this review highlights
that there is currently a limited number of research articles examining simultaneously potato
cultivation and N inhibitor use, underlining the necessity for advanced analyses.

2. Nitrogen Fertilizer Inhibitors
2.1. The Significant Role of Nitrification Inhibitors

Nitrification inhibitors (NIs) are compounds that obstruct the microbial oxidation
of ammonium (NHy4") to nitrate (NO3; ™), which is a significant mechanism of ammonia-
oxidizing microorganisms [38,39]. These fertilizer synergists are responsible for extending
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the presence of ammonium in the soil, and by that improve nitrogen use efficiency while
synchronizing N availability with crop demand [40,41]. Besides mitigating nitrate leaching,
nitrification inhibitors contribute to reducing nitrous oxide (N, O) emissions. Nitrous oxide
is classified as a greenhouse gas and represents a small fraction of total N losses [42,43].

A wide range of commercial nitrification inhibitors has been developed, among
which dicyandiamide (DCD), 3,4-dimethylpyrazole phosphate (DMPP), and 2-chloro-6-
(trichloromethyl)pyridine (Nitrapyrin) are frequently used in agricultural systems [44,45].
Dicyandiamide is considered as the most commonly utilized nitrification inhibitor due
to its high water solubility, low volatility, and compatibility with urea and other nitrogen
fertilizers [38,46]. In contrast, DMPP is a newer inhibitor characterized by lower ecotoxicity,
which could also be mixed with N fertilizers [47].

Recent studies have shown that nitrification inhibitors could exhibit nitrate-leaching
and N,O-emissions reduction by 30-50% and 34-49%, respectively [48]. The aforemen-
tioned environmental advantages are usually linked to improving yield responses, which
could vary depending on cultivated species, soil characteristics, nitrogen fertilizers and the
use of specific inhibitors [49-52]. Overall, nitrification inhibitors constitute as a promising
approach for enhancing nitrogen use efficiency while mitigating nitrate leaching and N,O
emissions in cropping systems.

2.2. Urease Inhibitors: Delaying Urea Hydrolysis

Urease inhibitors (Uls) are effective in reducing NHj losses by slowing the hydrolysis
of urea [53-55] and increasing the amount of applied N retained in the soil [56]. According
to Soumare et al. [57], the hydrolysis of urea takes place in two steps. Urea is initially
transformed into ammonium carbonate, which then is split into CO, and ammonium
ions. Thus, urease inhibitors play an important role in delaying these reactions, thereby
providing more time for urea to distribute into the soil and be absorbed by the crop roots [58].
Arshdeep Singh et al. [59] investigated a plethora of both chemical and physical compounds
regarding their ability to inhibit soil urease activity. However, the most broadly successful
urease inhibitor is the N-(n-butyl) thiophosphoric triamide (NBPT). Studies have shown
that the use of NBPT could reduce NHj volatilization form applied urea by up to 66% [28].

Cantarella et al. [44] noted that due to its proven effectiveness, the global NBPT market
has increased at an average annual rate of approximately 16% over the last ten years.
Furthermore, regulatory frameworks have officialized the utilization of some other urease
inhibitors. According to Regulation No 2003 /2003, approved compounds in the EU include
N-(n-butyl) thiophosphoric triamide (NBPT), N-(2-nitrophenyl) phosphoric acid triamide
(2-NPT), and mixtures of NBPT with N-propyl-thiophosphoric triamide (NPPT) at a 3:1
ratio (Figure 3) [45].
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Figure 3. Chemical structures illustrating urease inhibitors including: 1—NBPT, 2—2-NPT,
3—NPPT [45].

2.3. Slow- and Controlled-Release Fertilizers Improving Nitrogen Use Efficiency

An alternative solution mitigating the environmental impact of overusing nitrogen
fertilizers could be slow-release fertilizers (SRFs). These fertilizers are distinguished by the
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ability to release nutrients progressively, improving plant uptake and lowering environ-
mental footprint (Figure 4) [60,61], and they include controlled-release fertilizers (CRFs)
and smart-release fertilizers.
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Figure 4. The benefits of using slow-release fertilizers (SRFs).
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Several studies revealed that SRFs adjust nutrient supply by either decreasing sol-
ubility of minerals in water or delaying nutrient release in the soil [62,63]. Furthermore,
to accomplish these results, many other methods have been evaluated, such as loading
minerals into carriers, coating applications, and physical or chemical interactions [64,65].
According to Beig et al. [66], coating technology is mostly preferred because of its effective-
ness and ability to accurately regulate nutrient release rates by adjusting coating thickness.

