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Abstract

:

Blueberries are highly perishable and temperature sensitive. The main purpose of the study was to determine whether logistics processes in the beginning stages of the blueberry supply chain have an influence on the temperature profiles and quality of the fruit further downstream. Temperature trials were conducted on three farms in the Gauteng and three in the Western Cape provinces of South Africa. Observations were made, and iButton® temperature monitoring devices were used to record ambient temperatures experienced by blueberries from harvesting until after forced cooling in the cold store. Descriptive statistics were used to analyse the temperature data. The results showed poor adherence to protocols and a large number of temperature and chilling injury spikes and breaks. Many trials did not reach pre-cooling and forced cooling protocol temperatures within the required time. Quality reports indicated that pallets were downgraded owing to cartons being underweight, probably as a result of moisture loss, and other quality defects such as collapsed berries and mould. By minimizing the breach of protocols and improving the beginning stages of the blueberry supply chain, a better-quality product will be ensured, thus reducing costs, food loss and food waste.
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1. Introduction


1.1. Background


South Africa has a well-established fruit export industry, accounting for approximately 35% of agricultural exports and valued at $3.3 billion [1]. The majority of the fruit exports comprise citrus, deciduous and subtropical fruit, but exotic fruit types have become more popular in recent years [2]. Blueberries are especially sought-after owing to their health benefits. Farmers in South Africa seized this market opportunity, leading to an increase in production from 11,700 tons in the 2018/2019 season to 31,520 tons in the 2021/2022 season [3,4].



Blueberries are highly perishable and temperature sensitive, requiring adherence to strict temperature protocols in the export cold chain to maintain fruit quality. Company X is a leading player in the export of blueberries from South Africa. They have conducted research along the cold chain of blueberries in the past and identified specific concerns regarding the beginning stages of the cold chain and the logistical processes followed. Company X requested that this research be conducted. The purpose of this research was to investigate whether different logistics processes in the beginning stages of the blueberry supply chain, from harvesting to the cold store, have an influence on the temperature profiles and quality of the fruit further downstream in the cold chain.




1.2. Cold Chain


Kitinoja [5] and Ndraha et al. [6] (p. 13) define a cold chain as “the uninterrupted handling of perishable products within a low temperature environment in order to maintain the quality and safety of the products. Effectively, the cold chain starts with the postharvest steps of the value chain including harvesting, collection, packing, processing, storage, transport and marketing up until it reaches the final consumer”.



Fresh fruit and vegetables often have to be disposed of owing to bruising, moisture loss, and decay [7] (p. 35) and [8] (p. 627). Many of these losses can be prevented by maintaining the cold chain [9] (p. 23) and [10] (p. 1950). The benefits that proper cooling provides to perishables are listed in Table 1.



The rate of decay increases significantly as temperature increases. For example, Kitinoja [5] found that the rate of microbial growth and water loss doubled for each increase of 10 °C. Therefore, the importance of an effective cold chain cannot be overstated. However, many factors, such as poorly designed refrigeration equipment, the position of products in the containers, and poor cold chain management practices, can cause temperature fluctuations in the cold chain [6] (p. 19).



Ripening and senescence continue after harvest, as the produce is metabolically active. An inadequate cold chain could thus cause a loss in quality or the outbreak of foodborne pathogens, resulting in food waste and financial losses [11]. Postharvest activities, therefore, need to be managed effectively. Fortunately, new postharvest treatments have been developed that enable the industry to deliver produce with high nutritional value and sensory quality [11].




1.3. Blueberry Cold Chain


As the blueberry industry in South Africa is still young, postharvest activities need to be evaluated to improve its cold chain. The main stages in a typical cold chain are shown in Figure 1. For this study, the focus was on the initial stages, namely harvesting, land transportation, pre-cooling, and cold storage (forced cooling), as indicated in red. The aim was to investigate whether previously identified weaknesses are also present in the blueberry cold chain, and if so, what remedial actions could be taken to improve fruit quality and reduce spoilage. The initial stages of the blueberry supply chain, from harvesting until the berries have been force-cooled in the cold store, are illustrated in Figure 2 and described in greater detail below.



Although the pre-cooling phase is technically the starting point of the cold chain, harvesting practices affect the initial temperature and quality of the blueberries.



