
KSÜ Tarım ve Doğa Derg 29 (6), 1460-1472, 2026 

KSU J. Agric Nat  29 (6), 1460-1472, 2026 

DOI:10.18016/ksutarimdoga.vi.1780652 

 

 

 

Phosphine-Based Fumigation for Controlling Tetranychus urticae Koch (Acari: Tetranychidae) 

and Frankliniella occidentalis (Pergande) (Thysanoptera: Thripidae) on Cut Flowers in a 

Refrigerated Container: Effects of Sublethal and High Concentrations 
 

Şule TÜTÜNCÜ


 
1Ankara University, Kalecik Vocational School, Plant Protection Program, 06870, Ankara, Türkiye 

1http://orcid.org/0000-0001-7277-2307 

: stutuncu@ankara.edu.tr 
 

ABSTRACT  

Solid fumigants are commonly used for pest control in cut flower 

exports, but low temperatures and poor gas-tightness limit their 

effectiveness. A gas-based fumigant, ECO₂FUME® (2% phosphine, 

98% CO₂), offers faster and more uniform distribution. This study 

aims to identify the most tolerant life stage and mortality of two target 

pests at sub-recommended concentrations simulating gas leakage, 

and to assess phytotoxic effects of a higher concentration that may be 

used to compensate for such loss. In this study, cut flowers naturally 

infested with Frankliniella occidentalis (Thysanoptera: Thripidae) 

and Tetranychus urticae (Tetranychidae: Acari) were collected from 

production areas and exposed to fumigant concentrations of 250, 400, 

500 (recommended), and 750 ppm. Treatments were conducted at 4 °C 

in gas-tight units within a refrigerated container for three days. 
Flower quality was assessed visually over a 14-day period following 

fumigation. According to the obtained results, at a concentration of 

400 ppm, the egg stage of T. urticae and the egg and pupal stages of 

F. occidentalis survived. Complete mortality (100%) was observed in 

all developmental stages of both species at ≥500 ppm. At the lowest 

concentration (250 ppm), the most tolerant stages were T. urticae eggs 

(65.2% mortality rate) and F. occidentalis pupae (69.3% mortality 

rate). No negative effects on flower quality were observed 14 days post-

treatment. Under conditions of inadequate gas-tightness, pest 

survival may lead to the development of resistance and export failure. 

To address these issues, survival rates measured at low 

concentrations will inform fumigation planning. Additionally, 

increasing the concentration to 750 ppm in cut flowers exported under 

cold-chain conditions is a feasible option to address gas-tightness 

issues without compromising flower quality. In this context, 

concentration–stage susceptibility can inform fumigation planning 

under low-temperature and gas-tightness constraints, and the most 

tolerant life stages should be considered. 
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Soğutmalı Konteynerde Kesme Çiçeklerde Tetranychus urticae Koch (Acari: Tetranychidae) ve 

Frankliniella occidentalis’in (Pergande) (Thysanoptera: Thripidae) Mücadelesine Yönelik Fosfin Bazlı 

Fümigasyon: Subletal ve Yüksek Konsantrasyonların Etkileri 
 

ÖZET  

Katı fümigantlar, kesme çiçek ihracatında zararlı mücadelesi 

amacıyla yaygın olarak kullanılmaktadır. Ancak düşük sıcaklıklar ve 

yetersiz gaz sızdırmazlığı, bu fümigantların etkinliğini 

sınırlandırmaktadır. Gaz formunda bir fümigant olan ECO₂FUME® 

(%2 fosfin, %98 CO₂), daha hızlı ve homojen bir dağılım sunmaktadır. 

Bu çalışma, gaz sızıntısını simüle eden, önerilenin altındaki 

konsantrasyonlarda iki hedef zararlının en dayanıklı yaşam evresini 

ve ölüm oranlarını belirlemeyi ve bu kaybı telafi etmek amacıyla 

uygulanabilecek daha yüksek bir konsantrasyonun çiçek kalitesi 

üzerindeki fitotoksik etkilerini değerlendirmeyi amaçlamaktadır. Bu 
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çalışmada, doğal olarak Frankliniella occidentalis (Thysanoptera: 

Thripidae) ve Tetranychus urticae (Acari: Tetranychidae) ile bulaşık 

kesme çiçekler, üretim alanlarından toplanmış ve 250, 400, 500 

(önerilen) ve 750 ppm’lik fümigant konsantrasyonlarına maruz 

bırakılmıştır. Uygulamalar, 4 °C sıcaklıkta, soğutmalı konteyner 

içerisinde yer alan gaz sızdırmaz ünitelerde üç gün süreyle 

gerçekleştirilmiştir. Çiçek kalitesi, fumigasyon sonrası 14 gün 

boyunca görsel olarak değerlendirilmiştir. Elde edilen bulgulara göre, 

400 ppm konsantrasyon uygulamasında, T. urticae yumurta evresi ile 

F. occidentalis yumurta ve pupa evreleri canlı kalmıştır. Her iki türün 

tüm evrelerinde ≥500 ppm konsantrasyonda mutlak ölüm (%100) 

sağlanmıştır. En düşük konsantrasyon (250 ppm) uygulamasında, en 

dayanıklı evreler T. urticae’nin yumurtaları (%65.2 ölüm oranı) ve F. 
occidentalis’in pupaları (%69.3 ölüm oranı) olmuştur. Uygulamadan 

14 gün sonra çiçek kalitesinde herhangi bir olumsuzluk 

gözlenmemiştir. Yetersiz gaz sızdırmazlığı durumunda, zararlıların 

hayatta kalması direnç gelişimine ve ihracat başarısızlığına yol 

açabilmektedir. Bu sorunlara karşı, düşük konsantrasyonlarda tespit 

edilen canlılık oranları fümigasyon planlamalarında rehberlik 

edecektir. Buna ek olarak, soğuk zincirde ihraç edilen kesme 

çiçeklerde gaz sızdırmazlık sorunlarına karşı 750 ppm’e kadar 

çıkılması, çiçek kalitesini bozmadığı için uygulanabilir bir seçenektir. 

