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Abstract: Two desirable functions of healthy soil are nutrient cycling and pest suppression. We review
relevant literature on the contributions of soil microarthropods to soil health through their intersecting
roles in decomposition and nutrient cycling and direct and indirect suppression of plant pests.
Microarthropods can impact soil and plant health directly by feeding on pest organisms or serving
as alternate prey for larger predatory arthropods. Indirectly, microarthropods mediate the ability
of crop plants to resist or tolerate insect pests and diseases by triggering induced resistance and/or
contributing to optimal nutritional balance of plants. Soil fauna, including microarthropods, are key
regulators of decomposition at local scales but their role at larger scales is unresolved. Future research
priorities include incorporating multi-channel omnivory into food web modeling and understanding
the vulnerability of soil carbon through global climate change models.

Keywords: microarthropods; decomposition; nutrient mineralization; multi-channel feeding;
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1. Introduction

Soil is a multicomponent, multifunctional system that affects the structure and functioning of
arable ecosystems through the activities of diverse soil-dwelling organisms interacting with the abiotic
environment [1]. These activities are critical to ecological processes that decompose soil organic
matter (SOM) to release or immobilize nutrients, stabilize soil by forming aggregates, and promote
plant growth [2-5]. Plants benefit from interactions with soil microfauna by way of protection from
pathogens and pests, attraction of beneficial insects, and increased tolerance to abiotic and biotic
stress [6,7].

The U.S. Department of Agriculture Natural Resources Conservation Service (USDA-NRCS)
defines soil health as the “continued capacity of soil to function as a vital living ecosystem that
sustains plants, animals, and humans” [8]. Soil health integrates the physical, chemical, and biological
characteristics, distinguished by emphasis on biological properties such as biodiversity, food web
structure and ecosystem function [9,10]. A great diversity of organisms inhabit healthy soils in managed
and unmanaged ecosystems, where they support ecosystem multi-functionality, suggesting that soil
biodiversity is a key factor in regulating the functioning of ecosystems [11].

Soil organisms are comprised of taxa from diverse phyla. Our focus here is on one group of
fauna, soil microarthropods. Size class is a practical method to classify fauna. There are three groups
defined by body width: microfauna (<0.1 mm), mesofauna (0.1-2 mm) and macrofauna (>2 mm) [7].
Among the soil fauna, microarthropods comprise a large proportion of the meso- and macrofauna
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and play a long-recognized role in litter transformation and nutrient cycling [12,13]. Collembola
(springtails) and Acari (mites) are ubiquitous among the soil microarthropods living in the litter/humus
boundary and in the mineral soil profile, occurring in virtually all terrestrial habitats throughout
the world [14]. Other microarthropod taxa include the Isopoda, Myriapoda, and Insecta. Protura,
Diplura, and Pauropoda are usually less abundant or infrequently detected. Even so, their activities
contribute to functions of the microarthropod community with the relative contribution of biotic groups
to decomposition changing with disturbance intensity and other environmental factors [15].

Two desirable functions of healthy soil are nutrient cycling and pest suppression. Here, we review
relevant literature on the contributions of soil microarthropods to soil and plant health through their
intersecting roles in decomposition and nutrient cycling and direct and indirect suppression of plant
pests. Other reviews also provide an overview of earlier works on the roles and diversity of soil
microarthropods in agricultural systems [10-12,16-19].

2. Soil Health at the Intersection of Decomposition and Pest Suppression

Historically, theories about factors that control herbivorous arthropod populations focused on
above-ground interactions among herbivores, their natural enemies, and plants, e.g., Feeny [20],
Root [21]. More recent attention has focused on how below-ground interactions among plants,
arthropods and other biota integrate to induce systemic effects [22-25]. Interactions between
soil-dwelling organisms and plants not only affect plant growth and diversity, but these interactions
can cascade to impact higher above- and below-ground trophic groups, e.g., herbivores, parasitoids,
hyperparasitoids, and pollinators [1,23,24,26,27]. Both direct and indirect interactions with soil
organisms affect plant health and above-ground communities [1]. Microarthropods can impact
soil and plant health directly by feeding on pest organisms or serving as alternate prey for larger
predatory arthropods. Indirectly, microarthropods mediate the ability of crop plants to resist or
tolerate insect pests and diseases by triggering induced resistance and/or optimizing the nutritional
balance of plants [28]. It is likely that multiple mechanisms and types of interactions contribute to the
effects of microarthropods on pest suppression and plant protection among agricultural ecosystems.
The hypothesized mechanisms are not mutually exclusive and likely complement each other.