The ripening period from the first berry to the last for all blueberry varieties is four to six weeks [14]. Blueberries are picked at the 85–90% blue stage for export via sea freight and 100% blue stage for export via air freight and the domestic market [15,16]. Blueberry harvesting can, therefore, last several days or even weeks, depending on the fruit’s maturity and climatic conditions. Company X created colour cards for each of their blueberry varieties to assist pickers and inspectors. In addition, firmness (durofel) and sugar (brix) tests are used to determine the fruit’s maturity and select suitable export markets [16]. If the berries are harvested prematurely, the flavour will be inferior, and shrivelling could occur. If the berries are too ripe, the fruit will become soft, mealy, and flavourless soon after harvest [17]. Harvesting can take place in the morning or during the day, depending on the weather. Company X prefers not to harvest or handle blueberries if moisture is present on the berries or when the temperature exceeds 30 °C [16].



Blueberries are picked and placed into one-litre buckets. When the buckets are full, they are emptied into crates on the quality control (QC) table. Empty buckets and crates used for harvesting should not lie in the sun prior to use, as they could transfer their heat to the berries. The QC tables and harvested produce should also be kept in the shade. Van Hoorn [18] found that the temperature of the produce in trays in the shade is 5–6 °C below the ambient air temperature. After inspection, the crates are labelled and stacked for transport to the cold room on the farm.



Blueberries should be transported to the cold room within one hour after harvesting. The sooner the field heat can be reduced through pre-cooling, the better the fruit quality can be preserved. The crates are transported on tractor-trailers covered with shade netting and should be offloaded in a shaded area at the cold room, especially if there is a queue of tractor-trailers to be offloaded.



In the cold room, the crates are immediately stacked onto pallets and then pre-cooled to 6 °C [16]. The cooled pallets are loaded in an airlock onto a refrigerated truck for transport to the packhouse. An airlock is also used during delivery at the packhouse. The cold room, truck, and packhouse are all maintained at 6 °C. At the packhouse, the blueberries are graded and inspected for compliance with market criteria, packaged in cartons, and palletised. Once the pallets have been approved by the Perishable Products Export Control Board [19], they are placed in the cold room until they can be transported by refrigerated truck to the cold store. At the cold store, forced-air cooling is applied until the fruit pulp temperature is 0 °C. As blueberries are very delicate and perishable, the fruit pulp temperature has to be reduced to 0 °C within six hours after harvesting [19].




1.4. Handling Methods and Transportation Systems


Harvesting and post-harvest handling can easily cause loss of bloom wax on blueberries, which in turn reduces the nutritional quality, accelerates the loss of water, and increases the rate of decay [20]. Blueberries, therefore, have to be handled with the utmost care. Another example of poor post-harvest handling is the lack of sufficient pre-cooling after harvest, resulting in loss of quality and shelf life [21].



Temperatures are often poorly managed during transportation of perishables, leading to deterioration and food waste [21,22]. Variations in temperature along the cold chain can cause condensation on the berries, which can result in the growth of spoilage microorganisms and pathogens. Vigneault et al. [22] report that the proper use of refrigerated containers could reduce spoilage from 40% to 5%. Refrigeration, food safety, and food waste are closely linked [12].



This research investigated varying handling techniques for the initial stages of the blueberry export cold chain. These include loading, offloading, and transporting blueberries from the orchards to the centralised packhouse. All six farms harvest their blueberries by hand; however, they use different technologies to pre-cool their blueberries. The blueberries are transported to a centralised packhouse for three of the six farms, after which the blueberries are packaged and subsequently transported to a centralised cold store. However, the remaining three farms only transport the blueberries once, as the packhouse and the cold store are located at the same site.




1.5. Temperature Spikes and Temperature Breaks


A perpetual temperature profile was defined by [23] as “an uninterrupted series of refrigerated production, storage and distribution activities, which maintain a desired low temperature range”. Although many cold chains aim to achieve a perpetual temperature profile, not many are successful.



Each perishable product has ideal handling and storage temperatures for different steps in the cold chain. Non-adherence to these protocols causes temperature deviations that negatively affect the product quality [24]. These temperature deviations are called temperature spikes or temperature breaks, depending on the severity of the deviation. The definitions for temperature spikes and temperature breaks are product-specific, as some products are more susceptible to chilling injury or heat injury than others.