Bu doğrultuda, konsantrasyon-evre duyarlılığının, düşük sıcaklık ve 

gaz sızdırmazlığı sorunlarında fümigasyon planlamasına rehberlik 

sağlayacağı; en dayanıklı evrelerin dikkate alınması gerektiği 

sonucuna varılmıştır. 

Fitotoksisite 

Dayanıklı evre 

İhracat 
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INTRODUCTION  

The ornamental plants sector holds a strategic position within plant production due to its high added value. 

Globally, the trade volume of ornamental plants is estimated to be approaching USD 50 billion. The sector’s strong 

export potential continues to enhance its significance in international markets.  As of 2023, live plants accounted 

for 48% of global ornamental plant exports, and cut flowers represented 36% of the total. The total export value 

for ornamental plants reached approximately USD 24.9 billion, with cut flower exports amounting to USD 10.4 

billion (UN Comtrade Database, 2023). 

Two of the most widespread and economically significant pests in the ornamental plant industry are Frankliniella 
occidentalis (Pergande) (Thysanoptera: Thripidae) and Tetranychus urticae Koch (red form) (Acari: 

Tetranychidae). Tetranychus cinnabarinus Boisduval is considered a junior synonym of T. urticae (Auger et al., 

2013). Both species exhibit a broad host range beyond ornamentals. Frankliniella occidentalis has been reported 

on more than 240 plant species across multiple families, indicating its adaptability. Similarly, T. urticae infests 

more than 1000 plant species, including many cultivated crops and weeds. Both pests are frequently observed on 

ornamental crops such as carnations, chrysanthemums, roses, gladiolus, and gerberas. While F. occidentalis 

damages floral tissues primarily, T. urticae targets leaves and buds—both essential to the commercial value of 

ornamental crops (CABI, 2020; Atakan & Pehlivan, 2021; EPPO Global Database, 2025). The persistent presence 

of these pests in commercial floriculture highlights the need for effective post-harvest pest management strategies. 

Fumigation is widely employed as a pest management strategy during the export handling of cut flowers. However, 

the effectiveness of post-harvest fumigation depends on the ability to apply treatments at low temperatures and 

within short durations—key requirements for preserving flower quality. Under these conditions, the choice of 

fumigant formulation becomes critical. Traditional solid phosphide fumigants (e.g., aluminium and magnesium 

phosphide) release phosphine gas slowly via moisture-dependent hydrolysis, a process significantly influenced by 
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ambient temperature and relative humidity. This often leads to delayed attainment of lethal gas concentrations 

and may result in stratification or uneven distribution within the fumigation space, particularly at low 

temperatures where gas evolution is slower (Gwinner et al., 1996). Consequently, gaseous fumigants offer practical 

advantages over solid formulations by enabling more efficient use under cooler conditions and more rapid 

achievement of target gas concentrations (Tumambing et al., 2012). In this context, a phosphine-based gas 

fumigant formulation, ECO₂FUME (2% phosphine and 98% carbon dioxide by weight), enables rapid, uniform gas 

distribution, making it suitable for post-harvest disinfestation applications, including those conducted in shipping 

containers during export. Moreover, the CO₂-rich carrier in ECO₂FUME not only facilitates rapid gas diffusion but 

also enhances synergistic effects with phosphine, thereby increasing insecticidal activity beyond that achievable 

with phosphine alone. Research has demonstrated that controlled atmospheres with elevated CO₂ can increase the 

efficacy of phosphine fumigation compared to treatments in ambient air, suggesting that CO₂ may potentiate the 

toxicity of phosphine toward target insect pests under postharvest conditions (Zhang et al., 2015; Constantin et 

al., 2020). However, despite its role in facilitating rapid dispersion, CO₂ alone often requires extended exposure 

periods to achieve sufficient insecticidal efficacy. For instance, Tütüncü (2022) reported that pupae of Carpophilus 
hemipterus (Coleoptera: Nitidulidae) could survive up to 120 h under CO₂-rich atmospheres. These prolonged 

treatment durations highlight the practical advantage of combining CO₂ with phosphine, which has been shown to 

achieve high mortality in shorter exposure times without compromising cut-flower quality (Zhang et al., 2015). 
This synergistic interaction is particularly advantageous under the low-temperature conditions typical of cut 

flower storage and transport, as it promotes uniform insecticidal efficacy while minimizing exposure duration and 

preserving floral quality. Although fumigants are generally effective, suboptimal conditions such as insufficient 

exposure time, lack of gas-tightness, or low temperatures may reduce their efficacy. In such scenarios, pests may 

survive by slowing or temporarily halting their development, resulting in incomplete mortality. Surviving 

individuals can eventually contribute to the development of resistance to the fumigant (Nayak et al., 2020). 

Fumigation failures due to inadequate gas-tightness in cut-flower consignments can pose significant phytosanitary 

and economic risks in international trade. The presence of live pests may lead to the rejection of consignments by 

importing countries, and ineffective treatments not only cause economic losses but may also allow pest populations 

to rebound. For instance, Weller and Graver (1998) reported that consignments of cut flowers were rejected due to 

the presence of surviving pests, resulting in substantial export losses. Similarly, Huysamer et al. (2019) 

demonstrated that the presence of pests in exported cut flowers directly correlated with consignment rejection, 

highlighting the practical consequences of inadequate pest control. Building on these findings, Kim et al. (2026) 

emphasized that systematic pest risk management is critical for maintaining market access, illustrating real-world 

scenarios where insufficient fumigation jeopardized international shipments. Furthermore, phytosanitary 

regulations, such as Regulation (EU) 2016/2031 (European Union, 2016), prohibit the presence of live pests in 

consignments and establish stringent standards for international market access. These findings and the challenges 

posed by suboptimal conditions underscore the importance of evaluating fumigant efficacy not only in laboratory 

settings but also in real-world export scenarios, particularly under limited airtightness and reduced dosage 

conditions. Although previous studies suggest that phosphine has relatively low phytotoxicity in fresh produce and 

flowers (Tumambing et al., 2012), some reports indicate that cut flowers may still show visible damage after 

exposure (Zhang et al., 2013). Additionally, high carbon dioxide concentrations (e.g., 20% in air) have been 

associated with reduced post-treatment quality in floral products (Tshwenyane, 2012). Evaluating both sub- and 

supra-recommended concentrations provides insights into the balance between pest control efficacy and potential 

phytotoxicity. 

