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Abstract
Purpose of Review Approximately 40 years ago, key papers indicating that volatile chemicals released by damaged plants 
elicited defense-related changes in their neighbors, brought prominence to the idea of plant communication. These studies 
were conducted with several tree species and the phenomenon observed was dubbed “talking trees.” Today there is a wealth 
of evidence supporting the idea that plants can send and receive information both above and belowground. However, while 
early reports of plant-plant communication concerned trees, the literature is now heavily biased towards herbaceous plants. 
The purpose of this review is to highlight recent research on tree-tree communication with an emphasis on synthesizing 
knowledge on the ecological relevance of the process.
Recent Findings Aboveground, information is often provided in the form of biogenic volatile organic compounds (VOCs), 
which are released by both undamaged and damaged plants. The blends of VOCs released by plants provide information 
on their physiological condition. Belowground, information is conveyed through mycorrhizal networks and via VOCs and 
chemical exudates released into the rhizosphere. Recent findings have indicated a sophistication to tree communication 
with more effective VOC-mediated interactions between trees of the same versus a different genotype, kin-group, or chemo-
type. Moreover, common mycorrhizal networks have been shown to convey stress-related signals in intra- and interspecific 
associations. Together these two forms of communication represent “wireless” and “wired” channels with significance to 
facilitating plant resistance to herbivores.
Summary In this review, we examine tree-tree communication with a focus on research in natural forest ecosystems. We 
particularly address the effects of tree-tree communication on interactions with herbivorous insects. Aboveground and below-
ground interactions are both reviewed and suggested implications for forest management and future research are presented.

Keywords Plant–plant communication · Biogenic volatile organic compounds (BVOCs) · Mycorrhizae · Herbivory · 
Forest · Pest management

Introduction

In recent years, there has been a proliferation of scientific 
research on the topic of plant communication and abundant 
articles in the popular press. The body of literature has fas-
cinated the public and provided numerous metaphors that 
can extend to guiding human activities, including economic 

policy and societal organization [1]. Contemporary rethink-
ing of relations between human self-interest and shared 
flourishing in the face of financial crashes, social destabili-
zation, and ecological catastrophe can potentially draw on 
the “lessons” of the altruistic forest [1]. However, whether 
plant communication represents altruism, mutualism, or a 
competitive or even pernicious interaction remains open for 
debate. Indeed, even the definition of plant communication 
has been extensively dissected and reformulated during the 
last few decades [e.g., [2, 3]. It is now commonly accepted 
that true plant-plant communication would require both the 
signal sender and the receiver to benefit, which is often dif-
ficult to determine. However, meaningful plant-plant interac-
tions that fall short of the true plant-plant communication 
classification have been reported in abundance and they 
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occur both above and belowground. Here we look at plant-
plant communication in trees with a particular emphasis on 
their effects on plant–herbivore interactions.

Interactions between trees and herbivores are key pro-
cesses shaping life history traits and dynamics of forest 
ecosystems [4–6]. By consuming plant tissues, herbivorous 
insects can reduce tree survival and growth, as well as affect-
ing nutrient and carbon fluxes [7, 8]. Ultimately, herbivory 
can affect tree fitness—defined as the ability to contribute 
the tree’s genotype to succeeding generations [9]—and forest 
regeneration. Chronic background insect herbivory is esti-
mated to cause biomass loss of 1 to 15% annually, depend-
ing on geographic region [10]. Insect herbivore population 
dynamics are influenced by multiple ecological drivers. For 
example, tree diversity is well known to affect the abundance 
of insects at the landscape scale [11] and more diverse for-
ests are often associated with lower herbivore pressure [12, 
13]. In addition, insect herbivory is influenced by nutrients, 
and physical and chemical defensive traits of trees [14, 15]. 
Plant strategies to combat herbivores include an array of 
constitutive defenses that are continually present, e.g., alka-
loids and phenolic compounds in plant tissue, and inducible 
defenses that are activated when plants detect a threat, e.g., 
by being fed on by an herbivore, by sensing herbivore eggs 
or herbivore induced plant volatiles (HIPVs) [16, 17]. The 
defenses can also be direct, such as toxic defense metabo-
lites that are expressed constitutively [18], or indirect, such 
as HIPVs that attract natural enemies of herbivores [19]. 
Appropriate responses to reliable information from neigh-
boring trees should in principle enable raising of effective 
defenses against herbivores and reduce biomass loss and 
potential fitness costs.

Plant-plant communication has been shown to play a key 
role in defense against herbivore attack [20]. Initial reports 
on chemical-based plant-plant communication and defense 
against herbivores were published in the 1980s [21–23]. The 
understanding of plant communication has advanced sub-
stantially since and it is now widely established that plants 
recognize and interact with each other and the surrounding 
community of herbivorous and beneficial arthropods [20, 
24–27]. Recognition of herbivores via herbivore-associated 
molecular patterns (HAMPs) is an example of how plants 
perceive their environment [28, 29], while HIPV emission 
and detection enable plants to interact with other organisms 
[30]. Plant-plant communication through informative chemi-
cal cues or signals—also known as infochemicals—can 
occur above- and belowground [31, 32]. The aboveground 
interactions are largely mediated by biogenic volatile organic 
compound (BVOC) emissions and belowground interactions 
by root-associated pathways involving common mycorrhi-
zal networks (CMNs), volatile emissions, and chemical exu-
dates [25, 33, 34]. The CMN-based communication in the 
rhizosphere can be considered “wired” and the BVOC-based 

communication aboveground considered “wireless,” indicat-
ing a complexity of information processing that can depend 
on the medium through which signals traverse.