Much of the information regarding the blueberry cold chain is kept confidential, as the blueberry industry in South Africa is still young and highly competitive; thus, the table grape cold chain was used as a benchmark. However, blueberries are more susceptible to fluctuations in temperature than table grapes. The following definitions were therefore adopted for this study, based on the definitions by [23] for table grapes:




	
A temperature break is defined as “any rise in temperature of 2 °C above the product-appropriate set point, for longer than 30 min”.



	
When the temperature falls below −1.5 °C for longer than 30 min, it is regarded as a chilling injury break (blueberries freeze at approximately −2 °C [25].



	
When the temperature rises above the established 2 °C or falls below the −1.5 °C barrier, but this does not last longer than 30 min, it is defined as a temperature spike or chilling injury spike, respectively.








The damage caused by temperature deviations is cumulative; therefore, recurring temperature spikes can be just as harmful to the fruit as one long temperature break [23].




1.6. Quality Assurance and Control


In the fruit cold chain, quality control involves a broad range of factors, such as internal and external fruit quality, traceability, timely delivery, and end customer satisfaction [26] In this study, the emphasis is on ensuring that the fruit is of a high quality and meets the internal and external fruit quality requirements of the export markets. The PPECB conducts all the necessary phytosanitary and fruit quality inspections. The fruit export industry adheres to “Good Agricultural Practices” during production and harvest and “Good Hygienic Practices” in the packhouses and other stages of handling fruit to ensure that both the environment and produce are clean and free from contamination.




1.7. Purpose of the Study


Previous studies identified weaknesses such as temperature variations in numerous steps along food cold chains, including pre-cooling, loading and road transportation, handling and storage at the port of departure, display at retailers, and storage in domestic refrigerators [12,27,28,29,30].



The main purpose of the study was to determine whether different logistics processes implemented, specifically in the beginning stages of the blueberry supply chain, from harvesting until the cold store, have an influence on the temperature profiles and quality of the fruit further downstream in the supply chain.




1.8. Contribution


The quality of blueberries can be negatively affected by deviations in temperature. This is because a rise in temperature leads to an escalation in the natural degrading process of perishable products, a reduction in the fruits’ relative shelf-life, and an increase in the percentage loss of fruit per day [5]. Therefore, the researchers are of the opinion that the temperature deviations measured during the initial stages of the blueberry supply chain could have been reduced (or even avoided) if protocols were adhered to more precisely. This research showed that these temperature fluctuations contributed to pallets of blueberries being downgraded on arrival at the overseas destination.



In addition, one of the main reasons that pallets were downgraded was due to the pallets being underweight on arrival at the overseas destination. Kitinoja [5] and James and James [10] showed that maintaining a good cold chain reduces transpiration, as blueberries start losing moisture directly after harvest. Therefore, a well-maintained cold chain reduces the occurrence of moisture loss, which results in less shrivelling. Van Amerongen [31] states that cooling by means of forced-air cooling reduces moisture loss and extends the shelf-life of blueberries. In addition, maintaining a relative humidity of 90–95% at an optimum temperature further contributes to the reduction of moisture loss. This research shows that applying pre-cooling and forced-air cooling efficiently and effectively, combined with a well-maintained relative humidity and proper cold chain management, could significantly decrease the loss of moisture experienced by blueberries.



By minimizing the breach of protocols and improving the beginning stages of the blueberry supply chain, a better-quality product will be ensured, thus reducing costs, food loss, and food waste.





2. Materials and Methods


Secondary data was collected through a comprehensive literature review. Primary qualitative data was gathered through observations and semi-structured interviews during site visits to blueberry farms, packhouses, and cold stores. Questionnaires were sent to those who could not be interviewed in person, including international blueberry experts. Quantitative data was collected using iButton® (iButtonLink Technology, Whitewater, WI, USA) temperature monitoring devices to record the ambient temperatures to which the blueberries were exposed. Temperature trials were conducted on three farms each in the Gauteng and Western Cape provinces of South Africa. The three farms in the Western Cape (Farms A, B, and C) are located between 43 km and 120 km from the combined packhouse and cold store. The three farms in Gauteng (Farms D, E, and F) are all located approximately 140 km from the packhouse, which is located 5.6 km from the cold store. Each farm uses different cooling systems and harvesting methods.



