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Abstract
Under drought conditions, arbuscular mycorrhizal (AM) fungi may improve plant performance by facilitating the movement 
of water through extensive hyphal networks. When these networks interconnect neighboring plants in common mycorrhizal 
networks (CMNs), CMNs are likely to partition water among many individuals. The consequences of CMN-mediated water 
movement for plant interactions, however, are largely unknown. We set out to examine CMN-mediated interactions among 
Andropogon gerardii seedlings in a target-plant pot experiment, with watering (watered or long-term drought) and CMN 
status (intact or severed) as treatments. Intact CMNs improved the survival of seedlings under drought stress and mediated 
positive, facilitative plant interactions in both watering treatments. Watering increased mycorrhizal colonization rates and 
improved P uptake, particularly for large individuals. Under drought conditions, improved access to water most likely ben-
efited neighboring plants interacting across CMNs. CMNs appear to have provided the most limiting resource within each 
treatment, whether P, water, or both, thereby improving survival and growth. Neighbors near large, photosynthate-fixing 
target plants likely benefited from their establishment of extensive hyphal networks that could access water and dissolved P 
within soil micropores. In plant communities, CMNs may be vital during drought, which is expected to increase in frequency, 
intensity, and length with climate change.

Keywords  Andropogon gerardii (Big Bluestem) · Arbuscular mycorrhizal fungi · Common mycorrhizal networks · 
Drought · Phosphorus · Plant survival

Introduction

It is projected that climate change will prolong periods of 
drought and alter precipitation patterns across the globe 
(Caretta et al. 2022), and although plants can respond to 
drought stress through morphological, physiological, and 
biochemical mechanisms (Fang and Xiong 2015), 70% of 
species additionally associate with arbuscular mycorrhizal 
(AM) fungi (Brundrett and Tedersoo 2018) that improve 
water relations during drought (Augé 2001; Augé et al. 

2015). In some instances, the presence of AM fungi is det-
rimental to plant growth (as reviewed by Augé 2001), but 
much of what we understand about AM functioning dur-
ing drought has been revealed by studies in which hosts are 
grown in the presence or absence of AM fungi. Although 
such studies have been invaluable, we know very little about 
how interconnecting networks of extraradical AM fungus 
hyphae, called common mycorrhizal networks (CMNs), 
influence plant interactions for water (Püschel et al. 2020). 
It has been established, though, that CMNs have the power 
to influence plant nutrition and growth, interactions, popu-
lations, and communities (Leake et al. 2004; Selosse et al. 
2006; Horton 2015; van der Heijden et al. 2015).

The power of CMNs in plant communities lies in their 
ability to be conduits of belowground biological markets 
through the partitioning of mineral nutrients among inter-
connected hosts. According to the largely accepted “recip-
rocal rewards” hypothesis (Kiers et  al. 2011), large C 
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provisioners receive more mineral nutrients, like P or N, in 
return from AM CMNs compared to small plants (i.e. Lek-
berg et al. 2010; Hammer et al. 2011; Merrild et al. 2013; 
Zheng et al. 2015; Weremijewicz et al. 2016). CMN-medi-
ated reciprocal rewards amplify competitive interactions 
among interconnected individuals because large individuals 
come to dominate a particular resource provided by CMNs, 
and if the resource is growth limiting, then this exchange 
suppresses the growth of smaller individuals. Isotopic trac-
ing studies with prairie grasses (e.g. Weremijewicz et al. 
2016), agricultural (e.g. Merrild et al. 2013), and model spe-
cies (e.g. Fellbaum et al. 2014), have indeed demonstrated 
this intensified, asymmetric, competition by CMNs among 
interconnected individuals. When large C provisioners are 
prevented from fixing, and ultimately provisioning C, then 
little to no 15N is obtained from CMNs by hosts (Fellbaum 
et al. 2014; Weremijewicz et al. 2016).

Occasionally, however, the reciprocal rewards hypothesis 
is not supported, and other biological phenomena may be at 
play, such as source-sink dynamics, host-fungus comple-
mentarity, and functional differences among different spe-
cies of AM fungi (Walder and van der Heijden 2015). For 
example, Walder et al. (2012) found that the largest C pro-
visioner received the least P and N from a CMN comprising 
a single AM fungus species, and in a follow up study, found 
that this could be attributed to the regulation of inorganic P 
transporters with different P affinities when associating with 
individual species of AM fungi (Walder et al. 2016). CMNs 
have additionally been found to mediate facilitative interac-
tions. In an arid environment, movement of N from nurse 
plants to adult plants was detected, although it only made up 
2.6% of the total N requirement of individuals (Montesinos-
Navarro et al. 2016). CMN-mediated facilitative interactions 
have also been found among deep and shallow rooted plants, 
in which deeply rooted individuals hydraulically lift water 
that is then redistributed by extraradical mycorrhizal fun-
gus hyphae within the soil matrix (Querejeta et al. 2003) 
and to interconnected shallow-rooted individuals (Egerton-
Warburton et al. 2007; Singh et al. 2019).

Much more is known about the role of CMNs in nutri-
ent partitioning than water partitioning. We do know, how-
ever, that the presence of AM fungi can improve water 
uptake for plants through many different indirect mecha-
nisms (Augé 2001). AM fungi improve mineral nutrient 
uptake for host plants, which ultimately improves physi-
ological aspects of their growth that increase drought 
resistance, such as an increased expression of aquaporins 
(Bárzana et  al. 2014), stomal conductance (Augé et  al. 
2015; Symanczik et al. 2018), leaf hydration (Yang et al. 
2014) and mineral nutrient uptake (Ouledali et al. 2018). 
The AM symbiosis also improves plant osmoregulation, 
which entails actively decreasing plant water potentials to 
create a gradient that promotes turgor, stomatal opening, 

and photosynthesis (Ruiz-Lozano 2003; Wu et al. 2017; El-
Samad and El-Hakeem 2019). Additionally, associating with 
AM fungi protects against drought-induced oxidative dam-
age (Ruiz-Lozano 2003; Duc et al. 2018; Zou et al. 2021; 
Tereucán et al. 2022). AM fungi also alter root morphology 
by increasing lateral root growth (Gutjahr and Paszkowski 
2013) which may benefit plants during drought by increasing 
the volume of soil for water uptake. Finally, soils with myc-
orrhizal plants are able to retain water soil moisture better 
than those with nonmycorrhizal plants, most likely because 
of the effects on soil structure, such as increased water 
stable aggregates and extraradical hyphal densities (Augé 
et al. 2001). The simple physical presence of AM fungus 
hyphae in the soil increases the hydraulic conductivity of 
soil (Bitterlich et al. 2018), particularly of loams with low 
water contents (Pauwels et al. 2023). Soils with AM fungus 
hyphae have greater water retention capacities than those 
without AM fungi, most likely because of an increase in pore 
space heterogeneity (Pauwels et al. 2020). Hyphae also can 
decrease the resistance of water movement from high to low 
water potentials and close large gaps among soil pores by 
growing across them (Bitterlich et al. 2018). Water sticking 
to the surface of AM hyphae moves through capillary action 
to host plants (Augé 2004).

