
Nature Ecology & Evolution

nature ecology & evolution

https://doi.org/10.1038/s41559-023-01986-1Perspective

Positive citation bias and overinterpreted 
results lead to misinformation on common 
mycorrhizal networks in forests

Justine Karst    1  , Melanie D. Jones    2 & Jason D. Hoeksema    3

A common mycorrhizal network (CMN) is formed when mycorrhizal 
fungal hyphae connect the roots of multiple plants of the same or different 
species belowground. Recently, CMNs have captured the interest of broad 
audiences, especially with respect to forest function and management. 
We are concerned, however, that recent claims in the popular media about 
CMNs in forests are disconnected from evidence, and that bias towards 
citing positive effects of CMNs has developed in the scientific literature. We 
first evaluated the evidence supporting three common claims. The claims 
that CMNs are widespread in forests and that resources are transferred 
through CMNs to increase seedling performance are insufficiently 
supported because results from field studies vary too widely, have 
alternative explanations or are too limited to support generalizations. The 
claim that mature trees preferentially send resources and defence signals 
to offspring through CMNs has no peer-reviewed, published evidence. We 
next examined how the results from CMN research are cited and found 
that unsupported claims have doubled in the past 25 years; a bias towards 
citing positive effects may obscure our understanding of the structure 
and function of CMNs in forests. We conclude that knowledge on CMNs is 
presently too sparse and unsettled to inform forest management.

Mycorrhizal fungi are important mutualists of many plant species. The 
functional relevance of common mycorrhizal networks (CMNs), how-
ever, has been debated for decades. Beyond the scientific interest in this 
topic, the idea that trees benefit from being connected belowground by 
mycorrhizal fungal hyphae has taken hold in popular media. Recently, 
CMNs—usually with the popularized moniker the wood-wide web—
have appeared in high-profile books1–3, newspapers4,5, magazines6,7, 
documentaries8,9, films10, TED talks11, podcasts12–14 and even television 
series15,16. Some of these media sources portray that trees, especially 
old and large ones, directly provide resources to other trees via these 
networks, and arguments are now being made to change forest manage-
ment and policy based on this information1,17–20. Although popular and 
widespread, is there strong scientific evidence supporting these claims?

In this Perspective, we articulate the various ways that CMNs have 
been studied in forests and how they differ from other definitions 
of mycorrhizal networks (Box 1). Upon reviewing various sources of 
popular media (Supplementary Note 1), we identified three common 
claims: (1) CMNs are widespread in forests; (2) resources are transferred 
through CMNs, resulting in increased tree seedling performance; and 
(3) mature trees preferentially send resources and defence signals to 
offspring through CMNs. We systematically evaluated the published 
evidence to support these claims primarily from CMN studies in forests 
because field experiments are most relevant to making inferences on 
forest function, and because the role that adult trees play in forests 
can only be examined in the field. Seedling establishment in forests 
is a critical phase of plant fitness and forest dynamics, and thus an 
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mycelium linking the roots of different trees in close proximity31,32. 
Despite its promise, genotyping trees and fungi is an intensive, ardu-
ous task, and as a consequence only five studies have been performed 
across two forest types29–33. That is, only two tree species of an esti-
mated 73,300 worldwide34 and only three ectomycorrhizal fungi have 
been mapped in relation to CMNs. Furthermore, the permanence of 
fungal connections is unknown. Hyphae and mycorrhizal roots turn 
over quickly35 and are grazed36,37—processes that break connections. 
Even if an advancing genet connects roots, a disconnected mycorrhizal 
network emerges if, at the trailing edge, hyphal connections senesce 
or are fragmented, leaving behind isolated mycorrhizal roots. This 
resulting topology is not a CMN, yet is consistent with the results of 
CMN mapping, and has vastly different functional consequences.

In lieu of genotype mapping, other lines of evidence are often 
used to infer the presence and structure of CMNs, notably identify-
ing ectomycorrhizas formed by the same fungal species on different 
trees38–44. In some cases, mycorrhizal root tips from different tree spe-
cies are sampled in close proximity, making claims about the potential 
for CMNs plausible. However, the presence of shared species does not 
mean a genet is shared. Some species of ectomycorrhizal fungi form 
small, transient genets45,46; therefore, even though they are colonized 
by the same species, each tree could be colonized by a different genet 
of that fungus, meaning that a CMN did not exist. Furthermore, we 
stress that not all evidence is equal. By similarly weighing different 
lines of evidence as support for the presence of CMNs, we undermine 
strong evidence and simultaneously inflate weak evidence. This issue 
is concerning because it may exaggerate the frequency at which CMNs 
occur in forests. For example, CMNs have even been assumed to be 

important phase of growth to also study. We next examined how results 
from CMN research are interpreted and communicated by scientists, 
showing that many of the claims from earlier literature are incorrectly 
cited in subsequent literature. Finally, we end by offering suggestions 
on directions and approaches for the study of CMNs going forward.