The number of iButtons® required to collect sufficient data was determined through a power analysis. The analysis indicated that 54 iButtons® were required per farm. Three trials starting at different times were conducted on each farm, namely an Early Morning, Late Morning, and Afternoon trial, using 18 iButtons® per trial.



Each iButton® was attached to a numbered card with a long red ribbon for easy retrieval. During harvesting, the iButtons® were placed in one-litre buckets amongst the blueberries, except on Farm C, where a different procedure was followed. The iButtons® were transferred with the berries into crates on the quality control (QC) tables (Figure 3). In the packhouse, the iButtons® were removed from the crates and then placed in cartons on the bottom, middle, and top levels of the pallets (Figure 4). The iButtons® were finally removed at the cold store after forced cooling had been applied.



On Farm C, field packing is used, which eliminates the packhouse step. Lugs are used for harvesting instead of one-litre buckets. iButtons® were placed amongst the berries in the lugs during harvesting and transferred into 4 kg trays at the QC table, before pallets were built with the trays (Figure 5). The iButtons® were finally removed at the cold store after forced cooling had been applied.



Descriptive statistics were used to analyse the temperature data. Excel, Statistica, and Tableau (Microsoft Excel, Microsoft 365, Seattle, WA, USA, STATISTICA 13.5, TIBCO Software, Palo Alto, CA, USA Tableau, Tableau Desktop—2020.2, Seattle, WA, USA) were used to analyse and visualise the data and results.




3. Results


3.1. Temperature Spikes and Temperature Breaks


Owing to limited funding, some second-hand iButtons® were used in addition to new iButtons®, resulting in a few malfunctioning, possibly due to reaching the end of their battery life. The number of iButtons® from which data could be retrieved for each trial is shown in Table 2.



The trials on Farm D had to be repeated due to a technical error with the starting time of the iButtons®. Nevertheless, the data from the first set of trials were still usable.



The number of temperature spikes and breaks as well as the number of chilling injury spikes and breaks recorded per farm and per stage are shown in Table 3 and Table 4, respectively. In total, 638 temperature spikes, 242 temperature breaks, 345 chilling injury spikes, and 27 chilling injury breaks were recorded. The majority of the temperature spikes were recorded on Farms B, D1, and E, while a moderate number of temperature spikes were also recorded on the other farms. Temperature breaks were recorded on all the farms, ranging from very few to a moderate number. The majority of the chilling injury spikes were recorded on Farm A, while a few chilling injury spikes and breaks were recorded on Farm C.



The majority of the temperature and chilling injury spikes and a moderate number of temperature and chilling injury breaks were recorded during the forced cooling stage. A moderate to large number of temperature spikes and breaks were also recorded during the harvest and transportation and packhouse stages and a moderate number of temperature spikes during the transportation to forced cooling stage.



Four areas of concern that contributed to the occurrence of temperature and chilling injury spikes and breaks were identified and are discussed below.



3.1.1. Concern 1: High Harvesting Temperatures


During some of the Late Morning and Afternoon trials, the daytime temperature exceeded the maximum allowed harvesting temperature of 30 °C (Cold Chain Specialist, 2019). The researchers observed one-litre buckets and empty crates lying in the sun, sometimes on a steel table, before being used. In one instance, the temperature of a one-litre bucket was measured as 38.1 °C after it had been left in the sun over lunch. Sometimes crates with berries were put in the sun instead of the shade. On one farm, the gazebo over the QC table had been broken due to strong wind, leaving the steel table in full sun—a temperature of 47.7 °C was recorded.



More temperature spikes and breaks were recorded during the Late Morning and Afternoon trials than during the Early Morning trials. This was expected, as the maximum daytime temperature is normally recorded over lunchtime.



Farm F used a refrigerated trailer to transport the blueberries from the orchard to the cold room. This meant that the berries were being cooled while waiting to be transported and resulted in fewer temperature spikes and breaks being recorded on Farm F.