3. Effects on Plant Nutrition, Nutrient Balance, and Soil and Plant Health

3.1. Plant Nutrition

Plants fuel soil food webs through rhizodeposits, such as root exudates, and surface accumulation
of dead organic matter [29]. Root exudates provide a source of carbon (C) that passes directly through
rhizosphere microorganisms. These inputs can modify existing C flows within the food web, including
CO; efflux from the soil and litter decomposition [30]. Harvest of crops, crop phenology, and abiotic
stress all affect the quality and quantity of root exudates into soil [31]. Exudates attract and support
microbes that, in turn, become prey for mesofauna [32]. Grazing activity by microarthropods increases
the efficiency of nutrient mineralization above that of microbes alone. The microbial loop hypothesis
describes this tritrophic process as compensatory grazing because decomposition is driven by more
than simply microbes [33-35]. Likewise, soil faunal activity modifies their environment, which affects
microbial decomposition and alters pore networks and, thus, water/air dynamics [36].

Decomposition is the physical breakdown and biochemical transformation of dead organic material
into simpler organic and inorganic molecules. Decomposition of organic materials is fundamental to
nutrient cycling within ecosystems, influencing plant health and productivity, species composition and
carbon storage [37]. Litter decomposition and soil organic matter (SOM) stabilization may affect other
soil properties such as sorption, nutrient availability, pH, redox potential, and water holding capacity.
These soil properties directly or indirectly support many essential ecosystem services including plant
production, clean water, flood protection and climate regulation [38].
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Detritivorous microarthropods fragment or comminute detritus, creating smaller particles that
increase surface area for microbial colonization and increase moisture levels of the substrate, thus
stimulating microorganism activity. Regulating the process of microbial decomposition in a controlled
and continuous manner reduces the risk of nutrient loss from agroecosystems [10,39]. Microbial
decomposition is often greater in litter that included, rather than excluded, faunal feeding and usually
results in a short-term increase in microbial activity that decreases in the long term, helping to stabilize
SOM [40]. In addition, microarthropods can alter the nutrient availability of soil, and plants can change
their biomass allocation patterns according to the form and status of soil nutrients. Microarthropods can
impact plant root-to-shoot ratio by altering soil nutrient availability [41]. Coincidently, comminution
also disperses fungal spores, bacteria, and particles throughout the soil profile, mixing organic and
mineral fractions [40].

Microarthropod ingestion of living plant materials, detritus, and adhering organisms converts
energy into microarthropod biomass and, eventually, unassimilated material into feces [40]. The feces
chemistry of microarthropods differs from the food ingested [10]. For example, feces of Collembola
contained greater than 40 times more NOs—nitrogen than the fungi and algae that they had fed
upon [42]. Chemistry of the feces of the mite, Scheloribates moestus, had a greater relative abundance of
polysaccharides and phenols and a lower relative abundance of lignin compared to corn litter prior
to assimilation [35]. These shifts in chemistry affect the quality (C:N ratios) of feces [40]. Although
feces provide surface area subject to colonization by microorganisms [3], a change in carbon chemistry
can affect rates of decomposition. Fauna are also involved in dung decomposition and incorporation.
For example, three families of the collembolan order Arthopleona and five families and three genera of
Oribatida mites were found on patches of cattle dung [43]. Although significant in some systems, the
role of fecal material in decomposition has yet to be included in global carbon models.

3.2. Effects on Nutrient Balance

The chemical composition of soil and plants, and their interaction, affect both behavioral and
developmental responses in herbivorous insects [28,44,45]. The mineral balance hypothesis [46] posits
that pest problems are linked to disturbances in the nutritional balances of crop plants and destruction
of soil life. Excessive soluble nitrogen (N) in soil increases cellular N, ammonia and amino acids in
plants, resulting in temporary accumulation of free N, sugars, and soluble amino acids that promote the
growth and multiplication of insect pests and diseases. Chaboussou [46] considered biologically healthy
soil as fundamental for a balanced uptake of mineral nutrients by the plant, especially micronutrients,
and that a lack of micronutrients inhibits protein synthesis and leads to a build-up of nutrients in plant
tissue that promote pests and disease.