Evaluating three popular claims about CMNs
CMNs are widespread in forests (claim 1)
Mycoheterotrophs—plants that acquire carbon from mycorrhizal fungi 
colonizing the roots of other plants—provide strong evidence that 
CMNs exist and transfer resources between plants in forests21. However, 
popular claims about CMNs in forests are centred on trees and tree 
seedlings; thus, this is where we focus our attention. As the roots of 
trees and seedlings intermingle closely, and many mycorrhizal fungi 
are host generalists, fungal links should be common22. Ectomycorrhizal 
fungal genets (that is, mycelia that originated from a single spore) can 
span metres23–25—a distance that is probably greater than that between 
intermingling roots. However, with current technology, it is difficult 
to confirm that continuous, non-transient mycelial connections exist 
between trees in the field21,22,26,27. To visually observe CMNs in situ nec-
essarily fragments and destroys the network. In the absence of direct 
observations (but see ref. 28), a number of methods have been used to 
infer CMN structure in forests. The strongest evidence for CMN struc-
ture—network size and partner connectivity—comes from genotyping 
fungal and plant DNA from mycorrhizal roots, then mapping fungal 
genets and their tree symbionts in forests29–33. Although genet mapping 
indicates only discrete fungal and plant locations, when conducted at 
fine scales, maps can provide strong evidence for a spatially continuous 

Box 1

Definitions of mycorrhizal networks
The word networks is commonly used in multiple ways by the 
research community with regard to mycorrhizal interactions. We 
recognize three specific usages of the term: (1) common mycorrhizal 
(or mycelial) networks; (2) bipartite mycorrhizal interaction networks; 
and (3) mycorrhizal networks.

Common mycorrhizal (or mycelial) networks. Common mycor-
rhizal (or mycelial) networks (CMNs) are physical, continuous link-
ages among the roots of at least two different individual plants, by 
the same genetic individual of mycorrhizal fungus. Such networks 
have the potential to mediate plant–plant interactions and plant 
performance via the transfer of molecules among plants and thus 
have been the main source of hypotheses and focus of experimen-
tal investigations testing those hypotheses since the origins of this 
field22,49. These phenomena (in particular their occurrence among 
trees) are the main focus of common claims in the popular media 
about mycorrhizal networks in forests—claims that we have found 
to be largely disconnected from evidence. As such, studies of CMNs 
in forests under this definition are the focus of our review, as we are 
responding to such claims.

Although arbuscular mycorrhizas and ectomycorrhizas  
differ in their structure and function35,112, CMNs among trees in for-
ests are potentially formed by either type. Field experiments have 
mostly focused on potential CMNs formed by ectomycorrhizal fungi,  
but relevant field experiments have also manipulated potential  
arbuscular mycorrhizal networks60,67,68, and we have included these 
studies in our review. Moreover, arbuscular mycorrhizal and other 
types of fungi (for example, endophytic and pathogenic) may  
be present in the ectomycorrhizal-focused experiments and  

could potentially form common mycelial networks (a more general 
network definition that is sometimes used and also abbreviated  
as CMN).

Bipartite mycorrhizal interaction networks. Bipartite mycorrhizal 
interaction networks are defined based on lists of species of plants 
and fungi that do and do not interact with each other within a par-
ticular community. For example, Toju et al.113 used next-generation 
sequencing of plant and fungal DNA from root samples in a temperate 
forest in Japan to define an interaction network among 37 plant spe-
cies and 387 fungal operational taxonomic units. Under this defini-
tion, the nodes of the network are plant and fungal species and the 
linkages among nodes are instances of interaction between particular 
plant and fungal species, agnostic of whether plants are ever physi-
cally connected through the mycelium of fungi. As such, we do not 
evaluate such studies here.

Mycorrhizal network. Mycorrhizal networks are defined simply 
as the presence of web-like mycelial growth of mycorrhizal fungi 
attached to a single plant root system. It is well established that such 
associations with mycorrhizal fungi can be beneficial to the per-
formance of plants, including forest trees114. We do not dispute the 
importance of mycorrhizas to plants. As such, we did not include 
studies in which CMN effects were explored by comparing the per-
formance of seedlings near larger plants that were either mycorrhizal 
or not (for example, ref. 115) because in these studies the effects of 
CMNs cannot be separated from fungal-mediated effects (that is, the 
effect of simply having been colonized by mycorrhizal or other fungi 
emanating from the larger tree).
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present wherever plants of the same mycorrhizal type occur together 
in a forest47,48.

In summary, we find that support for this claim is limited, owing to 
the paucity of information on CMN structure, and especially dynamics, 
in the field. Adjacent roots are often colonized by the same species of 
mycorrhizal fungi, suggesting that fungal links should be common. 
However, too few forests have been mapped, and of those, only two 
studies demonstrate actual continuity of fungal links among trees31,32. 
Whether these links persist long enough to be functional is unknown.