Plant-plant communication has been reviewed in the 
context of the diversity of communication signals and its 
role in crop and produce plantations [34–36]. In this review, 
we focus on addressing how these processes can affect her-
bivory in forests which are more diverse in species richness 
(both plant and animal) compared to agricultural systems. 
Moreover, it is important to note that trees are usually long-
lived species that may have different priorities for resource 
partitioning than short-lived plants and may consequently 
respond differently to damage-induced infochemicals. We 
synthesize current knowledge on tree-tree communication 
via “wireless” aboveground BVOC emissions and “wired” 
CMN-mediated belowground processes. Discoveries in the 
field of chemical ecology provide compelling evidence that 
trees may cooperate by both sharing their resources and by 
emitting stress signals that induce defenses in nearby trees. 
We identify some potential considerations for forest manage-
ment, highlight gaps in the current knowledge, and suggest 
potential directions for future research.

Aboveground BVOC‑Mediated 
Communication In Trees

BVOCs as a “Wireless” Plant Communication Medium

BVOCs are low molecular mass compounds with a high 
vapor pressure. Plant-emitted BVOCs can be released above 
or belowground [37] and most are classified into compound 
groups that include isoprenoids (or terpenoids), green leaf 
volatiles, and aromatic compounds [31] (Fig. 1). The global 
estimate of BVOCs released by plants to the atmosphere 
is about 1 Pg carbon (C)  year−1, of which isoprene is the 
most dominant compound [38, 39]. Isoprene is a small (C5), 
highly reactive compound with an atmospheric lifetime of 
about 1–2 h. It is the building block of larger isoprenoids 
such as the volatile monoterpenes (C10) and sesquiterpe-
nes (C15) [26, 39]. Isoprenoids are synthesized in the plas-
tids via the mevalonate (MVA) pathway and in the cytosol 
(Fig. 1) via the methylerythritol phosphate (MEP) pathway 
from the C5 precursor molecules isopentenyl diphosphate 
(IPP) and its interconvertible isomer dimethylallyl diphos-
phate (DMAPP) [31, 40]. Isoprene is the single most impor-
tant BVOC in the Earth system [26, 41] and the isoprenoid 
group is structurally and functionally the most diverse in 
living organisms [40]. Besides isoprenoids, plants also emit 
green leaf volatiles (GLV), which are a group of diverse 
C6 compounds comprising alcohols, esters, and aldehydes 
[42]. Membrane lipids and fatty acids are used to synthesize 
the most common GLVs via the hydroperoxide lyase (HPL) 
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branch of the oxylipin pathway [42–44] (Fig. 1). Aromatic 
BVOCs include phenolic and benzenoid compounds that are 
synthesized via the shikimate pathway [45] (Fig. 1).

Plants constitutively release BVOCs from all above and 
belowground parts such as leaves, flower buds, flowers, 
fruits [e.g., 46], needles [47], and roots [37, 48, 49]. The 
release of the BVOCs is regulated by plant hormones, nota-
bly jasmonates, salicylic acid, and ethylene [50–52]. The 
sensitivity of BVOC emissions to biotic and abiotic stresses 
has been extensively reviewed [31, 53, 54]. Blends of HIPVs 
can be specific to a plant species and the herbivores feeding 
on it [51]. GLVs are usually the first HIPVs to be detected, 
occurring within minutes of insect feeding starting, while 
terpenoids and other volatile compounds such as methyl-jas-
monate and methyl-salicylate are emitted several hours after 
damage initiation [55]. The active signals within volatile 
blends have been investigated extensively with diverse eco-
logical interactions shown to be mediated by these chemical 
cues and signals.

Mechanisms of Aboveground BVOC‑Mediated 
Communication in Trees

Initial reports of aboveground volatile-mediated plant-plant 
communication were made on tree species [21, 22]. These 
studies were conducted under laboratory [21] and natu-
ral forest conditions [22]. In the latter, caterpillar-infested 

willows (Salix sitchensis) were suggested to have released 
signals, described as “pheromonal substances,” that 
induced increases in resistance to subsequent herbivory in 
their neighbors [22]. Although this work was controversial 
for several years, communication between plants is now 
accepted as a common process in plant biology. Much of this 
acceptance was due to extensive laboratory work on crop 
plants, leaving natural forest ecosystems underexplored [56]. 
To date, tree-tree communication has been reported for sugar 
maple (Acer saccharum) [21], alder (Alnus glutinosa) [57, 
58], birch (Betula pendula and Betula pubescens) [59, 60], 
poplar (Populus euromericana; P. deltoides × P. nigra; P. 
tremula × P. tremuloides) [21, 61, 62], willows (S. sitchensis, 
S. exigua, and S. lemmonii) [22, 63, 64], and more recently 
in lodgepole pine (Pinus contorta)  [65••], beech (Fagus cre-
nata)  [66•], and Scots pine (Pinus sylvestris)  [67•].

