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Abstract

Mangosteen (Garcinia mangostana L.) generates over 88 billion USD in export revenue to Thailand annually but is
restrained due to fruit defects. This study aimed to determine whether smart irrigation with sensors, 10T, and real-time
data collection for regulating stable soil water content affects mangosteen fruit quantity and quality. Climate, soil, and
mangosteen parameters were compared between irrigated and non-irrigated productions. Flowering and fruit yield data
were collected from twenty randomly selected mangosteen trees per irrigation treatment. The results showed that air and
soil temperatures were lower, but relative humidity and soil moisture on mangosteen production were greater in irrigated
trees than in non-irrigated trees. Irrigated and non-irrigated mangosteen trees showed no significant difference in trunk
diameter or crown size. Irrigation boosted mangosteen yields with increased flowers, fruits, and weight but thinner peels,
fewer pulp segments, and a higher vulnerability to fruit imperfections. The mean fruit circumference did not differ
significantly between non-irrigated and irrigated mangosteen production systems. Mangosteen fruits in irrigated
production had fewer fruit defects than those in non-irrigated production. Regulated irrigated mangosteen production
with stable soil moisture using soil moisture sensors and loT produced high-quantity and quality mangosteens with fewer
fruit defects.
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1. Introduction

Increasing water use efficiency in irrigated agriculture with smart technologies like sensors and the Internet of

Things (10T) is a growing trend in agriculture [1]. Smart irrigation necessitates real-time data collection by integrating
sensors and wireless sensor communication on the weather, soil, and plant parameters to augment plant growth and
productivity, reducing environmental impacts and conserving resources [2]. Implementing soil moisture monitoring
for irrigation scheduling allows for data-driven decision-making regarding irrigation water volume, leading to
enhanced water use efficiency, improved soil moisture management, and potentially boosted plant productivity
through optimized water supply to the root zone [3]. By tailoring irrigation applications to meet the actual plant water
demand at different soil depths, farmers can minimize water waste and optimize resource utilization. Precision
irrigation and optimized water allocation methods address key challenges in water-limited agroecosystems by reducing
non-beneficial water losses through evapotranspiration and runoff and maximizing plant water uptake and utilization
for enhanced biomass production [4].
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Within the complex matrix of environmental factors influencing agricultural output, limited water resources
represent a crucial bottleneck due to their essential role in plant physiological processes and their vulnerability to
climate variability and anthropogenic activities [5]. By leveraging real-time data and tailored irrigation strategies,
advancements in precision irrigation allow for targeted water application, maximizing water productivity, and
minimizing water use efficiency losses in resource-constrained agroecosystems, thus fostering sustainable food
security [6]. A substantial body of research demonstrates a positive association between regulated irrigation and fruit
yield and quality across various plant species. Studies have documented significant increases in yield and
improvements in quality parameters (e.g., sugar content, firmness) under controlled irrigation regimes, e.g., African
Rose plum (Prunus salicina L.) [6], citrus (Citrus sinensis L.) [7], Japanese plum (Prunus salicina Lindell ‘Methly’)
[8], mango (Magifera indica L.) [9], olive [10], peach (Prunus persica L.) [11], bell pepper (Capsicum annuum L.)
[12], and tomato (Solanum lycopersicum Mill.) [13].