Resources are transferred through CMNs and increase 
seedling performance (claim 2)
Although CMNs have been studied since the 1960s49, the study by 
Simard et al.50 was groundbreaking because it was the first replicated, 
controlled field study testing resource transfer. The results from this 
study have been interpreted as evidence that CMNs equalize resources 
within a plant community—a view that was a major departure from 
competitive frameworks51. Implicit in this view, and captured in this 
popular claim, is that fungi forming CMNs are physical extensions of 
roots (that is, passive conduits in which the direction of resource flow 
is determined by plants). This view conflicts with fungal behaviours 
involving purpose and intent52 and overlooks that mycorrhizal fungi 
do not always benefit their plant partners. For example, ectomycor-
rhizal fungi can aggravate nitrogen limitation of their tree partners in 
boreal forests53–55. Despite the profound ecological and evolutionary 

consequences, the debate on CMN function remains unresolved 
because field experiments have not conclusively demonstrated 
CMN-mediated interplant resource transfer or that any such transfer 
affects plant performance26,56. From our review of field studies in forests 
(see Box 2 for conclusions from laboratory and greenhouse studies), 
we conclude that, for every study interpreting CMNs as mediating 
interplant resource transfer or benefitting seedling performance, the 
results can be explained without invoking CMNs (Fig. 1). This does not 
mean that CMN effects do not occur, but that we must be aware that 
they have not been shown definitively to occur in the field.

Our conclusion is based on evaluating 26 field studies (including our 
own)50,57–81 (see Supplementary Note 2 for search details) that examined 
the influence of CMNs on resource transfer between plants50,58–64,77–80 or 
seedling performance (growth, survival or physiology)57,59,65–76,81. Most 
studies were in western North America, although tropical forests and 
other temperate forests were also included (Supplementary Fig. 1). 
Seventy-seven per cent were in ectomycorrhizal forests, of which 35% 
were focused on Douglas fir (Pseudotsuga menziesii). Experiments in 
which putative CMNs were manipulated lasted approximately 2 years 
or less, except one, where the experiment ran for 5 years66.

Methods to evaluate CMN function rely on natural or created 
physical barriers (Fig. 2). By comparing belowground resource transfer 
between plants of different mycorrhizal types (for example, ectomycor-
rhizal and arbuscular mycorrhizal) with transfer between plants of the 
same mycorrhizal type, researchers take advantage of a natural barrier 

Box 2

Results from laboratory studies on CMN structure and function
CMNs can be observed and manipulated under laboratory conditions. 
Non-mycorrhizal seedlings planted close to mycorrhizal seedlings in 
sterile substrates90–92,116 will be colonized by hyphae that grow from 
the mycorrhizal seedling. If grown in a thin layer of substrate between 
transparent plates, autoradiography can be used to observe CMNs 
and the movement of radioactive elements between seedlings. Direct 
observations of 14C moving >20 cm from one seedling to the roots of 
another90–92 are still the best evidence for the movement of resources 
within a CMN formed by woody plant species. Similar approaches can 
be used for phosphorus117, but are not practical for other resources 
(for example, N (extremely short half-life) and H2O (beta particles with 
low energy)).

Resource transfer among tree seedlings can also be measured 
with stable isotopes, yet some confounding effects can obscure 
interpretation of these studies. Solid barriers prevent CMNs, but 
they also prevent the flow of soil solution118—a possible pathway for 
sizeable transfer of resources85,119. Resources moving in soil solution 
can be accounted for using <1-µm mesh or severing hyphae; when 
similar amounts of resources are transferred in the presence of 
a CMN compared with these controls85,116,120, CMNs need not be 
invoked. For instance, in the single peer-reviewed greenhouse study 
testing kin effects, 13C was transferred through the soil solution, not a 
CMN85. A similar result occurred in a non-peer-reviewed greenhouse 
study101. Moreover, simple hyphal extension may explain what has 
been interpreted as CMN-mediated interplant resource transfer. For 
instance, hyphae growing from a compartment with dry soil into 
one containing hydraulically lifted water could explain greater D2O 
in receiver seedlings without invoking transport through a CMN121. 
Likewise, experiments that find greater resource transfer between 
two mycorrhizal seedlings than between two non-mycorrhizal 
seedlings122,123 do not provide strong evidence of a role for CMNs.

The single peer-reviewed study that has addressed the 
phenomenon of signalling among forest tree species in response 
to insect damage was a greenhouse pot study100. Although Song 
et al.100 found that access to potential CMNs increased carbon 
transfer to and upregulated defence enzymes by receiver seedlings 
after damage to donor seedlings, these effects disappeared when 
root interactions were allowed (the natural situation under which 
CMNs form). In another experiment that included both a control for 
movement of solutes through soil and a treatment where the roots of 
seedlings intermingled, the results were not consistent with CMNs 
stimulating seedling survival or growth124. Instead, survival was 
improved when the roots of two seedlings were in close contact, 
whereas survival tended to decrease when CMNs could have formed 
through hyphal contact only, or in soil solution control treatments124. 
Furthermore, seedling growth did not differ among the hyphal and 
root treatments124. Although we focus here on woody species, there 
is good evidence for CMN-mediated transport of defence signals in a 
well-controlled investigation on bean plants125. Regardless of whether 
root interactions were allowed, aphids were repelled relative to soil 
solution or severing controls.