These studies have revealed that BVOC-mediated interac-
tions could occur via two broad mechanisms. Constitutively 
emitted volatiles and HIPVs from neighboring plants could 
enhance tree resistance to herbivores by (1) conferring an odor-
based camouflage [59] and (2) by triggering or priming tree 
defenses [58, 62]. The first mechanism is a passive process that 
may not strictly fit requirements to be called communication, 
but clearly represents an interaction between plants based on 
BVOCs. It was described in a natural European subarctic forest 
with mountain birch trees growing with Rhododendron tomen-
tosum in the understory [59]. Characteristic sesquiterpenes 

Fig. 1  Schematic representation of the two main communication 
channels reviewed here. Aboveground, plants release blends of vola-
tile organic compounds (VOCs) including green leaf volatiles, phe-
nylpropanoids and benzenoids, sesquiterpenes and monoterpenes, 
which are formed by different biochemical pathways in different parts 

of the cell, as indicated on the right. Belowground, different mycor-
rhizal structures are depicted that function in producing common 
mycorrhizal networks that mediate signaling between plants. The 
VOCs represent the wireless communication channel, while mycor-
rhizae represent a wired channel
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emitted by the rhododendron, notably ledene, ledol, and 
palustrol, were found to adhere to leaf surfaces of neighbor-
ing birches at low temperatures and were then released by the 
birches when temperatures raised [60]. The release of adhered 
rhododendron sesquiterpenes by birches was found to act as 
an odorous camouflage imparting an odor that was not char-
acteristic of birch and facilitated a reduction in the density of 
aphids (Euceraphis betulae) on birch leaves [59].

Other studies have demonstrated clear active BVOC-
mediated interactions that better fit the definition of com-
munication. In an active interaction, the receiver plant is 
required to undergo a change of its own making, which may 
include the induction or priming of defenses in plants upon 
receipt of BVOCs that indicate the presence of herbivores. 
Defense induction is defined as the physiological change 
observable in plants upon exposure to BVOCs and includes 
overexpression of defense-related genes and/or production 
and emission of secondary defense compounds [30]. Plant 
priming is defined as plants being in a state of readiness [68, 
69]. Thus, after exposure to BVOCs, physiological changes 
may not be visible, but plants will respond more quickly and/
or more intensely to future stress [70, 71]. These phenom-
ena have been demonstrated in many herbaceous species in 
the laboratory and in the field e.g. [72–75]. Research has 
shown that HIPV-exposed trees had enhanced expression 
of herbivore defense-related genes, and increased levels of 
protease inhibitors, phenolic compounds, jasmonic acid, 
and linolenic acid [58, 61]. They have also been shown 
to have elevated levels of primary and secondary metabo-
lites with potent activity in plant defense against pathogens 
and invading organisms [76] and to respond with greater 
BVOC emissions upon feeding than plants not exposed to 
HIPVs [62]. The responses can result in a reduction in the 
attractiveness of trees to herbivorous insects [57, 58, 66•]. 
Another study found that exposure to HIPVs enhances the 
production of extrafloral nectar in hybrid aspen saplings 
[62], which may attract more natural enemies of herbivo-
rous insects [77–79]. A recent observation has shown that 
potted pine saplings exposed to neighboring plants damaged 
by pine weevils (Hylobius abietis) responded to subsequent 
herbivory by inducing higher emissions of volatile terpenes 
and were fourfold less fed upon by weevils  [67•]. Consider-
ing the extensive damage caused to saplings by pine wee-
vils, estimated at €140 million annually in Europe [80], such 
observations could help to identify methods to induce the 
defenses of young trees rendering them more resistant to 
damage caused by weevils.

Effects of BVOC‑Mediated Communication 
on Herbivores in Forest Ecosystems

Tree-tree communication mediated by BVOCs plays a sig-
nificant role in shaping plant–insect interactions (Fig. 2). By 

inducing or priming defenses of neighboring trees, inter-
actions between trees can enhance resistance of neighbors 
to subsequent herbivory, reduce the damage caused by her-
bivores, and reduce the density of insect pests. For exam-
ple, in a study of two willow species, exposure to wounded 
neighbors reduced herbivore damage by 21% for S. exigua 
and 41% for S. lemmonii in experiments conducted at two 
different sites [63]. Exposure to damaged neighbors was 
also shown to halve the presence of phytophagous specialist 
arthropods in black alder [58]. By comparison, an increase in 
temperature of 2 °C was found to increase insect herbivory 
by 21% in willows [81], and drought was found to increase 
herbivore-induced damage by 68.5% in female Populus 
yunnanensis [82], emphasizing the ecological importance 
of tree-to-tree communication on insect herbivory. To date, 
few studies have investigated the magnitude of the effects 
of between-tree communication in field and natural forest 
ecosystems. More work should examine the biological rel-
evance of tree communication to herbivore populations if we 
want to better understand the significance of communication 
between trees.

Interactions between trees may also affect higher trophic 
levels such as the natural enemies of herbivores (Fig. 2). To 
date, this phenomenon has not been demonstrated either in 
a controlled environment or in a natural forest ecosystem. 
However, field studies with annual plants have shown that 
parasitism and non-consumptive effects of parasitic wasps 
can contribute up to 80% in reducing damage by herbivorous 
insects (Fig. 2), which contributes to promoting plant bio-
mass production, and improving plant fitness [83–86]. While 
the effects of attracting parasitoids on net herbivory can be 
unclear, studies have shown that avian predators are also 
attracted by HIPVs emitted by trees [87, 88]. Predation rates 
of artificially modelled caterpillars were 50% greater than in 
non-damaged trees [87] (Fig. 2). Thus, since trees exposed 
to HIPVs can respond to subsequent herbivory with higher 
HIPV emissions [62,  67•], they may attract more natural 
enemies and reduce herbivore pressure.