The significant role of controlled-release fertilizers (CRFs) is enabling the synchro-
nization of nutrient supply with plant demand, by minimizing the quantity and frequency
of applied fertilizers [67]. Studies noted that CRFs could enhance nitrogen use efficiency,
limit N losses in the rhizosphere, and reduce the cultivation costs in potato cultivation [68].
Similarly, polymer-coated urea (PCU) emerges as a useful slow-release fertilizer for potato
systems [69] and could be used as an alternative to conventional split nitrogen applica-
tions in order to minimize nitrate leaching. Gao et al. [70] found that PCU increased
tuber yield relative to traditional fertilizers, and improved NUE. We recognize that PCU
could be presented as a practical strategy for improving both potato productivity and
environmental footprint.

2.4. Case Studies Demonstrating the Effectiveness of Enhanced-Efficiency Fertilizers in
Potato Cultivation

The application of several nitrification and urease inhibitors has been assessed in
both improving N use efficiency and reducing N losses in potato production, with their
effects being presented in the following table (Table 1). Souza et al. [71] conducted a
two-year experiment investigating whether ammonium sulfate nitrate with nitrification
inhibitor could increase tuber yield and NUE compared to conventional urea fertilization.
They found that split application of ASN combined with DMPP at 75% of recommended
dose (urea 160 kg N ha~1!) significantly increased fresh tuber yield by 14% relative to
split urea treatment. Furthermore, this approach reduced N surplus by 30-70 kg N ha~!,
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contributing to lower nitrogen losses. Another study demonstrated that sustainable N
management in potato production could be accomplished by using DCD at a 25% reduced
rate (262.5 kg N ha™!). Tuber yield was increased by 5% compared to the full conventional
dose, while nitrogen use efficiency was improved by 56% and N,O emissions were least [72].
These findings demonstrate that N inputs could be lowered without sacrificing yields, with
additional benefits for potato quality and environment sustainability.

Table 1. Effects of enhanced-efficiency fertilizer use on potato yield, nitrogen use efficiency, and
environmental losses compared to conventional fertilizers across different studies.

Inhibitor N Application Yield NUE NO“"T NZO References
Rate Leaching Emissions
Compared to Compared to
Compared to Fertilized Fertilized
Unfertilized Control Control
Control Without Without
Inhibitor Inhibitor
Urea: 262.5 kg Lowest Eovot
DCD Nha~! 1 143% 5% 1 56% - cumulative &YP
. . - [72]
(split-applied) emissions
AS/AN:120 kg o .
DMPP N ha~! 1 104% 1+ 14% 1 50% + (mdmaticrl_bi’ r’";duced N B[r;‘lz]ﬂ
(split-applied) surpius
Urea: 195 kg N o o o . ) Russia
NBPT ha-1 1 36% 12% 1 2% [73]
Urea: 150 kg N o o o China
PCU ha-1 1 35% 1 18% 1 208% - - [70]
AS/AN: 280 kg Wisconsin,
PCU Nha™! 117% 1 6% 1 6% $39% - USA
(split-applied) [74]
Minnesota,
DMPSA +  Urea: 325 kg N No significant effect 113% 125% 162% USA
NBPT ha
[75]
s North
DCD + Urea: 280 kg N - o Significant
NBPT ha—1 No significant effect 1 2% reduction Dak(E;aS,]USA

Abbreviations: AS/AN, ammonium sulphate nitrate. The percentages are presented as average values with one
decimal of the increase or decrease in yield and various indicators. All the data is derived from tables, figures and
graphs from research papers demonstrating the approximate values as mean of sites/years/replications.

Previous research has demonstrated the agronomic benefits of urease inhibitors in
potato production. The study by Vizirskaya et al. [73] investigated the effect of a urease
inhibitor (NBPT) in an irrigated potato cropping system. The application of urea with
NBPT increased total yield and marketable yield by 35.6% and 43%, respectively, compared
to the control.