In conclusion, autoradiography has definitively demonstrated 
movement of carbon from one tree seedling to the mycorrhizal roots 
of another via a CMN, but most other laboratory studies on resource 
transfer lack the full suite of controls required to interpret the results, 
and sometimes overlook ecologically relevant treatments, namely 
neighbouring roots. Moreover, pot studies necessarily use seedlings, 
not adult trees. Just as we would not assume that a drug effective 
in human cell lines is also effective in human bodies, we should not 
apply knowledge from pot studies without testing that the effects 
also occur in forests. Mature trees are not large seedlings, and forests 
may have emergent properties.
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to CMN-mediated transfer50,60,62 (Fig. 2a) because CMNs cannot form 
between trees of different mycorrhizal types. Any belowground trans-
fer of resources between trees of differing mycorrhizal types would nec-
essarily involve passage through the soil outside of the hyphae. Natural 
barrier experiments can only be used to investigate resource transfer, 
not seedling performance. The other common approach is to use physi-
cal barriers that decrease the contact or extension of hyphae and/or 
roots between focal plants (Fig. 2b–d). In forests, access by seedlings to 
roots and/or potential CMNs of neighbouring trees has been manipu-
lated by using mesh bags differing in pore size57–59,63–71,74,76,81 (Fig. 2b)  
or mesh cylinders of a constant pore size with trenching around 
them72,73,75 (Fig. 2c). The fate of labelled resources and/or the perfor-
mance of seedlings is then compared among mesh treatments.

While relying on natural barriers has the advantage of allowing 
intermingling of roots as would occur in forests, it has notable short-
comings82. First, there is no certainty that mycelial connections are 
continuous between plants of the same mycorrhizal types—the feature 
that defines a CMN. Most importantly, in the natural barrier approach, 
the estimate of relative transfer through the soil pathway is confounded 
by functional and structural differences between types of mycorrhizal 
fungi82. In particular, ectomycorrhizal fungi can form denser, more 
extensive mycelia than arbuscular mycorrhizal fungi, which may 
increase the absorption of resources from the soil solution83,84, resulting 
in higher transfer of substances exuded from the roots of one plant to an 
ectomycorrhizal neighbour plant compared with an arbuscular mycor-
rhizal neighbour plant, even in the absence of a CMN. As a result, the 
magnitude of transfer between ectomycorrhizal plants through the soil 
pathway may be underestimated when transfer from an ectomycorrhizal 

to an arbuscular mycorrhizal plant is used as a control. However, Lerat 
et al.60 found the opposite pattern, where more carbon was transferred 
from a labelled arbuscular mycorrhizal plant to another arbuscular 
mycorrhizal plant than to an ectomycorrhizal neighbour plant. None-
theless, in that study differences in the timing of leaf expansion, and 
thus transpiration between the plant species, were not accounted for 
and could have explained the higher carbon transfer to the arbuscular 
plants. Although there may be confounding effects introduced into an 
experiment using plants of different mycorrhizal types, these types of 
controls are still necessary. Some studies61,77–80 assessed belowground 
resource transfer only among trees of the same mycorrhizal types and 
thus transfer through the soil pathway could not be estimated (that is, 
there was no control). Excluding estimates of transfer through the soil 
pathway is problematic because it can be sizeable82,85.

Physical barriers comprising meshes of different pore sizes allow 
for more controlled examination of CMN function by allowing for 
the movement of exudates or water through the soil solution while 
preventing the formation of CMNs (<1-µm mesh) or allowing hyphal 
but not root contact (20–250-µm mesh) between plants. Similar to 
studies relying on natural barriers, however, there are shortcoming 
with experiments using physical barriers to manipulate putative CMNs. 
First, when seedlings are grown within mesh bags designed to pre-
vent the formation of CMNs with nearby plants (mesh < 1 µm), the 
performance of the seedlings may be compromised by restricting the 
volume of soil explored by the seedlings’ own mycorrhizal hyphae56,72. 
Similar to roots, hyphae may become pot bound under this treatment, 
and this restriction on foraging may decrease seedling performance. 
When these no-CMN treatments are compared with treatments that 

Method separating CMN from non-CMN e�ects Study Alternative explanations

Compare resource transfer between EM and AM plants Ref. 50

Ref. 60

Compare resource transfer among plants of the same 
mycorrhizal type

Ref. 61

Ref. 78

Ref. 77

Ref. 79

Ref. 80

Cylinders lined with mesh combined with trenching Ref. 72

Ref. 73

Ref. 64

Mesh bags di�ering in pore size Ref. 69

Ref. 57

Ref. 59

Ref. 58

Ref. 81

Ref. 70

Ref. 67

Ref. 68

At least part of the resource transfer pathway is discontinuous, involving the flow of solutes in soil solution, rather than a CMN per se
The pathogen fungal community composition in the soil changed with treatment and altered seedling performance
The mycorrhizal fungal community composition in the soil changed with treatment and altered seedling performance
Access to surrounding roots positively influenced seedling performance
Treatment reduced the soil volume available for hyphal foraging, subsequently a�ecting the performance of non-CMN seedlings

