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Abstract

:

The aim of the study was to determine the correlation between the mechanical resistance of iris seed capsules and seeds to Mononychus punctumalbum foraging. The principal component analysis (PCA) demonstrated that the first main component referred to the variety type in 68%, and the second main component described the stage of the ontogenetic development of the plant in 26%. As indicated by the values of each parameter measured, all the parameters were found to exert a strong impact on the variability of the analyzed system. The occurrence of weevil infestation was also strongly but negatively correlated with seed wall thickness and capsule wall thickness. There was a correlation of seed max load and seed mass with the occurrence of the weevil. The analysis of the mechanical resistance of iris seed capsules (in June 9.28 N and September 6.27 N for I. sibirica and in June 6.59 N and September 2.94 N for I. aphylla) and seeds (in June 15.97 N and September 344.90 N for I. sibirica and in June 16.60 N and September 174.46 N for I. aphylla) showed significant differences between the terms and species. The PCA analysis revealed that the first variable was correlated with the occurrence of weevil foraging.
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1. Introduction


Technologies based on various types of sensors are now widely used in many fields of both industry and science. The most common types are optical sensors used to determine the content and concentration of gases or liquids [1,2], temperature sensors to measure the course of thermal processes [3,4], humidity sensors to determine the humidity level in studied environments [3,5], electrochemical sensors to detect volatile organic compounds in raw materials and food products [6,7], or force sensors to measure the mechanical properties of raw materials and products of plant origin [4,8,9,10]. Sensors are increasingly being used in precision agriculture, which has recently been developing very quickly, also with the use of information technologies and other techniques [11,12,13]. In most of the studies presented above, the results were subjected to statistical principal component analysis (PCA) in order to interpret the experimental results. In the study conducted by Gancarz et al. [3], the principal component analysis (PCA) method was used to correlate the results obtained from the control of the dough fermentation and bread baking process, thanks to which differences were distinguished not only in the processes but also in the subsequent stages of the processes. In turn, in the study carried out by Marek et al. [6], the origin of coffee was distinguished on the basis of PCA analysis of the results of measuring the aromas of roasted coffee. On the other hand, the PCA analysis of results of a study on aromas and mechanical properties of stored bread performed by Rusinek et al. [7] allowed correlating the parameters obtained with the onset of bread spoilage due to the formation of mold, which in the initial phase was not yet visible but was detected with the use of an electronic nose and a force sensor for examining the flesh of stored bread. The list of applications is open and there are growing numbers of newer applications of both sensors and statistical methods, the combination of which can provide an explanation and a completely new interpretation of the problem under study.



Several decades of research into interactions between plants and arthropods have revealed that these organisms are involved in the struggle for survival, which is based on sophisticated mechanisms of perception, signaling, and defensive activation on the plant side and on effective suppression of defense mechanisms and chemical and behavioral adaptations on the arthropod side [14,15,16,17].



Because research on endangered species has insufficient results from this type of experiments conducted using various types of sensors, an attempt was made to correlate selected mechanical properties and the morphology of seed capsules and seeds with the occurrence of weevil feeding. Therefore, the endangered species was chosen, which, however, is quite numerous in nature. As shown in Index Kewensis, there are over 250 identified iris species with different habitat requirements. They comprise hydrophytes, xerophytes, mesophytes, psammophytes, calciphytes, and calciphobes. There are approximately 30 iris species growing in natural habitats in Europe, with three species occurring in Poland: the yellow iris (Iris pseudacorus L.), the Siberian iris (I. sibirica L.), and the leafless iris (I. aphylla L.) [18]. The latter two species were analyzed in the present study. An important factor limiting the numbers of both analyzed species is the parasitism of M. punctumalbum, which feeds in the iris capsule. According to the current literature reports, the greatest threat to iris populations is posed by infestations of seed capsules by the weevil (Mononychus punctumalbum) [19,20,21]. However, observations conducted in 2017 confirmed these reports only in the case of I. sibirica. They demonstrated that the weevil pierced seed capsules, which were a source of nutrients during insect development [22]. In the case of I. aphylla, the weevil foraged only on flowers and did not damage the seeds [23].



In the period of ecosystem stability, the emergence of invasive species and sustainable control of insect pests in agriculture pose challenges for the growing human population, and application of new methods in research on the interaction of plants and pests can help to solve these problems [24,25].



The aim of the study was to determine the correlation between the morphological and mechanical traits of seed capsules and seeds of I. aphylla and I. sibirica (Iridaceae) involved in resistance to M. pumctumalbum foraging.