The mangosteen (Garcinia mangostana L.) drives over 540-560 million US dollars, representing a 14.6-18.8%
growth in Thailand's export revenue to China due to its prime location to be able to ship fresh, high-quality
mangosteen to China [14]. Fruit defects are undoubtedly a significant roadblock, but other factors like inconsistent
yields, inadequate postharvest handling, and limited cold storage facilities also contribute to the constrained export
growth of mangosteens. Addressing these multifaceted challenges is crucial to unlocking the full potential of this
tropical treasure in the global market. The critical mangosteen defects that reduce export fruit quality are translucent
flesh, small fruit size, and fruit gumming [15-17]. Understanding the role of environmental water stress in promoting
cuticular fracture is crucial for developing mitigation strategies, such as optimized irrigation regimes or cultivar
selection based on cuticle resilience, to minimize fruit defects and improve crop resilience in regions with pronounced
seasonal variations in water availability [18-19]. The surplus of soil moisture during the wet season can cause extreme
fluctuations in soil water and affect the turgor pressure, causing yellow latex tubes to burst and contaminate the
mangosteen fruits [20]. This research examined whether smart irrigation with sensors, 10T, and real-time data
collection for regulating stable soil water content affects mangosteen fruit quantity and quality by comparing irrigated
and non-irrigated mangosteen production (Figure 1). Based on current literature and established physiological
principles, we hypothesized that irrigated mangosteen production would exhibit increased floral and fruit set (flowers
and fruits per branch), elevated fruit weight, and decreased fruit defects, the thickness of peel, and segments of edible
pulp compared to non-irrigated production.
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Figure 1. Experimental design and sampling strategy for evaluating mangosteen fruit quality under irrigated and non-
irrigated conditions
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2. Materials and Methods
2.1. Study Area

The study was conducted within a well-maintained mangosteen plantation situated in Nakhon Si Thammarat at
8°43’ N latitude and 99°49’ E longitude in Southern Thailand. This location is representative of soil and climatic
conditions typical of commercial mangosteen production in the region. The 0.48-ha orchard boasts about 80 mango
trees that are 20-25 years old (Figures 2).
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Figure 2. (a) Thailand map and (b) Mangosteen orchard location map: detailed view within Nakhon Si Thammarat

2.2. Mangosteen Biology

In Southeast Asia, particularly Thailand, mangosteen cultivation is a crucial fruit production source, significantly
contributing to global food security and regional agricultural economies [21]. With a colossal planting area of 67,151
hectares and an annual yield of 340,000 tons, Thailand stands unchallenged as the world's top mangosteen supplier,
with China receiving most of its exports. [22]. Mangosteen is a perennial plant with a dark brown bark that produces
purple-red skin fruit with edible white, soft, juicy, sweet, and acidic pulp [23]. Mangosteen grows at 20°C, with
susceptibility to sunburn increasing significantly above 38-40°C [24].

2.3. Data Collection

NB-loT-enabled weather stations were strategically placed at a standardized height of 1.5 m above the ground
surface, following World Meteorological Organization (WMO) recommendations for accurate air temperature and
humidity measurements. Soil temperature and moisture sensors were installed concurrently at 15 cm depth within the
root zone to monitor soil moisture and temperature fluctuations. Meteorological and soil data were acquired online at
ten-minute intervals, enabling continuous and high-resolution monitoring of environmental conditions. Soil moisture
sensors were electrodes placed into the soil to measure soil moisture from 0 centibar or cb (saturated soil) to 1,024 cb
(dried soil). A comparative study assessed climatic and soil factors, along with mangosteen growth and fruit quality
parameters, across two distinct mangosteen production sites: (1) irrigated and (2) non-irrigated production sites.
Weather and soil data were further delivered to the Magellan cloud to view the data and graphs.

As key indicators of tree growth and resource acquisition, DBH and crown width were assessed in 20 randomly
selected individuals per treatment, providing quantitative data for further analysis of treatment effects. Ten branches
were randomly selected from each of the 20 randomly chosen trees (totaling 200 branches), resulting in a final sample
size of 200. Quantitative data were collected on floral and fruit development in irrigated and non-irrigated production
systems. Floral and fruit development data included the number of flowers per branch, flowering duration, harvesting
periods, and harvesting duration; ten mature fruits were randomly selected per tree (200 totals per site) for subsequent
measurements. We sampled ten fruits per tree for fruit quality, with 200 fruits in irrigated and 200 in non-irrigated
productions. Each fruit was weighed and measured for circumference. At the optimal edible ripening stage, fruits were
harvested and subjected to destructive analysis. Peel thickness was precisely measured using a calibrated digital
caliper, and pulp segments were meticulously counted and recorded.
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This study employed visual inspection to evaluate fruit quality parameters, specifically recording the percentage of
individual fruits exhibiting gumming, translucent flesh, and scarring within irrigated and non-irrigated treatment
groups. Our study categorized fruit damage as none (0%), minor (1-25%), or moderate (26-50%). Notably, no fruit
exhibited severe damage exceeding 50%.