Similarly, experiments demonstrating the effects of soil fertility management on attraction of
an herbivore to maize, suggest that SOM and microbial activity supports a buffering capability to
soil that can help maintain nutrient balance in plants [28]. In addition, soils with high SOM content
and biodiversity have improved capacity to absorb and store water and, thus, reduce water stress.
Water stress increases susceptibility to pests, hypothetically by restricting protein synthesis [46]
that, consequently, increases soluble N in foliage making tissues more nutritious to many pests [47].
Phelan [28] suggested that an optimal nutrient balance could be achieved by managing soil to maintain
high SOM to support abundant and diverse communities of soil macro- and microbiota. Diverse
communities support plant health by increasing resistance to herbivory, both by appropriate primary
metabolism and production of secondary defense compounds. Phelan further hypothesized that
depauperate soils lack biologically-based buffering capacity, hence, creating imbalances in the ratio of
certain mineral nutrients. These imbalances result in rapid plant growth with impaired primary and/or
secondary metabolisms, therefore, compromising the ability of plants to resist or tolerate insect damage.
Further, inefficient biochemical pathways in such plants lead to an accumulation of simple sugars,
free amino acids and peptides, providing an enriched diet for arthropod herbivores. In laboratory
experiments, any deleterious effects of enriching soil on herbivorous insects were at least partially
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plant-mediated [48,49]. Consistent with the mineral balance hypothesis, the mineral content of plant
leaves explained 40-57% of the variation in Colorado potato beetle populations observed in field
plots [48].

3.3. Enhanced Plant Tolerance or Resistance to Pests through Induced Resistance

Negative soil-based effects on herbivore fitness support the idea of soil microbe- and
microarthropod-mediated effects on plant health. These relationships have been confirmed under
laboratory, greenhouse, and field conditions in the absence of natural enemies and other factors
that may affect pest arthropods [50-52]. The production of both direct and indirect systemic plant
defenses is dependent on nutrient uptake by roots [25,53,54]. Feeding activities in the detrital food
web stimulate nutrient turnover, plant nutrient acquisition, and plant performance, thereby indirectly
influencing above-ground herbivores and plant pathogens [55]. Soil activity-associated changes in the
production and distribution of carbon compounds from photosynthetic activity, or the production and
mobilization of secondary metabolites, directly or indirectly protect the plant from foliar herbivores and
pathogens [56-58]. The term “induced resistance” is a generic term for the induced state of resistance
in plants triggered by biological or chemical inducers that protect non-exposed plant parts against
future attack by pathogenic microbes and herbivorous insects. Induced systemic resistance (ISR) to
pathogens and pests results from direct and indirect plant defenses. Exposure of roots to herbivory
or to certain microbes, both pathogenic and non-pathogenic, can induce plant development of ISR
against a broad range of arthropod pests and pathogens [23,25,50,53,54,59].

Expression of induced resistance is mediated by complex signaling networks that are regulated
by the plant hormones jasmonic acid (JA) and salicylic acid (SA). Induction of the JA pathway may
result in the production of proteinase inhibitors, defense-related volatile compounds, secondary
metabolites [60,61], active phenolics and phytoalexins [62], insect repellents [63], and natural enemy
attractants [64]. Although there are exceptions, JA pathways are associated with defense against
necrotrophic pathogens, symbiotic fungi, and chewing insect herbivores. JA is also the main hormone
that regulates a switch from growth to defense through positive and negative crosstalk with other
plant hormones [65]. The JA signaling triggers the emission of complex blends of volatile organic
compounds that attracts parasitoids or other natural enemies of herbivores [66,67]. The SA pathway is
associated with defense against biotrophic pathogens and phloem- and cell-content-feeding arthropods
that do not cause extensive cellular damage [50,52,68]. Many of the signals that trigger plant defense
responses are similar or identical in plant interactions with pathogenic and beneficial microbes [69].
Additionally, the JA and SA pathways may interact antagonistically or synergistically to fine-tune
defense responses [70].