An innovative approach is the use of a force sensor to determine the mechanical properties of seed capsules and seeds and the correlation of the results with the presence of the weevil.




2. Materials and Methods


2.1. Plant Materials


The research material consisted of seed capsules and seeds of I. aphylla and I. sibirica. The plants were part of the collection of the UMCS Botanical Garden in Lublin, central-eastern Poland (51°14′37.2″ N, 22°32′25.3″ E; 197 m a.s.l.); therefore, no permission was needed to collect the material from the protected plants. The inventory numbers of the analysed I. aphylla and I. sibirica are as follows: Kazimierz Dolny 32/2007S, Tarnogóra 3190, Szczecyn near Gościeradów 4266P, Zawadówka near Chełm 3341E. Near the Garden, there is a herbarium is at the Maria Curie-Skłodowska University, but neither of the examined species of iris are recorded. Restructuring works on the herbarium are currently underway. The plants in the herbarium collection were marked over several decades [26,27,28]. The material was sampled in May/June (plant flowering and weevil infestations) and September (material harvesting). Figure 1 shows a diagram of the stages of the experiment.




2.2. Morphological Traits of Seed Capsules and Seeds


The morphological analyses of the colour and size of the seed capsules and seeds were performed on fresh material using a Nikon D500 camera and an Olympus SZ51 stereo microscope. Seeds intended for the observations in the SEM scanning electron microscope were prepared with the method proposed by Talbot and White [29]. The material was fixed in methanol for 10 min, rinsed in ethanol 2 × 30 min, dried in a CO2 atmosphere, sputter-coated with gold, and viewed in a scanning electron microscope LEO1430VP with a 15-kV accelerating voltage. Photographic documentation was made with the use of INCA-Mapping software (Billerica, MA, USA).




2.3. Puncture Tests


The seed capsules and seeds were subjected to puncture tests using the INSTRON 8872 fatigue test system (825 University Ave, Norwood, MA, USA) equipped with a measuring head with a maximum force of 250 N and 500 N in the case of seeds tested in September. A 2-mm diam. cylindrical penetration probe with a penetration rate of 10 mm/min was used in each test. Similar test parameters are used in many experiments to determine the relationship between the maximum puncture force and other material-specific parameters [30,31,32,33]. The capsule and the seed were pierced perpendicular to their surface. The tests were performed in ten replicates for each case and term of analysis. The following parameters were determined: maximum puncture force of the seed capsule (Capsule Max Load) and maximum puncture force of the seed (Seed Max Load).




2.4. Statistical Analysis


Correlation analysis and principal component analysis (PCA) were performed using Statistica software (version 12.0, StatSoft Inc., Tulsa, OK, USA) at a significance level of α = 0.05. PCA was used to determine the correlation of the assessed parameters with the iris varieties and term of analysis. The optimal number of the main components obtained in the PCA analysis was determined on the basis of Cattell’s criterion. The PCA data matrix had 8 columns and 40 rows. The input matrix was scaled automatically.





3. Results and Discussion


3.1. Characteristics of Seed Capsules and Seeds


The following parameters of the species were assessed in the experiment: Plant h [cm]—average plant height; seed mass per capsule [g]—average weight of seeds in the seed capsule; number of seeds per capsule—average number of seeds in the capsule; seed wall thickness [mm]—average thickness of the seed wall; seed mass [g]—average seed weight; capsule wall thickness [mm]—average thickness of the capsule wall; capsule max load (N)—average maximum force of seed capsule puncture; seed max load (N)—average maximum force of seed puncture.



The observations showed that I. aphylla was the first to start flowering, i.e., in the first half of May [34]. In turn, I. sibirica flowered in the second half of the month. The flowering shoots in I. sibirica were 120 cm high (Table 1).



They were substantially higher than the shoots of I. aphylla, which reached only approx. 35 cm (Table 1). Seed capsules were visible on average a month after flowering. They were composed of three chambers and differed in size; in I. aphylla, they were 4.3 ± 0.6 cm long, 2.7 ± 0.5 cm wide, and 1.7 ± 3 mm thick (Table 1). They were larger than the I. sibirica seed capsules, which were 2.6 ± 0.6 cm long, 1.4 ± 0.5 cm wide, and 0.6 ± 0.22 mm thick (Table 1). The surface of the I. sibirica seed capsule was evidently damaged by the weevil M. punctumalbum. The damage was visible in the interior of many seeds, which is a source of nutrient-rich food.