2.4. Data Analysis

When the data satisfies the necessary assumptions. Statistical differentiation of climatic, soil, and mangosteen
parameters between irrigated and non-irrigated production systems was achieved using independent-sample t-tests
with adjusted degrees of freedom. The Chi-squared tests determined the differences in the number of fruits damaged
based on the gumming, translucent flesh, and scarring between the irrigated and non-irrigated mangosteen
productions. All tests employed two-tailed hypothesis testing at a significance level of p < 0.05.

3. Results

3.1. Climatic and Soil Characteristics between Irrigated and Non-Irrigated Mangosteen Productions

Air temperature and soil temperature were significantly reduced in irrigated mangosteen production compared to
non-irrigated, likely due to evaporative cooling from increased water availability. Conversely, relative humidity and
soil moisture were significantly higher in irrigated systems (Table 1).

Table 1. Climatic and soil Characteristics in irrigated and non-irrigated mangosteen productions (*P < 0.001)

Mangosteen Production

Parameters - - t-test
Irrigated Non-Irrigated
Climatic Parameter

Air temperature (°C) 28.26 + 4.61 28.89 +5.74 ty73s3140 = -14.251"
Relative humidity (%) 93.78 +13.14 91.29 + 15.17 tasesagse = 20.101"

Soil Parameter

Soil moisture (ch) 481.91 + 188.23 843.11 + 258.21 tioae6.081 = -78.977"
Soil temperature (°C) 27.99+1.88 29.11+0.76 to1538875 = -180.176"

3.2. Mangosteen Fruit Damage between Irrigated and Non-Irrigated Mangosteen Productions

Diameter at breast height (DBH), crown width (CW), and fruit circumference (FC) did not differ between the
irrigated and non-irrigated mangosteen productions (DBH;: 59.80+8.84, DBH, (59.60+8.21), tss = 1.106, ns; CWi:
3.18+0.27, CW,: 3.09+0.26, tzs = 0.074, ns; FCi: 17.55+1.15, FCy: 17.54+1.09, tzes = 0.04, ns). Irrigated cultivation
displayed a demonstrably enhanced reproductive capacity compared to non-irrigated mangosteen trees. Results
showed a significantly increased floral and fruit set. Irrigation in mangosteen production exhibited significantly higher
weight, overall yield, and decreased pulp segments than non-irrigated ones. Irrigation significantly influenced peel
characteristics and internal fruit quality. Irrigated fruits showed thinner skins, decreased gummosis (gummy exudate
formation), less translucent pulp, and scarring compared to non-irrigated fruits. These findings indicate that irrigation
likely influences fruit development patterns and modifies specific quality attributes beyond size and yield (Figure 3a-
h). The study categorized fruit damage, including translucent flesh, gumming, and scarring, into three levels of
severity for each type: 0%, 1-25%, and 26-50%. Among mangosteen fruits, the percentages of translucent flesh, fruit
gumming, and fruit scars were considerably lower in irrigated production, suggesting a potential positive impact of
irrigation on fruit quality (Table 2).