Arbuscular mycorrhizal fungus hyphae can also move 
water through direct mechanisms related to cytoplasmic 
streaming within hyphae (Allen 2007; Egerton-Warburton 
et al. 2007; Ruth et al. 2011; Püschel et al. 2020; Pauwels 
et al. 2020; Kakouridis et al. 2022), but the magnitude of 
this effect on plants is debated. Püschel et al. (2020) found 
that although Rhizophagus irregularis hyphae doubled the 
water acquired by Medicago truncatula, this was most likely 
due to more extensive root systems in mycorrhizal plants 
compared to nonmycorrhizal plants. The direct hyphal 
acquisition of water was low compared to plant transpiration 
requirements. Other studies have indicated that the direct 
movement of water via extraradical hyphae can be a signifi-
cant component of a plant’s water uptake, reporting values 
as high as 12.3% and 17% in alfalfa under high and low 
water conditions (Wu et al. 2024), 20% in barley (Ruth et al. 
2011), or 34.6% in wild oat (Kakouridis et al. 2022). Kakou-
ridis et al. (2022) used dyes and 18O to visually demonstrate 
that water can move directly from Rhizophagus intraradi-
ces cells across cell membranes and walls to Avena barbata 
cells. The contrasting findings within these studies suggest 
that the overall contribution of water by AM fungi could 
be affected by plant-fungus species combinations, substrate 
type (Pauwels et al. 2023), substrate pore size, root morphol-
ogy (Allen 2007), and even fungal species (Ruiz-Lozano 
and Azcón 1995; Augé et al. 2015). It is evident, however, 
that extraradical hyphae can access and move water within 
the rhizosphere. In nature, extraradical hyphae are likely to 
interconnect multiple host plants within CMNs.
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Despite our knowledge about the mechanisms of water 
movement by AM fungi, the partitioning of water among 
individuals that are interconnected by AM hyphae is not 
yet resolved (Püschel et al. 2020); even though it is estab-
lished that CMNs influence whether plant interactions will 
be competitive or facilitative. We set out to investigate how 
CMNs comprising a suite of AM fungus species mediate 
plant interactions among conspecifics under drought and 
watered conditions in a target plant experiment. To avoid 
effects on plant physiology and soil moisture due to the pres-
ence or absence of AM fungi within treatments, we grew 
all plants with AM fungi, but manipulated CMN intercon-
nections among plants by keeping CMNs intact or severing 
them once a week. We chose conspecifics because of their 
similar rooting depths and resource demands, which would 
allow us to avoid confounding effects caused by differences 
in root systems and investigate the role of CMNs beyond 
that of hydraulic lifting. We hypothesized that if reciprocal 
rewards influenced water partitioning by CMNs, then we 
would see competition among target plants and their neigh-
bors, in which large plants with more available C would 
receive more water in return from CMNs than small indi-
viduals. We predicted that this would result in a negative 
relationship between target and neighbor plant size when 
they were interconnected by CMNs. We also predicted that 
drought would decrease plant size due to C limitation, but 
intact CMNs would increase plant size overall by assisting 
in water movement among interconnected plants within pots.

Materials and methods

In a fully factorial experiment with CMN treatment (intact 
or severed) and water conditions (watered or drought) as 
factors with ten replicates in each treatment, forty plastic 
pots (15.5 cm diameter × 13.5 cm height) were set-up simi-
lar to the design of Weremijewicz et al. (2016) and Wer-
emijewicz and Janos (2019; Supplementary Information (SI) 
Fig. 1a). Seven (1 target plant surrounded by six neighbors) 
Andropogon gerardii Vitman (Everwilde Farms, Sandcreek, 
WI, USA) individuals were grown in modified Ray Leach 
cone-tainers (2.5 cm diameter × 12.1 cm length; 49 mL vol-
ume; Tangent, OR, USA) that allowed for the establishment 
of CMNs among individuals. The modified cone-tainers 
had two layers of fabric covering two, 2 cm × 5 cm slots 
– first, a nylon silk screen mesh (40 um) pores and then a 
water-proof Gore-tex (Newwark, DE, USA) layer. Gore-tex 
has been shown to reduce ion diffusion through soil solu-
tion, making it mostly waterproof, but it allows for water 
vapor to move (Mäder et al. 1993). It is also penetrable by 
Funneliformus mosseae (formerly Glomus mossae) hyphae 
(Mäder et al. 1993) and has been effective in studying the 
role of CMNs in mineral nutrient partitioning with stable 

isotopes in previous studies (Weremijewicz et al. 2016). The 
cone-tainers were equally spaced in each pot (approximately 
1.2 cm away from one another), with six cone-tainers sur-
rounding a central target plant within a modified cone-tainer 
(SI Fig. 1b). Although C4 plants like A. gerardii, are often 
described as being unresponsive to drought (e.g. Fay et al. 
2003; Chen et al. 2012), we chose A. gerardii because of 
its vertical growth form that precluded aboveground inter-
actions, its relatively high responsiveness to AM fungi 
(Hetrick et al. 1988; Weremijewicz and Seto 2016), and its 
success in revealing the effects of CMNs in previous studies 
(e.g. Weremijewicz and Janos 2013).

