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Applying loT sensor-based
practices to enhance
water/nutrient sustainability
in potato production

Damianos Neocleous*, Andreas Stylianou, George Adamides,
Michalis Omirou, Dionysis Sparaggis, Kyriaki Kaikiti,
Anastasis Christou, Loukia Vassiliou and Panagiotis Dalias

Agricultural Research Institute, Ministry of Agriculture, Rural Development and Environment,
Nicosia, Cyprus

Efficient water and nutrient management are critical challenges for sustainable
agriculture, particularly in water-scarce regions. This study was conducted in
Kokkinochoria, Cyprus, with four replicates to account for field variability, to
evaluate an loT-connected, sensor-based ferti-irrigation tool (GS) in spring
potato production compared with conventional practices (CL). The study
provides clear, quantitative data on nitrogen and phosphorus potential losses
along with key parameters related to water management. Results demonstrate
that the GS approach reduced nitrogen (N) and phosphorus (P) potential losses
by over 50%, significantly improved water productivity by 37%, and decreased
overwatering by 84%. Despite reduced water/nutrient inputs, tuber yields under
GS remained at a high range exceeding 50 t/ha, with no compromise in quality.
Although yield per unit of nitrogen supplied remained consistent across
treatments, the yield per unit of nitrogen lost varied, highlighting differences in
environmental impacts among treatments. Sustainability indicators revealed that
the GS approach reduced input costs and labor while increasing gross profit,
without compromising yield. These findings contribute to better understanding
of how agriculture is evolving loT-based sensor practices to improve water/
nutrient management and reduce their environmental impact in potato cropping
systems, which is vital in water-scarce regions.
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GRAPHICAL ABSTRACT
Deployment of loT-based technology to provide farming recommendations

Introduction

The Eastern Mediterranean region, including Cyprus, has
experienced warming at twice the global average rate, exceeding
the thresholds set by the Paris Agreement. Cyprus experiences
some of the most severe freshwater shortages in the EU,
significantly affecting both agricultural productivity and
ecosystem health. The frequent depletion of surface water
resources has led to the overextraction of groundwater, already
placing the majority of aquifers under serious threat (Sofroniou
and Bishop, 2014). This issue is especially severe in
Kokkinochoria, Cyprus’s main potato-producing region, where
excessive groundwater pumping, mainly to meet the water
demands of potato cultivation, has led to seawater intrusion and
nitrate contamination (National Open Data Portal Cyprus, 2024).
The problem arises from the fact that, although potatoes are
highly sensitive to water stress and nutrient deficiencies (Wang
et al., 2021), only 40%-60% of the nitrogen applied is actually
absorbed by the plants. The remainder is often leached away
through excessive irrigation, posing significant environmental
risks (Jones et al., 2021). To overcome this problem, regulatory
measures like the Nitrates Directive (1991) within the Water
Framework Directive (2000) have been implemented, yet
improving resource efficiency remains vital. In recent years, IoT-
based sensor practices are being promoted to optimize fertigation
in potato systems, reducing nitrate and phosphorus leaching
(Berbel and Martinez-Dalmau, 2021). Despite available data and
smart farming tools (e.g., Incrocci et al.,, 2020; Adamides et al,
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2020), implementation across crops and regions is complex due to
variability in soil and plant characteristics. This complexity limits
the adoption rate in small-scale farming (IHuber et al., 2023),
highlighting the need for tailored, region-specific, and species-
specific smart farming solutions.

The potato, the most widely grown non-grain food crop,
combines high yield and nutritional value, making it vital for global
food security (Economou et al., 2023). In Cyprus, potato is a key crop
with a utilized agricultural area of 4,000 ha, producing 110,000-
120,000 tons annually (70%-75% of which is exported), while being
produced under irrigation consuming over 12 million m® of
freshwater. Planting occurs from November to early February, with
harvest from March to mid-June. Potatoes are highly sensitive to soil
moisture and nutrient deficits, particularly during tuber development,
due to a shallow rooting system. To ensure yields, growers often
overapply water and nitrogen, leading to high nitrate (NO5") leaching
risks (Venterea et al,, 2011; Giletto et al., 2019). Excessive inputs also
increase nitrogen losses through leaching, denitrification, and
volatilization, with leaching accounting for ~85% of total N losses
under irrigated conditions (Zebarth and Rosen, 2007). Despite the
importance of N,O and NH; emissions from fertilized crops, their
emissions from potato fields in Cyprus have never been measured.
Elsewhere, N,O losses in irrigated systems range from 0.21 to 3.06 kg
N ha™ (Huang et al., 2024). Phosphorus (P) losses via runoff and
leaching, due to soil saturation, further exacerbate eutrophication
risks (Economou et al., 2023). Therefore, as one of Cyprus’s most
water-intensive crops, even minimal irrigation savings can yield
significant environmental benefits (Christou et al., 2017; Dalias
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et al, 2018). Enhancing ferti-irrigation in spring-grown potatoes in
Cyprus with sensor-based technology can improve water use
efficiency and reduce nutrient losses (Steyn et al, 2016). This
approach supports the European Green Deal and aligns with
EUMEDY (2024) calls for innovative solutions to mitigate water
scarcity impacts on regional crop production.

