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Climate change is a danger to the agricultural system and will impact the availability of food to feed the world. While much attention has focused on the effects of climate change on pest management prior to harvest, much less attention and time has been devoted to determining the effects of climate change on pest management in the postharvest supply chain from farm to fork. Climate change may percolate to pest management at a macro level through compositional changes in which species attack commodities through distributional changes or what commodities are grown in a region (and thus processed in that area). However, climate change may also result in altered microclimates at food facilities, which can be tied to increased generation times, elevated damage and contamination potential, greater abundance of species, and greater need for external inputs. A variety of integrated pest management (IPM) strategies may help increase the resiliency and adaptation of management to climate change. Tactics susceptible to warming temperature changes in climate showing decreased efficacy include semiochemical-based, behaviorally-based tactics, a subset of insecticides (e.g., pyrethrins and pyrethroids), and those that rely on low temperature (e.g., grain aeration, grain chilling). Tactics at food facilities showing resilience to warming temperature changes in climate include packaging, other groups of insecticides, and likely sanitation. Data gaps include predicting changing distributions for stored product insects under climate change, translating macro climate changes into microclimate changes at food facilities, and rigorously investigating how IPM tactic efficacy varies under changing climate. Increased scrutiny of how climate change will affect pest management in the postharvest supply chain will deliver improved outcomes for the entire agricultural system.




Keywords: stored products, integrated pest management, microclimates, review, biosecurity, food security



Introduction

There has been an extensive and in-depth amount of attention paid to the effects of climate change on the biodiversity of the planet and ecosystem services (Mooney et al., 2009). Foremost among the concerns from climate change is how agriculture may be affected. For example, crop losses by 10–25% for rice, maize, and wheat are expected as a result of a warming climate (Deutsch et al., 2018). This is partly because both insect abundance and number of generations in a given time period is predicted to increase under a warming climate (e.g. Gu et al., 2018). However, the vast majority of literature has focused on how climate change will affect pre-harvest agriculture and associated pest management, while neglecting the post-harvest supply chain (Stathers et al., 2013a; Adler et al., 2022). Nonetheless, throughout the agricultural supply chain, climate change is expected to influence how grain is grown, stored, processed, and shipped. Food facilities (e.g., used in this contribution to mean any structure involved in the storage, processing, and marketing of commodities in the post-harvest supply chain up to the consumer) represent unique, buffered habitats in the landscape, which create special microclimates in which pests may respond differently to climate change than unbuffered landscapes (e.g., Milling et al., 2018). Storage by smallholder farmers also represents a range of postharvest management styles which could possibly increase the buffering of effects of climate change (Nyabako et al., 2021). Climate change and buffering may also affect pest management after harvest, with some strategies more or less successful in a warming climate. Thus, the goals of this review were to 1) determine how changes prior to harvest translate after harvest, 2) evaluate the evidence for how the buffered environments of food facilities may attenuate the effects of climate change, 3) elucidate how postharvest commodity quality may change under climate change, 4) synthesize the work on which postharvest integrated pest management tactics may be most effective under a warming climate, and 5) summarize the current research gaps in climate change research for stored products moving into the mid-21st Century.



Materials and Methods

We comprehensively reviewed the literature on climate change research after harvest. In particular, we searched Web of Science and Google Scholar with the following search terms and/or combinations thereof: “climate change”, “stored products” “postharvest”, “insects” “integrated pest management”, “grain”, “maize”, “rice”, “wheat”, “tactics”, “modeling”, “quality”, “microclimate”, “mycotoxin”, etc. We searched articles without respect to timeframe. We did not purposefully exclude articles on specific stored products, but acknowledge the existing bias in the primary literature towards postharvest studies on maize, rice, and wheat (Davis et al., 2021). However, we did not include literature on horticulture crops, as this would have made the review too cumbersome, horticulture crops are managed significantly differently than postharvest grains, and horticulture crops have also been recently reviewed by Malhotra (2017) and Moretti et al (2010). Among the IPM tactics, we excluded botanical insecticides (apart from spinosad and Bt) as there have been several recent reviews covering this topic (e.g., Campolo et al., 2018; Spochacz et al., 2018), there are hundreds of publications (mostly laboratory studies), and there are no widespread commercial products. We limited our search to English language journals. Anything that was explicitly pre-harvest without any connection to the postharvest supply chain was eliminated from consideration. We found a total of 172 articles that fit our criteria. We synthesize the remaining articles into the seven sections below.



Shifts From Climate Change in Where Crops Are Grown

The geographical location where crops are grown is expected to shift and will impact timing and survival of stored-product insect pests. In the US, the typical breadbasket of the country is the Great Plains (Nebraska, Kansas, Iowa, Indiana, Arkansas, Illinois, and Texas) (USDA-NASS, 2022a). The major crops grown there include wheat (primarily Kansas), corn, and rice (Arkansas and Texas) (USDA-NASS, 2022b). However, as temperatures increase under climate change, the highest latitude at which crops are currently grown may generally be expected to also increase (Hijmans, 2003). From 1981–2015, climate changes in North America resulted in substantial shifts in the dates of planting and harvesting of wheat, normally leading to an extension of the growing season, while higher temperatures in June and July negatively affected grain yield at most sites (Morgounov et al., 2018). In the Great Lakes region, long-season maize yield performed significantly better under climate change in the northern states, but much worse in the southern states (Southworth et al., 2000). Easterling et al. (1993) modeled wheat and small grain production in Missouri, Iowa, Nebraska, and Kansas under historical and future climate, and when factoring in then-available low-cost technologies with CO2 enrichment, there would be a small net positive impact of climate change on wheat production in this region by 2030. Conversely, Ortiz et al. (2008) projected that by 2050, the Indo-Gangetic Plains, which are part of a favorable, high potential, irrigated, low rainfall mega-environment and accounts for 15% of global wheat production, could transform into a heat-stressed, short-season region resulting in major yield reductions. In addition, the same study projected the area covered by the cool, temperate wheat-conducive mega-environment could expand as far north as 65°N in North America and Eurasia. In the Pacific Northwest of the US, Fei et al. (2017) predicted that warmer temperatures, drier seasons, and increased atmospheric CO2 will shift northwards in the Southern Great Plains and westward in the Northern Great Plains, which are moves to cooler conditions in both locations. In addition, there would be a decline in total wheat acreage from 6 million acres to 5.4–5.7 million acres in the Pacific Northwest by 2100. Overall, yields may decrease but cultivation may persist in the historical ranges of crops, and crops may also be grown in new areas. This continuity indicates minimal disruption to the postharvest supply chain as a result of crop switching, at least in the near and medium term.