We filled cone-tainers with a homogenized sandy soil 
mixture of three parts New Plant Life All Purpose Topsoil 
(Markman Peat Corp, Le Claire, IA, USA) to one part ver-
miculite (PVP Industries Inc., North Bloomfield, OH, USA) 
for some water retention. We limited nutrients to cone-tain-
ers, and thus filled interstices around the cone-tainers with 
a 4:1 nutrient-poor fine crushed glass (20–40 grade, Harsco 
Corporation, Camp Hill, PA, USA) and glass bead (12–20 
grade, Industrial Supply, Inc, Twin Falls, ID, USA) mixture. 
The nutrient concentrations of both media can be found in 
SI Table 1).

We germinated A. gerardii seeds on moist paper tow-
els and transplanted seedlings directly into cone-tainers to 
ensure one seedling per cone-tainer. To facilitate mycorrhiza 
formation, we added 0.3 ± 0.02 g (SE) of Mycobloom (Kan-
sas, USA) AM fungus inoculum (30 spores cm−3 in 70% cal-
cined clay and 30% fine sand, sterilize soil, and other debris 
(Koziol 2023) into the planting hole within each cone-tainer 
before transplanting. This inoculum consisted of fungi from 
seven different fungal species and from six fungal genera 
isolated from regional prairies (Koziol 2023): Claroideo-
glomus claroideum (N.C. Schenck & G.S. Sm.) Schüssler 
and Walker 2010, Funneliformus mosseae (T.H. Nicolson 
& Gerd.) Schüssler & Walker 2010, Cetraspora pellucida 
(T.H. Nicolson & N.C. Schenck) Oehl et al. 2008, Claroide-
oglomus lamellosum (Dalpe, Koske & Tews) Schüssler and 
Walker 2010, Acaulospora spinosa C. Walker and Trappe 
1981, Racocetra fulgida (Koske & C. Walker) Oehl et al. 
2008, and Entrophospora infrequens (I.R. Hall) R.N. Ames 
& R.W. Schneid., 1979 in [Błaszkowski et al. 2022].

To facilitate the establishment of CMNs among cone-
tainers in pots, seedlings were grown for five weeks with-
out disturbance and equal, ample watering (via misting, 
three times a day for one hour each). CMN interconnec-
tions among neighboring plants likely established in our pot 
systems because: 1) we used the same experimental setup 
(including same plant species, as well as the dimensions 
and makeup of the pots and modified cone-tainers) to that 
of Weremijewicz et al. (2016) which demonstrated CMNs 
using stable isotope tracing, 2) a 35 day pre-treatment of 
ample watering fostered hyphal growth and colonization, 3) 
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cone-tainers of neighboring individuals were 1.2 cm away 
from one another, which meant that AM hyphal growth rates 
of 1–4 mm d−1 (Jakobsen et al. 1992; Smith et al. 2000; 
Jansa et al. 2003; Thonar et al. 2011) were highly likely to 
encounter the root systems of neighboring individuals after 
119 days of possible growth within the pots, and 4) the intact 
CMNs treatments had increased AM colonization rates, sug-
gesting extraradical hyphae reaching from neighboring con-
tainers improved mycorrhiza formation.

We imposed treatments of either maintaining CMNs 
(intact CMNs) or severing them (severed CMNs) under 
both watering conditions. CMNs were either left intact by 
not disturbing the cone-tainers throughout the experiment 
or severed by rotating every cone-tainer within a pot 360° 
once a week. In previous experiments, rotating cone-tainers 
weekly was similar to the effects of a solid plastic barrier on 
plants (Weremijewicz and Janos 2013; Weremijewicz et al. 
2016), in which plants from both treatments grew similar 
in size, had similar effects on foliar nutrition, and competi-
tive interactions among individuals were not detected. After 
rotation, all pots were watered to eliminate air gaps between 
cone-tainers and interstitial substrate. To define “drought” 
conditions in our experiment, field capacity and hygroscopic 
points of cone-tainer soil and interstitial substrate were 
quantified following the methods of Wesseling et al. (1957). 
We maintained cone-tainer soil moisture at 19.7 ± 0.4% 
(SE) and interstitial substrate moisture at 13.9 ± 0.2% in the 
drought treatment. In the watered treatment, soil and inter-
stitial substrate moisture were maintained at 26.3 ± 0.3% 
and 16.1 ± 0.2%, respectively. Soil moisture of every target 
plant and a neighbor chosen at random was measured every 
2–3 days on average using a LabQuest2 Vernier Data Logger 
and soil moisture sensor (Beaverton, OR, USA). Pots were 
hand watered to achieve the appropriate soil moisture condi-
tions. Greenhouse temperatures were 21—25 ◦ C during the 
day, and 17—24 ◦ C at night. Pot locations were randomized 
on greenhouse benches to homogenize light levels every 
other week throughout the pre-treatment and experiment.

After 56 days of treatment, we harvested plants to meas-
ure plant dry weights (DWs) and mycorrhizal colonization 
rates. To collect shoot DWs, we clipped shoots just above 
the basal meristem and dried them to a constant mass at 60 
o C for three days. We carefully removed roots from each 
cone-tainer, washed them on a 1-mm sieve, and placed them 
in 65% ethanol for preservation until the completion of har-
vest. We then blotted the roots dry, measured their fresh 
weight, randomly clipped and preserved root clippings in 
65% ethanol for assessment of mycorrhizal colonization, and 
reweighed the root systems. We dried the remaining roots 
to a constant weight at 60 o C for three days and reweighed. 
Using the ratio between fresh weights of pre-and post-
clipped roots with the post-clipped DWs, we calculated the 
DWs of each whole root system.

After weighing A. gerardii tissues individually, it was 
determined that they were too small to meet detection lim-
its for nutrient analysis on shoots, which required 0.25 g of 
dried tissue, while target and neighbor individuals averaged 
0.019 ± 0.005 g (95% CI); therefore, we grouped tissues 
of similarly sized individuals within their respective treat-
ments. This grouping process went as follows: separately for 
neighbor and target plants, we rank ordered shoot DWs of 
all surviving plants within each treatment. We then divided 
the individual plants into groups that totaled approximately 
0.25 g of dried shoot tissue, resulting in similarly sized 
plants within each group. Each treatment had a different 
number of pooled samples because treatments with larger 
plants and better survival met the minimum tissue require-
ment with fewer plants than treatments with low survival and 
small individuals (N: Watered, Intact CMNs = 15; Watered, 
Severed CMNs = 11; Drought, Intact CMNs = 8; Drought, 
Severed CMNs = 3). Nutrient concentrations of each group 
were quantified with a nitric perchloric digest followed by 
ICP spectroscopy at Kansas State Agronomy Soil Testing 
Laboratory (Manhattan, KS, USA). We investigated the 
effects of treatment on the concentrations of nutrients that 
have been associated with AM fungi, like P (Smith and Read 
2010), N (He and Dijkstra 2014), Zn (Jansa et al. 2003), Mn, 
Fe, and Cu (Lehmann and Rillig 2015). These nutrients can 
play an important role in physiological and biochemical pro-
cesses like photosynthesis, enzymatic metabolism, reproduc-
tion, and defense against pathogens (Moreno Jiménez et al. 
2024), and these processes are affected by drought.