In addition to phytohormone-mediated defenses, plants possess chemical defenses comprised
of metabolites that represent a barrier to herbivory. These chemical defenses can be constitutive or
induced by herbivory or other stresses [60,61]. Below-ground herbivory influences the dynamics
of root and rhizosphere microbial community assemblages, changing root metabolites and
chemical elements. These changes can cascade to changes in microbial community diversity [71].
Soil organism-plant interactions can influence the concentration or composition of defensive plant
secondary metabolites [25], resulting in local or systemic effects on herbivory and plant growth [54].

As a significant component of the below-ground ecosystem, microarthropods can influence plant
defenses and plant health directly by feeding on plant roots and indirectly by feeding on specific
microorganisms associated with roots [41,72,73]. Root herbivory can influence plant carbon sources
and rhizosphere chemistry that, in turn, modifies microbial abundance and community physiological
profiles in the rhizosphere [71]. For example, grazing on mycorrhizal fungi by collembolans can
support growth of soil bacteria by lowering fungal biomass and, consequently, making more resources
accessible to bacterial communities [74]. Although previously believed otherwise, collembolans
can be selective feeders. For example, when offered three choices of fungi, Folsomia fimetaria chose
Alternaria alternata over Fusarium oxysporum and generally avoided Trichoderma viride [75]. Oribatid
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mites prefer fruiting species (e.g., Cladosporium, Alternaria, Ulocladium) and fungal species with dark
mycelia pigmented [76]. In a grassland experiment, soil microarthropods, including the predatory mite,
Hypoaspis aculeifer, and three springtail species, Proisotoma minuta, Folsomia candida, and Sinella curviseta,
substantially altered the composition, but not biomass, of soil microbial communities [41]. Changes in
the microbial communities associated with the presence of microarthropods altered plant seedling
establishment, below-ground biomass, and biomass allocation patterns. These authors suggest that
these effects were due to both direct impacts on plants by herbivory and indirect impacts by feeding on
and changing the composition of soil microbial communities.

3.4. Predation

Biological control of pests by natural enemies is a key ecosystem service in both unmanaged and
managed systems that has been conservatively estimated to have a value in agricultural systems in the
US of $4.5 billion annually [77,78]. Even through natural control of pest organisms is a critical and
well-studied ecosystem service in agroecosystems, the extent of the contribution of soil microarthropods
in regulating pest populations is poorly known. Numerous soil microarthropods function primarily
as predators. For example, several mite taxa within the orders Prostigmata and Mesostigmata are
voracious and agile predators with a broad feeding range on many different organisms, including
collembolans, other soil mites, nematodes, leaf-miners, thrips, small flies, enchytraeids, and insect
larvae and eggs [19,79-81]. Many mesostigatid mite (Acari: Mesostigmata) species feed on nematodes
and are considered top predators in the mesofaunal food web [80]. Predaceous mites can be important in
reducing the densities of eggs and larvae of the maize pest, Diabrotica spp. (Coleoptera: Chrysomelidae)
under field conditions [82,83]. For example, Tyrophagus putrescentiae (Sarcoptiformes: Acaridae)
consumed eggs of D. undecimpunctata howardi in the field, detecting the eggs from up to 8 cm away [84].

Nematodes are an important component of the diet of soil microarthropods, including mites,
Collembola and insects [19,81,85-87]. Stable isotope analyses indicate that several putative detritivorous
oribatid mites (Acari: Oribatida) are more likely to be predators or scavengers than detritivores [85,88].
A field experiment confirmed that oribatid mite species including Liacarus subterraneus, Platynothrus
peltifer and Steganacarus magnus prey intensively on nematodes [85] and can even damage cysts of
the plant-parasitic nematode, Heterodera sp. [89]. Collembola can also be significant predators of
nematodes, demonstrated in laboratory and greenhouse experiments but also observed feeding on
a targeted nematode species in the field [81,90]. Using molecular markers, Read et al. [81] detected
nematode-feeding by the collembolans, Isofoma viridis and Isotomurus palustris. The collembolan,
Onychiurus armatus, perforated the cysts of Heterodera cruciferae and consumed the nematodes within
the cysts [89].