Gao et al. [70] conducted a two-year experiment evaluating the effect of polymer-
coated urea (PCU) on potato tuber yield, NUE, and quality characteristics compared to
urea. PCU applied at 150 kg N ha~! increased total tuber yield and marketable yield by
18% and 3%, respectively, compared to urea. Potato N uptake and nitrogen release from
PCU was synchronized during growing season, resulting in greater vitamin C and starch
content in tubers, while reducing sugars. In a study by Campbell et al. [74], the effects of
enhanced-efficiency fertilizers were also examined in potato cropping systems over three
growing seasons. They reported that polymer-coated urea (PCU) reduced nitrate leaching
by 39% and increased potato tuber yield by 6%, compared to conventional split-applied
ammonium sulphate nitrate (280 kg N ha~!). The effectiveness of PCU was strongly
influenced by the weather conditions during the experiment and by the amount of fertilizer
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applied by the producers. They found that the application of PCU should be synchronized
with the presence of rainfall to achieve optimal results and minimize nitrate leaching in the
soil [74].

The combination of nitrification and urease inhibitors stands as a promising strategy
to simultaneously enhance nitrogen use efficiency, yield, and environmental degradation
by applying excessive N fertilization in potato cropping systems [28,36]. Souza et al. [75]
mentioned that the combined application of DMPSA and NBPT resulted in a reduction in
nitrate leaching and nitrous oxide emissions, while increasing soil nitrate availability and
overall nitrogen recovery. However, the high input of fertilizer did not result in increased
tuber yield. These findings are further supported by a couple of studies showing that the
co-application of the above inhibitors could also minimize N,O emissions [76,77]. Notably,
Ghosh et al. [25] found that combined DCD and NBPT at 280 kg N ha~! significantly
minimized both N,O emissions and ammonia volatilization compared to urea.

3. Assessment Indicators of N Management

According to recent studies, enhancing nitrogen use efficiency and coordinating N
supply with crop demand complicate optimum nitrogen management in potato cropping
systems [36,78]. In many cases, excessive nitrogen application could result in environmental
degradation, lower economic efficiency and tuber quantity and quality [79]. To address
this problem, a multifaceted assessment approach is crucial for appraising the impacts
of N fertilization practices, which often include agronomic, environmental, and quality
aspects. This could provide a thorough basis aiming to determine the optimum nitrogen
level and management strategies [36]. Combining agronomic, environmental, NUE and
yield metrics is specifically important for potato cultivation, to compare conventional
fertilizers to enhanced efficiency strategies, while paving the way for sustainable pathways
that balance productivity and environmental stability.

3.1. Yield and Agronomic Indicators in Potato Cropping Systems

Cooper et al. [80] mentioned that yield of several crops is mainly affected by the
cultivation practices, environmental conditions, and their genetic composition. Hence,
yield-based agronomic indices serve as a beneficial tool for estimating potato productivity
and assessing the effects of the aforementioned factors. Recent studies demonstrated that
these indicators could provide significant information for researchers and farmers, in order
to optimize fertilization strategies while improving both tuber yield and quality [81,82]. In
potato cropping systems, the yield-based indicators encompass several metrics including
tuber number per plant, average tuber weight, marketable tuber yield, and total tuber yield
(Table 2) [83,84].

Table 2. Yield-derived indicators for assessing potato performance.

Index Definition Formula Unit Reference
Tuber number per plant ~ Average number of tubers per plant TTN/NP Tubers plant~!
. Total tuber yield divided by total 1
Average tuber weight number of tubers TTY/TTN kg tuber [83,84]
. Weight of tubers meeting quality 1
Marketable tuber yield and market standards MTW/PA kg ha
Total tuber yield Total weight of all harvested tubers TTW/PA ke ha~!

per unit area

Abbreviations: TTW, total tuber weight (kg); PA, plot area (ha); MTW, marketable tuber weight (kg); TTY, total
tuber yield (kg ha~!); TTN, total tuber number; NP, number of plants.
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Tuber number per plant (TN) represents the average number of tubers formed per
plant, while average tuber weight (ATW) is usually expressed as the total tuber yield
divided by total number of potato tubers. Total tuber yield (TTY) represents the total
weight of all harvest tubers including marketable and unmarketable tubers, per unit of plot
area [83,84]. According to Liu et al. [85], N fertilization increases TTY in potato cultivation
up to an optimum rate, and beyond that excess N does not affect yield. Furthermore,
marketable tuber yield (MTY) is a yield index providing the weight of potato tubers
that have achieved both quality and market criteria per plot area [83,84]. Pszczétkowski
et al. [86] noted that marketable yield is a crucial metric describing the economically
valuable part of harvest for growers.