Table 2. Mangosteen fruit damage between irrigated and non-irrigated mangosteen productions (*P < 0.05, **P < 0.001)

Mangosteen Irrigated (n = 200) Non-Irrigated (n = 200) Chi-Squared Test
Fruits (%) Fruits (%)
Translucent flesh (%)

0% 177 88.50 116 58.00 X2=48.191**

1-25% 18 9.00 73 36.50

26-50% 5 2.50 11 5.50

Fruit gumming (%)
0% 188 94.00 173 86.50
X2=6.409*
1-25% 10 5.00 22 11.00
26-50% 2 1.00 5 2.50
Fruit scars (%)

0% 61 30.50 12 6.00
X2=67.403**

1-25% 113 56.50 100 50.00

26-50% 26 13.00 88 44.00
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Figure 3. Mangosteen characteristics in the irrigated (i) and non-irrigated (n) mangosteen productions: (@) Number of
flowers/branch, (b) Number of fruits/branch, (c) Fruit weight (g), (d) Peel thickness (cm), () Number of pulp segments, (f)
Translucent flesh (%), (g) Fruit gumming (%), and (h) Fruit scars (%). (*P < 0.05; **P < 0.01; ***P < 0.001).

4. Discussion
4.1. Climatic and Soil Parameters

Our results demonstrate that irrigation significantly reduced air temperature, soil moisture, and soil temperature in
mangosteen production. Irrigation in mangosteen production demonstrably changed the microclimate surrounding the
trees. Compared to non-irrigated conditions, increased evapotranspiration under irrigation (right image) likely
contributed to significantly lower air and soil temperatures. This cooling effect can be attributed to the latent heat
absorbed during water evaporation from leaves and soil surfaces. Unveiling the complex interplay between water
management, stress physiology, and blooming patterns in mangosteen holds paramount importance for optimizing
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irrigation practices and boosting fruit production in tropical settings. Understanding how specific water stress levels
influence floral development empowers farmers to tailor irrigation regimes for enhanced mangosteen yield and
economic return. Mangosteen growers can create the ideal conditions for mangosteen trees to thrive and produce
bountiful harvests by carefully managing irrigation. Certain fruit trees, like mangoes and durians, require a dry period
to induce flowering and fruit set [25-26]. Our results showed that irrigation significantly enhanced floral initiation, as
evidenced by the increased number of flowers per branch in mangosteen trees. For fruits to reach their full potential in
size, sweetness, and overall appeal, a steady moisture supply is essential during critical phenological stages, such as
cell division and sugar accumulation [27]. A plant water deficit arises when transpiration exceeds water uptake due to
insufficient soil moisture, disrupting cell enlargement and turgor pressure, hindering fruit expansion [28]. Fruit water
content comes from both xylem (roots) and phloem (sugars). The xylem is the main player in water delivery to
mangosteen trees. At the same time, the phloem plays an essential role in fruit expansion, carrying dissolved sugars,
acting as an osmotic attractant, drawing water into the developing fruit cells, and contributing to their juiciness [29].
Like other tropical fruits, low soil moisture in a root area induces mangosteen flowering [22]. Soil temperature is
important for mangosteen nutrient transformation and uptake by roots, vegetative growth, and reproduction regulated
by various factors such as soil color, moisture, compaction, amount of vegetation cover, ambient temperature, and
amount of sunlight available [30].

The timing of mangosteen flowering exhibits sensitivity to environmental cues, including regional climatic
conditions, geographic location (e.g., latitude and altitude), and variations in light availability due to shade [22, 24,
31]. Our findings suggest that transient water stress induced by 14 days of reduced soil water potential acts as a signal
for mangosteen trees, initiating physiological processes associated with floral development, including likely hormonal
signaling and resource allocation. However, maintaining consistently low moisture levels is essential for successful
floral maturation [22, 32—-36]. In a surprising adaptation, previous studies have revealed that drought stress can act as a
trigger for flowering in various plant species, likely through mechanisms involving stress-related hormones and the
reallocation of resources towards reproductive development, such as durian [25], mango [32], citrus [33], longan [34],
lime [35], loguat [36], mangosteen [22, 37], and star fruit [38]. Mangosteen trees, adapted to monsoonal environments,
exhibit a unique dependence on a dry period of a minimum of 15 days for optimal flower bud initiation. This
physiological adaptation likely evolved to synchronize flowering with the onset of the rainy season, ensuring adequate
water availability for fruit development and maximizing reproductive success. This mechanism ensures synchronized
flowering coincides with reliable rainfall patterns for successful fruit development and seed dispersal [22, 37]. Stress
from drought induces flowering, which is positively correlated with carbohydrates accumulated in leaves, xylem, and
phloem in apples [39, 40], litchis [41], and star fruits [38]. Drought-induced mangosteen flowering knowledge could
be the key to developing drought-resistant varieties, optimizing irrigation practices, and safeguarding this delicious
fruit's future.