Ecological Relevance of BVOC‑Mediated 
Communication in Forest Ecosystems

Since most research on tree-tree communication has been 
conducted under controlled environments, the ecological 
relevance of BVOC-mediated interactions in forest eco-
systems remains uncertain. However, two recent studies 
have addressed volatile-mediated tree-tree interactions in 
natural forest ecosystems. The first study tested whether 
BVOCs emitted by lodgepole pine trees attacked by the 
mountain pine beetle (Dendroctonus ponderosae) affected 
neighboring trees across a heterogeneous forest of the Jas-
per National Park, Alberta  [65••]. The authors also tested 
whether communication was more efficient between trees 
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with similar chemotypes. They characterized high and low 
β-phellandrene chemotypes based on their constitutive 
BVOCs and reported sub-chemotypes within those chemo-
types based on quantities of induced monoterpenes. Further 
BVOC analyses on non-attacked focal trees situated from 
0 to 10 m away from D. ponderosae-attacked trees showed 
that communication was more effective among trees with 
similar chemotypes supporting the hypothesis of BVOC-
mediated kin recognition by trees in natural ecosystems. 
The second field-based study tested whether BVOCs emit-
ted from clipped mature beech trees (approx. 31 years old) 
enhance the resistance of neighboring trees to herbivores 
and pathogens and over what distance  [66•]. Ninety days 
after exposure, the number of leaves damaged by chewing 
herbivores and pathogens was recorded on trees located at 3, 
5, 7, 9, or 11 m from a clipped tree. It was found that beech 
trees < 5 m from clipped neighbors had significantly less leaf 
damage than nonexposed ones.

Natural ecosystems have several factors that can compli-
cate or obscure the observation of tree-tree communication. 
These factors include the forest conditions (e.g., mixed for-
est, monocrop forest), heterogeneous environmental factors 
(e.g., temperature, wind), distance between trees and den-
sity of the forest, tree characteristics (e.g., age, size), tree 
kinship, and intra-specific/individual variation in BVOC 

emission profiles and defense induction [31, 89]. For exam-
ple, the release and dispersal of airborne BVOCs is known 
to be influenced by tree size with greater BVOC dispersal in 
tall trees [90]. In addition, some BVOCs, such as oxidized 
terpenoids (e.g., α-terpinene, β-caryophyllene, α-humulene), 
are known to react in a few minutes with atmospheric pol-
lutants, which can alter the composition of the chemicals 
that receivers are exposed to [91, 92]. This may affect the 
quality and concentration of BVOCs reaching neighbors and 
affect the responses of the receivers [93]. As BVOCs con-
vey information more efficiently over short distances, it has 
been proposed that the release of VOCs may have evolved 
to coordinate defenses within a plant rather than between 
plants and that neighbors may be eavesdropping on cues that 
help them to pre-empt danger [94, 95]. The effective dis-
tance of communication between plants has typically been 
shown to be rather short under field conditions. Fieldwork 
on sagebrush (Artemisia tridentata) has demonstrated that 
HIPVs could induce resistance in neighbors at distances of 
up to 60 cm [96], while earlier work on black alder similarly 
showed induced resistance in trees situated at 1.3 m from 
a defoliated emitter tree, while trees farther away (10.6 m) 
did not respond as clearly [57, 58]. In 2021, Hagiwara et al. 
[66•] found that damage levels were lower in beech trees 
located less than 5 m away from clipped emitter trees than in 

Fig. 2  Schematic representation of different interactions trees and 
insects might have in forest ecosystems through the emission of 
BVOCs and via mycorrhizal networks. Aboveground interactions 
are mediated by BVOC emissions. BVOC cues from an infested tree 
can be eavesdropped upon by nearby (up to 5 m) conspecific neigh-
bors (A) and enhance their resistance to herbivory (B). Those receiv-
ers might also be more attractive to natural enemies of herbivorous 
insects (C). Concentrations of BVOC cues might be reduced with 
distance and BVOCs might be degraded or transformed with tropo-
spheric pollutants (D). BVOCs can also be perceived by heterospe-
cific neighbors (E) but might not have enhanced pest resistance due 

to not sharing the same insect community and potentially possessing 
different chemotypes. BVOCs emitted from understory species on 
forest floors might also confer odor camouflage to trees making them 
less attractive to herbivorous insects (F). An infested tree might also 
send signals of herbivore presence through CMNs to nearby (at least 
up to 20 cm) conspecific or heterospecific trees (G). The trees share 
nutrients as well as stress signals via CMNs across conspecific (H, 
I) and heterospecific (J) associations. Ericaceae associated with ERM 
are not yet reported to communicate through CMNs (K) connections. 
Grey arrows represent interactions observed in the literature while 
orange arrows represent hypothetical interactions
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trees exposed to undamaged emitters, but this was no longer 
the case in trees located from 7 to 11 m away from clipped 
trees (Fig. 2).

In addition, plants may respond more effectively to vola-
tile cues emitted by genetically identical kin than non-kin as 
shown in sagebrush and lodgepole pine [97, 98,  65••]. Indi-
viduals of the same species may emit highly variable BVOC 
profiles, but within that variation, there may be a number of 
characteristic chemotypes that have been shown to be herit-
able [99, 100]. Each plant chemotype was also shown to 
have coevolved with a similar arthropod community [100], 
suggesting that future herbivory is more likely to be similar 
within plants of a certain chemotype than between plants of 
different chemotypes [100, 101], which could explain the 
more effective communication between kin observed. Thus, 
determining the genetic relatedness among trees in forest 
ecosystems is necessary to correctly assess tree-tree com-
munication and draw the right conclusions.

Investigating aboveground BVOC-mediated tree-tree 
communication in natural forest ecosystems is extremely 
challenging and the researchers that have attempted to 
do so should be commended for their efforts. Elucidating 
mechanisms in a forest setting is even more challenging than 
determining whether interactions occur. For example, in for-
ests, the variation in genotype, phenotype, and physical fac-
tors leads to variation in intra-specific and intra-individual 
BVOC emissions [102]. Moreover, most trees that communi-
cate by the emission of BVOCs could also communicate via 
the roots and mycorrhizae  [103•], which may facilitate infor-
mation transfer between plants [104,  105••]. Thus, studying 
the effects of aboveground volatile signals from an insect-
infested tree to other trees can only be confirmed mechanisti-
cally by eliminating belowground contact and ascertaining 
that an underground wired network is not responsible for 
defense induction. In the next section, we examine the role 
of mycorrhizae in communication between plants.