Using the same groupings of individuals as for nutrient 
analyses, we composited root clippings and assessed the AM 
colonization rate. We cleared roots in 10% KOH at room 
temperature for 7 days, acidified them in 5% HCl for 30 min, 
and then placed them in 0.05% Trypan blue in lactoglycerol 
for 24 h at room temperature to stain AM fungi. For each 
group, we mounted thirty 1–2 cm fragments and quantified 
mycorrhizal colonization of roots using a magnified inter-
section method at 100 x (McGonigle et al. 1990), examin-
ing approximately 187 ± 30 (mean ± SD) intersections per 
group.

Statistical methods

To assess survival time of all plants (both targets and 
neighbors) in the different treatments, we calculated 
Kaplan–Meier survivorship functions (S(t)), or the prob-
ability than an individual survives longer than time (t), 
which was 56 days for this experiment. We made four total 
pairwise comparisons of survivorship distributions between 
each treatment using Logrank tests and Bonferroni corrected 
our value of significance for the multiple statistical tests 
(α = 0.0125).
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Plant growth was measured using whole plant, above-
ground, and belowground DWs, as well as root-to-shoot 
ratios of both target and neighbor plants, which were aver-
aged per pot (the unit of replication). By harvest, the aver-
age number of total individuals per pot was the following 
for each treatment: Watered, Intact CMNs = 6.6 ± 0.4 (95% 
CI) plants; Watered, Severed CMNs = 6.8 ± 0.4 plants; 
Drought, Intact CMNs = 5.7 ± 1.1; Drought, Severed 
CMNs = 5.4 ± 0.6. We assessed the effects of CMNs (intact 
or severed), watering conditions (watered or drought), and 
their interaction using per-pot values and two-factor ANO-
VAs. We tested for the assumption of normal residuals prior 
to conducting two-factor ANOVAs using Shapiro–Wilk 
tests and for the assumption of homogenous variance using 
Levene’s Tests. We found that aboveground DW residuals 
violated normality due to one outlier – a pot in the Watered, 
Intact CMNs treatment. This outlier was removed according 
to Chauvenet’s Criterion (Taylor 1982), which uses the prob-
ability of obtaining values as high as those observed from 
each potential outlier relative to the SD for its treatment. The 
eliminated pot had less than a 5% chance of having values 
as high as observed relative to all others in their treatment, 
and its value misrepresented its treatment. The removal of 
this outlier slightly decreased the mean DW for the watered, 
intact CMNs treatment (SI Table 2) but did not affect the 
statistical results (SI Table 3). We then reconducted the two-
factor ANOVA. Root-to-shoot ratio residuals also violated 
normality, but did not have any outliers, so we conducted 
ANOVAs on the log transformed root-to-shoot ratio data. 
We compared differences among treatments using Least Sig-
nificant Difference (LSD) post hoc tests.

We examined the data for evidence of plant interactions, 
such as competition or facilitation, using Principal Com-
ponent Analyses (PCAs). Competition and facilitation are 
revealed as either a negative or positive correlations, respec-
tively, between central target and neighbor plant sizes within 
pots. To summarize the patterns in covariation among shoot 
DWs within pots, we performed PCAs for each treatment 
similar to the methods of Weremijewicz and Janos (2013). 
Briefly, within each pot, neighbor shoot DWs were rank 
ordered by size into six rank categories ranging from the first 
largest neighbor to the smallest neighbor. If a neighbor cat-
egory resulted in more than 15% zeros (dead plants), the cat-
egory was then eliminated from the analysis. This approach 
resulted in four total neighbor rank categories (out of six) 
in this experiment. Two pots in the watered treatment with 
severed CMNs and one pot in the drought treatment with 
severed CMNs were excluded from this analysis because the 
central, target plant had died prior to harvest. PCA axes were 
derived from variance/covariance cross-product matrices 
and Principal Component Axis 1 summarized the variance 
in neighbor plant sizes (4 neighbors per pot), while Axis 2 
plotted target plant size. After assessing the significance of 

the axes, we rotated Axis 1 to be congruent with the third 
largest neighbor to create the strongest Pearson correlations 
between all neighbors with Axis 1 (Pearson correlations 
before rotation are provided in SI Table 4). We then cal-
culated Pearson correlations between the target shoot DWs 
and Axis 1. This process was repeated for each treatment.

We examined shoot nutrient concentrations and AM colo-
nization rates for the effect of watering conditions, CMNs, 
and their interaction using two-way ANOVAs and LSD 
post hoc tests after testing for assumptions. The residuals 
for S, Cu, Fe, Mn, and Zn concentrations did not meet nor-
mality. For S, Cu, and Zn concentrations there was a sin-
gle outlier from different groups, whose residuals did not 
meet Chauvenet’s Criterion, so they were removed prior to 
further analysis. We additionally had to log transform the 
S, Fe, Mn, and Zn concentration data to meet normality, 
while for Cu concentrations, the data were square root trans-
formed. Colonization rate data residuals were non-normal 
as well, but removing one outlier, from the Intact CMNs, 
Watered treatment normalized them. To analyze the data 
for a relationship between root length colonized and whole 
plant DW, root length colonized and shoot P concentrations, 
we used least-squares linear regressions for each treatment 
using data that only had normal residuals (for example, if an 
outlier caused residuals to be non-normal when conducting 
two-way ANOVAs, that outlier remained omitted for linear 
regressions).