3.2. The Substantial Impact of Nitrogen Use Efficiency Indicators

Whether the nitrogen source is a commercial fertilizer or any other form, Nitrogen Use
Efficiency (NUE) stands as a key element for assessing potato production [87] and involves
a wide range of calculations [88]. The complication of this index lies in the numerous
sources of nitrogen that impact crop growth, the interaction between N availability in
soil, plant genetics, and the effect of management, weather, and climate conditions [89,90].
Calculating NUE for only one growing season gives significant insights into a specific
crop and environment [91]; however, using several indicators is preferable for a thorough
evaluation, including potato [92]. Congreves et al. [91] categorized many indicators into
groups, which are used to assess the nitrogen applied efficiency.

The category of fertilizer-based NUE indicators includes numerous indices including
agronomic efficiency, partial factor productivity, partial nutrient balance, apparent crop
removal efficiency and nitrogen balance intensity (Table 3) [91], which are characterized by
the quantity of the applied N fertilizer relative to several crop parameters, such as nitrogen
content, yield and even aboveground biomass [92].

Table 3. Various fertilizer-based indices with their formulas and definitions.

Index Abbreviation Calculation Unit Definition Reference
The contribution of N
Agronomic B kg tuber yield fertilizer towards
efficiency AE (TY = TYo)/¥ kg !N tuber yield compared [72,91,92]

Partial factor
productivity

Partial nutrient
balance

Apparent crop
removal
efficiency

Nitrogen Balance
Intensity

tono N application
The expression of

PFP TY/F kg tuber kg=! N tuber yield per unitof  [72,91,92]

N applied
The ratio between

PNB TNU/F kg N kg’1 tuber N content and [72,91,92]

the N applied
The amount of N

CREM (TNU — TNU,)/F kg N kg~! fertilizer applied [71,72]

assimilated by tubers
The difference

NBI TY — F kg N ha~! between N input and [72,91,92]

tuber yield

Abbreviations: TY, tuber yield with applied N (kg ha™!); TY,, tuber yield without applied N (kg ha=!); F, N
fertilizer application (kg N ha—!); TNU, tuber nitrogen uptake with applied N (kg N ha~!); TNUj, tuber nitrogen
uptake without applied N (kg N ha~!); TPU, total plant nitrogen uptake with applied N (kg N ha~1!); TPUj, total
plant nitrogen uptake without applied N (kg N ha™1).

The AE addresses how much tuber yield is improved by N application. PFP is an NUE

index providing the overall productivity of applied nitrogen fertilizer on potato cultivation.
PNB could be assessed at both maturation and harvest stage and describes the fraction of
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N fertilizer application that is accumulated within the potato tubers [71,72]. CREM is an
NUE indicator representing the increase in tuber N uptake per unit of N application rate
during the maturity and harvest stages. Lastly, the NBI index conceptualizes the difference
between the amount of N removed as tuber yield relative to the applied N fertilizer [72,91].

The plant-based indices are defined by the allocation of plant tissue N towards crop
yield or yield nitrogen, providing information that is not specified by fertilizer-based
indicators [91]. For potato cultivation, this group includes nitrogen utilization efficiency,
apparent crop recovery efficiency and nitrogen harvest index (Table 4). NUtE describes the
nitrogen content yield regarding the N acquired by potato plants. REN is the NUE indicator
expressing the differences in total N uptake per unit of N fertilizer applied. Furthermore,
NHI relate the N allocated to tuber yield regarding to the potato plant N [72,91,92].

Table 4. Plant-based indicators and their associated calculation and interpretation.