Cereal crops in southern and central Europe have shown earlier ripening and this phenological shift could result in the grain entering storage at a more ideal time for infestation and insect population growth (Medina et al., 2015). This is more ideal for insects because grain is generally very warm when placed into storage, which is optimal for the development of insects, and when given a longer (more optimal) time to feed and develop, this may translate into more generations per year and a greater abundance of postharvest insects. Models that indicate an overall decline in yield (e.g., Batts et al., 1997; Basche et al., 2016; Deutsch et al., 2018) will only drive the need to protect post-harvest commodities to a greater extent (Nyabako et al., 2021). However, other models predict an increase in yield (Smith and Almaraz, 2004; Smith et al., 2013) as long as the temperature increases are not extreme (Lobell and Asner, 2003). In addition, drier conditions as well as an increase in extreme events create increased variability and uncertainty in yield predictions, especially when major droughts or storms occur (Kerr, 2003; Smith and Almaraz, 2004). Even if areas are expected to have increases in yield, these increases could be due to adaptation or changes in crop composition, resulting in net nutritional losses (Nuttall et al., 2017). Areas such as the western edge of the USA prairies, eastern Brazil, and western Australia are especially susceptible to decreases in crop yields while areas such as Canada and northern Europe and Russia are predicted to have increases in yield according to spatially explicit global circulation models (Gregory et al., 2005).



Climate Change-Induced Alterations in Postharvest Quality of Commodities

Climate change may induce postharvest impairments in the quality of commodities as they travel through the agricultural supply chain. Changes in quality may arise as a result of drought stress, heat stress, or elevated CO2. Many postharvest crop qualities can be linked to performance of the crop in the field prior to reaching a food facility (Figure 1). For example, drought stress was found to reduce the filling rate and duration of sorghum, thereby reducing final seed size (Chadalavada et al., 2022). Starch content was found to increase slightly under a small level of drought stress, but significantly decrease under high drought conditions in sorghum. Stress conditions like drought or high temperature typically result in increased protein content in sorghum as a result of an increase in the percent of nitrogen content (Weightman et al., 2008; Pang et al., 2018; Impa et al., 2019). In modeling changing rice quality under projected climate change in northern Italy, Cappelli and Bregaglio (2021) found commodity quality would decrease by 8–20%, with a loss of revenues to millers of 50–100 € per ton between 2030–2070. Heat stress and drought was found to decrease starch content (by 5–10%), but increase protein (by 10%) and mineral concentrations (by 10–20%) in a meta-analysis of C3 cereal grains (e.g., C3 is the most common photosynthetic pathway, including wheat, rice, barely, and oats, among 85% of other plant species; Mariem et al., 2021). Elevated CO2 was found to increase the carbohydrate content of rice (Goufo et al., 2014). Iron bioavailability decreased by 22% in brown rice, while calcium increased by 5–11% in the bran and husk (Goufo et al., 2014). Further, elevated CO2 also resulted in decreased concentrations of amino acids, including isoleucine, phenylalanine, and tyrosine (23–57%).




Figure 1 | Climate change impacts (e.g. elevated temperature, changed moisture, elevated CO2) on postharvest commodity quality starting prior to harvest and continuing throughout the supply chain. Less is known about how commodity quality is affected after harvest compared to prior to harvest.



Importantly, climate change may directly affect milling and other important processing steps later in the postharvest supply chain. As temperatures are predicted to increase, higher temperatures are likely to reduce the shelf life of many commodities (Ashaye, 2018; Parajuli et al., 2019; Thole et al., 2021). In addition, the overall nutritional quality of food is greatly affected by climate change scenarios (Srivastava, 2019; Mariem et al., 2021), altering carbohydrate-to-protein and sugar-to-nutrient ratios (Ashaye, 2018) and even on milling qualities and cooking suitability (Cappelli and Bregaglio, 2021). More to the point, prior work has shown that 60% of the variation in technological and breadmaking parameters is influenced by the pre-harvest production season (Mastilović et al., 2018). The largest contributor within production season was environmental impact. That study found that a season simulating climate change conditions resulted in lower amylolytic enzymes, lower content of gluten, and higher extensograph dough resistance, among other parameters. Furthermore, prior work has shown a nonlinear effect of high temperature stress exposure on yield and milling quality of rice (Lyman et al., 2013). For instance, a 1°C increase in mean yearly temperature reduces paddy rice yield by 6.2%, but actually reduces total milled rice yield by 7.1–8%, head rice yield by 9–13.8%, and total rice milling revenue by 8.1-11%. By contrast, Zhao and Fitzgerald (2013) showed that low relative humidity and a high vapor pressure deficit in the dry season is associated with low chalkiness and high head rice yield in spite of higher maximum temperatures. That study demonstrated a combination of climate factors enabled rice to maintain a cool canopy. Furthermore, in a manipulative experiment, Giménez et al. (2021) found warmer nights during wheat growth ended up reducing yield of the plant, but also surprisingly increased the breadmaking quality parameters, including the amount of wet gluten.