3.1.2. Concern 2: Inconsistent Temperatures during the Packhouse Stage


The protocol stipulates a temperature of 6 °C should be maintained inside the holding room, packing room, and cold room. The pallets are offloaded from the refrigerated truck into the holding room, where they are weighed and the berries are inspected and the fruit pulp temperature measured. Some of the holding rooms were not maintained at 6 °C. A temperature of 8.3 °C was measured in one of the holding rooms after the truck had been offloaded, which resulted in temperature spikes and breaks. However, after the doors of the holding room were closed, the temperature dropped to 5 °C within two minutes.



Some of the packing rooms were also not maintained at 6 °C; temperatures ranging from 9.2 °C to 9.7 °C were measured in packing rooms, and maximum temperatures of 18.2 °C and 13.7 °C were recorded in the fruit crates during the Afternoon trials before the blueberries were packed into cartons.



The trials from Farm A experienced chilling injury spikes and breaks while waiting in the cold room to be transported to the cold store. Minimum temperatures of −1.8 °C and −2.2 °C were recorded.




3.1.3. Concern 3: Transportation to Forced Cooler


In the Western Cape, no transport is required form the packhouse to the cold store (forced cooler), as they are at the same location. In Gauteng, temperature spikes were recorded during loading of the pallets at the packhouse as well as during offloading at the cold store for some of the trials. The airlock system at the packhouse did not fit the refrigerated truck used for transporting pallets to the cold store. In addition, the main doors of the holding room were left open one evening while pallets were being loaded, allowing warm air to enter the holding room, resulting in temperature spikes. The holding room should be maintained at 6 °C.



At the cold store, pallets should be offloaded through an airlock into a cold room, which is kept at 6 °C. One evening, pallets were offloaded outside in an ambient temperature of 22.3 °C and placed in a holding room instead of a cold room, resulting in temperature spikes being recorded. The following morning, pallets were offloaded through the airlock into a cold room, from where they were moved to the forced cooling room. No temperature spikes were recorded this time.




3.1.4. Concern 4: Inconsistent Temperatures during the Forced Cooling Stage


The majority of the temperature deviations were recorded during the forced cooling stage, namely 419 temperature spikes, 42 temperature breaks, 328 chilling injury spikes, and 25 chilling injury breaks. Temperature spikes and breaks were recorded simultaneously. Temperature deviations occurred in waves, caused by the defrost cycles of the refrigeration equipment [16] (Cold Chain Specialist, 2019). In the case of fruit from Farm C, temperature spikes and breaks were recorded in the pallets of the Early Morning trial, which were already in the forced cooling tunnel when pallets from the Late Morning and Afternoon trials were added. As Farm C uses field packing, the berries were in crates instead of cartons and were therefore more susceptible to temperature fluctuations.



Most of the chilling injury spikes occurred at the beginning of the forced cooling stage for the trials from Farm A. These could be as a result of the low temperatures in the cold room, as discussed above in Concern 3: Inconsistent temperatures during the Packhouse stage.



The temperature at which the pallets arrive at the cold store could potentially impact the temperature when the Forced Cooling stage commences. In the Western Cape, pallets that arrived at the cold store cooled, caused chilling injury spikes and chilling injury breaks, whereas in Gauteng, pallets that arrived at the cold store cooled, resulting in temperature spikes and temperature breaks. A possible reason for this could be that the forced cooling applied in the Western Cape is more intense than that of Gauteng, as was evident from the time and stage that the forced cooling was achieved, as discussed in the next section. Defrosting cycles of the refrigeration equipment are a major concern that needs to be addressed in both the Western Cape and Gauteng.





3.2. Time and Stage at Which Protocol Temperature Was Reached—Pre-Cooling


To remove the field heat, the blueberries should be cooled to the protocol temperature (PT) of 6 °C within 300 min (five hours) during the pre-cooling stage. Figure 6 and Figure 7 show the shortest, longest, average, and median times in minutes to reach the protocol temperature during each trial for farms in the Western Cape and Gauteng, respectively. None of the farms in the Western Cape managed to reach the protocol temperature within the required time, based on their average and median times, whereas in Gauteng, Farms E and F always managed to reach the protocol temperature within the required time.