Since water management is closely linked to nutrient runoft,
deploying IoT-based sensor farming strategies offers clear
environmental benefits compared with conventional practices
(Steyn et al, 2016). However, the effectiveness of such smart
systems varies with factors like climate, cultivar choice, and
harvest timing, highlighting the need for further research and
much improvement in scientific literature. Based on this, the
research hypothesis was established: the gaiasenseTM system
enhances resource-use efficiency and reduces nutrient losses while
maintaining the yield and quality of spring potatoes under
Mediterranean water-scarce conditions. To test this, the study
evaluated whether a regionally calibrated IoT-connected sensor-
based ferti-irrigation system (gaiasenseTM) could enhance water
productivity and nutrient use efficiency, reduce nitrogen and
phosphorus losses, and sustain tuber yield and quality in spring

10.3389/fagro.2025.1659617

potato production in Kokkinochoria, Cyprus, compared with
conventional farming practices.

Materials and methods
Growing conditions

The field trial was conducted in Kokkinochoria, Cyprus (35°00'N,
33°44’E, 72 m as.l), a key potato-growing region with terra rossa
clay-loam soils (35% clay, 25% silt, and 40% sand). Exchangeable soil
Ca and Mg averaged 4,800 and 500 ppm, respectively. Spunta potato
seed pieces were planted on 25 January and harvested on 1 June 2023,
at a density of 38,000 plants/ha (35 cm in row, 75 cm between rows).
Irrigation water had an average EC of 0.674 dS/m and typical ion
concentrations (meq/l): Cl™ 2.62, SO42_ 2.20, HCO5™ 1.50, Na* 2.37,
Ca®* 1.95, Mg™" 2.05. Two management systems were compared: local
farmers’ practice (CL) and a sensor-based system (gaiasenseTM, GS).
The trial followed a randomized block design (n=4), with 156-m?
plots (26 m x 6 m, 9 rows each). Fertilization and irrigation details,
including application rates and water supply, are shown in Table 1.

TABLE 1 Irrigation water (Irrigation), crop evapotranspiration (ETc) drainage water (Drainage), water productivity (tuber yield per volume of water
applied), and fertilizer application rates expressed as part of the total amounts (kg/ha) in spring-grown Cyprus potato crops under local farmers’
practice (CL), or based on a sensorial system named gaiasense (GS) during the whole cropping period.

Treatment Irrigation (mm) ETc (mm) Drainage (mm) Water productivity (kg/m?)
CL 728.70 455.83 272.87 9.25
GS 499.33 455.83 43.50 12.66
Significance * NA * *
Irrigation application Stage 1 Stage 2 Stage 3 Stage4
CL (mm) 92.8 177.2 201.8 256.9
GS (mm) 92.8 115.2 137.8 153.6
Drainage
CL (mm) 13.1 85.1 83.3 91.4
GS (mm) 13.1 45.7 -3.38 -11.9
Fertilizer application Total amounts (kg/ha)
CL 1/3 total N 1/3 total N 1/3 total N 264
2/3 total P 1/3 total P 122
1/3 total K 1/3 total K 1/3 total K 302
1/2 total micro 1/2 total micro Fe=12, Zn=2, Mn=5
(Fe, Zn, Mn, Cu, B) (Fe, Zn, Mn, Cu, B) B=0, Cu=1
GS 1/3 total N 1/3 total N 1/3 total N 240
2/3 total P 1/3 total P 88
2/3 total K 1/6 total K 1/6 total K 140

1/2 total micro
(Fe, Zn, Mn, Cu, B)