Tütüncü (2025) evaluated the efficacy of the phosphine-based fumigant ECO₂FUME on naturally infested cut 

carnations under cold storage conditions for a 24 h exposure period. The study considered situations in which ideal 

gas-tightness might not be maintained, potentially resulting in reduced exposure to the recommended 1000 ppm 

dose. The effects of 750 and 500 ppm concentrations were then examined to assess their impact on pest mortality 

across developmental stages (T. urticae and F. occidentalis). In addition, the study investigated whether applying 

a higher dose (1250 ppm) to compensate for gas loss under suboptimal gas-tightness could induce phytotoxic effects. 

The results demonstrated that while 1000 ppm applied under ideal conditions achieved complete mortality, 

incomplete gas retention could lead to suboptimal mortality in certain developmental stages, highlighting the 

importance of both dose and gas retention for effective fumigation. 

Building upon the findings of Tütüncü (2025), the present study was designed to address several gaps arising from 

suboptimal gas-tightness during fumigation and to extend the understanding of phosphine-based gas fumigation 

in cut flowers. In the present study, gas concentrations of 250, 400, 500, and 750 ppm were selected to simulate 

potential deviations from the recommended level that may occur under suboptimal container gas-tightness. In both 

studies, applied the official phosphine-based fumigation protocol for ECO₂FUME recommended by the Republic of 

Türkiye Ministry of Agriculture and Forestry (2013); however, Tütüncü (2025) applied the fumigant in a cold 
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storage room at 4 °C with 1000 ppm for 24 h, whereas the present study applied the fumigant in refrigerated 

containers at 4 °C with 500 ppm for 72 h. While Tütüncü (2025) demonstrated that a 24 h exposure at sub-

recommended concentrations (500 and 750 ppm) did not result in complete mortality, the present study evaluated 

these shared concentrations under prolonged exposure (72 h) and additionally included two lower concentrations 

(250 and 400 ppm) to extend the assessment of insecticidal efficacy under reduced-concentration scenarios. In 

addition, whereas Tütüncü (2025) evaluated phytotoxic responses exclusively in carnations, the present study 

included gerberas alongside carnations, enabling assessment of potential phytotoxic effects under extended 

fumigation (72 h) across two commercially important cut-flower species. Accordingly, this study extends the 

findings of Tütüncü (2025) by applying the same fumigation logic under a different official protocol, a longer 

exposure duration, a broader crop scope, and an expanded range of lower phosphine gas concentrations. 

Within this protocol-specific framework, ECO₂FUME was evaluated at four concentration levels—two below, one 

at, and one above the container-recommended dose (500 ppm for 72 h)—to simulate variability in fumigation 

outcomes under different gas-tightness conditions. Naturally infested carnations were used to assess insecticidal 

efficacy, while gerberas monitored potential phytotoxic effects, particularly at elevated concentrations. The specific 

objectives were to (1) identify the most tolerant developmental stage of F. occidentalis and T. urticae under sub-

recommended concentrations, and (2) assess potential phytotoxic responses at higher concentrations in both cut 

flower species. 
 

MATERIAL and METHOD  

Collection, Standardization, and Preparation of Naturally Infested Flowers for Fumigation 

Naturally infested flower samples were collected from commercial production areas and examined for the presence 

of target pest species T. urticae and F. occidentalis. Species identity was confirmed by a qualified entomologist 

(Prof. Dr. Mevlüt Emekci, Ankara University) for T. urticae (red form), while F. occidentalis was identified based 

on diagnostic morphological characters described by Doğanlar and Aydın (2009) and Suganthy et al. (2016). 

Examination of flower samples collected from the production areas revealed naturally occurring heavy infestations 

of both species. A systematic visual inspection was conducted, examining all leaves and leaf junctions for T. urticae, 

and floral tissues including buds, flower tips, and sepals for F. occidentalis.  To ensure consistency and 

standardization across collected samples, only flowers exhibiting a high infestation level — approximately 100 

active individuals across multiple developmental stages — were selected for inclusion in the trials, ensuring a 

uniform initial pest density.  

Following confirmation of natural infestation, carnations collected from the commercial cultivation areas of Flash 

Agricultural Products Ltd. in Antalya, Lara, and Isparta were selected for use in the trials. Gerberas, also sourced 

from the same company’s cultivation areas, were included to assess potential phytotoxic effects at the highest 

fumigant concentration. Following harvest, the samples were promptly transported to the company’s cut-flower 

processing and storage facility in the Antalya Lara region. 

Upon arrival at the processing facility, the collected flowers were received, maintained under standard postharvest 

handling conditions, and prepared for fumigation trials. For this purpose, naturally infested carnations were first 

bulked and mixed to ensure a uniform distribution of pests. Subsequently, the stems were trimmed to a standard 

length of 70 cm and organized into bundles of 20, consistent with export packaging practices. Finally, the prepared 

bundles were transferred into perforated cardboard boxes (100 × 35 × 25 cm), typically used in export processes, 

with six bundles per box. For each treatment concentration, four such boxes were prepared.  

Before the boxes were placed in the fumigation chambers, three bundles were randomly selected from each box, 

transferred into polyethylene bags, and subsequently analyzed at a laboratory facility on the company premises. 