Figure 8 and Figure 9 show the stage during which the protocol temperature was finally reached for farms in the Western Cape and Gauteng, respectively; ideally, this should be during the pre-cooling stage. On the Western Cape farms, the protocol temperature was not reached during the pre-cooling stage in many instances and often was only reached during the packhouse stage (for example, on Farm B). On Gauteng farms, the protocol temperature was always reached during pre-cooling, except during the two trials on Farm D.



Gauteng farms had three rooms at the precooling facility, namely a cold room where the pallets were built, a room where precooling was applied, and a holding room where the cooled pallets were kept until they could be transported to the packhouse. This setup enabled good cold chain management. The farms in the Western Cape did not have three separate rooms, resulting in temperature spikes and breaks.




3.3. Time and Stage at which Protocol Temperature Was Reached—Forced Cooling


Blueberries should be cooled to the protocol temperature (PT) of 0 °C within 600 min (ten hours) during the forced-cooling stage. This slows down the respiration rate to preserve the fruit quality during the journey to the export market. Figure 10 and Figure 11 show the shortest, longest, average, and median times in minutes to reach the protocol temperature during each trial for farms in the Western Cape and Gauteng, respectively. Figure 11 does not include Farm D2, as these trials ended at the packhouse stage.



Figure 12 and Figure 13 show the stage during which the protocol temperature was finally reached for farms in the Western Cape and Gauteng, respectively; ideally, this should be during the forced-cooling stage.



All the trials on farms in the Western Cape reached the protocol temperature within the required time, except for the Early Morning trial on Farm A, where one iButton® never recorded 0 °C. On the Gauteng farms, the average and median times to reach the protocol temperature were within the required time for only two trials, namely Farm E Afternoon and Farm F Afternoon. Several iButtons® never reached the protocol temperature during the Early Morning trials on the Gauteng farms, as well as the Late Morning and Afternoon trials on Farm F.



Both in the Western Cape and Gauteng farms, more than 200 temperature spikes were recorded at each of the two forced cooling facilities, probably as a result of the defrosting cycles of the refrigeration equipment. In addition, more chilling injury spikes were recorded in the Western Cape facility, probably because the berries were cooled to approximately 0 °C instead of maintained at 6 °C in the cold room of the packhouse, before being transported to the forced cooling facility.



Table 5 demonstrates that none of the farms provided efficient and effective cooling during both the Pre-cooling and Forced Cooling stages for the trials conducted, which may result in quality issues being evident on the quality reports.




3.4. Logistical Processes Used and Protocols Not Followed


To improve the management of the initial stages of the blueberry cold chain, best practises were identified amongst the trials from the six farms, which can be used as benchmarks by Company X.



Best practices for the Harvest and Transportation stage were found on Farms D, E, and F. Amongst all the farm trials, the shortest time for this stage was on Farm D. Farm D covered the road with peach pips to reduce dust on the blueberries. Farm F used a refrigerated trailer in the field and for transport to the cold room. Farm E had the best cold room facilities and procedures.



Farm E should serve as the benchmark for the Pre-Cooling stage, as no temperature spikes or breaks were recorded there. In addition, the fruit pulp temperature of 6 °C was reached within the required time of 300 min (5 h) and during the pre-cooling stage. Therefore, all the protocols were adhered to.



The Gauteng leg of the Transportation to Packhouse stage was identified as the benchmark, as no temperature spikes or breaks were recorded there. This is likely owing to the airlock loading bays that reduce the occurrence of deviations from protocol temperature.



Far fewer temperature spikes and breaks were recorded during the Packhouse stage in the Western Cape than in Gauteng, as protocols were better adhered to in the Western Cape packhouse. However, temperatures could be controlled better and protocols adhered to more strictly. As Farm C used field packing, it skipped the packhouse stage and thereby significantly reduced the time spent during the beginning stages of the blueberry cold chain.



In the Western Cape, the packhouse is located next to the forced cooling facility so there is no Transportation to Forced Cooling stage, which is ideal and should therefore be the benchmark.



As the Forced Cooling stage in the Western Cape was the most efficient and effective, it was identified as the benchmark. However, the defrosting cycles in the Western Cape as well as the Gauteng facility need to be investigated as they caused numerous temperature spikes.