Fig. 1 | Alternative explanations for the results of peer-reviewed, published 
field studies claiming positive effects of CMNs on interplant resource 
transfer or seedling performance for at least one set of environmental 
conditions. In some studies, the alternative explanations had already been 

identified by the authors, but they are often overlooked by researchers citing 
the original studies. Studies that reported only negative or no significant CMN 
effects are not listed. See Fig. 2 for the methods used to evaluate CMNs in forests. 
AM, arbuscular mycorrhizal; EM, ectomycorrhizal.
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allow potential contact with CMNs, but that also allow unlimited soil 
volume to be explored by mycorrhizal fungi of the focal seedling, CMN 
effects may be inflated. This potential confounding effect of mesh 
pore size on seedling performance is demonstrated in the results of 
studies such as McGuire69, Bingham and Simard81 and Teste et al.59. In 
all of these studies, a decrease in the survival of seedlings in fine-mesh 
bags was interpreted as a consequence of having no access to CMNs, 
but it could also be explained by the reduced soil volume available to 
foraging hyphae associated with the seedling.

To circumvent the confounding effects of mesh pore size, trench-
ing around mesh cylinders of a single pore size (20–44 µm) that allows 
the transit of hyphae but not roots has been used to prevent access to a 
CMN while maintaining a large soil volume for egressing hyphae72,73,75 
(Fig. 2c). However, in any experiment using mesh barriers or trenching, 
the fungal community composition, including pathogens, may differ 
as a response to the treatment, potentially confounding the effects 
on seedling performance56. No field study has characterized potential 
treatment effects on both mycorrhizal and pathogenic fungi. However, 
in the four field experiments that have evaluated mesh effects on 

mycorrhizal fungal communities, changes in ectomycorrhizal colo-
nization76, ectomycorrhizal fungal diversity86 and community com-
position87 have been reported. In one case where there were no mesh 
effects on ectomycorrhizal fungal community composition70, patho-
gens may have influenced seedling survival. Specifically, Pec et al.70 
concluded that CMNs switch from being a benefit to a detriment to 
seedlings growing in stands with high tree mortality caused by insect 
attack. However, earlier research in those stands had indicated that 
soil pathogens increased with the extent of tree mortality88. Thus, an 
alternative explanation is that in stands with high tree mortality, seed-
lings grown in mesh bags that prevent hyphal ingress were protected 
from surrounding pathogens, and as a result had higher survival than 
seedlings with supposed access to a CMN. These confounding effects 
on pathogenic and mycorrhizal fungal communities must be consid-
ered in interpreting results; fungal- versus CMN-mediated effects must 
be distinguished.

Almost universally, treatments with mesh openings of between 
20 and 250 µm are referred to as CMN treatments, with the assump-
tion that CMNs formed because there was little barrier to hyphal 

a

c

b

d

Fig. 2 | Methods used to evaluate CMNs in forests. a, Resource transfer is 
compared between plants of the same and different mycorrhizal types. The 
purple hyphae are ectomycorrhizal and the orange hyphae are arbuscular 
mycorrhizal. The roots of seedlings or trees intermingle and bulk flow of water 
is unrestricted. b, Seedlings are grown in containers made of single mesh layers, 
which form physical barriers either to roots but not hyphae (blue line; 20–250-
µm pore size) or to roots and hyphae (red line; <1-µm pore size). c, Seedlings 
are grown in containers lined with a single layer of mesh (blue line) that is a 

barrier to roots but not hyphae. To extend the volume available for seedling 
hyphae to forage but exclude root contact, some seedlings are grown in identical 
containers and the soil around them is trenched (black V). d, Seedlings are grown 
in containers made of mesh with multiple layers (inset) designed to allow hyphae 
but exclude roots and create an air gap that eliminates bulk flow of water through 
a soil pathway. Resource transfer is compared between these seedlings (on the 
right) and those in contact with soil pathways, fungal hyphae and roots (seedling 
on the left, which is contained in coarse mesh: >2-mm pore size; yellow line).
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growth and root systems of the same mycorrhizal type were in close 
contact. Nonetheless, in the 18 field studies using such mesh barri-
ers, this assumption was almost never tested. This limitation must be 
acknowledged when interpreting the results. Only two of these studies 
showed that a CMN probably existed between pairs of experimental 
trees or seedlings. Teste et al.58 used microsatellites of Rhizopogon 
vinicolor to determine that one of four pairs of experimental seedlings 
was colonized by the same fungal genet and, therefore, was probably 
connected by a CMN. The transfer of dye from a recently cut tree 
stump to an experimental seedling observed by Warren et al.64 could 
have happened only via an intact CMN or root graft (Fig. 2d). To our 
knowledge, this single observation by Warren et al.64 is the strongest 
evidence that CMNs can transfer a resource between plants in the 
field, but its influence on seedling performance is unknown. In the vast 
majority of studies where the presence of CMNs was not confirmed, 
any responses of seedlings to treatments allowing hyphal access to 
neighbouring roots can only be ascribed to potential CMN formation, 
and may instead have been a response to one of the confounding fac-
tors described in this section.