Survival analyses, least square linear regressions and 
ANOVAs were conducted in Statistix 10 (Tallahassee, FL). 
Principal component analyses were conducted using PC-
ORD v.7 (McCune and Mefford 2011). Statistical signifi-
cance, unless otherwise noted, was determined at α = 0.05.

Results

We found that survivorship was improved by watering and 
intact CMNs (Fig. 1). Overall, drought decreased survivor-
ship for plants with intact CMNs (L = −4.73, P < 0.0001) 
and severed CMNs (L = −8.02, P < 0.0001) compared to 
watered conditions. Within drought treatments, plants with 
intact CMNs had increased survivorship compared to plants 
with severed CMNs (L = 4.29, P < 0.0001). When watered, 
plants with intact and severed CMNs did not have differ-
ences in survivorship (L = 0.59, P = 0.5549).

Plant growth was improved by both CMNs and watering, 
but not by the interaction of the two factors (Table 1). Aver-
age shoot, root, and whole plant DWs per pot were larger 
under watered conditions than drought conditions (Fig. 2a). 
Plants with intact CMNs had larger shoot and whole plant 
DWs compared to plants with severed CMNs (Fig. 2a). 
Average root-to-shoot ratios per pot were also affected by 
both CMNs and watering (Table 1). Plants with severed 
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CMNs had larger root-to-shoot ratios than those with intact 
CMNs, and plants under drought had larger ratios than those 
in watered conditions (Fig. 2b), thus, plants with severed 
CMNs under drought conditions had the largest root-to-
shoot ratios of all (Fig. 2b).

Principal Component Analyses revealed that regardless 
of watering treatment, and only when CMNs were intact, 
target plant size was positively associated with neighbor size 
variance. When CMNs were severed, however, there was 
no such association between target and neighbor plant sizes 
(Fig. 3). The first PCA axis represented the majority of the 
variance among neighboring plants for all four treatments 
and no other axes were significant (Table 2). Rotation of 

PCA Axis 1 to be congruent with the third largest neigh-
bor provided the most correlation with the axis for all four 
neighbors across all four treatments overall (Table 2). For 
the intact CMNs treatments, the largest and second largest 
neighbors were more congruent with this axis after rota-
tion, while for the severed CMNs, it was the fourth largest 
neighbor that was most strongly congruent with this axis.

Both intact CMNs and watering resulted in increased 
mycorrhizal colonization rates (Fig. 4; CMNs: F1,32 = 6.81; 
P = 0.0136; Watering: F1,32 = 8.77; P = 0.0057) with 
no interaction between the two factors (F1,32 = 0.06; 
P = 0.8149). Increasing rates of AM colonization of roots 
(RLC; %) increased shoot growth in watered conditions for 
both CMN treatments (Fig. 5; Intact CMNs: F1,12 = 8.07, 
P = 0.0149, Shoot DW = 0.0015 (RLC) – 0.0403; Severed 
CMNs: F1,9 = 5.84, P = 0.0389, Shoot DW = 0.0014 (RLC) 
– 0.0410). Neither the slopes (F1,21 = 0.01, P = 0.9300), nor 
the constants (F1,22 = 0.19, P = 0.6655), between severed and 
intact CMNs under watered conditions differed from one 
another. There was no relationship between RLC and plant 

Fig. 1   Kaplan–Meier survivorship functions (S(t)) that estimate the 
probability that an Andropogon gerardii individual survived longer 
than time (t), or 56  days, under watered (blue lines) or drought 
(red lines) conditions, with intact (solid lines) or severed (dashed 
lines) common mycorrhizal networks (CMNs). Lines labeled by the 
same letter do not differ significantly from pairwise comparisons at 
P ≤ 0.0125

Table 1   Two-way ANOVA main effects and interactions results for 
Andropogon gerardii individuals averaged per pot (df = 1, 36) and 
grown under two different watering conditions (watered or drought) 
and two different common mycorrhizal network (CMN) treatments 
(intact or severed)

Dependent Factor F P

Whole Plant DW CMNs 4.19 0.0487
Watering 49.13  < 0.0001
Watering x CMNs 0.28 0.6001

Shoot DW CMNs 7.23 0.0113
Watering 64.51  < 0.0001
Watering x CMNs 3.26 0.0806

Root DW CMNs 1.60 0.2141
Watering 34.76  < 0.0001
Watering x CMNs 0.10 0.7581

Root-to-Shoot CMNs 4.24 0.0475
Watering 5.13 0.0301
Watering x CMNs 1.91 0.1758

Fig. 2   Mean dry weights (g) of aboveground (shown as values above 
the horizontal access) and belowground (shown as positive values 
below the horizontal axis) tissues (a) and root to shoot ratios (b) of 
averaged across both target and neighbor Andropogon gerardii indi-
viduals within pots grown in a target plant experiment under watered 
(blue bars) or drought (red bars) conditions, with intact (solid bars) or 
severed (hashed bars) common mycorrhizal networks (CMNs). Error 
bars indicate standard error. Two-way ANOVA results reported as * 
P < 0.05, ** P < 0.01, and *** P < 0.001
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Fig. 3   Target plant sizes per pot based on shoot dry weights (g; DWs) 
of Andropogon gerardii overlayed onto Principal Component Axis 1, 
which was derived from variance/covariance cross-product matrices 
and significantly (P < 0.05) summarized the variation in neighbor 
(four per pot) shoot dry weights. The axis was rotated to be congruent 
with the third largest neighbor, which created the strongest Pearson 
correlations between all neighbors with Axis 1. Pearson's correlation 
coefficients with Axis 1 (r) are reported for each treatment: watered 

(a, b) or drought conditions (c, d), with intact (a, c) or severed (b, 
d) common mycorrhizal networks (CMNs). The positive correla-
tions between target and neighbor plant sizes in treatments with intact 
CMNs (a, c) indicate positive, potentially facilitative interactions 
within pots, while the relatively weaker correlations in treatments 
with severed CMNs treatments (b, d) indicate little to no plant inter-
actions

Table 2   Principal components analysis (PCA) percentage of variance 
represented by the first axis, loadings on Axis 1 for the four PCA-
summarized neighbor categories, and the correlation between Axis 1 
and target shoot dry weights for treatments with drought or watered 
conditions and with severed or intact common mycorrhizal networks 