Prior to box preparation, infested flower bundles had been bulked and thoroughly mixed to ensure a homogeneous 

distribution of both pest species across all boxes; therefore, inspecting three bundles per box was considered a 

representative subsample. To assess infestation levels, branches from the selected bundles were gently shaken and 

tapped over white paper, and all individuals of both pest species present on the flowers and leaves were counted 

under a binocular stereo microscope (Nikon SMZ 18, Nikon Instruments, Japan). All biological stages were 

identified in both species. In F. occidentalis, egg, larva, pupa, and adult stages were recorded, whereas in T. urticae, 

egg, larva, nymph (protonymph and deutonymph combined), and adult stages were documented. Protonymph and 

deutonymph stages of T. urticae were combined into a single nymphal category due to the time-sensitive nature of 

the commercial fumigation procedure. Because F. occidentalis deposits its eggs within the parenchyma tissue, 

direct visualization of eggs is not feasible. Therefore, egg presence and abundance were estimated indirectly based 

on the presence of oviposition scars on floral tissues, which were identified under a binocular stereo microscope. 

These oviposition marks were used as a proxy for egg presence to avoid underestimating the egg stage. Boxes were 

included in the fumigation trials only if subsample counts confirmed a high and uniform infestation level, 
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corresponding to at least 100 individuals per developmental stage for each pest species at the box level. 
 

Fumigation Setup and Experimental Conditions 

A pressurized phosphine-based gas fumigant formulation (ECO₂FUME; 2% phosphine [PH₃] and 98% carbon 

dioxide [CO₂] by weight), obtained from Agrifum Agricultural and Industrial Products Ltd. (Türkiye), was used in 

the trials. The formulation was applied at four target concentrations: 250 ppm (17.4 g m⁻³), 400 ppm (27.8 g m⁻³), 

500 ppm (34.8 g m⁻³), and 750 ppm (52.2 g m⁻³). According to national pesticide registration data (Republic of 

Türkiye Ministry of Agriculture and Forestry, 2013), 500 ppm is the recommended concentration for fumigation of 

cut flowers in refrigerated containers with a 72 h exposure period. Thus, 250 ppm and 400 ppm were tested at 

concentrations below the recommended level, while 750  ppm was tested at a higher-than-recommended 

concentration. Using the conversion factor, 1 g m⁻³ of phosphine corresponds to approximately 718 ppm. 

The experiments were conducted in five separate custom-built fumigation chambers constructed from double-

layered PVC sheeting with very impermeable film (VIF) properties to minimize gas leakage. Each chamber had an 

internal volume ranging from 1.5 to 2 m³. These chambers were placed inside a refrigerated container maintained 

at 4 ± 0.5 °C and 75 ± 5% relative humidity. The refrigerated container was equipped with an active cooling system 

set to 4 ± 0.5 °C and served as a controlled environmental chamber. To account for potential thermal discrepancies 

arising from the insulation of the fumigation chambers, the ambient temperature and relative humidity inside the 

container were continuously monitored using a data logger (HOBO UX100-003, Onset Computer Corp., USA) 

throughout the experiments. All trials were conducted at the facilities of Flash Agricultural Products Ltd. in the 

Antalya Lara region of Türkiye. 
 

Fumigation Application and Experimental Design 

Following the preparation and standardization of naturally infested flower boxes as described above, the boxes 

were labeled, numbered, and assigned to fumigation chambers according to a randomized block design. Care was 

taken to distribute the boxes within each chamber at different vertical positions to minimize positional bias. 

Additionally, four extra boxes—two containing carnations and two containing gerberas, both in varying colors and 

quantities—were included for subsequent evaluations of potential phytotoxic effects. After the boxes were placed, 

each chamber was sealed with polyethylene tape to ensure airtightness. Each of the four treatment concentrations 

was randomly allocated to a separate fumigation chamber, while an additional chamber was designated as the 

untreated control. The control chamber was prepared and handled identically to the treated chambers, including 

box placement, sealing, and environmental conditions, except that no fumigant was introduced. The fumigation 

trial consisted of a single treatment applied with four replicates.  

The fumigant application was performed using a pressurized cylinder containing a phosphine-based gas fumigant 

(ECO₂FUME), placed on an electronic scale. A copper tube connected to the cylinder’s valve was inserted into the 

fumigation chamber through a leak-proof fitting. Once the required amount of gas was released—as determined 

by the weight loss on the scale—the valve was closed to complete the injection process. The boxes remained sealed 

under fumigation conditions for 72 h. Phosphine concentrations were monitored twice daily (approximately at 12 

h intervals) throughout the 72 h exposure period using electrochemical sensor devices (ATI D16, Analytical 

Technology Inc., USA, and Bedfont Phosfuma, Bedfont Scientific Ltd., UK) via a pre-installed sampling port, in 

order to ensure gas integrity and detect any potential leakage, and remained within target levels throughout the 

72 h period. Both phosphine sensors were factory-calibrated and checked prior to use according to the 

manufacturers’ instructions.  During fumigation, the product temperature was recorded using a thermocouple 

(RS PRO Cu–Const, RS Components, France) placed inside the product, while the ambient humidity was monitored 

using a data logger (HOBO UX100-003, Onset Computer Corp., USA).  
 

Post-Fumigation Assessment and Data Analysis 

Following the completion of fumigation, carnation bundles (three per box, across four boxes) were removed from 

the fumigation units and placed into polyethylene bags for transfer to the laboratory. For phytotoxicity evaluation, 

carnation and gerbera bundles (three per box, across two boxes) were transferred to the company’s internal quality 

control unit for monitoring. All evaluations were conducted under controlled environmental conditions (25 ± 1 °C, 

65–75% RH). Samples from both the fumigated and control groups were assessed for mortality at two time points: 

48 h after treatment (first evaluation) and seven days after the initial observation (second evaluation). Between 

evaluations, the bundles were stored upright in water-filled jars to maintain freshness. For phytotoxicity 

assessment, carnation and gerbera samples from both treated and control chambers were monitored over a 14-day 

period for visible quality changes. 
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During inspections, individuals at all developmental stages were assessed for mortality based on the presence or 

absence of movement. Mobile stages were dislodged by shaking or tapping the stems onto white paper, while the 

remaining individuals were visually inspected under a stereo zoom microscope. In addition to mortality 

assessments, phytotoxicity was evaluated visually based on predefined quality criteria, including discoloration, 

wilting, tissue damage, and overall commercial quality of the flowers. Phytotoxicity assessments were carried out 

in accordance with standardized quality evaluation procedures applied by the quality control unit of the fumigation 

facility, which monitors the commercial quality parameters of cut flowers.  