In recent years, the food industry has been reporting increasing problems with off-odor grain (Liu et al., 2021). Much of this may be attributable to the increased prevalence of stored grain pathogens (Van Winkle et al., 2022). However, less is known about whether temperatures and the changes associated with climate change have a causal effect on the incidence of these problems in commodities after harvest. As recently as 2010, there was only one published study and one abstract which directly referred to the effects of climate change on mycotoxins (Paterson and Lima, 2010). Predictions at that time included that food grown in temperate regions would be more susceptible to aflatoxin contamination under higher temperatures, while food grown in tropical regions would become too inhospitable for conventional fungal growth and mycotoxin production (Paterson and Lima, 2010). Indeed, under the most probable scenario of warming (e.g., +2°C), aflatoxin B1 was predicted to become a food safety issue in maize in Europe within 100 years (Battilani et al., 2016). Improperly stored commodities may see increases in mycotoxins (Paterson and Lima, 2010; Magan et al., 2011; Medina et al., 2015; Akello et al., 2021). Increased weather extremes, including flooding or drought, greatly affects water quality in a region and can result in increased pathogen transfer in post-harvest handling (Atanda et al., 2011). More recently, Medina et al. (2017) found Aspergillus flavus was likely to be unaffected by climate change factors (elevated CO2, temperature, moisture), but that there was a significant stimulation in the production of its mycotoxin, aflatoxin B1 in vitro and in vivo in corn. However, cereal grains grown in drier and hotter areas of Zimbabwe had higher A. flavus contamination, while there was more fumonisin content in wetter years (Akello et al., 2021). In Malawi, warmer and drier conditions from climate change are predicted to make pre-harvest conditions more favorable to aflatoxin B1 contamination, with contamination risk increasing at more northern regions (Warnatsch et al., 2020). In addition, another study found aflatoxin contamination risk in maize in South and Central-Europe is highly likely in the next 30 years as a result of optimal climatic conditions for the growth of A. flavus (Moretti et al., 2019). In that study, deoxynivalenol contamination in wheat was also found to be an emerging problem in Northern Europe. Thermotolerant species will thrive under climate change, leading to a shift in dominance from Penicillium spp. to Aspergillus spp. (Perrone et al., 2020). Within Aspergillus spp., mycotoxin production is predicted to favor aflatoxins at the expense of other mycotoxins under climate change (Perrone et al., 2020). These recent studies suggest a strong effect of climate change factors on fungal growth, diversity, and mycotoxin production in post-harvest commodities.

Important gaps in the literature include knowing how degradation in postharvest commodity quality may vary under different longer storage durations given climate changes’ higher temperature, altered atmospheric mixture, and humidity changes. In addition, knowing how postharvest quality interacts with different types of buffered environments (e.g. food facilities) under different climate change scenarios is important to tease apart. Finally, better understanding the three-way interaction among mycotoxins, climate change, and postharvest quality will also be central.



Changing Microclimates at Food Facilities Under Climate Change

To be successful as pests, insects that infest post-harvest commodities must have the capacity to infest a wide range of habitats, including indoor and outdoor areas. Following food resources provided by stored commodities, these insects are often found within or adjacent to human-made food facilities (herein referred to as food facilities) and bulk grain storage. These areas can be buffered sources of microclimates, or small areas where the climatic conditions differ from a larger space (Rebaudo et al., 2016). As an example, sagebrush in a steppe environment in the western US can serve as a reasonable facsimile of the food facilities dotting agricultural landscapes in much of the central US, in terms of acting as an effective buffer for microclimate by lowering the maximum temperature reached and decreasing the magnitude of the range of temperatures (Milling et al., 2018; Figure 2). As ectotherms, insects rely on sources of heat to metabolically function (Sears and Angilletta, 2015) and finding areas of heat within stored products can create opportunities for population growth and other life processes. Even though they are buffered, as temperatures are predicted to warm, microclimates are expected to warm as well, often earlier than usual, which can increase population growth and infestation rates. These microclimates can also be influenced by both biotic and abiotic factors which can contribute to difficulties in prediction and increased variability within these areas (Andrew and Hill, 2017).




Figure 2 | Climate change impacts (e.g. elevated temperature, changed moisture, elevated CO2) at food facilities, including buffered and unbuffered environments, and how this affects each environment differently.



Bulk grain itself is made of a myriad of microclimates (Elmouttie et al., 2010), with low temperatures being important to maintain integrity of the grain (Bradna et al., 2018). Low temperatures can also suppress insect population growth and lead to seasonal insect suppression during cooler months (Ileleji et al., 2007). Bulk grain changes consistently in response to outdoor thermal pressures and models can be developed to map different temperatures and moisture content throughout the grain (Casada and Young, 1994; Jian et al., 2005). The center of the internal mass of grain may be very warm shortly after loading into a silo and may present opportunities for rapid insect development (Arthur and Flinn, 2000). Humidity can also be a factor for bulk grain storage, as some insects congregate toward the top of the grain mass and can experience extreme drying conditions (Hagstrum et al., 1998; Cordeiro et al., 2016), often mimicking ambient conditions quickly (Sinha, 1973). Within the grain bulk, aggregations of insects create increased levels of relative humidity due to the metabolic activity of the insects (Ashaye, 2018), which can then drive attraction of insects searching for water. In addition, bagged grain is a microclimate that encourages insect growth (Omodara et al., 2020), at least when hermetic packaging is not used. The microclimates of bagged products change at a slower rate than the outside temperatures (Flinn et al., 2015). As climates continue to change, these rates inside packaged goods can become more variable and a reduction in the period of cool temperatures that suppress insect growth may result in earlier insect population growth and larger population sizes throughout the post-harvest supply chain (Plarre and Burkholder, 2009; Omodara et al., 2020).

Food facilities also often mirror the outdoor temperature but usually with some lag to ambient temperature, although the temperature range is compressed, and the magnitude of difference changes with season (Campbell et al., 2010; Arthur et al., 2014; Gerken and Campbell, 2019). These food facilities provide a buffer for the insects from extreme thermal events and can encourage cryptic populations to be present year-round. However, insects that primarily live in a food facility, such as mites, have still been shown to vary significantly by season, indicating that these environments are still greatly affected by outdoor climate conditions (Sinha, 1968; Moses et al., 2015; Tytar and Oksentyuk, 2019). As the climate changes, the ability to regulate indoor environments is predicted to change with each season and become more difficult to maintain. This could result in an increase in the energy required to regulate the seasonal and extreme temperature variation changes (Bradna et al., 2018). Natural cool periods are predicted to decrease in length and the cost to run a fan and other equipment needed to cool the grain could become prohibitive for some storage facilities (Bradna et al., 2018).