1/2 total micro
(Fe, Zn, Mn, Cu, B)

Fe=0, Zn=15, Mn=26
B=1, Cu=8

Significance (*P< 0.05), Drainage water = Irrigation - ETc (evapotranspiration, mm), Stage 1: sprout development (0-30 days after planting-DAP), Stage 2: vegetative growth (30-60 DAP), Stage 3:
tuber growth and bulking (60-90 DAP), Stage 4: tuber maturation (90-120 DAP), 1 mm = 1 liter/m” = 1 m?/1,000 m>.
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Irrigation used mini-sprinklers (180 L/h, 1.5-2 bar, 5 x 5 m triangular
layout). Soil properties (0-30 cm) were quantified following Estefan
et al. (2013). Basal fertilizer was co-applied with planting, and
fertigation was used throughout the growing period.

Gaiasense™ smart farming system

The gaiasenseTM system (https://www.neuropublic.gr/en/smart-
farming-gaiasense/) is a decision support platform calibrated and
validated for potato cultivation in Cyprus (Adamides et al., 2020;
https://www.neuropublic.gr/en/case-studies/iot4potato/). The main
objective when deploying the gaiasenseTM solution in a new field is
to develop and calibrate irrigation and fertilization models tailored
to the soil-climate zone. The process begins with gathering
historical information on locally adapted cultivars, cultivation
conditions, common practices, and past weather conditions. Next,
soil and climate zones are identified, and representative fields are
selected for the installation of telemetric sensing stations, with earth
observation data from satellites used to enhance zone
characterization. These stations are strategically placed to ensure
that collected data represent the entire zone, minimizing the need
for multiple installations. During the first year, field data are used to
adapt existing models to local conditions, an easier process when
similarities to other regions exist. The resulting new or calibrated
algorithms are coded into software components that, when fed with
real-time sensor and environmental data, generate daily, site-specific
farming advice for growers. In the current, the system integrated
field-installed IoT telemetric stations (gaiatrons), satellite imagery, a
digital cultivation calendar, and on-site agronomic assessments. The
gaiatrons continuously monitored key atmospheric, soil, and crop
parameters, such as air temperature, relative humidity, precipitation,
wind speed and direction, soil moisture and salinity, and leaf surface
conditions. These real-time data streams were processed by
gaiasenseTM algorithms (Kalatzis et al., 2019) to calculate
parameters such as crop evapotranspiration and to generate
dynamic fertilization and irrigation recommendations.

Irrigation management

In the CL plots, irrigation scheduling was based on crop
evapotranspiration (ETc), calculated using FAO guidelines
(Irrigation and Drainage Papers 24 & 33). Reference
evapotranspiration (ET(;) was estimated from historical pan
evaporation data (USWB Class A) using ET, = Kp x Epan, and
ETc = Kc x ET,. Coefficients Kp and Kc were sourced from
literature and locally validated (Christou et al., 2017). Irrigation
dose was based on total available soil water (180 mm/m), depletion
fraction (0.5), and root depth (0.3 m), yielding a 27-mm application
per event. Water was applied at fixed intervals based on grower
experience. In the GS (gaiasenseTM) plots, irrigation was managed
using a real-time decision support system integrating data from the
GS telemetric weather station and soil moisture and salinity sensors
(Drill & Drop, Sentek Sensor Technologies; https://
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sentektechnologies.com/products/soil-data-probes/). The sensors
were installed at various depths within the root zone and
continuously monitored key parameters, including volumetric soil
water content and electrical conductivity. These data (climatic-soil-
crop) were transmitted to the gaiasenseTM platform, where they
were processed to determine the timing and quantity of irrigation
events. Soil moisture content was maintained between 25% and
35%, predefined for the region’s soils (Adamides et al., 2020). The
GS algorithm triggered irrigation when soil water content
approached threshold values, accounting for effective rainfall.