The macroscopic observations did not reveal any damage to the I. aphylla capsules; under the binocular, there were only single punctures, which turned out to be only superficial with no damage to the capsule wall. The seed capsules burst open at various time points, i.e., in July in I. aphylla and after the winter dormancy period in I. sibirica, which thus provides a perfect shelter for weevil generations. Iris seed capsules contained many seeds: 81 ± 12 in I. aphylla and 138 ± 19 in I. Sibirica (Table 1). The I. aphylla seeds did not fill the entire capsule but were located in its central part. The cross-section of the I. sibirica capsule showed that it was filled with seeds completely.




3.2. Puncture Tests Results


The puncture tests revealed relationships between the maximum load and the type of the sample tested (Figure 2 and Figure 3).



The results presented in Table 1 shows higher capsule maximum load values obtained for the material analysed in June than in September. An inverse relationship was noted in the analysis of the seed maximum load, which had lower values in June and substantially higher results in September.




3.3. Principal Component Analysis of Characteristic Parameters


The PCA analysis separated the data into eight main components describing 100% of the variability, with the first two main components explaining as much as 95.12% of the variability of the entire system. Hence, the other components do not have such a large effect and can be disregarded in the further description of the results.



The analyzed cases differ from each other in terms of both the variety and the time of analysis/plant ontogenetic development, as shown in Figure 4.



This is evidenced by their distribution in the different quarters of the observations projected onto the first two components, which explain over 95% of the variability of the original data. Based on the PCA analysis, it is possible to analyze the original data in two dimensions with a very close approximation. It can be concluded that the first main component describes the species of the plant in over 68%, and the second main component refers to the age of the plant (term of analysis) in over 26%. The impact of the respective parameters is presented in Figure 5.



It is also possible to visualize the effect of the variables on the individual main components. Each of these variables is represented as a vector in Figure 5. The direction and length of this vector determines the extent to which each variable affects the individual main components. Such vectors are called loading vectors.



A strong positive correlation was observed between Plant h [cm], seed mass per capsule [g], and number of seeds per capsule. Similarly, there was a strong positive correlation between seed wall thickness [mm] and capsule wall thickness [mm]. There was no correlation of seed mass [g] and seed max load (N) with the following parameters: Plant h [cm], seed mass per capsule [g], number of seeds per capsule, seed wall thickness [mm], and capsule wall thickness [mm]. In turn, there was a strong negative correlation of Plant h [cm], seed mass per capsule [g], and number of seeds per capsule with seed wall thickness [mm] and capsule wall thickness [mm]. Additionally, there was a weak negative correlation of capsule max load (N) and seed mass [g] with such parameters as seed wall thickness [mm], capsule wall thickness [mm], and seed max load (N). A weak positive correlation was noted for capsule max load (N) and seed mass [g] with the following group of parameters: Plant h [cm], seed mass per capsule [g], and number of seeds per capsule. Based on the length of the loading vector, it can be concluded that all the parameters analysed exert a strong effect on the variability of the analysed system.



The proposed research, which combines the mechanical properties of seed capsules and seeds with the feeding of the scarlet weevil, is a completely new approach in the study of endangered species [15,16]. As indicated the PCA analysis, all examined parameters have a significant influence on the feeding or nonfeeding of the weevil. A very large influence of the seed max load on the second principal component (PC2) related to the growing season of the irises was observed. There was also a significant but smaller impact than that of the seed max load on the second principal component (PC2) of the capsule max load parameter related to the mechanical properties of the tested samples. The capsule max load also had a significant impact on the first principal component (PC1) (Figure 4 and Figure 5). To date, hardness tests have been performed mainly on vegetables or fruits containing large amounts of water and those with low water content, e.g., cereal seeds, legume plants, wood etc. [35,36,37,38,39,40,41,42]. Interestingly, this parameter has often been assessed using a conventional scale, as in the case of pomegranate (Punica granatum L.) [43].