Storage and processing facilities have a wide variety of floor plans, including shipping and receiving areas, storage on shelving, machinery for processing the commodity, and office space for clerical work (Doud and Phillips, 2000; Campbell and Arbogast, 2004; Semeao et al., 2013). As with bulk grain, different spaces can lead to a variety of microclimates. Areas by doors and windows have more thermal variation including variation in air flow which can lead to differences in insect trap captures (Doud and Phillips, 2000; Arthur et al., 2014). Most insects will move to areas that are hidden or in cracks and crevices (Child, 2007). For example, shelving can provide crevices and areas where insects can reach both food and shelter (Toews et al., 2005) and these areas may not reflect the measured temperature or humidity of the larger space (Child, 2007). Microclimates can also be created by running machinery resulting in localized warmer regions where insects can thrive (Trematerra and Sciarretta, 2004). Thus, these variety of microclimates may have repercussions for postharvest commodity quality and insect populations throughout the postharvest supply chain, and food facilities may insulate them from the effects of climate change to varying degrees.

Smallholders throughout many tropical and semi-arid areas are also predicted to be impacted by climate change. Typically, smallholders have shifting storage of their grain from bulk storage in traditional free-standing granaries to polypropylene bags stacked in the living quarters in response to rising theft from food insecurity triggered by climate change (Nyabako et al., 2021). Generally, living quarters are smaller than large postharvest processing facilities in developed nations and are not climate-controlled, which may mean that microclimate may be buffered to a lower extent in response to climate change.



Changing Stored Product Insect Community in Response to Climate Change

Because insects are ectotherms and are susceptible to changes in temperature and humidity, climate change is predicted to impact agricultural insect pests greatly. Changes to insects can occur both physiologically and behaviorally and can result in significant adaptations over time (Estay et al., 2009). Phenological changes to ripening and harvesting brought on by climate change can also affect insect infestations. Climate variability has been shown to impact a third of crop yield variability on a global scale and climate change predictions indicate an increase in instability of crop yield predictions (Ray et al., 2015). Cereal crops in southern and central Europe have shown earlier ripening and this phenological shift could result in the grain entering storage at a more ideal time for infestation and insect population growth (Medina et al., 2015). Warm grain entering storage presents an ideal habitat for insect development, and when provided longer time periods at optimal conditions, more generations and higher abundance of postharvest insects are possible. Changes in phenology and yield variability can also be associated with adaptation or changes in crop composition, leading to changes in insect pest pressure (Smith and Almaraz, 2004), shifting habitats of insects, and changes in life history characteristics (Porter et al., 1991; Patterson et al., 1999; Stathers et al., 2013a).

Temperature is a significant driving force of lifetime fitness success in many insects, and predicted adaptations suggest that increasing temperatures will result in the ranges of insects shifting towards the poles or to higher altitudes (Bale et al., 2002). For those species that are more influenced by both biotic and abiotic factors, predicting changes may be more difficult. Species distribution models are a common tool for predicting potential areas of infestation but are also useful for projecting changes in habitat due to climate change. For example, Tribolium confusum (du Val) (Coleoptera: Tenebrionidae) is a common pest in northern Chile, and climate change models indicate that by 2071–2100, they could reach similar densities in southern Chile, where it is currently a non-pest species (Estay et al., 2009). Arthur et al. (2019) projected worldwide suitability of habitat for Prostephanus truncatus (Horn) (Coleoptera: Bostrichidae) given the climactic conditions of where it is known to occur, and the authors found there is the opportunity for it to expand polewards beyond its current range. Sitotroga cerealella (Olivier) also showed significant adaptation and changes in heat acclimation over multiple generations and may also use desiccation ability, along with P. truncatus, to expand its range over time (Machekano et al., 2018; Mutamiswa et al., 2021; Mpofu et al., 2022). It is likely that there have been dramatic shifts in the distributions of three weevil species, Sitophilus zeamais (Motschulsky) (Coleoptera: Curculionidae), Sitophilus oryzae (L.), and Sitophilus granaries (L.) in Europe over the last 20 years in response to climate change (Adler et al., 2022). Overall, increases in temperature increase reproductive potential and developmental rates and decrease generation time (Stange and Ayres, 2010).

In addition to warming, changes in cold stress can drive how insects will respond to climate change although this relationship is complex when considering extreme events and lower insulation levels from snowpack (e.g., layer of snow during winter; Stange and Ayres, 2010). Often the lower lethal limit of temperature is the driving habitat limitation for insects (Sharma, 2014). As temperatures increase during cooler months, winter mortality in insects is predicted to decrease with two caveats. First, insects rely on leaf litter and snow for overwintering insulation and may not be as protected from severe cold events and may not survive as easily (Lombardero et al., 2000). Even stored product insects are known to use wild hosts and refugia in the natural landscape (Jia et al., 2008; Mahroof et al., 2010) and can be trapped far from any nearby food facility (Scheff et al., 2021). It is also known that stored product insects will readily immigrate into food facilities from the natural landscape (Wilkins et al., 2021). Second, insect cold tolerance varies throughout the cold season and if extreme cold events occur at the end of the cold season when an insect has physiologically begun to prepare for spring, the insect could face greater mortality (Dukes et al., 2009). However, with a reduction in the length and severity of the cold season, there will be higher numbers of pests that will not die, increasing the opportunities for residual infestations (Stathers et al., 2013b).