3.5. Quality Control Reports


Upon arrival at the overseas destination, pallets are graded according to a colour scaling system based on samples taken. Table 6 shows the four colours, namely green, amber, red, and black (reject), used to depict the condition of a pallet and a description of what each colour represents.



Fruit pulp temperatures were measured during the grading process. Minimum temperatures of 3.3 °C, 1.9 °C, and 2.3 °C and maximum temperatures of 3.8 °C, 4.2 °C, and 4.0 °C were recorded for pallets from Farm A, D, and E, respectively. As blueberries were cooled to 0 °C during the Forced Cooling stage, this implies that temperature spikes and breaks occurred during stages further down the cold chain.



The pallets from Farms A, D, and E were downgraded from “Green” to “Amber” because of the boxes being underweight. If these boxes had not been underweight, the pallets from Farms A, D, and E would have been classified as “Green”, since their total defects recorded were below 5%.



Both pallets from Farm C were graded as “Red Fail”. The fail defects for both pallets were because of underweight trays. Both pallets recorded total defects of more than 10%, which contributed to these pallets being classified as “Red”. The minor defects detected were linked to stalks being attached to the blueberries as well as shrivelled and soft blueberries. Furthermore, the major defects revealed were linked to mould being present on some blueberries and collapsed blueberries.



A pallet from Farm E logged total defects of 5.1%, which resulted in the grading of “Amber”. The minor defects detected for the pallet were due to stalks being attached to the blueberries and soft blueberries, while the major defects detected were linked to collapsed blueberries.



Both pallets from Farm F were graded as “Amber”. The reasons for downgrading the pallets from “Green” to “Amber” were linked to the boxes being underweight and the presence of isolated mould on the blueberries.



No quality control reports were received for the pallets associated with the trials conducted on Farm B.



A possible reason for cartons being underweight could be moisture loss. Moisture loss could result from insufficient cooling and temperature fluctuations in the beginning stages of the blueberry supply chain (see Table 1). In addition, relative humidity was not controlled, further contributing to moisture loss (Van Amerongen, 2021).





4. Conclusions


The results showed poor adherence to protocols and a large number of temperature and chilling injury spikes and breaks. The temperature spikes and breaks were mostly recorded during the harvesting and transportation, packhouse, and forced cooling stages, while the majority of the chilling injury spikes and breaks occurred during the forced cooling stage.



Additional infrastructure would be required to reduce the risk of temperature deviations from protocol. This includes more tractor-trailers to reduce the turnaround time between the field and cold room, gazebos for the QC tables, shaded areas for offloading at the cold room, forced-air pre-cooling systems, separate refrigerated rooms for building of pallets, pre-cooling and holding of pallets after pre-cooling, and loading bays with airlock systems. The defrosting cycles at the forced cooling facility should be reprogrammed to reduce the occurrence of temperature and chilling injury spikes and breaks.



It is also imperative that all employees and other actors in the blueberry cold chain be educated on the impact of temperature on the quality and shelf life of blueberries and the importance of proper cold chain management and the adherence to protocols.



The main limitation of the study was the available funding for purchasing temperature monitoring devices.
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Figure 1. Overview of the main steps in a typical cold chain. Source: adapted from [12]. 
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Figure 2. Blueberry Export Cold Supply Chain. Source: [13]. 
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Figure 3. iButtons® in one-litre buckets during harvesting and in crates at QC station. Source: [13]. 
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Figure 4. iButtons® placed in cartons during building of pallets at the packhouse. Source: [13]. 
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Figure 5. iButtons® in lugs during harvest, iButtons® in trays at QC tables, and a completed pallet. Source: [13]. 
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Figure 6. Time in minutes to reach PT = 6 °C on Western Cape farms. Source: [13]. 
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Figure 7. Time in minutes to reach PT = 6 °C on Gauteng farms. Source: [13]. 
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Figure 8. Stage during which PT = 6 °C was reached on Western Cape farms. Source: [13]. 
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Figure 9. Stage during which PT = 6 °C was reached on Gauteng farms. Source: [13]. 
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Figure 10. Time in minutes to reach PT = 0 °C on Western Cape farms. Source: [13]. 
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Figure 11. Time in minutes to reach PT = 0 °C on Gauteng farms. Source: [13]. 