Index Abbreviation Calculation Unit Definition Reference
Nitrogen 1 Reflects how effectively
utilization NUtE TY/TPU kg tuber kg "N 1 1t N uptake is [71,72,91]
. uptake . .
efficiency transformed into yield
Avparent cro The fraction of applied
p}f’ecover P REN (TPU — TPU,)/F kg Nha~1 N fertilizer taken upby ~ [71,72,91]
y potato plant
N harvest The substantial
: NHI TNU/TPU % proportion of potato N [72,91,92]
index L
partitioned to tubers
Abbreviations: TY, tuber yield with applied N (kg ha™1); TYy, tuber yield without applied N (kg ha™!); F, N
fertilizer application (kg N ha~1); TNU, tuber nitrogen uptake with applied N (kg N ha~!); TNUj, tuber nitrogen
uptake without applied N (kg N ha~!); TPU, total plant nitrogen uptake with applied N (kg N ha~1); TPUj, total
plant nitrogen uptake without applied N (kg N ha™1).

Additionally, soil-based indicators are characterized by N fertilizer inputs and soil
contributions to the plant, which are mostly affected by the nitrogen dynamics and soil
management (Table 5) [91]. The NUpE defines the result of total potato N uptake per unit
of fertilizer applied and NUE could be expressed as the result of nitrogen uptake efficiency
and nitrogen utilization efficiency.

Table 5. Soil-based indices with their formulas and definitions.

Index Abbreviation Calculation Unit Definition Reference
Nitrogen The amount of N

uptake NUpE TPU/F kg N kg_1 fertilizer utilized by the [71,72,91]
efficiency potato plant

Nitrogen use The potato biomass
08 NUE (NUpE x NUtE) kg tuberkg !N  produced per unit of [72,91,92]
efficiency ;
applied N

Abbreviations: TY, tuber yield with applied N (kg ha~1); TYy, tuber yield without applied N (kg ha~1); F, N
fertilizer application (kg N ha~1); TNU, tuber nitrogen uptake with applied N (kg N ha~!); TNUj, tuber nitrogen
uptake without applied N (kg N ha~!); TPU, total plant nitrogen uptake with applied N (kg N ha~!); TPUj, total
plant nitrogen uptake without applied N (kg N ha™1).

3.3. Environmental Indicators for Nitrogen Dynamics in Potato Production

Environmental sustainability is a critical concern in modern potato production. N
losses occur via gaseous emissions and leaching, both of which have implications for climate
change and water quality [34,93]. Kemmou & Amanatidou [94] demonstrated nitrous oxide
as a dominant greenhouse gas influencing both climate variability and depletion of the
ozone layer. As a result of extensive use of chemical fertilizers, soils have become a
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significant source releasing N,O, which is mostly created in microbial processes [95]. In
addition, excess fertilizer application that is not assimilated by plants leads to nitrate
leaching and ammonia emissions [96]. A study by Varga et al. [34] highlighted that the
potato’s uneven N demand and canopy development are strongly connected to the level of
nitrate leaching and N,O emissions. Hence, constrained root-nutrient capacity and high
early-season nitrogen supply could contribute to spare soil mineral N, which will increase
the danger of leaching and nitrous oxide losses.

Alfaro Valenzuela et al. [97] determined the quantity of applied nitrogen as fertilizer
converted to NoO using an emission factor. It is estimated by subtracting the emissions
from the unfertilized treatment from the amount of nitrous oxide emitted from the fertilized
treatment and expressing the results as a percentage of the overall quantity of applied
nitrogen. Furthermore, the N, O emissions intensity was expressed as the ratio of aggregate
N,O-N emissions per unit to dry matter yield of the crop. A study by Jiang et al. [98]
quantified the NO3~ accumulation in soil by analyzing the concentration of nitrate, the soil
water content, and the depth of the soil. This method was used to assess the nitrate storage
prior to any possible leaching into groundwater.

Despite its substantial contribution to ammonia emission, the potato has not drawn
enough attention, probably because of its excessive nitrogen inputs and complicated
fertilization methods [99,100]. Many studies have presented information regarding NHs
emissions reduction in grains; however, data on NHj volatilization in potatoes do not
exist [101]. This could be explained by the exhibition of different root structures and
nutrient uptake capacity, which often results in complex NHj3 emission motifs [24]. The
emissions ratio is a critically important concept to quantify the amount of NHj3 volatilization
losses relative to the quantity of applied nitrogen fertilization in a cropping system, and it
is expressed in percentage [101,102].