An important treatment to include in a CMN study is one where 
both neighbouring roots and hyphae are allowed to intermingle 
because this represents the normal condition under which trees inter-
act in a forest, and interacting roots may alter or offset CMN effects. 
Positive responses to potential CMN (mesh = 20–250 µm) treatments 
relative to no-CMN (pore size < 1 µm) treatments cannot, on their own, 
be interpreted to mean that seedlings will receive resources or perform 
better as a result of CMNs in a forest. In nature, CMNs are not isolated 
from root–root interactions. When included in field studies, the effects 
of root interactions on seedlings can be substantial and may reinforce 
or counteract any effects of CMNs57,59,66,70,72–74,76. Across the 13 studies 
that included a no-mesh treatment57,59,65,66,69–76,81 and the 28 experi-
ments these studies encompass, only five experiments (18%) showed 
significant positive CMN effects that were not completely offset by 
negative root effects69,74,81. Some authors argue that a positive seedling 
response in a no-mesh treatment could be due to the formation of a 
CMN alone57,63, but roots and CMNs are typically both present when 
there is no mesh barrier. In fact, a review of strictly trenching studies—
field experimental comparisons of only root/CMN and no-root/no-CMN 

Box 3

Future experiments testing the structure and function of CMNs in 
forests
There remains much potential for field experiments to inform our 
understanding of the structure and function of CMNs in forests, 
as many of the potential confounding factors and alternative 
explanations that we identified can be minimized.

We recommend several potential research directions:
•• Map the genotypes of trees and mycorrhizal fungi in a wide range 
of forests worldwide; include fine-scale temporal and spatial31,32 
surveys to demonstrate continuous fungal connections associated 
with more than one tree and understand the permanence of these 
connections.

•• Test the relevance of CMN topology on tree growth126 and the 
resilience of fungal networks33.

•• Design experiments that rank CMN effects on interplant resource 
transfer and seedling performance against a range of ecological 
factors65,67,68.

•• Focus on ecologically relevant resources when evaluating 
CMN-mediated resource transfer between plants, such as water 
and nitrogen56.

•• Use dye tracers to test for plant-to-plant water flow through root 
and CMN pathways64.
In experiments using natural barriers to CMN connections:

•• Collect additional data to attempt to quantify the relative strength 
of the soil versus CMN pathways; for example, the relative 
densities of arbuscular mycorrhizal and ectomycorrhizal hyphae 
in soils.

•• Take care to evaluate resource uptake between plants of different 
mycorrhizal types under similar physiological conditions (for 
example, similar leaf phenology) to avoid confounding effects on 
the transpiration stream.
In experiments using physical barriers to CMN connections:

•• Examine the effects on the composition of the whole fungal 
community (including pathogens) to generate hypotheses on the 
roles of different fungal taxa or guilds.

•• Include air-gap treatments to separate the pathway of bulk water 
flow through soil from CMNs64.

•• Minimize container effects on both seedling roots and associated 
mycorrhizal hyphae by using larger containers, or control for these 
effects experimentally72,73.

•• Include a treatment where roots of the experimental plants can 
grow together, as they would under natural conditions, so that 
root versus CMN effects can be estimated, with the recognition 
that root effects may be of primary importance in some cases.

•• Include efforts to genotype fungi putatively connecting root 
systems to provide better evidence that CMNs have formed58, 
or include treatments that would make confirmation of CMN 
formation easier. For example, if seedlings were planted into 
sterile soil inside mesh bags with a pore size of 20–250 μm, 
mycorrhiza formation would occur only if hyphae entered from 
outside, thereby indicating the formation of a CMN90. In two other 
treatments, inoculation or not of the sterile soil in mesh bags with 
a pore size of <1 µm with inoculum-containing soil would allow 
mycorrhiza-mediated effects to be separated from CMN-mediated 
effects.

•• Combine natural with physical barriers to investigate CMNs. For 
example, use plant species of a different mycorrhizal type71,72 or 
inoculated with host-specific mycorrhizal fungi117 into experiments 
using physical barriers. This approach would help to quantify 
soil pathways in resource transfer and account for container 
effects and shifts in microbial community composition with mesh 
treatments.

•• Use novel approaches to visualizing the movement of elements 
through CMNs127.
Incorporate the myco-perspective into field experiments:

•• Investigate tree-mediated resource transfer between fungi.
•• Investigate CMN effects on fungal performance.
•• Investigate how CMN structure and function may be determined 
by fungal behaviour in response to variation in the relative nutrient 
status or traits of alternative tree hosts.

•• Investigate how nutrients absorbed by hyphae from the soil are 
distributed among plants within the CMN116,117.
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treatments, with no attempt to isolate CMN from root effects—supports 
the conclusion that the net result of belowground interactions among 
forest trees is typically negative89. Future experiments are needed 
(Box 3) that convincingly tease apart the effects of root–root interac-
tions, CMN connections and soil pathways among trees, with the aim 
of understanding their relative importance and context dependency.