Based on the visual assessment framework described above, phytotoxicity was quantified using a five-point 

damage index. The damage index was defined as follows: Score 1: No visible damage; petals, leaves, and stem are 

comparable to control samples; full commercial quality retained. Score 2: Very slight changes; minor discoloration 

or initial wilting; commercial quality not affected. Score 3: Moderate damage; noticeable wilting, discoloration, or 

small necrotic areas; commercial quality considered borderline. Score 4: Severe damage; widespread wilting, 

necrosis, or stem or neck bending; commercial quality clearly reduced. Score 5: Extreme damage; extensive tissue 

damage, necrosis, or structural failure; flowers are commercially unacceptable. 

In terms of vase life assessment, reference termination criteria were defined as petal wilting accompanied by 

approximately 90° flower neck bending for gerbera (Lü et al., 2010), while for carnation, termination was 

determined by petal wilting and necrotic lesion development (Karadeniz et al., 2020). Prior to the evaluation 

period, carnation and gerbera samples were prepared by trimming 1 cm from the base of each stem and placing 

them in vases containing 150 ml of distilled water. The vases were maintained under controlled conditions identical 

to those previously described (25 ± 1 °C, 65–75% RH), and the vase water was replaced every 2 days throughout 

the assessment period. To capture temporal changes in phytotoxic symptoms, damage index scores were recorded 

daily. The observation period was concluded after 14 days, at which point all samples remained visually healthy. 

Mortality data in the treatment groups were corrected using Abbott’s formula (Abbott, 1925) to account for 

mortality observed in the control group. A factorial ANOVA was performed with mortality as the dependent 

variable and concentration levels and developmental stages as fixed factors. Differences among factor levels were 

further evaluated using Duncan’s multiple range test at a significance level of p < .05. The Duncan test was chosen 

because the assumption of homogeneity of variances was met, and the aim was to explore the differences between 

groups. All statistical analyses were conducted using Statistica 7.0 for Windows (StatSoft Inc., Tulsa, OK, USA), 

separately for each species. 
 

RESULTS  

This study evaluated the potential phytotoxic effects of a 72 h exposure to a phosphine-based gas fumigant 

(ECO₂FUME) in a refrigerated container on cut carnations and gerberas, as well as its sublethal efficacy against 

two economically important pests, T. urticae and F. occidentalis, that commonly affect cut flowers.  
 

Pest mortality 

The analysis of variance indicated that concentration, developmental stage, and their interaction had statistically 

significant effects on mortality in both F. occidentalis and T. urticae (Tables 1 and 2).  
 

Table 1. Analysis of variance for the effects of a phosphine-based gas fumigant on Frankliniella occidentalis 

Çizelge 1. Fosfin bazlı gaz fümigantın Frankliniella occidentalis üzerindeki etkilerine ait varyans analiz tablosu 

Varyansın kaynakları (Source of variation) df F p 

Konsantrasyon (Concentration) 3 5697 .001 

Dönem (Stage) 3 1328 .001 

Konsantrasyon x Dönem (Concentration x Stage) 9 1003 .001 

Hata (Error) 48   

Toplam (Total) 63   

     

Table 2. Analysis of variance for the effects of a phosphine-based gas fumigant on Tetranychus urticae 

Çizelge 2. Fosfin bazlı gaz fümigantın Tetranychus urticae üzerindeki etkilerine ait varyans analiz tablosu 

Varyansın kaynakları (Source of variation) df F p 

Konsantrasyon (Concentration)  3 33322 .001 

Dönem (Stage) 3 4905 .001 

Konsantrasyon x Dönem (Concentration x Stage) 9 2973 .001 

Hata (Error) 48   

Toplam (Total) 63   
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In all developmental stages of both species, mortality rates increased with increasing concentration (Tables 3 and 

4). For both species, complete mortality (100%) was observed across all developmental stages at 500 and 750 ppm 

under the experimental conditions, without indicating a probit-based phytosanitary efficacy threshold. At 400 ppm, 

mortality rates of F. occidentalis were 98.3% in the egg stage and 96.2% in the pupal stage. Mortality differed 

significantly among developmental stages, with the pupal stage exhibiting the lowest mortality. At 250 ppm, the 

pupal stage again showed the lowest mortality, followed by the egg, adult, and larval stages (Table 3). The eggs of 

T. urticae were found to be the most tolerant stage at both 250 and 400 ppm concentrations. Mortality rates 

observed at 250 ppm differed significantly across developmental stages. Following the highly tolerant egg stage, 

the order of susceptibility was larvae, adults, and nymphs, with mortality rates ranging from 65.2% to 93.0% 

(Table 4). 
 

Table 3. Toxic effects of a phosphine-based gas fumigant applied for 72 hours at 4°C on the developmental stages 

of Frankliniella occidentalis on carnations (mean ± SD mortality rate, %) 

Çizelge 3. Fosfin bazlı gaz fümigantın 4°C’de 72 saat süreyle uygulanmasının karanfillerde Frankliniella 
occidentalis’in biyolojik dönemlerine toksik etkisi (ortalama ± SD ölüm oranı, %) 

Dönem  

(Stage) 

Gaz konsantrasyonu (ppm)  

(Gas concentration) (ppm) 

n 250 n 400 n 500 n 750 

Yumurta (Egg) 400 75,2±0.85 Cc* 404 98,3±0.99 Bb 410 100±0.00 Aa 390 100±0.00 Aa 

Larva(Larva) 512 100±0.00 Aa 520 100±0.00 Aa 518 100±0.00 Aa 510 100±0.00 Aa 

Pupa (Pupa) 504 69.3±0.55 Dc 400 96,2±0.50 Cb 389 100±0.00 Aa 402 100±0.00 Aa 

Ergin (Adult) 520 89.5±0.77 Bb 512 100±0.00 Aa 495 100±0.00 Aa 488 100±0.00 Aa 

N=4, F (9,48) = 1002.8, p <.001 
*Not. Satırlardaki küçük harfler konsantrasyonlar arasındaki, sütunlardaki büyük harfler biyolojik evreler arasındaki farkın 

istatistiksel olarak önemli olduğunu göstermektedir, p < .001.  