3.5. Support of Natural Enemies of Pests as Alternate Prey

In addition to acting as predators or omnivorous multi-channel feeders, microarthropods can serve
as prey items for predatory epigeal and euedaphic macroarthropods. The transfer process of detrital
energy and nutrients to higher trophic levels is coined “detrital infusion” or “detrital shunting” [91].
A greater concentration of organic matter in soil moderates moisture and supports detritivorous
alternate prey for soil-dwelling and foliar natural enemies [92,93]. In agroecosystems, the application
of organic soil fertility inputs, e.g., compost or manures, is associated positively with the abundance of
predatory arthropods [94]. Feeding on microarthropods by predatory arthropods, especially generalist
predators, such as carabid beetles and spiders, can support and increase populations even in absence of
herbivorous prey [92,93,95]. For example, the predatory mite, Amblyseius swirskii, controlled western
flower thrips better in the presence of alternate prey astigmatic mites, Tyrophagus putrescentiae and
Carpoglyphus lactis, than in their absence [96].

Collembola, especially, are considered as important alternate prey for some generalist predators
when pests are scarce [97,98]. Small spiders rely on Collembola as a key prey resource, thus providing
a trophic link between detrital and grazing food webs in some cropping systems [99]. The availability
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of a variety of alternate prey sources may stabilize predator densities by reducing intraguild predation
and by helping to sustain and retain generalist predators within crops when target pests are absent or
at low density, although negative effects of alternate prey on predation of target pests has also been
observed [100,101]. For example, increasing densities of isotomid and entomobryid collembolans
in wheat fields resulted in increases in the aphid population due to predatory cursorial spiders and
carabid and staphylinid beetles switching from feeding on aphids to feeding on decomposers [102].

3.6. Multi-Channel Feeding

Living above- and below-ground plant material, root exudates, and detritus are major resource
pools for soil organisms. Living plant-material and grazing organisms are sometimes described
as the “green” feeding channel, whereas detritus and detritivores are described as the “brown”
channel [103-106]. Hypotheses and models about interactions between microarthropods and soil
health are typically limited to activities in one or the other energy channel (Figure 1). For example,
soil microarthropods are often assigned to distinct trophic groups, including herbivores, detritivores,
microbivores and predators [107]. However, more recently, it has been recognized that microarthropods
function within complex food chains and represent a continuum of trophic behavior with a high
degree of omnivory [108,109], and multi-channel feeding across energy sources is considered to be a
distinguishing characteristic of soil food webs [105].

Brown Channel

Bacteria
Fungi

Root Grazers Detritivores

Herbivores . f W, AR / Saprophages

il Feeders)i.

: [ Microarthropod
\ Bacteria A £ 0mnivoresi/

Rhizosphere = Fungi @ENG= G Wiyl !

Microflora ISR £ :

Endophytes

Microbivores —=—————— - Predators

Figure 1. Carbon originates from primary producers either from root exudates of living plants (green
channel) or degradation of detritus (brown channel). Collectively, these channels link above- and
below-ground resource pools. Abbreviations defined as induced systemic resistance (ISR), carbon (C),
and nitrogen (N). Figure credit: N. Sloff.

Collembolans and mites are very diverse in their feeding behavior and their trophic level spans
from primary and secondary decomposers, feeding, predominantly on litter or fungi, to predators
(feeding predominantly on nematodes and microarthropods) [86,110-112]. Stable isotope analysis of a
below-ground food web in maize indicated that several microarthropod species form a feeding behavior



Insects 2019, 10, 414 7 of 13

gradient rather than a discrete trophic group, and that predators largely functioned as trophic level
omnivores [113]. There is evidence that multi-channel feeding in soil probably contributes to some level
of mortality of pest organisms. For example, '’N:'#N isotope ratios for 20 collembolan species revealed
that trophic behavior spans a continuum across three trophic levels from herbivory to primary and
secondary decomposition and encompasses a gradual shift in diet from detrital to more microbial [110].
Furthermore, stable isotope analyses indicate that several putative detritivorous oribatid mites, Liacarus
subterraneus, Platynothrus peltifer and S. magnus, are more likely to live as predators on nematodes or
scavengers than as detritivores [85]. Microarthropods traditionally considered mycophagous may also
be nematophagous [114]. For example, the collembolan, Folsomia candida, will preferentially feed upon
the nematode, Caenorhabditis elegans, rather than fungi [115].