Only the surface of the I. sibirica seed capsule was evidently damaged by the weevil M. punctumalbum. Such traits as the colour or size are commonly used in morphological analysis of floral elements, and the damage observed in I. aphylla and I. sibirica prompted deeper consideration of the harmful activity of M. pumctumalbum in different structures of iris flowers. In both analyzed species, an important factor limiting the numbers is the parasitism of M. punctumalbum feeding in the iris capsule [19,21,44,45]. Although M. punctumalbum feeds on the surface of I. aphylla capsules, it does not penetrate inside and cannot damage the seeds. Observations of copulation and frequent feeding of adult weevils on flowers falsely indicated I. aphylla as a host of M. punctumalbum in Central Europe. It fed and laid its eggs in I. sibirica capsules, where its larvae fed on the seeds. Although the seeds of I. sibirica are smaller than the seeds of I. aphylla, the total weight of healthy I. sibirica seeds per capsule is actually greater than that of I. aphylla seeds, and the seeds are a suitable food source for M. punctumalbum larvae. The capsule wall thickness and seed wall thickness in I. aphylla were greater than these parameters in I. sibirica (Table 1). The capsule wall thickness and seed wall thickness had the greatest influence on the first principal component defining I. aphylla (Figure 4 and Figure 5). The examination of the morphology of seed capsules conducted by Skuhrovec et al. [22] demonstrated that the weevil was not able to pierce the I. aphylla capsule due to its thickness, as the insect’s mouthparts are much shorter than the capsule wall thickness.



The attractive and fragrant I. aphylla flowers are the only source of nutrients and a mating site for the beetle, which is unable to damage the seeds. The observations showed that I. aphylla was the first to start flowering, i.e., in the first half of May [34]. In turn, I. sibirica flowered in the second half of the month. The flowering shoots in I. sibirica were 120 cm high (Table 1). The preliminary palpation examination of the seed capsules showed differences between the species, thus focusing the research on mechanical analysis. The I. sibirica seed capsules were harder than those of I. aphylla, which did not pose a problem to the weevil (Table 1, Figure 2 and Figure 3). As demonstrated by Woźniak [46] in a study of wheat seeds, the endosperm structure (mealy or vitreous) exerted a significant effect on the values of mechanical parameters. Seeds with vitreous endosperm exhibited higher mechanical strength than those with mealy endosperm. The harder capsule in I. sibirica opens much later than that of I. aphylla, which provides excellent conditions for the development of M. punctumalbum and constitutes a protective barrier for the juvenile stages of the insect. In the case of the tests performed, the thickness and hardness of the seed capsule determined whether the insect was able to penetrate this structure. In the case of I. aphylla, the hard wall was the main mechanical obstacle for the weevil. Moreover, the total weight of healthy seeds in I. aphylla was clearly lower than in I. sibirica and most probably insufficient for development of larvae. Similar results were reported by Yashchuk et al. [47], who determined the impact of the varietal traits of wheat grains on the degree of infestation by the grain weevil. The researchers proved that the difference in the infestation of grains of the analysed wheat varieties depended on the hardness of the grain. Dobrzański and Szot [35] conducted a study to assess the effect of different drying conditions on stress and deformation in the seed of three pea varieties. The modulus of elasticity was determined at a low deformation value, and comparable exponential regression parameters indicated similar mechanical properties of the seed test in the three varieties. I. sibirica had a much higher value of the seed max load parameter in the September term of research than I. aphylla (Table 1, Figure 3c,d). As suggested by other researchers, hard seeds are a source of mainly protein nutrients [30,31,48]. However, it is necessary to determine the endosperm composition using chemical tests, which will be part of the next stage of the research.



The interdisciplinary approach to the problem of the limited occurrence of the endangered species I. aphylla and I. sibirica in Poland will provide an unambiguous answer to the question of the causes of the decline in the iris population. In the future, it may contribute to conservation of these species or other plants in the Polish and global flora.



The present study shows issues for a wider audience—botanists, physicists, chemists, environmental protection, and agriculture. The methods used are not innovative, but we used them to show how an easily available and known method or a sensor can be used in completely new research on a specific material, e.g., protected plants. Environmental issues are extremely important, especially nowadays, and the use of even known methods to obtain new unambiguous and useful results is extremely important and should be presented to a wider group. In. addition, seemingly “unimportant” information about the studied iris species may be helpful for researchers who do not fully have an idea for solving their own problem. The results of the study may also be useful for scientists dealing with the problem of deterioration of the quality of agricultural materials caused by various insects, which leads to quality and economic losses of raw materials and products.