4.2. Mangosteen Fruit Quality

Our study revealed that irrigated trees produced fruits weighing 3 g higher, had less edible pulp segment, and had a
peel thickness than their non-irrigated counterparts. Thinner skin from irrigated mangosteens might offer less
protection during storage and transport. A previous study reported that drought severely hinders custard apple growth
4-6 weeks after fruit set, causing an 11% reduction in size due to disrupted cell division and compromised carbon
assimilation [42]. A plant water deficit, triggered by insufficient soil moisture, can significantly hinder fruit expansion.
This stress disrupts water uptake and transport within the plant, reducing turgor pressure in fruit cells and ultimately
halting or slowing down their growth [28]. In addition, fruit weight also depends on the age and geographical location
of mangosteen trees. Reduced resource availability and limited canopy development in younger mangosteen trees
likely constrain fruit size compared to mature trees, which possess established root systems and greater photosynthetic
capacity [24]. Mangosteen fruit size exhibits geographical variation, with fruits from the southern Philippines typically
exceeding the average size observed in the Malay Peninsula [24]. Several studies reported that smart irrigation deficit
techniques could dramatically reduce water usage while simultaneously amplifying crop productivity such as maize
[43], potato [44], and tomato [45] and in plant species such as apple [46, 47], almond [44], peach [48], and pear [49].
By mitigating water stress and preventing associated foliar injuries, irrigation promotes the optimal functioning of the
photosynthetic apparatus in trees, maximizing light capture and CO, fixation, ultimately translating to increased
biomass production and yield [50].

4.3. Fruit Damage

Our study revealed that irrigated mangosteens exhibit significantly lower rates of gumming, translucence, and
scarring, resulting in superior fruit quality. Reduced stress and physiological disorders associated with improved water
balance under irrigation might contribute to fewer mangosteen fruit damages (i.e., translucent flesh, fruit gumming,
and fruit scars) observed compared to non-irrigated conditions. Translucent flesh disorders in fruits are associated with
various factors, including mechanical injury during harvesting [51], imbalances in nutrient uptake [51], pathogenic
infections [52], and excessive water uptake by the fruit [53]. Our study showed that the number of translucent-fleshed
fruits increased after the mangosteens received disproportionate water uptake into the flesh during development and
growth, such as after heavy rainfalls for more than five days. The translucent-fleshed disorder in mangosteen fruits is
similar to the water core in apples (Malus domestica Borkh.) [54], and durians (Durio zibethinus Murr.) [55]. Fresh
mangosteen arils transform, ripening, and transitioning from an opaque white color to a translucent appearance.
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Simultaneously, the texture shifts from soft and succulent to crisp and firm. These changes likely reflect cell wall
polysaccharides' degradation and pectin composition alterations, leading to increased light transmission and altered
tissue rigidity [53, 56]. Pre-harvest exposure to excessive water intake can trigger translucent flesh disease in fruits,
driven by a gradient in osmotic potential between rainwater and the fruit cells. This excessive water leads to passive
water influx and potentially compromised cell wall integrity [39]. Mangosteen fruits with high water content lead to
apoplast or symplasm splitting, causing a translucent texture [39]. Developing the aqueous core is a maturation
phenomenon associated with leaky cell membranes or altered transport in susceptible cultivars [54]. The core of the
durian (Durio zibethinus Murr.) was wet due to excessive moisture caused by heavy rain, resulting in the softening of
the durian core and pulp due to excess moisture [55].