Owing to all of these potentially confounding effects, none of the 
experimental approaches thus far used in field experiments in forests 
can definitively demonstrate that either: (1) resources flowed from 
one root system to another through a CMN (a conclusion similar to 
that reached by ref. 26); or (2) the potential to form a CMN resulted in 
differences in plant growth or survival. Results from laboratory and 
greenhouse studies do not fare much better than field experiments. 
Aside from the few studies using autoradiography90–92, most other 
laboratory studies on resource transfer lack the full suite of controls 
required to interpret the results, and sometimes overlook ecologically 
relevant treatments, namely neighbouring roots (Box 2). Instead, 
results from field studies highlight that seedling responses to putative 
CMNs are highly context dependent. Putting aside the many confound-
ing effects, and assuming that CMNs formed in all treatments where 
mycorrhizal hyphae of one tree could reach the roots of another tree 
of the same mycorrhiza type, we found that potential access to CMNs 
resulted in positive, neutral and negative effects on seedling perfor-
mance. The responses depended on tree species67,68,70,72,74, soils74, the 
distance between trees and seedlings57,81, the extent of overstory tree 
mortality70, the duration of interaction66 and the neighbourhood67,68. 
Not only was a range of responses observed, it was also not possible 
to generalize the results, nor to predict the responses, even for one 
forest type.

In summary, resources can be transferred belowground between 
trees but CMNs do not necessarily mediate the flow. Confounding 
effects of common approaches used in experiments preclude definitive 
conclusions on CMN function. Even if we ignore the possible confound-
ing effects, the results from field studies are still not consistent with the 
claim that CMNs promote seedling performance (survival or growth) 
adjacent to adult trees. There is approximately equal evidence that con-
necting to a putative CMN improves or inhibits seedling performance, 
and neutral effects are the most common.

Mature trees communicate preferentially with offspring 
through CMNs (claim 3)
That trees preferentially send resources or signals warning of insect 
damage to offspring through CMNs has gained recent traction in the 
popular media and scientific literature1,2,93–99. Yet, we found no evidence 
from peer-reviewed, published studies in forests to support this claim. 
The single peer-reviewed, published study that has addressed the phe-
nomenon of signalling among tree species through CMNs in response to 
insect damage was a pot study in a greenhouse100 (Box 2); however, any 
signalling was cancelled when root interactions were allowed between 
neighbouring seedlings—the natural situation where CMNs would form. 
In the single peer-reviewed, published greenhouse study testing kin 
effects, carbon was transferred through the soil solution, not a CMN85 
(Box 2). The claim seemingly relies on results from graduate theses, but 
the results from these studies either do not support101 or actually run 
counter to the claim102. There appears to be only one study evaluating 
carbon transfer from relatively old, living trees (125–275 years old) to 
conspecific seedlings, but it does not control for the soil pathway103. 
In the single peer-reviewed, published field study where trees were 
attacked by insects70, putative CMN effects on seedlings were evaluated 
years after the attack, so the study could not have assessed any signals 
adult trees may have emitted.

In summary, there is no current evidence from peer-reviewed, 
published field studies to support this claim. Whether signalling or 
kin recognition occurs through a CMN among trees in a forest remains 
to be demonstrated.

CMN citations in the literature are biased towards 
positive effects of CMNs
We identified 18 influential field studies, defined as those having at 
least 50 citations on the Web of Science (Supplementary Note 2) and 
evaluated citations of these studies. We assigned a citation as sup-
ported if the evidence was strong for the statement or unsupported 
if the evidence was weak or absent, or if alternative interpretations, 
such as those described above, were consistent with the evidence. 
Indeed, some of the unsupported citations came from earlier publica-
tions of our own.

We evaluated 593 papers citing seven influential studies on CMN 
structure and 1,083 papers citing 11 influential studies on CMN func-
tion (Supplementary Note 2). For both sets of studies, the rate of 
unsupported citations increased with time, rising to ~25% of all cita-
tions about CMN structure and almost 50% of citations about CMN 
function (Fig. 3). For each year of the publication record for stud-
ies on CMN structure, 1.047 times more unsupported citations were 
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Fig. 3 | Percentage of unsupported citations through time of influential 
studies on CMNs. a,b, Percentage of unsupported citations through time of 
influential studies on CMN structure (a; for example, topology or architecture) 
and function (b; effects on interplant resource transfer and/or seedling 
performance). For each influential study, the number of unsupported citations 
was divided by the total number of citations for a given year and multiplied by 
100 to convert it to a standardized count (black circles). A negative binomial 
regression was used to predict the count of unsupported citations over time, 
indexing time to the year in which a citation first occurred (that is, the year when 
a citation first occurred among the group was set to 1 and each year following was 
numbered consecutively). The back-transformed negative binomial regression 
was y = 0.75 + 1.047x (P = 0.012) for a and y = 18.8 + 1.032x (P = 0.025) for b. The 
grey shading represents the total number of citations per year.
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present (P = 0.012; 95% confidence interval = 1.010–1.086). For each 
year of the publication record for studies on CMN function, 1.032 times 
more unsupported citations were present (P = 0.025; 95% confidence 
interval = 1.004–1.060).