4. Discussion

4.1. The Positive Effect of Enhanced Efficiency Fertilizers and the Use of Nitrogen Indicators
in Potato

This comprehensive review assessed the significance of optimizing nitrogen man-
agement with the purpose of meeting the high demands of both potato productivity and
environmental sustainability. Combining global research, the positive impact of enhanced
efficiency fertilizers, such as nitrification inhibitors, urease inhibitors, and slow-release
fertilizers is distinguished by improving potatoes’ characteristic low nitrogen use efficiency,
while minimizing the environmental degradation.

Various studies present the positive impact of these fertilizers, offering the poten-
tial for improving nitrogen use efficiency and tuber yields, while reducing environmental
losses [74,103]. Research by Souza et al. [71,75] reported this, showing a significant decrease
in N,O emissions and nitrate leaching via the use of nitrification inhibitors or the double
application of urease and nitrification inhibitors. The aforementioned results are consis-
tent with the findings of Recio et al. [76], where these practices mitigated N,O emissions;
however, NO;~ leaching was not assessed. According to Liu et al. [104], their value lies in
both reducing the availability of substrates for nitrification and preventing ammonia and
nitrate oxidation. Additionally, studies of Vizirskaya et al. and Ghosh et al. [25,73] exhib-
ited significant yield increases when using inhibitors. Corrochano-Monsalve et al. [105]
highlighted that the level of tuber yield improvement is associated with the soil properties,
the irrigation practices, the quantity of applied inhibitors, and nitrogen fertilizers.

In addition to the role of enhanced-efficiency fertilizers, the assessment of these
technologies only by using yield or cost factors as a metric carries many risks. This review
highlights the importance of implementing a complete evaluation methodology including
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agronomic, environmental and nitrogen-efficiency factors. Agronomic indicators, such as
total and marketable tuber yield, reflect the financial stability of individual producers or
groups of producers, and NUE indices describe the crop response to fertilizer application,
while helping farmers reduce additional costs. Regarding environmental indices, they pose
as a significant metric keeping potato cultivation in step with the policies of European
Green Deal [33].

4.2. Possible Limitations and Constrains of Enhanced Efficiency Fertlizers

The cost of enhanced-efficiency fertilizers represents a crucial limitation factor in the
agriculture sector and could possibly hinder the replacement of conventional nitrogen
fertilizers like urea [103]. Da Costa Leite et al. [106] assessed the economic outcome
of implementing urea with urease inhibitor (NBPT) in cotton cultivation under tropical
conditions. They noted that the use of NBPT increased significantly the production cost
of cultivation by up to 2.9%, depending on the concentration of the inhibitor during
the growing season. However, its higher cost could be justified under specific weather
conditions that enhance nitrogen uptake of the cotton plant and minimize nitrate leaching,
even if yields are not increased.

In another study by Wang et al. [107], the economic viability of enhanced efficiency
fertilizers was evaluated in corn cultivation. The co-application of nitrification and urease
inhibitors (NBPT + DMPP) resulted in total benefit of $23.4 per ha, due to improved crop
yields and reduced environmental losses like NO3; ™~ leaching. After subtracting the cost
of the inhibitors, the net profit was substantial, with a nearly 6.4% increase in revenue
compared to urea fertilizer. It is important to highlight that all these results do not directly
refer to potato cultivation, and therefore the findings may not be universally applicable.

The environmental fate of enhanced-efficiency fertilizers is determined by a complex
interaction of physiological properties, climate conditions, and soil characteristics in vari-
ous agricultural systems [108]. According to Peters and Thiele-Bruhn [109], the persistence
of the inhibitors in soil depends on both physiochemical properties and environmental con-
ditions. Urease inhibitors have short longevity, and their degradation process is achieved in
microbially rich soil and affected by high temperatures, whereas nitrification inhibitors such
as DCD exhibit a broader range of persistence in soil [108]. The leaching of inhibitors and
slow-release fertilizers into groundwater is determined by their persistence and mobility
in the soil [108]. Wang et al. [108] found that urease inhibitors such as NBPT and 2-NPT
exhibit very low leaching risk, remaining in the upper layer of soil. Regarding nitrification
inhibitors, DCD is extremely vulnerable to leaching because of its high water solubility and
low absorption by the soil. However, DMPP presents limited mobility and tends to remain
at the top of the soil [110]. According to these findings, urease inhibitors and DMPP are
preferable in cropping systems with high irrigation needs such as potato.