Multi-channel omnivory likely occurs at most or all food chain levels and may regulate the
structure and function of soil food webs. The coupling of channels adds stability to soil food webs [116]
when nutrients move through one channel at a different rate than the other [117]. Impacts of predation
may skip a link in the food chain creating a trophic cascade [19]. For example, a mite feeds on a
collembolan, which allows the fungal prey to increase its contribution to decomposition [75].

3.7. Climate Change

Soil fauna may be greatly affected by climate change, but the evidence of this is underrepresented
in the literature [17,118,119]. Soils are a crucial part of climate change mitigation and adaptation, and it
is critical that soil fauna are included in management decisions that affect global carbon budgets. Global
carbon models depend on the sequestration of carbon in soils. Previously, recalcitrant materials such
as humus were considered inert because of the high activation energy of oxidative enzymes, but rising
temperatures may make that argument less plausible [120]. The mechanisms associated with structure
and protection of SOM are still unresolved. Gram-negative bacteria produce continuous supplies
of glucose to soil that ‘prime” decomposition, rendering humus as vulnerable as labile carbon [121].
Soil fauna may modify this process by affecting the amount and quality of dissolved organic matter
(DOM) entering the soil from decomposing litter. Fauna that consume food with much higher C:N
ratios than in their own bodies contribute to the release of DOM into the soil [122]. Omnivory by
microarthropods could play a role in driving stable trophic dynamics of soil food webs [105].

Accurate predictions of climate change effects require a better understanding of the complex
interactions of environmental factors on soil faunal community dynamics. Climate change models
predict increased frequency of temperature and precipitation extremes [123]. Rising temperatures
impact below-ground ecosystems and can alter relationships among plants, soil microorganisms,
and fauna. These changes differentially affect the quality of plant litter entering the soil and soil
microarthropod taxa, with cascading effects on decomposition rate [124,125]. Several attributes of
soil fauna respond to increased concentrations of CO, but no general pattern of response has been
identified [126]. For example, populations of Collembola increase with moisture and decrease with
elevated temperatures, whereas oribatid mites are insensitive to elevated temperature and decrease
with moisture [127,128]. However, this pattern is variable. For example, mesostigmatid mites are
sensitive to warming temperatures similar to collembolans [129]. Some collembolans, including
Sminthuridae, Tomoceridae, and Entomobryidae, respond in an inverse manner to rainfall and
soil depth compared with Gnaphosidae spiders [130]. Although it depends on moisture, increased
temperatures at high latitude will attract migration of the hitherto absent large comminuters (e.g.,
earthworms). Large comminuters potentially augment the activity of microarthropods resulting in
a significant increase in decomposition rates [124]. Climate change and climate variability present a
challenge to ecologically, economically, and socially sustainable land management. Managing soils to
increase soil health and carbon sequestration will provide a more complete picture of how to manage
the impacts of climate change [131].
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4. Conclusions

Soil fauna are key components of soil health and sustainability. Soil scientists and microbial
ecologists often acknowledge the role of microorganisms in decomposition and mineralization cycles
but have paid less attention to the roles of micro- and meso-invertebrates [132]. Microarthropods affect
SOM directly by fragmenting detritus, indirectly by affecting microbial activity, and influence fluxes
between various SOM pools by multi-channel feeding. These relationships occur at local scales but
how they translate to regional or global scales is unknown [133]. The response of microarthropods
to disturbance is variable because of many contributing factors, including taxonomic and functional
identity, type of disturbance, other soil biota, soil chemical and physical characteristics, and other
site factors. We strongly agree with Grandy et al. [134] and Soong and Nielsen [135], who argue for
including soil fauna in food web and biogeochemical models to increase our understanding of the
function of soil. Understanding the impacts of environmental changes on the relationships between
soil fauna and ecological function are of critical importance to the future sustainability of global food
and fiber production systems, especially in the context of global climate change [1,17].
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