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Abstract 

As the human population grows, so does the demand for higher agricultural yields. As a r esult, a gricultur al intensification pr actices 
ar e incr easing while soil health is often declining. Inte gr ating the benefits of micr oorganisms into a gricultural mana gement systems 
can reduce the need for external resource inputs. One particular group of plant symbionts that can help plants to acquire additional 
n utrients and pr omote plant gr owth ar e arbuscular mycorrhizal fungi (AMF). The application of AMF in agricultural practice has 
been hampered by the variability in the success of mycorrhizal inoculation and the lack of consistency in different fields. Here, 
we tested whether it is possible to predict mycorrhizal inoculation success based on soil health and pr oducti vity. We hypothesized 

higher inoculation success on fields with poor soil health because in such fields, mycorrhiza can impr ov e n utrient uptake and biotic 
resistance to pathogens. We calculated a soil health index by a ggr egating six biotic and abiotic variables from 54 maize fields and 

tested its correlation with the mycorrhizal growth response (MGR). The MGR was linked to soil health and significantly higher in less 
healthy soils and less pr oducti v e fields. This implies that soil inoculation with AMF has most potential in fields with poor soil health 

and low pr oducti vity. Based on these findings, we propose a soil health framework that highlights the potential benefits of AMF field 

inoculation. 

Ke yw or ds: arbuscular m ycorrhizal fungi; soil health; field inoculations; cr op pr oducti vity; sustaina b le a gricultur e; mycorrhizal gr owth 
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Agricultural intensification aims to meet the growing food de- 
mand by incr easing pr oductivity on existing land a ppl ying high 

doses of a gr oc hemicals. Ho w e v er, this a ppr oac h has r esulted in
high environmental costs, particularly in terms of reduced soil 
health (Lehmann et al. 2020 ). As a consequence, there is much 

interest to restore natural processes and integrate beneficial soil 
micr obes, suc h as arbuscular mycorrhizal fungi (AMF). AMF are a 
w ell-kno wn group of plant symbionts that form mutualistic asso- 
ciations with tw o-thir ds of all land plants, including most crops.
With their dense hyphal networks, AMF can enhance nutrient and 

water uptak e be yond the root depletion zone, and significantly in- 
crease the plant phosphorus and nitrogen uptake (Hodge et al.
2010, Verbruggen et al. 2012 , Martin and van der Heijden 2024 ). In 

addition to improving abiotic aspects of soil health (e.g. nutrient 
bioavailability and soil structure), recent findings have also linked 

AMF to the biotic soil health perspective by improving yield in soils 
with high pathogen abundance (Lutz et al. 2023 ). Both the abiotic 
and biotic AMF functions can help to reduce dependence on ex- 
ternal inputs and support sustainable a gricultur e (Bender et al.
2016 , Schütz et al. 2018 ). 

Intensiv el y fertilized and mana ged a gricultur al soils often re- 
duce the abundance and diversity of AMF (Verbruggen et al. 2012 ,
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eng et al. 2024 ), compared to systems such as grasslands, where
MF ar e str ongl y linked to primary pr oductivity (Romer o et al.
024 ). Ther efor e, field inoculations of AMF in a gricultur al soils
ave a high potential to provide or restore the associated func-
ions of AMF with crops, and to enrich depleted native AMF pools.
o w e v er, outcomes for cr op performance ar e inconsistent due

o the lack of knowledge about the factors that contribute to
r op r esponse to AMF inoculation, suc h as AMF genotypes (An-
elard et al. 2014 ), crop genotypes, and compatibility (Sawers et
l. 2008 , Thirkell et al. 2022 ), as well as other biotic and abi-
tic factors (Berger and Gutjahr 2021 ). Another factor contribut-
ng to the inconsistency and variability of AMF response in the
eld is the quality of the AMF pr opa gules pr esent on the mar-
et, which does not lead to a functional symbiosis and dam-
ges the reputation of these new products (Salomon et al. 2022 ,
oziol et al. 2024 ). 

In a recent study, we observed that AMF inoculation can in-
r ease cr op yield in Swiss arable fields, with an av er a ge incr ease
f 6% across all 54 fields (Lutz et al. 2023 ), suggesting AMF
s an encour a g ing biolog ical supplement. Ho w e v er , the mycor -
hizal gr owth r esponse (MGR) v aried highl y fr om + 40% to −12%.
oil microbiome indicators (mainly pathogenic soil fungi such 
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Figure 1. High MGR in fields with less healthy soils and low fertility. (a) Negative significant Pearson correlation between MGR and soil health index for 
arable land. (b) Negative and significant Pearson correlation between MGR and plant biomass (noninoculated plants). Data are based on 54 inoculated 
plots over 3 years in Switzerland, for more information see Lutz et al. ( 2023 ). Soil health was calculated according to Romero et al. ( 2024 ) and MGR 
according to Köhl et al. ( 2016 ). Soil health is calculated on the basis of six explanatory variables (microbial biomass carbon, soil AMF richness , in verse 
pathogen abundance , plant-a vailable phosphorus , organic carbon, and plant-av ailable miner alized nitr ogen) equall y weighted using Z-scor e 
transformation. 
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s Trichosporon sp., Myrothecium sp., and Olpidium sp.) and soil
hysico–c hemical pr operties (e.g. ma gnesium, micr obial biomass
arbon, and manganese) could predict 86% of the variation in AMF
noculation success. Ho w e v er, a compr ehensiv e understanding of
he specific conditions that maximize the benefits of AMF in the
eld remains incomplete. 