4. Conclusions


The study showed a relationship between the morphological and mechanical properties of seed capsules and seeds of Iris aphylla and Iris sibirica (Iridaceae) involved in resistance to Mononychus pumctumalbum foraging. Such traits as Plant height, number of seeds per capsule, and seed mass per capsule were strongly positively correlated with the occurrence of weevil foraging. A slight correlation was found between capsule max load and weevil foraging. The occurrence of weevil infestation was also strongly but negatively correlated with seed wall thickness and capsule wall thickness. There was a correlation of seed max load and seed mass with the occurrence of the weevil. Any new information on M. punctumalbum and its nutritional preferences on various species of irises in Central Europe can be used to verify literature data showing the important role of the one-year-old in the dramatic decline in the number of irises in natural habitats in Poland gardens, and other places. This is extremely important, as the iris population is threatened with extinction and any treatments that give the species a chance to survive should be investigated and applied. In the publication, the presented results explain the situation of the studied species. A potential reader can compare his research species in terms of similar occurrence, structure, or anatomy, which is extremely important for scientists involved in investigations of endangered or protected species. The results of the study may also be useful for scientists dealing with the problem of deterioration of the quality of agricultural materials caused by various insects, which leads to quality and economic losses of raw materials and products.







Author Contributions


Conceptualization, M.Ś. and M.G.; methodology, M.Ś. and M.G.; software, M.G.; validation, M.Ś. and M.G.; formal analysis, M.Ś. and M.G.; investigation, M.Ś. and M.G.; resources formal identification of plant, A.D. and M.D.; data curation, M.G.; writing—original draft preparation, M.Ś. and M.G.; writing—review and editing, K.W.; visualization, M.Ś. and M.G.; supervision, K.W. and M.G. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The datasets used and/or analysed during the current study are available from the corresponding author on reasonable request.




Acknowledgments


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Golimowski, W.; Marcinkowski, D.; Gracz, W.; Konieczny, R.; Poczta, O.; Czechlowski, M.; Krzaczek, P.; Piekarski, W. Determination of methyl palmitate content in fatty acid methyl esters by near infrared spectroscopy. Przem. Chem. 2017, 96, 2522–2526. [Google Scholar]

	



Piasecka, A.; Cieśla, J.; Koczańska, M.; Krzemińska, I. Effectiveness of Parachlorella kessleri cell disruption evaluated with the use of laser light scattering methods. J. Appl. Phycol. 2019, 31, 97–107. [Google Scholar] [CrossRef]

	



Gancarz, M.; Malaga-Toboła, U.; Oniszczuk, A.; Tabor, S.; Oniszczuk, T.; Gawrysiak-Witulska, M.; Rusinek, R. Detection and measurement of aroma compounds with the electronic nose and a novel method for MOS sensor signal analysis during the wheat bread making process. Food Bioprod. Process. 2021. [Google Scholar] [CrossRef]

	



Zdunek, A.; Gancarz, M.; Cybulska, J.; Ranachowski, Z.; Zgórska, K. Turgor and temperature effect on fracture of potato tuber (Solanum tuberosum cv. Irga). Int. Agrophysics 2008, 22, 89–97. [Google Scholar]

	



Garbacz, M.; Malec, A.; Duda-Saternus, S.; Suchorab, Z.; Guz, L.; Łagód, G. Methods for early detection of microbiological infestation of buildings based on gas sensor Technologies. Chemosensors 2020, 8, 7. [Google Scholar] [CrossRef]

	



Marek, G.; Dobrzański, B., Jr.; Oniszczuk, T.; Combrzyński, M.; Ćwikła, D.; Rusinek, R. Detection and Differentiation of Volatile Compound Profiles in Roasted Coffee Arabica Beans from Different Countries Using an Electronic Nose and GC-MS. Sensors 2020, 20, 2124. [Google Scholar] [CrossRef]

	



Rusinek, R.; Kmiecik, D.; Gawrysiak-Witulska, M.; Malaga-Toboła, U.; Tabor, S.; Findura, P.; Siger, A.; Gancarz, M. Identification of the Olfactory Profile of Rapeseed Oil as a Function of Heating Time and Ratio of Volume and Surface Area of Contact with Oxygen Using an Electronic Nose. Sensors 2021, 21, 303. [Google Scholar] [CrossRef] [PubMed]

	



Stropek, Z.; Gołacki, K. Viscoelastic response of apple flesh in a wide range of mechanical loading rates. Int. Agrophysics 2018, 32, 335–340. [Google Scholar] [CrossRef]

	



Stasiak, M.; Molenda, M.; Bańda, M.; Horabik, J.; Wiacek, J.; Parafiniuk, P.; Wajs, J.; Gancarz, M.; Gondek, E.; Lisowski, A.; et al. Friction and shear properties of pine biomass and pellets. Materials 2020, 13, 3567. [Google Scholar] [CrossRef]

	



Rusinek, R.; Gancarz, M.; Nawrocka, A. Application of an electronic nose with novel method for generation of smellprints for testing the suitability for consumption of wheat bread during 4-day storage. LWT 2020, 117, 108665. [Google Scholar] [CrossRef]