The diversity of pest assemblages may also be impacted by climate change (e.g., Kansman et al., 2021). As some species relocate and establish in new climatic areas, interactions and competition can change species dynamics (Ladányi and Horváth, 2010; Sharma, 2014; Andrew and Hill, 2017). For example, Quellhorst et al. (2020) found P. truncatus was the superior competitor on maize at higher temperatures (e.g., 30 or 35°C), while S. zeamais was the superior competitor at cooler temperatures (e.g., 20–25°C). At 30°C, S. oryzae was the superior competitor relative to S. zeamais and S. granarius, regardless of whether competition was at low, medium, or high density (Athanassiou et al., 2017). The quarantine pest, khapra beetle, Trogoderma granarium Everts (Coleoptera: Dermestidae) performed better on rice than wheat and was the superior competitor at 32°C as opposed to 25°C compared to Trogoderma variabile Ballion (Coleoptera: Dermestidae) (Lampiri et al., 2022). Natural enemies of these agricultural pests may also be more prevalent in new locations which would be a positive outcome of the shifting distribution of the pest insect (Porter et al., 1991). In stored grain pests, the parasitoid Anisopteromalus calandrae (Howard) (Hymenoptera: Pteromalidae) has a lower limit for population growth of 20°C, while S. granarius can grow and survive as low as 15°C (Fields, 1992) again creating a thermal space where the insect pest can continue to infest with a reduction in parasitoid control. Overall, species distribution limits are key to understanding range expansions and release of predatory pressure as temperatures change. For example, Hansen and Steenberg (2007), demonstrated that Lariophagus distinguendus (Förster) (Hymenoptera: Pteromalidae) had a significantly greater control of S. granarium than did A. calandrae at 20°C. Knowing the thermal limits of these interactions will provide more efficient use of these biological control insects in the face of climate change.

Increased weather extremes, including flooding or drought, greatly affects water quality in a region and can result in increased pathogen transfer in post-harvest handling (Atanda et al., 2011). Overall, an increase in pathogens and mycotoxins can drive an increase in insect populations within post-harvest commodities by creating hotspots ideal for insect development (Srivastava, 2019; Ponce et al., 2021). If both mycotoxins and insect populations are set to increase, overall proportions of loss of post-harvest commodities are also predicted to increase. Drought can also significantly reduce yields (Eggen et al., 2019) and a combination of reduced yields plus increased potential of over-drying and cracking the cereal grain (Paterson and Lima, 2010) which can leave grains more susceptible to insect infestation and have a cumulative effect on total grain loss because of climate change. Conversely, flooding in a region can decrease drying of the grain before storage, increasing the moisture content and potential for insect infestations (Moses et al., 2015).



Changing Integrated Pest Management Efficacy After Harvest in Response to Climate Change

Effectiveness of IPM strategies also needs consideration when discussing how climate change will affect stored product pest insects. The effectiveness of synthetic pesticides in the face of changing climates has also received attention with differing results in effectiveness based on the properties of the pesticide (Tsaganou et al., 2021). Increased temperature leads to increased movement for insects which can lower the residual effectiveness of many insecticides (Arthur et al., 1992). However, increased movement can also increase the interaction with an insecticide, increasing mortality (Tsaganou et al., 2021). Laboratory experiments found the efficacy of diatomaceous earth (DE, e.g. Silicosec®) increased with temperature with S. oryzae were exposed, but mortality rates for T. confusum was lower at 32°C than 30°C for the 24 and 48 h exposure intervals (Athanassiou et al., 2005). Higher temperatures reduced the efficacy of DE against T. castaneum, but increased it against Cryptolestes ferrugineus (Stephens) (Coleoptera: Cucujidae) (Fields and Korunic, 2000). By contrast, regardless of insect species, the lower the moisture content of the grain, the greater the mortality inflicted. Efficacy of fipronil was hampered by application as a grain protectant at 30°C for Rhyzopertha dominica (F.) (Coleoptera: Bostrichidae) and P. truncatus compared to 20 and 25°C (Kavallieratos et al., 2010). By contrast, spinetoram efficacy as a grain protectant increased with temperature against S. oryzae, but was unaffected against R. dominica and T. confusum (Vassilakos and Athanassiou, 2013).

Temperature and humidity had significant but complex effects on the efficacy of spinosad as a grain protectant against multiple stored product insects, but its efficacy was found to especially increase with higher temperatures (e.g. 30 vs 20°C) against S. oryzae (Athanassiou et al., 2008). The reason cited for this increased efficiency was the increased mobility of S. oryzae compared to the others and the fact that 30°C was near its thermal development optimum. Prior exposure to spinosad at 18 ppm or higher increased the mortality of R. dominica and S. oryzae when exposed to extreme high temperature (40°C) or low temperature (6-11°C) afterwards (Wijayaratne and Rajapakse, 2018). The efficacy of Bacillus thuringiensis (Bt) against Plodia interpunctella was decreased by a third after 42 weeks of exposure on wheat at 42°C compared to 25°C (Kinsinger and McGauhey, 1976). Short-term exposures to high temperatures (45 or 55°C) were found to have no appreciable effect on the efficacy of cyfluthrin or hydroprene when applied as a wettable powder on concrete against T. castaneum (Arthur and Dowdy, 2002). Hydroprene was equally effective at inducing mortality of T. castaneum and T. confusum larvae when applied at 27 or 32°C but was marginally more effective at 75% RH than at 57 or 40% RH. Residual application of pyrethrin + methoprene as an aerosol did not vary in efficacy against T. inclusum or T. variabile when tested between 25–40°C (Lanka et al., 2019). There was no consistent effect of temperature or humidity on the efficacy of pirimiphos-methyl as an emulsifiable concentrate and capsule formulation against seven stored product insect species (Rumbos et al., 2013). In general, the efficacy of synergized pyrethrins and most pyrethroids is negatively correlated with temperature (Musser and Shelton, 2005; Satpute et al., 2007; Arthur, 2012), including cyfluthrin, which is registered and commonly used as a residual insecticide in the US (Arthur, 1999). By contrast, the efficacy of most organophosphates, DE, carbamates, and neonicotinoids is positively correlated with temperature (Norment and Chambers, 1970; Kavallieratos et al., 2011; Arthur, 2012; Mansoor et al., 2015). The effect of relative humidity on conventional insecticides is generally mixed with both negative and positive effects, depending on species, and compound, except in the case of DE where efficacy usually declines with increased relative humidity. Thus, overall, climate change may have mixed effects on chemical control tactics, but with mostly negative impacts given the specific compounds that are most often used in stored product protection.