There is bias in the citations making unsupported statements 
(Supplementary Note 3). The unsupported statements tend to over-
state results and disregard confounding effects in a way that promotes 
positive effects of CMNs in forests. Specifically, overinterpretation was 
the most common reason for unsupported citations of influential stud-
ies on CMN structure, and for a single study38 they made up to 88% of 
unsupported citations (Supplementary Table 1). For instance, Diédhiou 
et al.104, Grelet et al.105, Kennedy et al.39 and Horton et al.38 provided 
evidence for the potential for CMNs to form, yet the most frequent 
type of unsupported statement was to cite these studies as evidence 
for the presence of CMNs in forests. Likewise, Beiler et al.29 described 
the topology of a putative CMN, yet the most common unsupported 
statement was to cite this study as evidence for interplant resource 
transfer in CMNs.

Overlooking confounding effects in experiments made up the 
most common unsupported statements citing influential studies on 
CMN function. For a single study69, they made up to 84% of unsup-
ported citations (Supplementary Table 2). For instance, carbon moving 
through soil pathways (not intact CMNs) is consistent with the results 
of Simard et al.50, Lerat et al.60, Teste et al.58,59 and Klein et al.61, yet this 
pathway is often disregarded in lieu of a singular focus on CMNs. In 
line with this fixation on positive responses to CMNs, the confounding 
effects of manipulating CMNs by using mesh of varying pore sizes on 
fungal species composition, hyphal foraging and root interactions 
are effectively ignored in the literature. The other common unsup-
ported statement among studies of CMN function was citing a study 
for evidence of CMN-mediated interplant resource transfer when it 
was not evaluated (Supplementary Table 2). In some studies, alterna-
tive explanations had already been identified by the authors, but they 
were often overlooked by researchers citing the original studies. These 
types of unsupported statements are an issue because we scientists, 
probably without intent, have become vectors for unsubstantiated 
claims and thus may be shaping the public narrative with an increas-
ingly inaccurate characterization of CMNs.

Conclusions and moving forward
We conclude that popular claims of singular positive effects of CMNs 
in forests are disconnected from evidence. We also show bias in citing 
positive effects within the research community. The functional role of 
CMNs in plant communities and ecosystems has been controversial for 
decades, and we are not the first to highlight unknowns, confounding 
effects and gaps in knowledge21,22,26,27,82,106–109. What is new is the wave of 
popular science that has overlooked uncertainty about CMN structure 
and function to espouse a singular narrative—that trees benefit from 
being connected by CMNs. As mycorrhiza researchers who have investi-
gated the function of CMNs, we are thrilled that the public has become 
as excited as we are about the many roles that fungi play in forests. 
Nonetheless, it is important for the public and scientific community to 
understand the nature and extent of the evidence for the roles played 
by CMNs in forests. The inaccurate framing of CMNs in forests in the 
popular media, and bias in citing original studies, necessitates improve-
ments in communication and citation practices (Supplementary Note 
4). In line with previous calls110, we believe that the anthropomorphism 
currently present in some science communication on CMN function 
in forests1,2 should be reconsidered. We also agree with previous state-
ments111 that more evidence is needed before forests are managed to 
protect CMNs per se.

While many excellent studies, for their time, have been conducted 
on the role of CMNs in forests, we suggest that the most concern-
ing issue is the rigour with which the results of these studies have 
been transmitted and interpreted. Moving forward, we offer some 

approaches to future CMN field studies that will address alternative 
explanations and ease interpretations of results (Box 3). We lack strong 
evidence that CMNs are widespread and persist long enough to be 
functional in forests; hence, more CMN maps that include fine-scale 
temporal and spatial surveys are needed from diverse forests world-
wide. We can design experiments that rank CMN effects on interplant 
resource transfer and seedling performance against a range of ecologi-
cal factors. For example, studies such as refs. 65,75,81 went beyond testing 
for a CMN effect on seedling survival to ranking CMN effects among 
ecological factors such as seedling genetics, stand type and regional 
climates; this approach is crucial for understanding how ecological 
interactions function in forests. For experiments using natural or physi-
cal barriers, we need to carefully acknowledge, or better yet, eliminate 
confounding effects (Fig. 2 and Box 3). Finally, by incorporating the 
myco-perspective into field experiments, we can ask what role fungi 
play in forest CMNs. All of our suggested approaches involve existing 
methods; thus, we do not believe they are beyond reach.

Let us devise new experiments, demand better evidence, think 
critically about alternative explanations for results and become more 
selective with the claims we disseminate. If not, we risk turning the 
wood-wide web into a fantasy beneath our feet.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
The datasets analysed in the current study are available from the Uni-
versity of Alberta Dataverse at https://doi.org/10.5683/SP3/88MZYX.
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