	



Gupta, N.; Khosravy, M.; Patel, N.; Dey, N.; Gupta, S.; Darbari, H.; González Crespo, R. Economic data analytic AI technique on IoT edge devices for health monitoring of agriculture machines. Appl. Intell. 2020, 50, 3990–4016. [Google Scholar] [CrossRef]

	



Gupta, N.; Gupta, S.; Khosravy, M.; Dey, N.; Joshi, N.; González Crespo, R.; Patel, N. Economic IoT strategy: The future technology for health monitoring and diagnostic of agriculture vehicles. J. Intell. Manuf. 2020. [Google Scholar] [CrossRef]

	



Gupta, N.; Khosravy, M.; Gupta, S.; Dey, N.; González Crespo, R. Lightweight Artificial Intelligence Technology for Health Diagnosis of Agriculture Vehicles: Parallel Evolving Artificial Neural Networks by Genetic Algorithm. Int. J. Parallel. Prog. 2020. [Google Scholar] [CrossRef]

	



Wilson, H.; Daane, K.M. Review of Ecologically-Based Pest Management in California Vineyards. Insects 2017, 8, 108. [Google Scholar] [CrossRef] [PubMed]

	



Huang, J.; Liu, M.; Chen, X.; Chen, J.; Chen, F.; Li, H.; Hu, F. Intermediate herbivory intensity of an aboveground pest promotes soil labile resources and microbial biomass via modifying rice growth. Plant Soil 2013, 367, 437–447. [Google Scholar] [CrossRef]

	



Stahl, E.; Hilfiker, O.; Reymond, P. Plant–arthropod interactions: Who is the winner? Plant J. 2018, 93, 703–728. [Google Scholar] [CrossRef]

	



Collier, R.; Mazzi, D.; Folkedal Schjøll, A.; Schorpp, Q.; Thöming, G.; Johansen, T.J.; Meadow, R.; Meyling, N.V.; Cortesero, A.-M.; Vogler, U.; et al. The Potential for Decision Support Tools to Improve the Management of Root-Feeding Fly Pests of Vegetables in Western Europe. Insects 2020, 11, 369. [Google Scholar] [CrossRef]

	



Mirek, Z.; Piękoś-Mirkowa, H.; Zając, A.; Zając, M. Flowering Plants and Pteridophytes of Poland a Checklist; W. Szafer Institute of Botany, Polish Academy of Sciences: Kraków, Poland, 2002. [Google Scholar]

	



Denisiuk, Z. For the protection of the Vistula meadows in Kraków. Chrońmy Przyr. Ojcz. 1987, 43, 32–34. (In Polish) [Google Scholar]

	



Perju, T.; Moldovan, I.; Bunescu, H. The iris seed weevil-Mononychus punctum-album Hbst. (Curculionidae, Coleoptera) sin Mononychus pseudacori Fb. Not. Bot. Horti Agrobot. Cluj-Napoca 1997, 27, 79–83. [Google Scholar] [CrossRef]

	



Kostrakiewicz, K. Current state of the population of the Siberian Iris Iris sibirica at selected sites near. Kraków Chrońmy Przyr. Ojcz. 2001, 43, 30–32. (In Polish) [Google Scholar]

	



Skuhrovec, J.; Gültekin, L.; Śmigala, M.; Winiarczyk, K.; Dąbrowska, A.; Gosik, R. Description of the immature stages of two Mononychus species (Coleoptera: Curculionidae: Ceutorhynchinae) and a study of the host preferences of M. punctumalbum for Iris species in central Europe. Acta Zool. 2018, 99, 296–318. [Google Scholar] [CrossRef]

	



Herbst, J.F.W. Kritisches Verzeichniß meiner Insektensammlung, Archiv Der Insectengeschichte. Hrsg. Johann Caspar Füessly 1784, 5, 73–151. [Google Scholar]

	



Letheren, A.; Hill, S.; Salie, J.; Parkman, J.; Chen, J. A Little Bug with a Big Bite: Impact of Hemlock Woolly Adelgid Infestations on Forest Ecosystems in the Eastern USA and Potential Control Strategies. Int. J. Environ. Res. Public Health 2017, 14, 438. [Google Scholar] [CrossRef] [PubMed]

	