Fumigant efficacy may also vary with climate change parameters at food facilities. For example, the control of Liposcelis bostrychophila Badonnel (Pscoptera: Liposcelididae) with phosphine fumigation in grain increased from 20 to 30°C, but then dipped again by 35°C (Nayak et al., 2003). Similarly, Aulicky et al. (2015) found all adults and larvae by a susceptible and resistant strain of T. confusum were dead after a structural phosphine fumigation in a mill, even with temperature varying from 20–30°C and RH varying 44–78%. In testing phosphine fumigation efficacy against T. granarium from 25–39°C, full mortality of phosphine susceptible individuals was achieved by 34°C, whereas phosphine-resistant T. granarium required fumigation at 39°C (Ahmad et al., 2000). At 15°C, it took 1.5 d to kill 95% of the R. dominica eggs with phosphine, whereas it only took 0.7 d at 35°C (Flinn et al., 2001). In general, higher temperatures increased fumigation efficacy in stored products up to a point, likely because it increases respiration by insects.

Pheromone-based strategies may also vary in efficacy under climate change. Currently, the only semiochemical, behaviorally-based strategy commercially employed after harvest is mating disruption for a variety of stored product moths (Morrison et al., 2021). Semiochemicals may easily be impacted by many environmental factors including temperature, humidity, and wind (Heuskin et al., 2011; Cardé, 2021). High temperatures can often significantly decrease the half-life of the semiochemicals used (Cork et al., 2008) and understanding the timing of replacement of these lures or dispensers can provide the most consistent pest control options (Morrison et al., 2021). In addition, these lures and dispensers are often placed in areas that will have variable microclimates, which are expected to increase in variability as climates change (Andrew and Hill, 2017). However, the effect of climate change on pheromone-based tools has not been specifically evaluated after harvest. Nonetheless, a study evaluating decreased performance of the codlemone lure for mating disruption of Cydia pomonella (L.) (Lepidoptera: Tortricidae) found that there was an increase of 3°C in mean temperature to 35°C during the growing season in Germany, which led to significant decreases in response by males, and a correspondingly greater number of isomeric and chemical impurities in the codlemone compared to lures not experiencing the increased temperature (El-Sayed et al., 2021). While food facilities will be buffered to some extent from changes in temperature, it is likely that they may experience warmer temperatures for a greater portion of the season, which may result in lures being expended faster and/or having lower efficacy. Temperature was identified as a low severity challenge to the implementation of behaviorally-based management strategies at food facilities, with an additional consequence being more frequent maintenance of traps and lures (Morrison et al., 2021). One potential solution to the higher release rates in lures from higher temperatures during climate change may be to formulate lures in materials that slow diffusion of compounds. While information is still lacking on how pheromone-based tools may be affected at food facilities specifically under climate change, the little available evidence suggests climate change will have a negative impact on the efficacy and longevity of pheromone-based tools.

Biological control may also be affected by climate change at food facilities. For example, more temperate and wetter winters may give augmentative biological control agents a greater opportunity for success (Cook et al., 2004). Warmer temperatures would increase the activity of parasitic wasps, while higher humidity may improve the efficacy of entomopathogenic fungi (Cook et al., 2004). Studies on the functional response of stored product biocontrol agents to temperature support this point. For instance, Theocolax elegans (Westwood) (Hymenoptera: Pteromalidae) showed a Type-II functional response and parasitized the most R. dominica at 30°C, though this dipped slightly by 32.5°C (Flinn and Hagstrum, 2002). The search rate and handling time by T. elegans for R. dominica was also the shortest at these two highest temperatures compared to 25 or 20°C. Likewise, the highest developmental rate was observed for Lariophagus distinguendus, another biocontrol agent after harvest, at about 33°C (Ryoo et al., 1991). Thus, in the near and mid-term, there may be gains for biological control, but if warming progresses, these advantages may be lost.

Nonetheless, warmer temperatures may have pronounced negative effects on specific types of natural enemies. For example, higher temperatures may negatively affect conidial viability and germination of entomopathogenic fungi, with the optimum reported temperature for Beauveria bassiana somewhere between 25–30°C (Rumbos and Athanassiou, 2017a). Likewise, high temperatures and low humidity have a pronounced negative effect on the virulence of entomopathogenic nematodes at food facilities (reviewed in Rumbos and Athanassiou, 2017b). Thus, not all natural enemies may benefit.

However, parasitic wasps in food environments, like the pests they attack, prefer dry environments. Lariophagus distinguendus preferred environments with low RH (e.g. 32.5%) compared to those with higher RH (e.g. 53–97.5%; Steidle and Reinhard, 2003). The authors of that study concluded that the wasps use RH as a habitat cue. However, increased moisture content in maize kernels (from 11.6–14.6% MC) resulted in decreased development time and an increased intrinsic rate of increase by A. calandrae on S. zeamais, but this also favored the development of S. zeamais. As a result, if precipitation patterns are changed as a result of climate change at food facilities, this may disrupt host location and development by some parasitoids.

Although it has not been documented at food facilities, climate change may result in other destabilizing effects between parasitoids and hosts. For example, asynchrony in life history may arise between parasitoid populations and stored product pests. Asynchrony in life cycle has been documented in other systems (Logan and Wolesensky, 2007; Tylianakis and Binzer, 2014), which may result in a mismatch between susceptible host stages and parasitoid adults. In addition, increased temperatures may result in increased metabolic demand by parasitoids beyond what their consumptive capacity can provide (Binzer et al., 2012). This may be especially true if the parasitoid is the same or smaller than the prey and the prey is smaller than its plant resource (Binzer et al., 2012), which are both generally true in stored products. There may also be non-additive effects in combining climate change factors on the efficacy of biological control. For example, Romo and Tylianakis (2013) found separate warming and drought treatments increased parasitoid emergence success and offspring production, respectively, but when combined they observed the lowest parasitoid emergence of all the treatments. However, none of these aspects of climate change effects have been evaluated to determine how they affect biological control after harvest.