Fertilization management

In the conventional (CL) treatment, fertilization followed common
smallholder practices based on regional yield-oriented guidelines with
estimated requirements of 251 kg/ha of nitrogen (N), 95 kg/ha of
phosphorus (P), and 353 kg/ha of potassium (K) (Papadopoulos, 2000).
A basal dose supplied one-third of the total nitrogen and potassium and
two-thirds of the phosphorus, with the remaining amounts, along with
micronutrients, applied at specific crop stages (Table 1; Supplementary
S1) for nutrient amounts and timing. In contrast, the gaiasenseTM (GS)
treatment promoted sustainable nutrient management by meeting crop-
specific demands, maintaining optimal soil fertility, and minimizing
nutrient losses to deeper soil layers or groundwater. Fertilization advice
was generated by gaiasense’s algorithms (Kalatzis et al., 2019) using soil
characteristics (texture, pH, organic matter, macro- and micronutrients,
and electrical conductivity) and limiting factors (CaCO; content,
leaching, and volatilization risks), along with crop data such as
species, irrigation method, expected yield, biomass production,
nutrient removal, and temporal variations in nutrient demand. Based
on these inputs, the system calculated seasonal nutrient requirements,
split into one to three targeted applications, and adjusted fertilizer
supply during the season using soil and leaf analyses, considering
standard formulations (Nikolaou et al., 2021; Supplementary S2).

Measurements

Soil and plant analyses

Before sowing (pre-fertilize treatment) and at harvest, four
sampling points (0-30 cm, topsoil >80% of roots) were taken
with the “Z”-type method constituting one mixed sample for each
subplot (GS) or a composite sample from all subplots (CL). Selected
soil characteristics were measured following the detailed methods
described by Estefan et al. (2013). Nitrogen mineralization was
quantified through periodic leaching of soil samples with a 2-M KCl
solution under aerobic incubation conditions (Stanford and Smith,
1972). The value of mineralized P (not measured in the present
study) was not considered, as it likely plays only a minor role in soil
P availability (Raguet et al., 2023). Nutrient (N, P) intake by plants
was calculated using dry biomass data and tissue nutrient
concentrations in plants sampled from the central planting row of
each plot.
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Tuber yield and quality

At harvest, fresh potatoes from the two central rows in each
experimental plot (i.e., 156 m?) were weighed. Then, considering
the tuber yield of the plot, product yield per hectare was calculated.
To assess tuber quality under each treatment, the following
parameters were also analyzed: total sugars (g/100 g), moisture
(g/100 g), dry matter (g/100 g), total nitrates (mg NOs/kg), and
pesticide residues (data not shown). For this purpose, a 2-kg
random tuber sample per plot was outsourced for chemical analysis.

Calculating water productivity

Irrigation water productivity (WP, kg/m’) was determined as
yield divided by added volume of water calculated as: WP = 1000Y/
Wy, where Y is the fresh tuber yield (t/ha) and Wy is the water
volume applied (m*/ha) (Wang et al., 2021).

Calculating agronomic (N,g, Pag) efficiency and
environmental (Neny, Peny) effectiveness of
hitrogen and phosphorous use

Here, we define yield as tuber fresh yield. Thus, N, P agronomic
efficiency (Nugy, Pagr) Was calculated as 1,000Y/F,,, where Y is the
fresh tuber yield (t/ha) and Fqpp, is the amount of N or P nutrient
applied (kg/ha, EU Nitrogen Expert Panel, 2015). Here, we also
define environmental N, P effectiveness (Nenys Peny) as 1,000Y/Fggs
where Y is the fresh tuber yield (t/ha) and Fy is the potentially lost
amount of N or P (kg/ha, yield to loss ratio).

N potential losses

N losses during the crop-growing season were estimated by the
partial N mass balance, as previously described by Giletto et al.
(2022) as follows (Equation 1):

Nlosses = Ninitial+ Nfertilizer + Nmineralized
+ Nirrigation - Nplant - Nresidual (1)

N losses is the sum of N lost in gas and leached form, N initial =
NO;-N + NH,4-N content in soil (0-30 cm) at planting, N fertilizer
= applied with fertilizers, N mineralized = N released from organic
residues, N irrigation = NO3-N content in irrigation water (avg. 2-4
mg/L), N plants = N removed from shoots, roots, and tubers, and N
residual = NO;-N + NH,-N content in soil (0-30 cm) at harvesting.

P potential losses

This is the amount of phosphate in water passing over or
through soils. This contributes to P loss by runoff and leaching to
water bodies. The daily mass balance of inorganic phosphorus in
the soil is given by the Equation 2:

TPy = (TP4_,+ FEP4+ MNP4+ RP) - (ROLP, + PRCLP,
+ SEDLP, + UPP,) ()

where TP is the total phosphorus in the soil (kg/ha), FEP is
the phosphorus applied with fertilizers (kg/ha), MNP is mineralized
phosphorus (kg/ha), RP is the input phosphorus with irrigation (kg/ha),
ROLP is the outflow with surface runoff (kg/ha), PRCLP is the effluent
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by deep filtration (kg/ha), SEDLP is the effluent during sedimentation,
and transport with soil fragments during erosion (kg/ha), UPP is the
intake by plants (kg/ha), and d is the time (day) (Equations 3, 4).