(CMNs). Axis 1 was rotated to be congruent with the third larg-
est neighbor to create the strongest Pearson correlations between all 
neighbors with Axis 1. For all treatments, the first axis was the only 
significant axis in explaining the variance among neighboring plants

*The probability is from a randomization test with 999 runs
†Axis 1 was rotated to maximize congruence with the largest, nearest neighbor for each PCA

Percentage of variance (P*) Pearson's correlation coefficient with Axis 1†, r

Treatment Principal Component Axis 1 Largest neighbor 2nd largest 
neighbor

3rd largest 
neighbor

4th largest 
neighbor

Targets

Watered, Intact CMNs 80.5%
(0.001)

0.878 0.957 0.922 0.801 0.530

Watered, Severed CMNs 68.0%
(0.011)

−0.780 −0.036 0.983 0.960 −0.01

Drought, Intact CMNs 92.9%
(0.001)

0.951 0.986 0.987 0.904 0.567

Drought, Severed CMNs 76.6%
(0.005)

0.564 0.714 0.945 0.949 0.144
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size under drought (Intact CMNs: F1,6 = 0.00 P = 0.9788; 
Severed CMNs: F1,2 = 2.4 P = 0.3650).

Shoot nutrient concentrations of Ca, S, Fe, and Mn were 
affected by watering (SI Table 5), and plants under drought 
had higher levels of Ca, S, Fe, and Mn. CMNs affected Fe 
and Zn concentrations, and plants with severed CMNs had 
higher Fe concentrations, while those with intact CMNs had 
higher Zn concentrations. An interaction between CMNs and 
watering was found for S, Fe, and Zn (SI Table 5). Although 
average P concentrations were not affected by CMNs nor 
watering (SI Table 5), P concentrations increased with 
AM colonization rates, only when plants had intact CMNs 
under watered conditions (Fig. 6; F1,12 = 6.95, P = 0.0205, 

Shoot P = 0.0024 (RLC) + 0.0613; Severed CMNs, Watered: 
F1,9 = 0.08, P = 0.7849; Intact CMNs, Drought: F1,6 = 0.76, 
P = 0.4157; Severed CMNs, Drought: F1,2 = 35.07, 
P = 0.1065).

Discussion

In our study, all plants were colonized by AM fungi, but 
only plants with intact CMNs benefited in both survival and 
growth. Contrary to our hypothesis, however, the partition-
ing of water by CMNs did not intensify competitive interac-
tions between targets and neighbors. Despite the pressure of 
being surrounded by six individuals within a pot, by the end 
of the experiment, large targets were surrounded by large, 
rather than small, neighbors, indicating facilitative interac-
tions were mediated by CMNs. Plants with intact CMNs 
had improved colonization rates, suggesting that extraradi-
cal hyphae improved mycorrhiza formation in neighbor-
ing root systems. These additional hyphae likely provided 
pathways for enhanced water and nutrient movement within 
pots, which would have benefited the growth of neighbor-
ing individuals. Watering also improved AM colonization, 
which increased plant growth, but a positive relationship 
between colonization and shoot P concentration only existed 
when CMNs were intact. Under drought conditions, plants 
most likely derived some other benefit from the AM sym-
biosis. Because most nutrients other than N were examined, 
the Law of the Minimum (von Liebig 1840) would suggest 
that either water, N, or both were limiting growth and/or 
survival in this treatment. Under drought conditions, mycor-
rhizal fungi can acquire significant amounts of N for their 
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Fig. 4   Mean arbuscular mycorrhizal colonization rates (%) of 
Andropogon gerardii root length in watered (blue bars) or drought 
(red bars) treatments, with intact (solid bars) or severed (hashed bars) 
common mycorrhizal networks (CMNs). Error bars indicate standard 
error. Two-way ANOVA results reported as * P < 0.05, ** P < 0.01, 
and *** P < 0.001

Fig. 5   The relationship between mean shoot dry weight (g) and 
arbuscular mycorrhizal colonization rate (%) of Andropogon gerar-
dii roots when plants were grown under watered (blue symbols) or 
drought (red symbols) conditions, with intact (solid lines, circles) 
or severed (dashed lines, triangles) common mycorrhizal networks 
(CMNs). Regression lines are shown only for significant linear 
regressions, which were for both CMN treatments in the watered con-
ditions

Fig. 6   The relationship between shoot phosphorus concentrations 
(%) vs. total root length colonized by arbuscular mycorrhizal fungi 
(%) of Andropogon gerardii seedlings grown under watered (blue 
symbols) or drought (red symbols) conditions, with intact (circles) or 
severed (triangles) common mycorrhizal networks (CMNs). Linear 
regressions were significant only for plants with intact CMNs under 
watered conditions (indicated by a solid blue line)
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hosts, particularly from inorganic sources dissolved within 
soil solution (Püschel et al. 2023). In our experiment, either 
of these possible limitations were severe enough to consider-
ably affect survival, and extraradical hyphae of CMNs likely 
alleviated these limitations.

In plants and in soil surrounding roots, water moves pas-
sively from high to low water potentials, driven by tran-
spiration. For example, hydraulic lifting by roots moves 
water from deep, saturated soil profiles towards shallower, 
water-limited ones via root systems, where it is redistrib-
uted (Allen 2022), particularly by CMNs to shallow-rooted 
individuals (Egerton-Warburton et al. 2007, 2008; Saharan 
et al. 2018; Singh et al. 2019, 2020), resulting in facilita-
tive interactions between differently rooted species. In our 
study, though, conspecific individuals did not have such 
large differences in root system size, but facilitative inter-
actions still developed among interconnected plants within 
pots. Factors that improved the passive movement of water, 
like increased hydraulic conductivity and decreased resist-
ance due to the increased presence of extraradical hyphae 
in the soil (Augé et al. 2001, 2007; Bitterlich et al. 2018; 
Pauwels et al. 2023), likely caused plants in the intact CMNs 
treatment to benefit. Because we did not find evidence for 
competitive interactions, reciprocal rewards were likely not 
at play in our experiment. Rather than dominating limiting 
resources via CMNs through C provisioning, C transfer by 
large plants likely fostered AM fungus hyphae instead, ben-
efiting neighboring individuals with improved colonization 
rates and ultimately plant size and survival.