*Note. Lowercase letters in rows indicate statistically significant differences among concentrations; uppercase letters in 
columns indicate statistically significant differences among developmental stages, p < .001. 

 

Table 4. Toxic effects of a phosphine-based gas fumigant applied for 72 hours at 4°C on the developmental stages 

of Tetranychus urticae on carnations (mean ± SD mortality rate, %) 

Çizelge 4. Fosfin bazlı gaz fümigantın 4°C’de 72 saat süreyle uygulanmasının karanfillerde Tetranychus 
urticae’nin biyolojik dönemlerine toksik etkisi (ortalama ± SD ölüm oranı, %) 

Dönem  

(Stage) 

Gaz konsantrasyonu (ppm) 

(Gas concentration) (ppm) 

n 250 n 400 n 500 n 750 

Yumurta(Egg) 508 65.2±0.34 Dc* 512 94,4±0.39 Bb 472 100±0.00 Aa 504 100±0.00 Aa 

Larva(Larva) 520 81.8±0.44 Bb 479 100±0.00 Aa 508 100±0.00 Aa 492 100±0.00 Aa 

Nimf 

(Nymph)a 

508 
93.0 ±0.04 Ab  

450 
100±0.00 Aa 

516 
100±0.00 Aa 

504 
100±0.00 Aa 

Ergin (Adult)b 512 84.1 ±0.43 Cb 516 100±0.00 Aa 491 100±0.00 Aa 508 100±0.00 Aa 

N=4, F (9,48) = 2972.5, p <.001 
*Not. Satırlardaki küçük harfler konsantrasyonlar arasındaki, sütunlardaki büyük harfler biyolojik evreler arasındaki farkın 

istatistiksel olarak önemli olduğunu göstermektedir, p < .001.  

(*Note. Lowercase letters in rows indicate statistically significant differences among concentrations; uppercase letters in 
columns indicate statistically significant differences among developmental stages, p < .001.) 
a Nimf = protonimf ve deutonimf dönemlerinin toplamı; b Ergin = dişi ve erkek bireyler. 

(a Nymph = total of protonymph and deutonymph stages; b Adult = includes both female and male individuals) 

 

Phytotoxicity assessment 

No visible damage, such as discoloration, wilting, or tissue injury, was observed in any of the treated cut flowers, 

and postharvest quality remained stable throughout the assessment period of 14 d (Figure 1). Throughout the 

observation period, treated carnation and gerbera flowers consistently received a damage index score of 1, 

comparable to the control samples, indicating the absence of visually detectable phytotoxic effects under the 

applied fumigation conditions. In addition, no adverse effects on vase life were observed, as determined by 

predefined termination criteria for each species. 
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DISCUSSION 

Delayed insect development under elevated carbon dioxide or phosphine fumigation can hinder progression to more 

susceptible life stages, thereby contributing to prolonged survival (Rajendran et al., 2004; Tütüncü & Emekci, 

2020). This physiological slowdown becomes particularly critical when resistant stages are exposed to sub-lethal 

concentrations of the fumigant. Consistent with this concept, the present study demonstrates that the pupal stage 

of F. occidentalis exhibits greater tolerance to phosphine exposure under sub-lethal conditions. The consistent 

pattern observed at both 400 and 250 ppm suggests that the developmental stage plays a critical role in 

determining susceptibility, with pupae showing higher tolerance than eggs, adults, and larvae. While the current 

study identified the pupal stage as the most tolerant, followed by the egg stage, Ertürk et al. (2018) reported 

species- and commodity-specific differences. Under cold storage conditions (8 °C) and at 500 ppm ECO₂FUME, the 

lowest mortality was observed in the larval stage for tomatoes and in the pupal stage for green peppers. These 

findings are partially consistent with Lee et al. (2012), who also used a phosphine-based gas fumigant 

(ECO₂FUME) against F. occidentalis. Although their study was limited to the larval and adult stages and 

conducted under different conditions (2 °C for 24 h in an 8.3 L desiccator), they similarly reported higher tolerance 

in the adult stage. 

Despite differences in fumigation concentration, exposure duration, and, in some cases, temperature, the present 

findings are broadly consistent with previous research emphasizing the greater tolerance of the egg stage in 

tetranychid mites. For example, Su Kim et al. (2016), who calculated LC₉₉ values, found that T. urticae eggs were 

consistently more tolerant than adults at both 8 °C (22.54 vs. 17.17 g·h/m³) and 15 °C (20.61 vs. 6.35 g·h/m³). 

Similarly, Park et al. (2010) demonstrated that complete mortality was achieved at a higher concentration for eggs 

(13.7 mg L⁻¹) than for adults (7.5 mg L⁻¹) at 15 °C. A comparable trend was also observed by Tütüncü (2025), who 

reported that, under cold storage conditions and at concentrations≥500 ppm of a phosphine-based gas fumigant for 

24 h, the egg stage exhibited the lowest mortality rates for both T. urticae and F. occidentalis.  

Stage-specific susceptibility was evident under sub-lethal experimental conditions: at 250 ppm, only the larval 

stage of F. occidentalis achieved 100% mortality, whereas at 400 ppm, only T. urticae eggs survived (Tables 3 and 

4). Taken together, these results highlight clear stage-specific susceptibility patterns in the target pests. They 

indicate that the efficacy of ECO₂FUME depends not only on concentration but also on the developmental stage. 