Assuming as Pj,s = ROLP4 + PRCLPy + SEDLPy (3)

then we estimate,

Piowes = (TPq , + FEPy+ MNPy + RP) — (TP4 + UPPy) (4)

Drainage water
The drainage water was calculated by the water balance as
follows (Equation 5):

Drainage water = Irrigation — ETc (mm) (5)

Effective rainfall was taken into account and subtracted from
ETc values.

Sustainability indicators

To assess the gaiasenseTM system’s impact on potato farming
sustainability, context-specific socioeconomic indicators were selected
following established methodologies (Stylianou et al., 2020; Kasimati
et al,, 2024): gross output (€); fertilizer, pesticide, irrigation, variable,
and total costs (€); gross profit (€); labor input (hours); and economic
irrigation water productivity (€/m’). All monetary values reflected
2023 market prices, and calculations for CL and GS treatments used
detailed gaiasenseTM digital farm calendar records. Sustainability
indicators are presented as the percentage change from CL to GS.

Statistical analysis

A one-way ANOVA was conducted to evaluate differences
between the two treatments (GS vs. CL) at a 5% significance level.
Homogeneity of variances was assessed using Levene’s test.
Statistical analyses were performed using SAS software (v. 9.2),
and all figures were generated in GraphPad Prism (v. 5.0).

Results and discussion

Efficient irrigation management is pivotal for the sustainability
of irrigated agriculture, particularly in semiarid regions like Cyprus.
The GS (gaiasenseTM) treatment applied 499.4 mm of irrigation,
representing a 31.5% reduction compared with the 728.7 mm
applied in the conventional CL treatment. Most of the savings
occurred during the later stages of growth, with a maximum
reduction of 40.2% (Table 1). As a result, total drainage losses
were markedly lower under GS (43.5 mm) than CL (272.8 mm,
Table 1), indicating significantly higher water excess and
mismanagement in the CL regime. This suggests that CL
frequently exceeded crop water needs, increasing the risk of
irrigation-induced leaching and inefficient use of water (Table 1;
Venterea et al,, 2011). Slightly negative drainage values of the GS
treatment may reflect more precise water matching with crop
demand or even an upward capillary movement. In any case, a
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soil water content at the upper soil layer within 25-35% (per volume
of water content) should be maintained during the whole potato
cropping period (Adamides et al., 2020; Figure 1). This suggests that
the GS regime more closely aligned irrigation supply with crop
water demand. As a result, GS succeeded a notably higher water
productivity of 12.66 kg/m®, compared with 9.25 kg/m* under CL
(an increase of 37%). These results are consistent with values
reported in studies from Europe and the Mediterranean region,
which typically range between 3 and 15 kg/m?® (Steyn et al., 2016).
Thus, the results clearly demonstrate that optimized irrigation

10.3389/fagro.2025.1659617

scheduling not only reduces water waste but also enhances
production efficiency per unit of water applied. Excessive
irrigation often leads to substantial drainage, which in turn
increases the risk of nitrate (NO;3") leaching, as NO;  readily
moves with drainage water. In irrigated potato systems, nitrate
leaching is the primary pathway of nitrogen (N) loss, accounting for
approximately 85% of total N losses (Zebarth and Rosen, 2007), and
this process seriously threatens groundwater quality (Thompson
etal., 2007). Indeed, preliminary measurements of nitrogen (N) gas
emissions in the current showed negligible N,O emissions (<0.2%