Here, we used the yield data and soil health properties from 54
aize fields and tested whether the benefits of mycorrhizal fungal

noculation were related to agricultural soil health and productiv-
ty (crop yield without AMF inoculation). We specifically hypoth-
sized that the benefits of AMF inoculation would be greatest in
ow productivity soils with poor health, where mycorrhiza can im-
r ov e n utrient uptak e and biotic resistance to pathogens . T he soil
ealth index for arable land was calculated based on an a ggr egate
f three biotic and three abiotic factors: microbial biomass carbon,
oil AMF richness , in verse pathogen abundance , plant-a vailable
hosphorus, organic carbon, and plant-av ailable miner alized ni-
rogen. We follo w ed the a ppr oac h described in Romero et al. ( 2024 )
ith slight modifications due to data availability (i.e. richness of
-fixing bacteria was replaced by miner alized nitr ogen to include
lant-av ailable nitr ogen and the water infiltration potential was
ot included). We found a significant negative correlation between
GR and soil health ( R = −0.28, P = .041) (Fig. 1 a). In addition,
hen calculating the potential of AMF inoculation in relation to
lant productivity, we also found a significant negative correlation
 R = −0.31, P = .025) (Fig. 1 b). These results highlight the poten-
ial of AMF inoculation to maximize yield potential in less healthy
oils with low pr oductivity. Mor eov er, the r esults show the limi-
ations of AMF inoculation as a tool to increase yield in healthy
oils where plant size is already maximized (Fig. 1 ). Under these
onditions , AMF ma y also induce unintended adv erse gr owth ef-
ects. Further r esearc h is needed to understand the mechanisms
nderlying the occasional adverse effects of AMF in healthy soils
o ensure optimized application strategies for sustainable agricul-
ure. 

Although AMF inoculations can enhance yields e v en in inten-
iv el y mana ged fields with fertilizer and pesticide inputs (see Lutz
t al. 2023 ), their potential is e v en gr eater in less healthy, low-
r oductivity soils. Her e, we intr oduce a soil health fr ame work for
ptimizing AMF inoculation to maximize crop yields in resource-
imited fields (Fig. 2 ). AMF inoculation has the potential to signifi-
antly contribute to sustainable agriculture by reducing the need
or chemical fertilizers and pesticides , impro ving food security,
nd addressing critical Sustainable Development Goals (SDGs), in-
luding SDG 2 (Zero Hunger) and SDG 3 (Good health and well-
eing). The technology behind AMF-based biofertilizers and bio-
ontr ol pr oducts has the potential to increase plant nutrient up-
ake , impro ve drought resilience, and reducing fertilizer require-

ents (Augé et al. 2001 , Cav a gnar o et al. 2015 ). For example, AMF
an increase plant drought tolerance by expanding the root sys-
em water uptake zone and plant–water relations (Kakouridis et
l. 2022 ), which is critical for sustainable water management and
ddressing SDG 6 (clean water and sanitation). In addition to im-
roving soil health, AMF enhance plant resilience to various en-
ir onmental str esses, including pathogen attac k. AMF colonize
lant r oots, cr eating a physical barrier that limits pathogen ac-
ess, while stimulating the plant’s immune response and sup-
ressing soil-borne diseases (Branco et al. 2022 ). This mutualis-
ic relationship highlights the role of AMF in sustainable agricul-
ure as a natural defense against pathogens, contributing to SDG
 (Good Health and Well-being). 