This has important implications for optimizing fumigation protocols in cut flower pest management. While these 

findings are consistent within the present study, methodological differences—such as fumigant concentration, 

exposure duration, and host plant species—are often cited as primary explanations for variations in stage-specific 

mortality across different studies. However, these factors may not fully explain the divergent outcomes observed, 

as biological and ecological variability among insect populations can also influence results. For example, Ertürk et 

al. (2018) reported different most-tolerant stages for F. occidentalis depending on whether the host was tomato or 

green pepper. Similarly, although the present study and Tütüncü (2025) differ in concentration and exposure time, 

similar results were obtained for T. urticae, whereas conflicting results were found for F. occidentalis. It is 

important to acknowledge that insects are living organisms and may exhibit variable responses due to physiological 

or ecological factors not always captured by controlled experimental variables. Moreover, while statistical 

significance is crucial for scientific interpretation, small numerical differences (e.g., 96% vs. 98% mortality) may 

lead to conclusions that certain developmental stages (e.g., pupae versus eggs) are statistically more tolerant; 

however, from a biological perspective, both stages are generally regarded as tolerant to fumigants (Howe, 1973; 

Bell, 1976). It is well established that eggs and pupae typically exhibit higher tolerance than more active stages 

such as larvae and adults, primarily due to their lower respiration rates and physiological dormancy (e.g., Fink, 

1925). In line with this general understanding, egg and other quiescent developmental stages are considered 

particularly tolerant to fumigants due to a combination of structural and physiological factors. In insects such as 

thrips, the egg chorion forms a multilayered protective barrier that restricts gas diffusion (Campbell et al., 2016), 

which may contribute to the eggs’ relative tolerance to fumigants. Pupae, in turn, exhibit markedly reduced 

spiracular activity and lower metabolic rates, resulting in slower gas exchange (Schneiderman, 1960) and, 

consequently, reduced uptake of fumigants. In mites such as T. urticae, the egg stage exhibits low metabolic 

activity and protective egg structures that limit gas exchange (Dittrich, 1971), thereby contributing to their 

decreased susceptibility to fumigants. These mechanisms are particularly important because fumigants enter 

arthropods primarily through the respiratory system, with toxicity closely linked to respiration and gas uptake 

rates (FAO, 1985). Therefore, statistical outcomes should be interpreted with caution and in conjunction with 

biological reasoning when identifying truly resilient life stages. Furthermore, when comparing studies, it is critical 

to consider not only statistical outputs but also biological relevance—especially when identifying the most tolerant 

life stage and evaluating whether observed mortality rates at low concentrations are sufficient for effective pest 

control. 
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Figure 1. Appearance of carnation and gerbera flowers 14 days after treatment with a phosphine-based gas 

fumigant at a concentration of 750 ppm (4°C, 72 h) 

Şekil 1. Fosfin bazlı gaz fümigantın 750 ppm konsantrasyonda uygulanmasından 14 gün sonraki karanfil ve 
gerbera çiçeklerinin görünümü (4°C, 72 saat) 

  

In addition to evaluating pest mortality, the present study investigated the phytotoxic safety of a phosphine-based 

fumigant under refrigerated container conditions. Unlike previous studies conducted in semi-sealed setups, where 

minor gas loss occurred due to leakage or adsorption by plant material (Park et al., 2010; Su Kim et al., 2016), our 

fumigations were performed under fully gas-tight conditions, maintaining consistent gas concentrations 

throughout the exposure period. Tütüncü (2025) reported no quality loss in carnations after 24 h of exposure to a 

500–1250 ppm phosphine-based fumigant. The present study extended these findings by testing the shared 

concentrations of 500 and 750 ppm for a prolonged period of 72 h, which did not induce phytotoxic effects in 

carnations and additionally showed no adverse effects in gerberas. Consistent with these results, Park et al. (2010) 

and Su Kim et al. (2016) reported no phytotoxic effects in roses, chrysanthemums, and lilies after 24 h exposures 

at 8 °C to higher concentrations (2–4 g m⁻³; approximately 1400–2400 ppm) of the same phosphine-based fumigant.  

Complementary evaluations using other phosphine formulations further support the general phytotoxic safety of 

phosphine fumigants. Zhang et al. (2015) demonstrated that aluminium phosphide could be applied to a wide 

variety of cut flowers—including carnations, chrysanthemums, and multiple rose cultivars—without visible 

damage or reduction in vase life following short exposures (6 h at 24 °C). However, longer exposures under cold 

conditions (12 days at 2 °C) led to quality degradation in more sensitive cultivars, such as Diana and Avalanche. 

Similarly, Lizarazo-Peña et al. (2024) showed that magnesium phosphide could be safely applied to roses, 

alstroemerias, and hydrangeas at double the commercial concentration under 3 °C, with no adverse visual effects. 

In comparison, the present study employed gaseous phosphine (ECO₂FUME) in a fully sealed system at 4 °C for 

an extended exposure duration (72 h), with no phytotoxic effects observed in carnations and gerberas across all 

tested concentrations (250–750 ppm). Taken together with previous research, these findings underscore the 

suitability of phosphine-based fumigants—including ECO₂FUME—as safe and effective alternatives for 

postharvest disinfestation of cut flowers, particularly under cold-chain conditions. Moreover, gaseous formulations 

such as ECO₂FUME may provide more consistent and controllable fumigation outcomes, especially in low-

temperature environments, potentially reducing the likelihood of phytotoxic effects compared to solid-based 

alternatives. Further comparative studies are warranted to validate these preliminary observations. 