Monthly ag recorded by IoT- ted weather stations and sensors (January-May 2023).
Parameter (unit) January February March April May
Mean £ Min- Mean + Min- Mean £ Min: Mean £ Min- Mean+ | Min-
SD Max SD Max SD Max SD Max SD Max
Temperature 125% 7.1- 10.6 + 14- 151+ 40- 171+ 8.9- 212% 122-
(0 32 18.5 42 237 3.6 25.5 38 293 37 326
Relative humidity 782+ 52.7- 733+ 40.3- 76.0 + 31.3- 71.8% 25.7- 69.4= 20.2-
(%) 10.2 93.8 129 973 15.1 983 14.0 97.0 18.7 95.0
Atm. pressure 1008.3 + 998.8- 1013.8+ 992.6- 1007.0 = 1000.4- 1006.7 £ 997.9- 1006.5 998.0-
(mbar) 4.8 1015.9 6.7 1025.6 3.5 1014.5 3.8 1015.6 38 1016.4
Rain 0.0= 0.0- 0.1 0.0- 0.0 0.0- 0.1 0.0- 0.0= 0.0-
mm) 0.1 1.8 0.3 54 0.3 57 0.8 18.9 0.1 1.8
Wind speed 5.6= 0.0- 73+ 0.0- 73+ 0.0- 8.0+ 0.0- 87= 0.0-
(km/h) 5.1 239 5.0 282 5.5 237 53 26.1 56 26.3
Solar radiation 124.8+ 0.0- 166.4 = 0.0-7 199.4 0.0- 2428+ 0.0- 2903+ 0.0-
(wh/m?) 193.5 594.5 2422 55.7 2747 945.8 3204 1004.2 349.4 1026.6
uv 118.5% 16.0- 158.7+ 16.0- 21724+ 16.0- 279.2+ 16.0- 3264+ 16.0-
(W m?) 162.1 564.7 2183 811.0 2947 1193.3 378.6 1413.2 420.0 1407.7
Leaf humidity 76.8+ 48.0- 69.8+ 36.0- 721+ 283- 66.7+ 19.2- 625+ 16.2-
(%) 120 94.0 4.3 94.0 16.3 95.0 15.6 94.0 19.0 93.0
Leaf temperature 1.9+ 5.4- 103+ 02- 149+ 17- 172+ 6.3- 216+ 10.2-
4.1 19.3 49 24.6 4.5 215 49 32.2 49 36.2
Leaf wetness 02= 0.0- 0.2+ 0.0- 02= 0.0- 03+ 0.0- 03= 0.0-
(h) 03 1.0 0.4 1.0 0.4 1.0 0.4 1.0 0.4 1.0
Soil moisture 20cm 41.6% 41.2- 358+ 27.3- 339+ 31.2- kXA 30.7- 300+ 0.0-
(%) 0.2 419 5.6 435 20 3717 15 36.5 42 36.7
Soil salinity 20cm 1588.0 = 1569.8 1502.9 1287.0. 1600.6 = 1449.7- 1598.2+ 1479.2. 1478.1 224.4-
pSiem) 8.8 1607.6 91.2 2098.8 136.9 24443 823 1951.0 £175.6 17929
Soil temper. 20cm 143+ 13.7- 125+ 8.6- 16.1+ 13.1- 173+ 13.3- 204+ 16.4-
(0 0.3 149 1.9 17.9 12 19.0 12 19.4 1.6 29.1
ETc
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of applied N), with ammonia (NH3) as the primary gaseous N loss.
Phosphorus losses from P-saturated soils via leaching and runoff
strongly contribute to freshwater eutrophication (Giletto et al,
2022). In this study, reduced P application effectively lowered
phosphate concentrations in runoff and leachate (Figure 2). These
losses, caused by rainfall or excess irrigation, would have
contributed with nitrate to surface water eutrophication (Giletto
et al., 2022). Thus, improving irrigation control by shifting from
regional averages of evaporation and rainfall to site-specific
microclimatic measurements (Figure 1) using IoT-based weather
stations is a strategic approach to reduce water and nutrient losses.
This study reveals that sensor-based systems optimize irrigation in
potato production, conserving water and supporting yield,
sustainability, and climate adaptation in the Eastern
Mediterranean (Steyn et al., 2016).

Mismanaged fertilizer application increases nutrient losses and
environmental degradation (Economou et al., 2023). Here, fertilizer
timing was consistent in both treatments, following a split-
application strategy (Table 1) aligning with best practices
(Gianquinto et al., 2013; Sha et al., 2022). Fertilizer doses
(Table 1) under the GS regime were substantially reduced
compared with CL, with total applications of N, P, and K

Conventional (CL)

N losses -:l
N residual-]
N plant H
N irrigation -:l
N mineralized-:
N fertilizer |
Ninitial{ __ _H
T T T d
°© &> S S S
kg N/ha
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P plant-:'
P irrigation -
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kg P/ha