An increase in the rate of AM colonization with water-
ing and intact CMNs likely improved the transport capacity 
of water from hyphae to plants, resulting in larger growth. 
Increased rates of root colonization are associated with 
improved stomatal conductance rates, by about 46% on 
average (Augé et al. 2015). Soil colonization, like that by 
extraradical hyphal networks, can affect soil water retention 
abilities (Augé et al. 2001) and positively affect stomatal 
conductance (Augé et al. 2007). When plants were inter-
connected in CMNs within pots, the extraradical hyphae 
could both directly and indirectly provide water to hosts, 
such as by moving water directly to plants within hyphae 
(Kakouridis et al. 2022), altering the geometry of water 
movement within the soil matrices (Püschel et al. 2021), 
and maintaining moisture for longer in drying soils (Augé 
et al. 2001). In contrast, plants with severed CMNs had 
hyphae constrained to the resources within their respective 
cone-tainers. To assess for the potential effect of extraradi-
cal hyphae on soil moisture, we examined the rate of drying 
(% d−1) within either cone-tainer soil or interstitial substrate 
over the course of the experiment, but no main effects of 
CMNs were detected (SI Table 6). This result is most likely 
because our watering regime regularly brought all of the 
treatments, regardless of CMNs, back up to a designated 

level of substrate moisture, negating the ability for us to 
detect any potential subtle effects of extraradical hyphae on 
water holding capacity of substrates. Root colonization was 
decreased when CMNs were severed, and no relationships 
were found between colonization and plant size. Although 
we did not measure stomatal conductance in this experi-
ment because of the initial focus on ecological, rather than 
physiological, consequences of CMNs, the increased root-
to-shoot ratios of plants under drought stress, especially with 
severed CMNs, indicated a morphological response, most 
likely in search of water (Taiz et al. 2015).

Water is likely not exchanged nor controlled by C pro-
visioning by hosts because of the passive nature of water 
uptake by plants at the cellular level. The presence of AM 
fungi is known to enhance aquaporin expression in host 
plants, improving the permeability of water into hosts 
(Uehlein et al. 2007; Quiroga et al. 2019). At the periar-
buscular membrane, aquaporins move water from fungus to 
plant via facilitated diffusion (Uehlein et al. 2007; Quiroga 
et al. 2019). In contrast, for example, nutrient transporters 
like H+/Pi symporters involve the active transport of nutri-
ents (Dreyer et al. 2019; Wipf et al. 2019), and fungi have 
the capability to control the amount of P delivered to the 
host by either reabsorbing inorganic P or leaving it in the 
periarbuscular space (Balestrini et al. 2007; Walder et al. 
2016; Wipf et al. 2019). Such mechanisms have not been 
demonstrated for water movement across aquaporins. CMN-
mediated water movement, therefore, may not be under met-
abolic control, which may mean that CMN-mediated plant 
interactions for water cannot be competitive.

The outcome of CMN-mediated plant interactions is 
likely to be influenced by the watering regime of an experi-
ment because it ultimately influences the most growth-lim-
iting resource. In previous, similar experiments, A. gerardii 
individuals were well watered and CMNs consistently medi-
ated competitive, not facilitative, interactions (Weremijewicz 
and Janos 2013; Weremijewicz et al. 2016, 2018). Singh 
et al. (2020) demonstrated that although hyphal networks 
can mediate facilitative interactions through hydraulic lift-
ing under drought conditions, competitive interactions for 
mineral nutrients emerged among interconnected plants 
in well-watered conditions. Under drought stress, plants 
close stomata to minimize water loss through transpiration, 
limiting access to CO2 (Taiz et al. 2015), which may stunt 
growth due to C-limitation. In contrast, well-watered condi-
tions increase plant access to C, causing growth to increase 
but also to become limited by mineral nutrients, which may 
induce competition among plants. CMNs may then medi-
ate competition among individuals by partitioning limit-
ing mineral nutrients to hosts with different photosynthate 
provisioning abilities. In previous experiments, A. gerar-
dii plants were watered regularly to saturation to promote 
growth (Weremijewicz and Janos 2013; Weremijewicz et al. 
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2016, 2018). In this experiment, however, we created long-
term drought conditions, and it is likely that in reality, our 
watered treatment may have been a moderate drought treat-
ment. In the watered treatment, plants were watered to field 
capacity which would have caused soils to desiccate between 
waterings more quickly than if we were to water to satura-
tion. In between waterings, the macropores (> 80 μm) of the 
substrates would have desiccated first, concentrating water 
and dissolved mineral nutrients to micropores (< 30 μm) that 
were inaccessible to roots and root hairs, but were accessible 
to hyphal networks (Allen 2022).

In the watered treatment, hyphal networks likely increased 
access to water and P simultaneously. It is well established 
that the simple presence of AM fungi can improve drought 
avoidance of host plants by relieving P stress (Augé 2001), 
but Püschel et al. (2021) demonstrated that external AM 
hyphae are significant for intermediate-term P uptake dur-
ing moderate droughts. Water found within soil micropores 
is important for plants because dissolved anionic nutrients, 
like P, become concentrated (Allen 2007), and AM hyphae 
can move this P directly to their hosts when under moderate 
drought stress (Püschel et al. 2021). We found that as root 
colonization by AM fungi increased, so did shoot P concen-
trations, but only for plants with intact CMNs in the watered 
treatment. In this treatment, the additional water access may 
have likely caused stomates to open, which would begin 
photosynthesis and create a demand for nutrients like P, 
which hyphal networks were able to access. This improved 
access to resources from intact CMNs likely contributed to 
improved growth and survival.

In the severe drought treatment, intact CMNs increased 
survival, plant growth, and root colonization, and mediated 
facilitative plant interactions. Unlike in the watered treat-
ment, however, a lack of relationships among variables 
makes the mechanisms behind these results less clear. Min-
eral nutrient analyses revealed that plants under drought 
stress built-up high levels of micronutrients, and few CMN 
effects were found. In fact, when CMNs had a statistically 
significant effect on nutrient levels, plants with severed 
CMNs had the highest concentrations, suggesting the most 
C-stressed individuals accumulated mineral nutrients, most 
likely because they were unable to allocate them towards 
growth. The lack of a relationship between AM colonization 
rates and plant size for both CMN treatments under drought 
stress may indicate a drought effect on the AM fungi them-
selves. In general, AM fungi may decrease sporulation rates 
and increase root colonization when water stressed (Augé, 
2001). In our study, though, overall colonization rates were 
decreased under drought conditions, consistent with the find-
ings of Püschel et al. (2023). Leyva-Morales et al. (2019) 
found that Rhizophagus intraradices decreases the surface 
area exposed to drought by decreasing fine hyphae and 
increasing the production of large-diameter hyphae instead. 