Nowak, A.; Świerszcz, S.; Nowak, S.; Hisorev, H.; Klichowska, E.; Wróbel, A.; Nobis, A.; Nobis, M. Red List of vascular plants of Tajikistan—the core area of the Mountains of Central Asia global biodiversity hotspot. Sci. Rep. 2020, 10, 6235. [Google Scholar] [CrossRef] [PubMed]

	



Fijałkowski, D. List of Rarer Lublin Region. Plants. Fragm. Flor. Geobot. Pol. 1958, 3, 5–18. (In Polish) [Google Scholar]

	



Fijałkowski, D.; Izdebski, K. Steppe Communities in the Lublin Upland; Sectio B; Annales UMCS: Lublin, Poland, 1959; Volume 11, pp. 167–200. (In Polish) [Google Scholar]

	



Fijałkowski, D. Plant Complexes in the Lublin Region; UMCS Printing House: Lublin, Poland, 1991. (In Polish) [Google Scholar]

	



Talbot, M.J.; White, R.G. Methanol fixation of plant tissue for Scanning Electron Microscopy improves preservation of tissue morphology and dimensions. Plant Methods 2013, 9, 36. [Google Scholar] [CrossRef] [PubMed]

	



Górnaś, P.; Rudzińska, M.; Grygier, A.; Ying, Q.; Mišina, I.; Urvaka, E.; Rungis, D. Sustainable valorization of oak acorns as a potential source of oil rich in bioactive compounds. Process. Saf. Environ. Protect. 2019, 128, 244–250. [Google Scholar] [CrossRef]

	



Herák, D.; Blahovec, J.; Kabutey, A. Analysis of the axial pressing of bulk Jatropha curcas L. seeds using reciprocal slope transformation. Biosyst. Eng. 2014, 121, 67–76. [Google Scholar] [CrossRef]

	



Kumhála, F.; Blahovec, J. Bulk properties of densified hop cones related to storage and throughput measurements. Biosyst. Eng. 2014, 126, 123–128. [Google Scholar] [CrossRef]

	



Wajs, J.; Panek, J.; Frąc, M.; Stasiak, M. Influence of Long-Term Storage on the Caking Properties Determined in Punch Test and Fungal Contamination of Potato Starch and Wheat Flour. Materials 2021, 14, 331. [Google Scholar] [CrossRef]

	



Dąbrowska, A.; Śmigała, M.; Denisow, B.; Winiarczyk, K. Biology of flowering and insect visitors of Iris aphylla L. (Iridaceae). Turk. J. Bot. 2019, 43, 798–808. [Google Scholar] [CrossRef]

	



Dobrzański, B.; Szot, B. Mechanical properties of pea seed coat. Int. Agrophysics 1997, 11, 301–306. [Google Scholar]

	



Frączek, J.; Hebda, T.; Ślipek, Z.; Kurpaska, S. Effect of seed coat thickness on seed hardness. Can. Biosyst. Eng. 2005, 47, 4.1–4.5. [Google Scholar]

	



Ballesteros, D.; Walters, C. Detailed characterization of mechanical properties and molecular mobility within dry seed glasses: Relevance to the physiology of dry biological systems. Plant J. 2011, 68, 607–619. [Google Scholar] [CrossRef] [PubMed]

	



Moya, M.; Aguado, P.J.; Ayuga, F. Mechanical properties of some granular agricultural materials used in silo design. Int. Agrophys. 2013, 27, 181–193. [Google Scholar] [CrossRef]

	



Malaga-Toboła, U.; Łapka, M.; Kurek, M.; Łukasiewicz, M.; Kocira, S. Wood modification methods. Przem. Chem. 2017, 96, 1563–1566. [Google Scholar]

	



Gawrysiak-Witulska, M.; Siger, A.; Rudzińska, M.; Stuper-Szablewska, K.; Rusinek, R. Effect of self-heating on the processing quality of rapeseed. Int. Agrophys. 2018, 32, 313–323. [Google Scholar] [CrossRef]

	



Malaga-Toboła, U.; Łapka, M.; Tabor, S.; Niesłony, A.; Findura, P. Influence of wood anisotropy on its mechanical properties in relation to the scale effect. Int. Agrophys. 2019, 33, 337–345. [Google Scholar] [CrossRef]

	



Stropek, Z.; Gołacki, K. Stress relaxation of apples at different deformation velocities and temperatures. Trans. ASABE 2019, 62, 115–121. [Google Scholar] [CrossRef]

	



Martinez, J.J.; Melgarejo, P.; Hernandez, F.; Salazar, D.M.; Martinez, R. Seed characterization of five new pomegranate (Punica granatum L.) varieties. Sci. Hortic. 2006, 110, 241–246. [Google Scholar] [CrossRef]