Less is also generally known about how cultural controls may vary under climate change after harvest in managing stored product insects. However, there is a fair bit known about how the performance of grain aeration may change under different climatic patterns. Grain aeration takes advantage of cooler external temperatures from a grain mass, then circulates that air inside at a rate of 3% that of grain drying techniques to lower the temperature of a grain mass below the developmental threshold for insects. This tactic performs very well in temperate regions (Arthur et al., 2020), and where cool external temperatures prevail for much of the year, additional pest management tactics may not be required. However, at more southern latitudes or in warmer areas, while grain aeration may still confer a benefit, it will need to be paired with other pest management tactics such as fumigation (Lopes and Steidle Neto, 2019; Morrison et al., 2020; Morrison et al., 2022) found that climate change reduced grain cooling potential, and increased energy costs, while making aeration of stored beans no longer practical in certain parts of Brazil. That study found other parts of Brazil could continue to use aeration under climate change but must pair it with good storage practices and efficient management procedures. A small study in the United Kingdom suggested that despite warmer than average temperatures in recent years, differential fan control and aeration can still achieve efficient cooling (Cook et al., 2004). However, it is likely that extreme shifts in temperature in the long-term, especially in autumn, may reduce aeration efficiency. As grain aeration becomes more difficult, it may become more necessary to implement grain chilling, whereby grain masses are actively cooled instead of passively cooled. Disadvantages to grain chilling include its high energy use and expense, and associated carbon emissions through its use. In the near and mid-term, grain aeration appears tenable as a pest management tactic that can continue to be used, albeit with attenuated efficacy.

There are a variety of other cultural controls commonly used against stored product insects, including extreme temperatures (heat and cold), packaging, sanitation, and grain chilling (mentioned above). Increasing temperatures can encourage increased movement of the insects (Stathers et al., 2013b), which can result in the spread of infestations into surrounding uninfested products or sites of spillage. This means that sanitation will become even more important going forward under climate change. In addition, higher temperatures from climate change may make sanitation even more critical for the proper functioning of a variety of other integrated pest tactics at food facilities (e.g., reviewed in Morrison et al., 2019). Research on hermetic bags showed that there was little effect of elevated temperature on the success of suppressing insect population growth in maize grain up to 38°C (Singano et al., 2020). Similar investigations with hermetic packaging showed increased mortality in the same treatments up to 50°C (Pražić Golić et al., 2016). Interestingly, higher temperatures are often recorded within the hermetic bags compared to the outside temperatures, which could also encourage insect mortality (Njoroge et al., 2014; Prasantha et al., 2014; Singano et al., 2020). While it is likely climate change has little impact on the efficacy of extreme temperatures, it is possible that climate change will make it more difficult to reach a specific temperature and/or hold the temperature for a given period. There may also be additional associated costs with the treatment from the added energy required to maintain temperature under inhospitable external ambient conditions. The use of extreme temperatures may remain easy to deploy in smaller, confined spaces, for example in quarantine applications.

In a comparison of multiple kinds of tactics, including neem leaf powder, Actellic Super dust, Zerofly bags, Purdue Improved Crop Storage Bags (PICS), Super Grain Bags, hermetic silos, and untreated grain in a polypropylene bag in the climate-risk prone Shire Valley in Malawi, (Singano et al., 2019) found that PICS resulted in the lowest damage to maize from insects under high mean temperatures (35.6°C) and high initial grain moisture (13.7%) for 32 weeks. However, in general, there have been few multi-tactic IPM assessments especially in relation to climate change after harvest at food facilities. This is certainly an area which could use more scrutiny in the future as the world moves to mitigation and adaptation to the changing climate.



Strategies for Adaptation by Food Facilities to Climate Change

While much work remains to be done in evaluating how the efficacy of many tactics may be impacted by climate change, there are several guiding principles and strategies that may help food facility managers prepare for working in a world with a changing climate. First among these is increased awareness that changing pest communities may result in new and unexpected pest problems. This is apparent from shifting pest distributions and is likely to become even more frequent. Particular pests to watch in North America include P. truncatus and T. granarium, a species of concern (Quellhorst et al., 2021), and quarantine threat, respectively (Athanassiou et al., 2018). The former resembles R. dominica, while the latter resembles many endemic dermestids, including T. variabile and T. inclusum (Lampiri et al., 2022).

Another relatively safe assumption may be that pest management for insects after harvest may be more expensive in the future, so may require a larger share of a food facility’s operating budget. This may result from a confluence of factors, including needing to run grain aeration for longer (Morrison et al., 2022; or switch to grain chilling), to replace pheromone lures more often, to reapply insecticides more often because they more quickly break down, and to deal with increased commodity spoilage under increased temperatures from climate change. Planning ahead financially will make sure food facilities are not caught unawares when additional expenses arise.

A strategy for adaptation may be to begin to implement comprehensive IPM programs for stored product pests with multiple hurdles to infestation at food facilities early. Already having effective programs in place will make it easier to make slight modifications, than to have to recreate the system from scratch under new more challenging circumstances. This may also include having a long-term monitoring program (Gerken and Campbell, 2021), which may provide an early detection system for new and different pest problems that may become an issue. In addition, establishing a collaborative network of pest managers that can share presence data or emergence timing of different species may create a better predictive system for monitoring and treatment efforts. Strategic planning of treatments that rely on monitoring data can save food facilities money and time in management efforts.

For smallholder farmers, postharvest adaptation must focus on making changes that benefit each farmer or postharvest storage systems (Stathers et al., 2013). A lack of investment and research in this area is a key detriment to protecting postharvest goods, especially in places like Sub-Saharan Africa (Nyabako et al., 2021). Filling in the knowledge gaps with data driven science will help guide farmers to developing plans to protect their commodities.