Mycorrhizal Fungi and Common 
Mycorrhizal Network (CMN)‑Mediated Plant 
Communication

Mycorrhizal Fungi

About 80% of terrestrial plant species (92% of families) form 
mycorrhizal associations [106, 107]. Mycorrhizal associa-
tions are symbiotic whereby plants act as a source of carbon 
(C) in exchange for increased access to nutrients from the 
soil, such as nitrogen (N) and phosphorus (P) [108]. Myc-
orrhizae are obligate symbiotic fungi; a single mycorrhizal 
fungus can colonize several trees maximizing its access to 
C sources [106, 107]. Based on their structure and function, 
mycorrhizal fungi can be categorized into several groups. 

The most widely distributed are the arbuscular mycorrhizal 
fungi (AMF), ericoid mycorrhizal fungi (ERM), and ecto-
mycorrhizal fungi (EMF) [34, 106, 109, 111] (Fig. 1). Myc-
orrhizal fungi can be host specific, but most are generalists 
colonizing numerous species [33]. Similarly, plants can form 
mycorrhizal associations with a certain group of mycorrhizal 
fungi, or in some cases form symbiotic associations with 
more than one group (e.g., both AMF and EMF) [109]. It 
has been further shown that conspecific seedlings grow bet-
ter with CMNs and that the mycorrhizal association pattern 
follows the kin selection theory, whereby mycorrhizal asso-
ciations are greater in the presence of kin compared to when 
in the presence of non-kin [112, 113].

AMF are the most common symbionts of terrestrial 
plants, and EMF are the dominant mycorrhizal fungi in 
boreal forests [106]. The AMF and EMF differ in the struc-
ture of the association they form with the host plant with 
EMF forming a Hartig net, which is where fungal hyphae 
grow between the root cortical cells, and AMF forming 
arbuscules in the root cortical cells (Fig. 1) [106, 114, 115]. 
Ericoid mycorrhizal fungi mostly form associations with the 
Ericaceae, e.g., in R. tomentosum [106, 115]. The AMF and 
EMF can form long hyphae of up to hundreds of meters 
per meter of root length depending on the fungal and host 
species, while the ERM generally form hyphae close to the 
host plant that likely operate only in the localized space in 
the host rhizosphere [116].

Common Mycorrhizal Networks

The mycorrhizal hyphae, both alone and in chord-like clus-
ters called rhizomorphs, may form external bridges between 
the root tips of the same tree and link different trees below-
ground [106] (Fig. 2). These mycorrhizal connections are 
referred to as common mycorrhizal networks (CMNs). It 
has been shown that sugars (monosaccharides), amino acids, 
lipids, water, and micronutrients can all be transported via 
CMNs [33, 34, 117]. In addition to nutrient exchange, 
CMNs have been shown to carry infochemicals, including 
plant hormones, enzymes, allelochemicals, and secondary 
compounds not involved in growth and development of the 
plant [118–120]. Stress-induced signals from herbivore or 
pathogen infested plants have been shown to be carried 
through mycorrhizae to nearby plants, which prime their 
own defenses against attack [120–123]. Not only do CMNs 
mediate resource sharing and stress signal transmission 
between conspecific associates, but they have also been dem-
onstrated to facilitate heterospecific connections [123–125] 
(Fig. 2). Most of the research on communication via CMNs 
has been conducted using crop plants and the mechanisms 
by which infochemicals are used in mycorrhizal networks 
are largely unclear [126, 127].
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To date, no membrane transporters likely to be responsi-
ble for transporting infochemicals into the cytosol have been 
identified at the interface of the root-mycorrhizal associa-
tions. It has been proposed that nutrients and infochemicals 
may be transported through the cytosol or cell walls, via sur-
face adhesion, or via rhizomorphs that are formed by twining 
of several hyphae [33]. It has also been proposed that the 
hollow space inside rhizomorphs could carry BVOCs [33]. 
Action potentials or electrical signals across cell membranes 
have been suggested to transmit stress signals across CMNs 
[108]. In addition to providing a physical means of trans-
port across the hyphae, fungal presence in the rhizosphere 
alters the soil morphology by forming and maintaining soil 
aggregates enabling better transport of root exudates and 
even belowground BVOCs through the soil matrix [33, 128].

Effects of Mycorrhizal Associations on Plant 
Physiology, Nutrient Status, and Defense

Mycorrhizal fungi are associated with increased rates of 
photosynthesis and growth in plants [129], which plays a 
compensatory role in the event of herbivore attack [130]. 
In addition to better access to nutrition and increased pho-
tosynthesis, several studies have shown that mycorrhizal 
association may increase herbivore tolerance, induce plant 
resistance against herbivores, and alter the gene expression 
and secondary compound composition of plant tissues [107, 
128, 131–133]. In a recent study with gray poplar, mycorrhi-
zal associations have also been shown to alter the entire plant 
defense strategy against herbivores by inducing constitutive 
phenol-based defenses [134]. More recently, a non-targeted 
analysis of secondary compounds in poplars revealed that 
mycorrhizal association induces substantial changes in plant 
defense  [135•], which may indicate plant defense as a further 
evolutionary benefit of mycorrhizal association.