FIGURE 2

10.3389/fagro.2025.1659617

decreased by 9.1%, 27.9%, and 53.6%, respectively. Despite lower
macronutrient inputs, GS featured a targeted increase in
micronutrients, particularly Zn, Mn, and Cu, likely to support
crop performance. Both treatments received relatively high N
inputs (Figure 3B) to accommodate high yields exceeding the
national average (35.6 t/ha, Economou et al, 2023) and this
probably diminished yield effects between treatments (Figure 3A).
Indeed, the crop’s good nutritional status was evidenced by
comparable N and P uptake across treatments (Figure 2), high
yields (52-59 t/ha), uniform large tubers (avg. 225 g), high dry
matter (19.5%), and low nitrate content (68 mg NOs/kg FW),
meeting European market standards. Similar production levels
and nitrogen applications in both treatments resulted in no
significant differences in tuber yield per unit of nitrogen,
reflecting comparable nitrogen use efficiency (Figure 3C). Total P
inputs were significantly lower in GS without reducing yield
(Figures 3A, B). GS also increased tuber yield per unit of P
(Figure 3D) and markedly reduced potential N and P losses by
over 50% compared with CL (Figures 3E, F). As a result, GS showed
a more favorable yield to loss ratio, producing over twice as much
tuber biomass per unit of N and P lost (Figures 3G, H) This pattern
was confirmed by nutrient (N, P) mass balance analysis,

Sensorial technology (GS)

N losses |—|
N residual 4 |-|

N plant-

N irrigation -]

N mineralized :I
N fertilizer -
Ninitial{_____H

Q

P losses + :-I
P residual 4 :-I
P plant :
P irrigation -
P mineralized -
Pfertilizer{ ]
I

P initial 1

1
\@ r1,°°

kg P/ha

N and P potential losses under local farmers’ practices (CL) or based on a sensorial system named gaiasense (GS). Assuming as N losses= the sum of
N lost in gas and leached form, N initial = NO3-N + NH4-N content in soil at planting, N fertilizer = applied with fertilizers, N mineralized = N
released from organic residues, N irrigation = NOz-N content in irrigation water, N plants = N removed from shoots, roots, and tubers and N
residual = NOz-N + NH4-N content in soil at harvesting. Nlosses= Ninitial + Nfertilizer + Nmineralized + Nirrigation — Nplant — Nresidual (1).
Assuming as Plosses = the outflow with surface runoff, the effluent by deep filtration, the effluent during sedimentation, and transport with soil
fragments during erosion, the mass balance equation of inorganic phosphorus in the soil is given by the equation. Plosses = Pinitial + Pfertilizer +
Pmineralized + Pirrigation — Pplant — Presidual (2) where Pinitial: phosphorus in the soil at planting, Pfertilizer: the phosphorus applied with
fertilizers, Pmineralized: mineralized phosphorus, Pirrigation: the input phosphorus with irrigation, Pplant: intake by plants and Presidual:

phosphorous content in soil at harvesting.
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(A) Fresh tuber yield (kg/ha) for potato. (B) Nitrogen (N) and phosphorous (P) fertilizer doses (kg/ha). (C) Agronomic efficiency of N and (D) agronomic
efficiency of P. (E) Potential losses (kg/ha) of N. (F) Potential losses (kg/ha) of P. (G) Environmental effectiveness of N. (H) Environmental effectiveness
of P, under local farmers’ practices (CL) or based on a sensorial system named gaiasense (GS). N, P agronomic efficiency is defined as fresh tuber
yield (t/ha) per mass of N or P applied (kg/ha). N, P environmental effectiveness is defined as yield per mass of N or P potential losses (t/ha). Nlosses
or Plosses is the mass of nutrient (N, P) potential loss (kg/ha). Vertical columns in figure parts are means of four replicates + standards errors.

highlighting the agronomic and environmental outcomes of the
sensor-based GS strategy (Figure 2). Particularly, nitrogen
calculations showed that GS treatment resulted in significantly
lower nitrogen losses (51.5 kg N/ha) than CL treatment (129.4 kg
N/ha, Figure 3E), mainly due to higher residual soil nitrogen and