Additionally, plants have been shown to shunt C away from 
some fungus species that were present in our inoculum. For 
example, under drought stress, C. claroideum decreases col-
onization rates (Forczek et al. 2022; Geneva et al. 2022). On 
the other hand, F. mosseae may be beneficial to plants under 
drought conditions (Forczek et al. 2022; Lidoy et al. 2023), 
and C. pellucida is present in semi-arid tropical dry forests 
in Brazil (Pagano et al. 2013). Another possible explanation 
for the decrease in colonization rates under drought condi-
tions is an increase in root production by hosts. Colonization 
rates are similar to concentration measurements by being a 
measurement of quantity per area. An increase in root pro-
duction (as indicated by root-to-shoot ratios) by plants under 
drought may have “diluted” colonization rates for plants in 
this treatment. It can also take weeks to reach peak coloni-
zation by AM fungi (Graham et al. 1991), which may mean 
that colonization had not yet caught up with root production. 
Regardless of the potential effects of soil drying on AM 
hyphae, the presence of intact CMNs improved colonization 
of roots overall, and this increased access to CMNs likely 
fostered positive, facilitative plant interactions among target 
plants and neighbors.

Before plants can interact with one another, they must 
first survive. Because all treatments included AM coloniza-
tion in our study, our findings suggest that it is not just the 
simple presence of AM fungi within plant roots that can pos-
itively influence aspects of plant fitness such as survival and 
growth, but rather the networks of extraradical AM hyphae. 
The fitness benefits of AM fungi are often described as nutri-
tive, but our study supports Delavaux et al.’s (2017) findings 
that non-nutritive benefits, like water access, can also be sig-
nificant. In our experiment, all plants were colonized by AM 
fungi, but under drought conditions, survivorship increased 
three-fold for plants with intact CMNs. In a similar system, 
Weremijewicz et al. (2018) also found that CMNs improved 
survival of A. gerardii and Elymus canadensis. Carbon iso-
tope analyses, that were only possible on C3 E. canadensis, 
revealed that CMNs improved water uptake, which increased 
stomatal opening and access to atmospheric CO2, altering its 
carbon isotopic signature. Apart from this study, however, 
few have reported the effects of CMNs on survival. Gener-
ally, there is a demand for tissue samples for post-harvest 
nutrient analyses, thus, imposed periods of drought purpose-
fully prevent mortality. In fact, Gehring et al. (2017) sug-
gested that most nonagricultural studies investigating AM 
fungi are too short in duration to understand the impacts of 
drought. In our experiment, plants experienced drought for 
8 weeks, while in other greenhouse studies, droughts range 
from four days (Püschel et al. 2020) to five weeks (Püschel 
et al. 2021), while in the field, drought can be as long as 
twelve weeks (Miller et al. 1995).

In nature, although plants interact via both CMNs and 
roots, as well as experience diffusion of water and mineral 
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nutrients with rainfall, our model system was necessary to 
elucidate the specific role of CMNs under drought condi-
tions. Although it is possible that the mechanical disruption 
of soil from the rotation of cone-tainers to sever networks 
may have had an effect in our experiment, previous experi-
ments with the same experiment design but with a third 
treatment using solid, undisturbed cone-tainers to test for 
this artifact, have found that this treatment is statistically 
identical to the severed CMNs treatments (Weremijewicz 
and Janos 2013; Weremijewicz et al. 2016). We addition-
ally excluded a sterile control from our experiment design 
because 1) AM fungi have strong physiological effects on 
plants that affect drought tolerance, and 2) we sought to 
examine the role of interconnecting, extraradical hyphae 
on plant interactions, not just the presence/absence of AM 
fungi. Additionally, A. gerardii is relatively dependent upon 
and highly responsive to AM fungi (sensu Janos 2007). 
Based on the outcomes of previous work, it likely would 
have grown poorly without AM fungi (Hartnett et al. 1993; 
Weremijewicz and Seto 2016), which would preclude it from 
interacting with neighbors (Hartnett et al. 1993). Our system 
also included a suite of AM fungus species, which may be 
necessary to reveal the role of CMNs under drought because 
the interactions between plants and fungi within CMNs are 
dynamic, with differences in functional traits and benefits 
received from different fungus species (Kiers et al. 2011; 
Thonar et al. 2011; Walder and van der Heijden 2015) and 
shifts in carbon allocation by hosts to beneficial fungus spe-
cies under drought, like F. mosseae (Forczek et al. 2022). 
Although it is also possible that plants may have interacted 
for additional N from both organic and inorganic sources 
within the substrates (Püschel et al. 2023), we were unable to 
measure this nutrient due to insufficient plant tissue quanti-
ties. Regardless, it has been suggested that the P uptake by 
plants could be more compromised than N uptake under 
drought conditions (He and Dijkstra 2014; Püschel et al. 
2021).

In conclusion, CMNs interconnecting large plants with 
their neighbors promote plant survival and growth during 
periods of drought. Although caution must be taken when 
extrapolating results from carefully controlled greenhouse 
experiments, the results of our experiment may relate to 
some patterns seen in the field. For example, increased 
external AM hyphal production can aid the recovery of 
prairie plant communities after drought (Miller et al. 1995). 
This phenomenon may also explain why facilitative interac-
tions across CMNs have been found in arid environments 
(Montesinos-Navarro et al. 2016). Although our findings are 
in contrast to many others that have found CMNs increase 
competition, one result has remained consistent – connec-
tion to CMNs, in general, benefits plant growth overall. 
Whether plants experience competition or facilitation, how-
ever, is likely to depend upon the limiting resource under the 

environmental conditions at the time of observation. If the 
effects of water stress can influence future generations, as 
(Puy et al. 2022) suggests, then by improving plant fitness, 
CMNs have important implications for plant interactions in 
a changing world.
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