It is well established that plants exchange nutrients 
through CMNs and that the exchange is controlled by the 
plants [112]. The exchange of nutrients may not appear to 
be balanced, i.e., one species may appear to extract more 
nutrients from the CMN network and provide little in return 
or vice versa. A good example of unequal resource shar-
ing is in the achlorophyllous plants that depend on nutrients 
extracted through CMNs connecting them to nearby plants 
[112]. It is worth noting that a plant which may seem at a 
disadvantage in resource sharing might still receive benefits 
from the CMNs that are sufficient to maintain the symbiosis, 
e.g., improved defense against herbivores through altered 
secondary compound composition  [135•]. It is also likely 
that the plants’ role as a net donor/receiver of nutrients to/
from the CMNs may change over time; i.e., a plant that is 
a receiver as a sapling may become a donor of nutrients 
into the CMNs after a few years. The exchange of nutrients 
through CMNs among plants has not been shown to decrease 

individual plant fitness; in fact, mycorrhizal association with 
its integral resource sharing is understood to improve overall 
plant fitness in the forest be it monodominant or mixed for-
est [112, 129, 136]. EMFs, for example, have been shown 
to increase seedling survival through resource sharing from 
mature trees, and to transfer labile carbon and nitrogen 
between Douglas fir [137].

In an experiment conducted with crop plants, it has been 
shown that AMF increase the host attractiveness to herbi-
vores while the herbivore feeding inhibits further develop-
ment of the mycorrhizal associations [138]. Recently, in 
a field experiment conducted with Scots pines associated 
with EMF, herbivory was shown to decrease mycorrhizal 
colonization; however, the changes in the BVOC emissions 
due to mycorrhizal associations were not studied in the 
experiments [139, 140]. Previously, it has been suggested 
that the increased attractiveness of trees with mycorrhizal 
associations for oviposition by herbivores compared to 
non-mycorrhizal trees is due to mycorrhizal trees provid-
ing better nutrition to herbivores and being more attrac-
tive due to their size [130]. It is also well established and 
widely reported that herbivores perform better on mycor-
rhizal plants whereby herbivore performance was estimated 
based on growth rate, consumption, survival, oviposition 
performance, and herbivore density [141]. Padmanaban et al. 
 [135•], however, have reported that herbivore performance is 
significantly reduced by mycorrhizal association. Therefore, 
it remains inconclusive if plant fitness or plant defense post 
mycorrhizal colonization determines the attractiveness of 
the plant to herbivores and the herbivore fitness. However, 
the attractiveness and susceptibility of mycorrhizal plants to 
herbivores may vary extensively based on the plant, fungal, 
and herbivore species.

Propagation of Stress Signals Through CMNs

The first account of mycorrhizal transmission of stress 
signals was reported in tomato plants [120]. The study 
used pathogenic fungi Alternaria solani to infect “donor” 
plants that produced signals that induced disease resist-
ance in “receiver” plants connected via AMF CMNs. Soon 
after, stress signal transmission through AMF CMNs was 
reported in studies that had used herbivorous insects to 
damage “donor” plants that induced defenses in crop plant 
“receivers” [121, 122]. Undamaged bean plants connected 
to aphid-infested bean plants via AMF CMNs responded by 
changing their BVOC emissions, which attracted an aphid 
natural enemy [121]. BVOC emissions from bean plants not 
connected by CMNs to aphid infested bean plants remained 
unchanged [121]. Song et al. [122] showed that caterpillar 
(Spodoptera litura) feeding on tomato plants induced both 
defense-related genes and the jasmonate pathway in undam-
aged receiver plants connected through AMF CMN.
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A landmark publication on CMN-based communication 
through stress signals was conducted with interior Doug-
las fir and Ponderosa pine whereby it was shown that stress 
signals can be transmitted via EMF and that they can cross 
heterospecific mycorrhizal connections [123]. The experi-
ment was conducted with 4-month-old sterilized interior 
Douglas fir as “donor” and Ponderosa pine as “receiver” 
seedlings. EMF spores were acquired from the soil of 
a mono-specific stand of interior Douglas fir, which was 
mixed with autoclaved potting soil. The EMF CMNs in this 
experiment were comprised entirely of the single fungal 
taxon Wilcoxina rehmii (Ascomycota, Pezizales order). The 
donor seedlings received either (i) no defoliation treatment, 
(ii) manual defoliation, or (iii) defoliation by the third instar 
larvae of the western spruce budworm. The receivers were 
grown (i) directly into the soil with the donor seedlings, (ii) 
in a mesh bag using a 35 mm pore size (which blocks root 
growth but enables hyphal growth through the pores), or (iii) 
in a mesh bag with a 0.5 mm pore size (which blocks both 
root and hyphal growth through the pore but allows nutrient 
exchange). In response to herbivory and manual defoliation 
of interior Douglas fir, there was increased activity of the 
defense-related enzymes peroxidase (POD), polyphenol 
oxidase (PPD), and superoxide dismutase (SOD) in both 
the donor plants and receiver plants that were connected 
via CMNs to the donor plant. The damaged seedlings also 
transferred labile C to receiver seedlings that were connected 
via CMNs. Neither Song et al. [120, 123] nor Babikova et al. 
[121] identified the nature or composition of the stress signal 
being transmitted via the CMNs. However, Song et al. [122] 
identified the jasmonate pathway as important for transmis-
sion of stress signals across the CMN, which remains a 
promising avenue for further research.