Climate change could influence the environmental fate and effectiveness of enhanced-
efficiency fertilizers, with rising temperatures expediting the degradation of most in-
hibitors [108]. Engel et al. [111] reported that higher temperatures could potentially min-
imize both the efficacy and the environmental persistence of urease inhibitors such as
NBPT. Moreover, extreme weather conditions including extended drought followed by
irregular rainfall patterns will influence the reduction—oxidation conditions affecting the
persistence of enhanced-efficiency fertilizers. These findings highlight the necessity of
adopting appropriate inhibitors to maintain nitrogen efficiency and ensure environmental
protection in agricultural systems.
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4.3. Holistic Nitrogen Management in Potato: Pactices, Gaps, and Future Directions

Pathways to sustainable nitrogen management in potato production require holistic
integrated nutrient management. Studies have shown that enhanced-efficiency fertilizers
are a critical element within this; however, they should be paired with other agronomic
practices. Among these, the implementation of cover crops has emerged as a crucial step
for increasing productivity and quality in potato production [112]. Particularly, cover crops
are renowned for improving soil structure and its physical properties, nitrogen fixation,
and diminishing the need for synthetic fertilizers [113,114]. Integrating legumes into cover
cropping systems, such as red clover, cowpea, and alfalfa, enhances nitrogen cycling and
enriches organic N to soil. These species are generally used as green manure or could
be incorporated as living or dead mulch [115,116]. The concept of precision agriculture
could also be embraced in this integration. The 4R management strategy symbolizing
the right amount, source, time and placement, provides a key management approach for
incorporating inhibitors and new technology fertilizers as the right source [34]. Moreover,
the incorporation of organic fertilizers, such as compost and manure, along with synthetic N
fertilizers, improves soil health and nitrogen retention, while minimizing nutrient leaching
and enhancing growth parameters in potato cropping systems [117].

Although numerous encouraging findings recognizing the positive impact of enhanced-
efficiency fertilizers and integrated N management in potatoes have been displayed, critical
knowledge gaps should be addressed to support global adoption. First, because most
experiments have a short duration, it is essential to assess the effects of continuously using
inhibitors on soil health in the long term [47]. According to studies, soil temperature and
moisture have a strong influence on the performance and productivity of nitrification and
urease inhibitors, which raises concerns regarding their consistency in future climate condi-
tions [52]. Consequently, cost-benefit analysis and full life-cycle assessment addressing
the economic results of using fertilizer inhibitors are crucial for helping farmer’s decisions
regarding fertilization particularly in potato cropping systems.

5. Conclusions

This review summarizes that enhanced-efficiency fertilizers have a pivotal role in en-
hancing nitrogen sufficiency in potato cropping systems, while addressing low nitrogen use
efficiency and minimizing environmental losses. The immense application of inhibitors and
new-technology fertilizers has long been assessed; however, a comprehensive evaluation of
agronomic, environmental, and physiological variables is required to determine their benefi-
cial contribution. Providing information regarding the knowledge gaps about environment
interactions, soil health, and economic profitability is crucial for future progress. Lastly, in
order to maintain both productivity and environmental sustainability of potato cropping
systems globally, a systemic change towards integrated N management is required.
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The following abbreviations are used in this manuscript:

N Nitrogen

NUE Nitrogen Use Efficiency

NI Nitrification Inhibitor

Ul Urease Inhibitor

SRF Slow-release fertilizer

CRF Controlled-release fertilizer

DCD Dicyandiamide

DMPP  3,4-dimethylpyrazole phosphate

NBPT  N-(n-butyl) thiophosphoric triamide
2-NPT  N-(2-nitrophenyl) phosphoric acid triamide
NPPT  N-propyl-thiophosphoric triamide

PCU Polymer-coated urea

ASN Ammonium sulphate nitrate

NO3;~  Nitrate

N,O Nitrous oxide
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