Mangosteen gumming occurs when the rind or flesh becomes yellow [53, 56]. This dramatic shift in water pressure
creates a mighty rush, pulling water and solutes into the fruit, ultimately causing the gumming [18]. Fruit gumming in
the mangosteen trees occurred when soil moisture was at the critical value of -100 kPa soil moisture, and then the
mangosteen trees were rewatered suddenly [18]. A previous study demonstrated how overwatering disrupted
physiological processes and led to cracked shells. Studies report that elevated water uptake during specific
developmental stages can induce fruit cracking in pecans [57], sweet cherries [58], and tomatoes [59], potentially due
to rapid cell expansion exceeding the elastic limits of the fruit's outer tissues, leading to ruptures. Rapid fluctuations in
water levels can induce water stress in plants, leading to imbalances in turgor pressure and potentially causing cell
wall expansion and rupture. This cell wall expansion can occur due to the inability of plant cells to adjust their water
content quickly enough to maintain their structural integrity [20, 60]. Our research suggests that regulating water flux
between soil and fruit can mitigate physiological imbalances leading to translucent flesh and gumming disorders,
potentially through optimized cell wall integrity and metabolic processes. The threshold of mangosteen gumming is
nine weeks of excess water after flowering [39]. Mangosteen growers could reduce the chance of mangosteen
gumming by regulating irrigation to keep the soil moisture constant after mangosteen flowering.

Exceeding 70 g per fruit with no fruit defect is a baseline for export-quality mangosteens [61]. Thrip and mite
infestations represent significant economic threats to mangosteen production, as their feeding damage translates into
reduced fruit quality and marketability due to the prevalence of unsightly scars and blemishes. Fruit scarring in
mangosteen is attributed to infestations by specific thrips species, including Scirtothrips dorsalis Hood, Scirtothrips
oligocheatus Karny, and Selenothrips rubrocinctus (Giard), as well as Tetranychus spp. mites [61]. Increased air
temperature and decreased relative humidity positively correlate with thrip abundance, suggesting enhanced survival
and reproductive success under warmer and drier conditions [62]. Understanding the complex interplay between
individual climatic factors and thrip population dynamics can inform the development of predictive models and
targeted pest management strategies in agriculturally relevant contexts. Implementing a multipronged approach that
combines reducing air temperature, increasing relative humidity), and blocking wind flow can effectively suppress
thrip populations in orchards. This strategy leverages the combined effects of these environmental factors to create an
unfavorable habitat for thrips and hinder their reproduction and survival. Wind flow can play a vital role in thrip
abundance by dispersing thrips [63]. Irrigation management can keep air temperature low and provide high relative
humidity, preventing thrips outbreaks. In addition, a mangosteen mixed cropping system can reduce a thrip movement.
Non-host plants alter the landscape, disrupting thrip movement, making it difficult for thrips to reach the fruits and
repelling the pest with their hairy leaves and thorns.

5. Conclusion

Precise soil moisture monitoring eliminates the risk of overwatering or underwatering, ensuring optimal water
utilization for efficient mangosteen growth and fruit production. This study emphasizes the extensive perspective of
soil moisture sensors and 10T in revolutionizing irrigation practices for mangosteen production. By employing a
network of strategically placed sensors that continuously monitor soil moisture levels in real time, farmers can
transition from traditional, schedule-based irrigation to a data-driven approach. The observed decrease in gumming,
translucence, and scarring underlines the critical role of regulated water supply in minimizing fruit imperfections and
maximizing marketable yield. By maintaining optimal soil moisture conditions, this technology boosts fruit quantity
and quality and fosters resource-efficient water management, enabling the transition to a more sustainable and
profitable mangosteen farming system.
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