Responses in Receiver Plants

Stress signal transmission across CMNs has been shown 
to affect BVOC emissions of receiver plants. In a study 
by Babikova et al. [121], BVOC emissions from receiver 
plants were similar to those of infested donor plants. This 
resulted in the uninfested receiver plants repelling herbivores 
and attracting parasitoid wasps despite not actually being 
exposed to herbivores [121]. In other studies, receiver plants 
were shown to upregulate several defense-related genes 
including those for pathogen-related proteins PR1, PR-2, 
PR-3, phenylalanine ammonia-lyase (PAL), lipoxygenase 
(LOX), lipoxygenase D (LOXD), allene oxide cyclase (AOC), 
PPD, SOD, and two serine protease inhibitors (PI-I and 
PI-II) [120, 122, 123]. The increased activity of enzymes 
in receiver plants was observed within 24 h, which was 
approximately the same time scale as for the donor plants, 
and much faster than the C-transfer across the CMNs [122, 
123]. It can be speculated that during stressful events, the 

first factors to cross CMNs from herbivore-infested donor 
plants are stress signals rather than nutrients. LOX and AOC 
are two important enzymes of the jasmonic acid pathway, 
which has been studied extensively as a response to tissue 
injury and activation of defense against herbivores [142]. 
Based on this rather limited amount of literature, it can be 
predicted that defense upregulation in uninfested “receiver” 
plants connected via CMNs to infested “donor” plants is 
rather similar.

Challenges in Designing CMN‑Based 
Communication Studies in Natural Systems

There have been no further advances in the field of CMN-
mediated stress signal transmission to our knowledge, but 
the aforementioned literature presents sufficient evidence to 
conclude that stress signals can be transmitted across AMF 
and ECM. It is not certain if the CMN-based stress signal-
ing is an altruistic act of active communication on the part 
of the donor tree, if it is a clever trick utilized by mycorrhi-
zal fungi to protect its C-supplying symbionts from excess 
damage, or if it is eavesdropping by the receiver plant that 
hijacks the CMN for information. There are numerous chal-
lenges in designing experiments to study CMN-based com-
munication in fields and forests. It is not plausible to cut 
off mycorrhizal connections of trees in natural systems and 
it is challenging to ascertain if trees are connected below-
ground via the same CMN. Prevention of BVOC-mediated 
communication is also another challenge in natural sys-
tems. In the experiments conducted by Song et al. [123], 
BVOC-mediated “wireless” communication aboveground 
was prevented by containing the damaged Douglas fir trees 
in clear plastic bags. Such methods are hard to implement 
in natural or near natural ecosystems and with large trees. It 
is yet another challenge to prevent belowground BVOC or 
exudate-based communication while still maintaining the 
CMNs. The nature of stress signals transmitted via CMNs 
is yet unknown. Plant hormones are a plausible candidate 
for signaling as they do mediate signaling within plants, are 
involved in establishing root-mycorrhizal fungi “synapses,” 
and are transported across the CMNs [34]. It is not con-
firmed that the hormones are involved in stress signaling 
from an emitter plant, across the CMN, to a receiver plant. 
Stable isotope labelling has been used to study nutrient shar-
ing across CMNs [124, 143]. Synthetic hormones labelled 
with stable isotopes could potentially be used to study the 
involvement of plant hormones in stress signaling across 
CMNs in carefully designed experiments. It is likely that the 
stress signals transmitted across the CMNs do not involve 
molecules crossing the root-mycorrhizal fungi “synapse.” 
Rather, it is predicted that stress signals from the emitter 
are stimuli that induce production of infochemicals in the 
CMNs that are detected by the receiver plant; if so, isotope 
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labelling will not reveal the nature of stress signals. Second-
ary compounds are a promising key to understanding the 
belowground plant signaling network [144]. A non-targeted 
metabolite analysis of the root exudates and the secondary 
compounds in the CMNs suspected of signal transmission 
may reveal the nature of the signaling compounds. Presently, 
our inability to separate secondary metabolites from fungal 
hyphae limits our ability to study the signaling molecules 
across the CMNs.

To study the role of mycorrhizal fungi in herbivory-
related stress signal transmission poses an extra challenge. 
As discussed above, mycorrhizal association changes the 
secondary compound composition, including the composi-
tion of BVOC emissions [134,  135•]. This means that com-
parison of herbivore performance on mycorrhizal “receiver” 
trees versus non-mycorrhizal “receiver” trees of the same 
species is invalidated by changes in induced and constitutive 
defenses as direct effects of mycorrhization and the cascad-
ing effects on plant–herbivore interactions. The upcoming 
research of mycorrhizologists should look to better under-
stand the nature of stress signals transmitted through CMNs 
and compare the robustness of BVOC-mediated communica-
tion with CMN-mediated communication in laboratory and 
natural forest systems.

Forest Management in the Light 
of Plant‑Plant Communication

About 31% of the planet’s land area is forested, 30% of which 
(1.15 billion ha) is managed for production [145]. With climate 
change, herbivory has become a more potent threat to global 
forests with increases in the frequency of outbreaks, earlier emer-
gence of herbivores, and overall increases in feeding period and 
the number of generations per summer [146, 147]. Understand-
ing the defenses of forests can be a key to mitigating the direct 
and indirect effects of climate change. At present, sustainable 
forest management (SFM) in the European Union (EU) repre-
sents one of the most thorough forest management protocols in 
the world, but the functional pragmatism of the SFM is more 
socio-political than ecological [148, 149]. Much of the European 
forests are being excessively fertilized and receive atmospheric 
nitrogen deposition, which has been shown to have negative 
impact on mycorrhizal symbionts [139, 140, 150]. Clear-cutting 
is being practiced globally to harvest forests, which also leads 
to changes in soil microbiota [151]. Clear-cutting is often advo-
cated as being analogous to forest fires whereby all the large trees 
are lost. However, the changes induced in the soil microbiota in 
response to forest fires are completely different from the effects 
of clear cutting [151]. The newly planted seedlings after a clear-
cut are exposed to a plethora of dangers from pathogens and 
herbivores. Newly planted stands are also unnatural in the way 
they are monodominant and of the same age.