Finally, another key adaptation strategy may be to use IPM tactics favored under the projected climate change scenarios (Table 1). Very little seems known for certain about whether specific tactics would be of benefit under a warming climate, but there are many ones that might be, and several that work favorably under higher temperatures. Some residual insecticides will be more beneficial under climate change, while others will not be favored because of the speed at which they degrade (e.g. pyrethrins and pyrethroids). In terms of chemical control, fumigants generally increase in performance with increasing temperature, especially phosphine.


Table 1 | Summary of climate adaptation-friendly IPM tactics at food facilities based on prior literature.





Research Gaps and Needs for the Mid-21st Century

The predicted impact on insects in the face of climate change is real and ongoing. Pest insects are well-known to adapt quickly to many biotic and abiotic changes, including insecticide resistance, thermal stress, and disturbance levels. Climate change has a particularly complex role for insect pests in stored products as they survive and thrive in both indoor and outdoor environments. There are still fundamental gaps in elucidating the risks posed by, optimal mitigation measures to, and improved resiliency strategies to climate change by food facilities. In better understanding risks, improved species forecasting for stored product insects under varying climate change scenarios should be executed to deliver better predictions of potential changes in distributions, especially for P. truncatus and T. granarium. These models should take into account not just bioclimatic variables, but niche components where possible and relevant. As species potentially shift distributions, it will become increasingly important to evaluate and predict species interactions (e.g. (Athanassiou et al., 2017; Quellhorst et al., 2020; Gourgouta et al., 2021; Lampiri et al., 2022; Baliota et al., 2022). However, the next step beyond individual pairwise tests of species in the lab will be modelling species interactions in 2-way or more interactions (Sutherst et al., 2007; Andrew and Hill, 2017) under projected scenarios of climate change. Few models have also attempted to predict how microclimate will specifically change at food facilities under climate change for the kinds of habitats that are present in these environments.

However, continued evaluation of insect response to different insecticides at different temperatures can provide thermal response curves for survivorship and effectiveness over time. By understanding effectiveness at different temperatures, managers may also be able to stave off adaptation and resistance to some insecticides by ensuring effectiveness. Properly knowing when to treat a commodity before it reaches a given thermal threshold can provide managers guidelines for successful use of insecticides. In addition, understanding the distribution of insecticides by fumigation or aerosols at different temperatures can provide predictions for spraying or treatment given a floor plan.

One neglected area of research has been to evaluate how IPM tactics at food facilities, including new potential insecticides, may contribute to greenhouse gas emissions so that climate friendly solutions can be incorporated into pest management programs. Bruce et al. 2022 recently showed how a greenhouse gas emission life cycle analysis can be incorporated early in the development of new potential insecticides using commercial alternatives as standards of comparison. Developing this sort of new dataset will be useful in order to ameliorate the ecological footprint of food facilities on their surrounding environments, while helping society reach its emissions targets.

While there has been a fair amount of work evaluating the effectiveness of certain IPM tactics (e.g. insecticides, biological control, grain aeration) under different temperatures and relative humidities as surrogates for climate change, this work should be expanded to a greater range of IPM tactics. Specific IPM tactics where more information is required about performance at elevated external temperatures under climate change include pheromone-based tools (monitoring and management tools), sanitation, grain chilling, and the application of extreme temperatures at food facilities. For example, it is unknown whether the increased stress on grain chilling equipment from higher external ambient temperatures may make grain chilling infeasible, or whether it may make it more difficult to use extreme temperatures. It is also unknown how exactly poor sanitation may interact with climate change factors like increased temperature; it is possible that insects may do better under poorly sanitized environments and higher temperatures because many of their essential processes would be sped up and there would be increased access to food. In addition, except for work evaluating CO2 as a modified atmosphere treatment (e.g. Navarro 2012; Vassilakos et al., 2019), no work has looked at elevated levels of CO2 (at levels relevant for climate change) on other IPM tactic efficacy after harvest. This represents a black box where very little is known about ramifications for stored product IPM tactics. It is possible that for some tactics such as contact insecticides there may be very little effect, while for others that depend on respiration such as fumigants or pheromone-based tools (e.g. where respiration, flight or diffusion of volatiles through air may be involved), there may be a much greater effect.

Along with monitoring for the presence and absence of individual species, population-level molecular data can provide information on migration and local adaptation in response to climate change (Cordeiro et al., 2016). Tracking populations with molecular markers can provide a more comprehensive monitoring picture and yield predictive patterns of emergence and infestation risk as climates change. Research on molecular markers associated with thermal tolerance can also provide information on the adaptation and changes associated with climate shifts and can provide useful information on long-term patterns of colonization of insect populations (Fallis et al., 2011).

There is also a lack of work detailing changes in microclimates within food facilities and bulk grain and understanding how climate change can impact stored product insect pests. Empirically collected data on rates of temperature change in bulk or bagged grain under different thermal regimes can be used as a baseline for modeling changes in temperature and risk of infestation by insects. Combined with thermal reaction norms and population growth demographics for stored product insects, these data can be modeled on various scales and climate change scenarios. Extensions of past programs like Stored Grain Advisor Pro (Flinn et al., 2007) can use these data to make better predictions about when to treat or when to expect populations to start growing and extended for use by stakeholders.

Precision agriculture may support climate adaptation throughout the postharvest supply chain. For example, in addition to improved forecasting for pest populations, it will become increasingly important to forecast successful fumigations to prevent the development of resistance. Extreme weather events may adversely affect fumigation, so being able to tie in local abiotic conditions to model outputs for pest managers in charge of fumigations will become increasingly important. Furthermore, monitoring traps that feed information instantly into the cloud so they are at the food facility manager’s fingertips will also be important, and other technology that automatizes processes that used to be labor intensive. Ultimately, information on the risks, strategies, and improvements to IPM will only be valuable insofar as it is regularly communicated in an easy-to-digest manner to stakeholders. Thus, throughout the process of developing new information on climate change and its impacts in the agricultural supply chain, there needs to be frequent dialogue between researchers, industry personnel, and stakeholders.
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