Figure 11. Time in minutes to reach PT = 0 °C on Gauteng farms. Source: [13].



[image: Horticulturae 08 01191 g011]







[image: Horticulturae 08 01191 g012 550] 





Figure 12. Stage during which PT = 0 °C was reached on Western Cape farms. Source: [13]. 
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Figure 13. Stage during which PT = 0 °C was reached on Gauteng farms. Source: [13]. 
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Table 1. Benefits that cooling provides to perishable products.
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	Reduces respiration—lessens perishability



	Reduces transpiration—lessens moisture loss and shrivelling



	Reduces ethylene production—slows ripening



	Increases resistance to ethylene action



	Decreases activity and growth of micro-organisms



	Reduces browning and loss of texture, flavour, and nutrients



	Delays ripening and natural senescence







Source: Adapted from [5,10].
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Table 2. Number of iButtons® retrieved with usable data for each trial conducted on the farms.
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	No. of iButtons®
	Farm A
	Farm B
	Farm C
	Farm D1
	Farm D2
	Farm E
	Farm F





	Early Morning
	18
	17
	18
	16
	18
	17
	17



	Late Morning
	18
	18
	14
	18
	18
	18
	12



	Afternoon
	18
	17
	14
	18
	17
	17
	9



	Totals
	54
	52
	46
	52
	53
	52
	38







Source: [13].
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Table 3. Number of temperature and chilling injury spikes and breaks recorded per farm.
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	Farm A
	Farm B
	Farm C
	Farm D1
	Farm D2
	Farm E
	Farm F





	Temperature spikes
	50
	162
	48
	126
	44
	130
	78



	Temperature breaks
	4
	37
	7
	45
	17
	73
	59



	Chilling injury spikes
	320
	0
	25
	0
	0
	0
	0



	Chilling injury breaks
	4
	0
	21
	2
	0
	0
	0







Source: [13].
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Table 4. Number of temperature and chilling injury spikes and breaks recorded per stage.
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	Temperature Spikes
	Temperature Breaks
	Chilling Injury Spikes
	Chilling Injury Breaks





	Harvest and transportation
	47
	92
	0
	0



	Pre-cooling
	2
	11
	0
	0



	Transportation to packhouse
	5
	4
	0
	0



	Packhouse
	123
	91
	17
	2



	Transportation to forced cooling
	42
	2
	0
	0



	Forced cooling
	419
	42
	328
	25



	Totals
	638
	242
	345
	27







Source: [13].
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Table 5. Farm scores for effectiveness and efficiency of pre-cooling and forced cooling.
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Farm

	
A

	
B

	
C

	
D

	
E

	
F






	
Pre-Cooling (Rating out of 3)

	
Z

	
Z

	
-

	
-

	
X, Y, Z

	
X, Y




	
Forced Cooling (Rating out of 3)

	
X

	
X, Y

	
X, Y

	
-

	
-

	
-




	
Total score

	
2/6

	
3/6

	
2/6

	
0/6

	
3/6

	
2/6




	
Where:

X = All trials for the farm reached the protocol temperature within the protocol time provided

Y = All trials for the farm reached the protocol temperature during the required protocol stage

Z = Not a single temperature spike, temperature break, chilling injury spike, or chilling injury break was recorded during the stage

X, Y and Z are equivalent to 1 point each








Source: [13].
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Table 6. The four colour categories used to grade the final QC outcome of a pallet.
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	Colour
	Description of colour scale



	GREEN
	
	
Each parameter is within specification and total defects are below 5%.



	
Minimal sorting will be required to meet customer specifications.








	AMBER
	
	
One or more of the set parameters are out of specification and/or total defects found are between 5% and 10%.



	
Sorting will be required to meet customer specifications; depending on the severity of/or the defect(s) found, the pallet may be downgraded to be sold locally.








	RED
	
	
Total defects found are above 10% per sample.



	
A second QC is to be conducted before finalizing the QC report.



	
Sorting will be required to meet customer specifications; depending on the severity of/or the defect(s) found, the pallet may be downgraded to be sold locally.








	REJECT
	
	
Fruit will be rejected and may be sent for freezing or dumped, depending on the severity of other defects.












Source: [13].
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