Our understanding of forest interactions at the community 
level mediated by “wired” and “wireless” communication is 
in the preliminary stages. What we already know is that trees 
in mixed forests are more fit compared to single species stands 
[143], and young seedlings benefit from resource flow from 
established trees through CMNs [34]. Tree diversity [12] and 
diversity of BVOCs [152] also negatively correlates with her-
bivore damage. Forest management guidelines in the future 
should prioritize tree fitness in light of recent advances in ecol-
ogy. Pest prevention techniques could encompass increasing 
tree genetic diversity and age and avoiding clear cutting, e.g., 
by leaving behind a few old trees [152]. In addition, guide-
lines for forest management should promote tree resistance 
to herbivorous insects by encouraging tree associations that 
enhance positive interactions. For example, it has been shown 
that BVOCs from Rhododendron tomentosum may adsorb to 
and be re-released from the surface of birch (Betula spp.) pro-
viding resistance to herbivores [154]. Trees in managed forests 
could be matched with lower story plants that may provide 
them with odorous camouflage. Moreover, modification of 
the “push–pull” strategy utilized in subsistence farming could 
be developed for forests by choosing companion plants that 
release infochemicals that avert insect pests from trees com-
bined with trap plants that act as a “pull” component [155]. 
The effectiveness of this system has been proven in agricul-
tural systems and is increasingly adopted by farmers [156] sug-
gesting potential for management of pests in forest ecosystems. 
These strategies could be combined with promoting natural 
enemy habitats and attraction via infochemicals above and 
belowground, as well as promoting the exchange of informa-
tion between trees. However, before we can attempt to imple-
ment these methods in forests, considerable research must be 
conducted to better understand these interactions. Even though 
more work seems to have investigated interactions of trees with 
herbivorous insects aboveground than interactions occurring 
belowground, we do not know whether trees receiving cues 
attract more natural enemies, or if there are interactions with 
other factors. In addition, little research has shown the effect 
of transmitting alarm signals via mycorrhizae on receiver tree 
resistance to herbivorous insects, nor whether these interac-
tions occur over long distances, or are more effective between 
kin or distantly related plant species [104,  105••]. Therefore, 
we provide some further directions for future research to 
address these issues.

Future Directions

Through the synthesis above, it has become clear that 
plants have the means to provide information to and receive 
information from their communities, but substantial knowl-
edge gaps remain. Evidence of plant-plant interactions has 
been obtained from numerous plant species and shown 
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convincingly to occur both above and belowground. How-
ever, there is relatively little information from actual forest 
environments, and mechanisms occurring above and below-
ground can be difficult to separate. As a consequence, the 
ecological significance of plant-plant interactions has not 
been adequately determined. Laboratory and field studies 
have indicated a complexity in the information encoded 
within VOCs to the extent that plants with a shared chemo-
type signal more effectively than plants with different chem-
otypes [98]. Other studies have indicated greater signaling or 
receiving capacities of particular species or cultivated plant 
varieties [96, 157]. However, these nuances have mostly 
been observed in the laboratory or with the widespread 
shrub, Artemisia tridentata e.g. [97, 99], with very few stud-
ies on forest trees, aside from a recent study on Lodgepole 
pine  [65••]. Most studies focusing on kin recognition among 
trees have been addressed in studies of belowground com-
munication mediated by mycorrhizae. For example, it has 
been demonstrated that trees have greater mycorrhizal con-
nections between kin and that older trees provide resources 
that aid the growth and survival of conspecific younger trees. 
However, our knowledge of whether these phenomena occur 
through aboveground BVOC-mediated communication is 
limited and this should be a focus of further research.

The effects of tree-tree communication on organisms 
of higher trophic levels should also be considered. In this 
review, we focused on the effects of tree-tree interactions 
on herbivores. However, there is relatively scant information 
about the benefits or costs of tree-tree communication on 
interactions with herbivores and even less on the underlying 
mechanisms. Future studies in natural forest settings should 
determine the effects of tree-tree interactions on the commu-
nity of herbivores and should extend to examining the effects 
on herbivore natural enemies. The contribution of combined 
tree-tree interactions and natural enemy responses in pest 
control should be determined to develop new strategies for 
effective and sustainable pest management.

In order to more completely understand plant commu-
nication in forest ecosystems, there is a need to scale up 
research to better include mature trees and responses in all 
parts of the canopy. It is challenging to conduct carefully 
manipulated experiments within a mature forest with tall 
trees, but equipment for accessing canopies to make meas-
urements and take samples from the upper reaches of a 
canopy would enhance progress in this area. Infrastructures 
to enable canopy accessibility do exist. For example, forest 
canopy walkways, towers, and cranes enable accessibility to 
the upper forest reaches [158]. So far, these tools have been 
utilized for important advances into canopy ecology, but 
tree-tree interactions have not typically been studied. This 
is at least partially due to the limited replication that such 
facilities allow, with reach limited to where the facilities are 
constructed. We do not view equipment for climbing trees 

to be appropriate for studying tree-tree communication due 
to the need to have minimal contact with the subject trees 
and produce minimal amounts of damage. However, mobile 
elevated working platforms could be used for accessing tree 
canopies and may represent an excellent tool for better inves-
tigating volatile-mediated interactions between mature trees 
and acquiring sufficient replication.
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