The studies by Su Kim et al. (2016) and Park et al. (2010) highlighted the significant impact of gas tightness on 

fumigation efficacy, reporting substantial reductions in phosphine concentration following 24 h exposures at 8°C 

and 2 g m⁻³—dropping to 60% in containers and 50% under PVC-tarpaulin tents. In contrast, a concentration of 4 

g m⁻³ retained 80.8% of the initial gas in stainless steel chambers, indicating improved gas retention under more 

airtight conditions. Furthermore, Lee et al. (2012) and Park et al. (2010) demonstrated that lower ambient 

temperatures require higher phosphine concentrations to achieve comparable toxic effects. In direct comparison 

with Tütüncü (2025), both shared phosphine concentrations (500 and 750 ppm) were insufficient to achieve 
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complete mortality after 24 h under cold storage conditions, whereas in the present study, extending the exposure 

duration to 72 h resulted in complete mortality at both concentrations, clearly highlighting the critical role of 

exposure time in determining fumigation efficacy at low temperatures. Consistent with FAO (1985) fumigation 

manuals, which note that phosphine is slow-acting and requires extended exposure periods for effective control, 

and with research showing that mortality at low temperatures is more dependent on exposure time than 

concentration (e.g., phosphine efficacy at cold conditions requiring extended exposure for high mortality) (Kyung 

et al., 2018), these results underscore the importance of exposure duration. Moreover, the use of ECO₂FUME (%2 

PH₃ + 98% CO₂) provides operational advantages, including more homogeneous gas distribution and enhanced 

respiratory uptake, supporting the achievement of complete mortality during extended exposure periods. Finally, 

the present study evaluated sublethal concentrations under tightly sealed refrigerated conditions at 4°C, providing 

practical insight into the behavior of ECO₂FUME and emphasizing the importance of assessing fumigant 

performance under low-temperature, gas-retentive conditions to optimize treatment strategies, minimize potential 

phytotoxicity, and ensure efficacy against target pests. 

Given these outcomes, it is essential to evaluate fumigation treatments under realistic export conditions, which 

may involve low temperatures and suboptimal sealing. According to international phytosanitary standards such 

as ISPM 28 and ISPM 43, phytosanitary treatments applied to exported commodities should result in the absence 

of live quarantine pests. To demonstrate compliance with such requirements, some countries apply the Probit 9 

benchmark, corresponding to a 99.9968% mortality rate, which typically requires large-scale confirmatory testing. 

Although the present study was not designed to validate a 9–level Probit treatment, the complete mortality 

observed at 500 and 750 ppm under cold, sealed conditions suggests that these doses may approach the control 

level targeted by international phytosanitary standards. Importantly, identifying more tolerant developmental 

stages at lower concentrations (e.g., 250 or 400 ppm) provides valuable information for assessing the risk of 

treatment failure and optimizing fumigation protocols. In this context, the absence of phytotoxic effects at higher 

concentrations further supports the practical relevance of these findings, particularly in scenarios where container 

sealing integrity may be compromised. From an applied perspective, the findings of the present study highlight 

several practical considerations for phosphine-based fumigation of cut flowers under refrigerated export 

conditions. Ensuring adequate container sealing prior to fumigation and monitoring gas concentrations throughout 

the exposure period appear critical for achieving effective pest control. Under conditions where container sealing 

integrity may be uncertain, increasing the applied concentration from 500 to 750 ppm while maintaining an 

exposure duration of at least 72 h may enhance treatment robustness and reduce the risk of control failure without 

inducing phytotoxicity. Moreover, post-fumigation quality assessments lasting at least 14 days may help confirm 

the absence of delayed phytotoxic symptoms and support quality assurance during export operations. 

Despite these promising results, several limitations of the present study should be acknowledged. The experiments 

were restricted to two economically important quarantine pest species and two cut-flower species, which may limit 

the generalizability of the findings to other host–pest systems. In addition, phytotoxicity was evaluated using 

visual quality criteria, damage index scores, and vase life observations, while physiological or biochemical 

parameters—such as chlorophyll content or quantitative flower color measurements—were not assessed. 

Furthermore, although gas leakage was simulated under controlled conditions, the dynamic leakage patterns that 

may occur in commercial export containers could differ from those observed under experimental settings. 

Accordingly, future research should extend this approach to additional cut flower species, such as roses and 

chrysanthemums, as well as to other economically important quarantine pests, including whiteflies and aphids. 

Incorporating physiological and biochemical assessments alongside visual quality evaluations would further 

strengthen phytotoxicity assessments. In addition, large-scale validation studies conducted in real export 

containers under commercial conditions would be valuable to confirm the robustness and practical applicability of 

phosphine-based fumigation protocols. 
 

CONCLUSION  

This study provides key insights into the efficacy of ECO₂FUME, a phosphine-based fumigant, under low-

temperature conditions (4 °C) and reduced phosphine concentrations. By identifying the most tolerant 

developmental stages of the target pests and their associated mortality rates, the findings offer a useful reference 

for determining appropriate concentrations under comparable export conditions. The absence of phytotoxic effects 

on carnations and gerberas—even at the highest tested concentration (750 ppm)—supports the safe use of higher 

doses when sealing integrity may be uncertain. Achieving complete (100%) pest mortality is essential not only to 

comply with international phytosanitary regulations, but also to minimize the risk of resistance development. 

Overall, these findings strengthen current phytosanitary practices and contribute to the development of more 

robust and adaptable fumigation strategies for the cold-chain export of cut flowers. 

Collectively, the results indicate that (i) egg and pupal stages may survive at concentrations of 400 ppm or lower, 
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(ii) a 72 h exposure at 500 ppm is sufficient to achieve complete mortality of both target pests, (iii) cut flower quality 

is maintained up to 750 ppm, allowing higher doses to be used as a compensatory measure in cases of potential 

gas leakage, and (iv) exposure duration and container sealing are critical factors for successful fumigation under 

cold-chain conditions. 

From an applied perspective, these findings suggest that exporters may consider higher initial concentrations (e.g., 

750 ppm instead of 500 ppm) under conditions of uncertain container sealing, provided that gas concentrations are 

carefully monitored throughout the fumigation period. 
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