	



Wróblewska, A.; Brzosko, E.; Czarnecka, B.; Nowosielski, J. High levels of genetic diversity in populations of Iris aphylla L. (Iridaceae), an endangered species in Poland. Bot. J. Linn. Soc. 2003, 142, 65–72. [Google Scholar] [CrossRef]

	



Wróblewska, A.; Brzosko, E. The genetic structure of the steppe plant Iris aphylla L. at the northern limit of its geographical range. Bot. J. Linn. Soc. 2006, 152, 245–255. [Google Scholar] [CrossRef]

	



Woźniak, W. Mechanical properties of wheat grain in relation to internal cracks. Int. Agrophysics 2001, 15, 59–64. [Google Scholar]

	



Yashchuk, N.O.; Matseiko, L.M.; Bober, A.V. The quality of wheat grain of different varieties, depending on the infection by granary weevil (Sitophilus granarius L.). Ukr. J. Ecol. 2018, 8, 394–401. [Google Scholar] [CrossRef]

	



Yadav, D.S.; Chander, S. Simulation of rice planthopper damage for developing pest management decision support tools. Crop. Prot. 2010, 29, 267–276. [Google Scholar] [CrossRef]








[image: Sensors 21 02209 g001 550] 





Figure 1. Diagram of the stages of the experiment. 
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Figure 2. Puncture test carried out in June for the seed capsule of (a) I. aphylla and (b) I. sibirica and for the seeds of (c) I. aphylla and (d) I. sibirica. 
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Figure 3. Puncture test carried out in September for the seed capsule of (a) I. aphylla and (b) I. sibirica and for the seeds of (c) I. aphylla and (d) I. sibirica. 
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Figure 4. Plot of the PCA analysis results for two main components (PC1, PC2) obtained from seven parameters analysed in the investigated cases (A6N—I. aphylla collected in June, no foraging; A9N—I. aphylla collected in September, no foraging, S6Y—I. sibirica collected in June, foraging, S9Y—I. sibirica collected in September, foraging). 
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Figure 5. Graph of variables (Plant h [cm]. Seed mass per capsule [g]. Number of seeds per capsule. Seed wall thickness [mm]. Seed mass [g]. Capsule wall thickness [mm]. Capsule max load (N). Seed max load (N)). Position of load vectors relative to the first two PCA components. 
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Table 1. Morphological traits and mechanical properties of I. aphylla and I. sibirica seed capsules and seeds analyzed in June (6) and September (9).
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	Variety/Month
	Capsule Max Load

(N)
	Seed Max Load

(N)
	Plant h [cm]
	Capsule Wall Thickness [mm]
	Seed Mass Per Capsule [g]
	Seed Wall Thickness [mm]
	Number of Seeds Per Capsule
	Seed Mass [g]
	Seed Length [mm]
	Seed Width [mm]





	I. aphylla/6
	6.59
	16.60
	34.99
	1.31
	1.51
	1.50
	89.91
	0.017
	4.3
	2.7



	SD
	0.92
	29.72
	0.08
	0.01
	0.01
	0.01
	0.83
	0.0001
	0.6
	0.5



	I. aphylla/9
	2.94
	174.46
	35.01
	1.1
	1.35
	1.22
	90.11
	0.015
	4.0
	2.5



	SD
	1.28
	68.97
	0.09
	0.01
	0.01
	0.01
	0.93
	0.001
	0.6
	0.5



	I. sibirica/6
	9.28
	15.97
	120.01
	0.45
	3.0
	0.10
	148.80
	0.02
	2.6
	1.4



	SD
	0.61
	4.23
	0.09
	0.01
	0.01
	0.01
	0.82
	0.0001
	0.6
	0.5



	I. sibirica/9
	6.26
	344.90
	118.99
	0.32
	2.7
	0.08
	150.30
	0.018
	2.4
	1.3



	SD
	1.48
	95.81
	0.09
	0.01
	0.01
	0.01
	0.94
	0.001
	0.6
	0.5







Capsule max load (N)—average maximum force of seed capsule puncture. Seed max load (N)—average maximum force of seed puncture. Plant h [cm]—average plant height. Capsule wall thickness [mm]—average thickness of the seed capsule wall. Seed mass per capsule [g]—average weight of seeds in the seed capsule. Seed wall thickness [mm]—average thickness of the seed wall. Number of seeds per capsule—average number of seeds in the capsule. Seed mass [g]—average seed weight.
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