Frontiers in Agronomy

slightly lower fertilizer input (Figure 2). Phosphorus calculations
revealed higher P losses in CL treatment (78.0 kg P/ha) compared
with GS treatment (37.4 kg P/ha, Figure 3F), in agreement with a
greater fertilizer input (121.8 vs. 87.2 kg P/ha) and slightly lower
residual soil P (Figure 2). Noteworthily, residual soil nitrate at
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harvest was markedly higher in GS compared with CL (Figure 2),
indicating improved soil fertility and a greater potential for nitrogen
carryover effect. This can be explained by the fact that the impact of
drainage water was minimal during the later stages of potato growth
in GS, indicating limited or no excess water percolation beyond the
root zone. Although residual N can be a potential loss pathway
(Clément et al., 2020; Bohman et al., 2021), residual nitrate—
nitrogen up to certain levels may remain relatively stable within
the soil profile. Under conditions unfavorable to leaching, such as
the clayey red soils and dry summer conditions observed here, this
may result in minimal leaching risk. Therefore, a rotational crop
planted after potatoes and before the onset of the rainy season could
be used to recover residual soil nitrogen (Bohman et al., 2021; Wu
et al,, 2022). Lower N application rates might achieve similar yields
with less residual NO; -N at harvest, but this requires further
study. These results confirm that the GS strategy conserves water
and nutrients and enhances their efficiency, supporting sustainable
potato production in Mediterranean conditions.

A reduction exceeding 50% in potential nitrogen and
phosphorus losses was achieved under the GS (sensor-based)
treatment compared with the conventional CL system, alongside a
37% increase in water productivity as mentioned elsewhere.
Furthermore, the dataset reveals a direct correlation between
increased drainage volumes and higher N and P losses under CL,
supporting findings by Giletto et al. (2022), who reported a strong
link between drainage and nutrient leaching. This suggests that
substantial N and P losses occurred beyond the root zone under
conventional management, raising environmental concerns.
Similarly, Economou et al. (2023) reported that nutrient runoff,
particularly N, P, and SO, significantly contributes to freshwater
eutrophication in spring potato systems in Cyprus (2.19 kg P eq./t).
Interestingly, while agronomic efficiency (kg tubers per kg N
supplied) was similar across treatments, the yield to loss ratio (kg
tubers per kg N lost) more than doubled under GS (Figure 3G). A
similar pattern occurred for P, where the yield to P loss ratio far
exceeded yield to P supply ratio (Figures 3D, H), reflecting the
environmental rather than agronomic perspective. However,
achieving a better synchrony between the two is fundamental in
modern intensive agriculture and it demonstrates that sustainability
does not necessarily come at the expense of productivity (Souza
et al., 2021). In this direction, the IoT sensor-based tools can save
water and minimize nutrient leaching, without compromising
productivity in potato cropping systems, aligning technological
improvements in the fields of nutrients use, irrigation, and
sustainability (Berbel and Martinez-Dalmau, 2021). Indeed,
compared with conventional farming (CL), the GS (gaiasenseTM)
system reduced variable and total costs by 25% and 19%,
respectively, with notable decreases in fertilizer (37%), pesticide
(51%), irrigation (32%), and labor (10%) costs. Gross profit and
irrigation water productivity increased by 24% and 22%,
respectively, whereas no pesticide residues exceeded maximum
limits (data not shown). These benefits are especially relevant to
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small-scale farming and to climate hotspot regions facing water
scarcity and degraded aquifers, such as the Eastern Mediterranean,
empowering environmental sustainability in potato farming
systems, suggesting while also highlighting that socioeconomic
and environmental sustainability are not mutually exclusive
(Stylianou et al., 2020). Nevertheless, this study was limited to a
single growing season in Kokkinochoria, Cyprus, under specific soil
and climate conditions, which may affect the generalizability of
results to other regions or years. Moreover, while the system was
calibrated for potatoes, its application to other crops would require
crop-specific and site-specific adjustments. Multiyear, multicrop
trials across diverse agroecological zones may be needed to confirm
the broader applicability of these findings.

Conclusion

This study highlights the critical role of IoT-based sensor ferti-
irrigation strategies in enhancing environmental sustainability and
resources (water/nutrient) efficiency in intensive potato cropping
systems in Cyprus. By integrating IoT-connected microclimatic
monitoring into irrigation management, the GS system achieved
environmental gains without sacrificing tuber yield or quality.
Further research is ongoing to determine whether reduced
nitrogen inputs can sustain these outcomes in high-yield potato
crops, particularly when implementing the system on a larger scale
and across diverse growing conditions. Overall, this approach
exemplifies how smart technologies can bridge the gap between
agricultural productivity and environmental protection, advancing
the objectives of the EU Green Deal contributing to climate-resilient
farming systems.
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