Agricultural intensification can reduce the nutrient uptake
a pacity of nativ e AMF, ther eby r educing their ability to pr o-
ote the plant’s nutrient use efficiency (Riedo et al. 2021 ,

dlinger et al. 2022 ). Enric hing the rhizospher e with beneficial
MF while using less intensive management systems, can im-
r ov e soil fertility and potentially increase crop yield (Fig. 2 ). Ac-
ording to Liebig’s law, plant growth is limited by the smallest
mount of nutrient supplied r elativ e to the plant’s needs (Liebig
840 ). To incr ease cr op yield, it is essential to addr ess the av ail-
bility of the limiting element, while changing the availability
f the other elements will have no effect. Phosphorus, nitrogen,
nd potassium are often the limiting elements in a gricultur al
oils, which is why they are commonly supplemented through
ertilizer. Some soil nutrients can be taken up by the plant root,
ut many are bound to the soil minerals and become insoluble
nd less available (Hart et al. 2004 ). Microbes, particularly AMF
n association with hyphosphere bacteria, can release soil-bound
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Figure 2. Sc hematic illustr ation of AMF inoculation potential to maximize sustainable yield. AMF inoculation maximizes yield in less healthy soils. 
High mycorrhizal inoculation success is observed in fields with low soil health (a) and with low soil productivity (b). Negative mycorrhizal inoculation 
success can occur in very healthy soils with high plant productivity. (c) An adapted version of Liebig’s law of the minimum illustrates how AMF 
inoculation can increase yield. In this model, elements with a positive effect on MGR are represented in blue, while those with a negative effect on 
MGR are shown in red (Lutz et al. 2023 ). Soil pathogens are depicted as “holes,” with AMF acting as “hole cov ers,” bloc king pathogen access and yield 
loss . T he metal ring of the barr el, whic h stabilizes the whole barr el, r epr esents soil carbon with a negative effect on MGR. 
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nutrients to enhance plant nutrient uptake and growth (Anck- 
aert et al. 2024 , Zhang et al. 2024 ). AMF, in general, and specif- 
icall y Rhizoglomus irregularis , whic h is commonl y used as an in- 
oculum, have been shown to increase the phosphorus uptake of 
inoculated plants and decrease the nitrogen-to-phosphorus ra- 
tio (Boussageon et al. 2022 , Tessier and Raynal 2003 , Joner et al.
2000 ). Consistentl y, soil par ameters pr edicted ∼29% of the MGR of 
maize in the field (Lutz et al. 2023 ). Among the macroelements,
nitrogen and magnesium abundance had a positive effect, while 
phosphorus abundance had a negative impact on MGR. Other mi- 
cr oelements suc h as manganese and boron had a negative effect,
wher eas ir on contributed positiv el y. 

Mycorrhizae have been described as “nature’s response to the 
law of the minimum supply” because of their ability to improve 
plant access to limiting nutrients in the soil (Read 1991 , Johnson 

et al. 2015 ). Here, we propose that in fields with low soil health 

mycorrhizal inoculation can impr ov e the availability of essential 
elements to the plant and increase plant yield to its maximum po- 
tential. Liebig’s law and the “barrel” analogy illustrate how abiotic 
factors of a gricultur al soil health can limit cr op yield (Fig. 2 c). Sim- 
ilarly, biotic factors of soil health and pathogen abundance can 

also limit crop yield (Singh et al. 2023 ). In addition to improving 
nutrient availability in natural ecosystems, recent findings show 

that high pathogen abundance in a gricultur al systems is the main 

predictor of high MGR (Lutz et al. 2023 ). T hus , to the w ell-kno wn 

“barrel” analogy of Liebig’s law, we have now added soil pathogens 
as “holes,” with AMF acting as “hole cov ers,” bloc king pathogen ac- 
cess and yield loss (Fig. 2 c). Ho w e v er, the detailed mec hanisms un- 
derlying AMF–pathogen interactions remain unknown. Another 
critical variable in the biotic factor of soil health is microbial car- 
bon, which can contribute to sustainable yield (Ngatia et al. 2021 ,
Toda et al. 2023 ), and which we depict as the metal ring of the 
barrel that stabilizes the whole barrel. Our new soil health frame- 
work adds the biotic factors to the w ell-kno wn Liebig’s law of the 
minimum and highlights the potential of AMF field inoculation to 
enhance sustainable yield. 

In conclusion, we propose that targeted AMF inoculation can 

impr ov e plant nutrient availability and crop growth, particu- 
larly in fields with low soil health and high pathogen burden. At 
pr esent, our r esults ar e based on a crop known to be rather my- 
cotr ophic, and we onl y hav e data on a single maize genotype and 
MF strain; further experiments involving other crop genotypes 
nd AMF consortia are needed to broaden the potential. Moreover,
he r esults pr esented her e ar e based on gener al patterns and links
etween variables (e.g. MGR and soil health) comparing 54 fields.
xperimental studies are needed to verify our findings (e.g. manip-
late soil health on a specific experimental field with the same cli-
ate and abiotic soil c har acteristics, and inoculate plots with low

nd high soil health). The proposed framework of the biotic and
biotic benefits of AMF inoculation can assist scientists , farmers ,
nd policy makers in using AMF as a biofertilizer and biocontrol
r oduct to impr ov e sustainable yields. By considering soil health
or arable land and specifically pathogen abundance, our frame- 
ork supports the use of AMF to impr ov e yield potential, thereby

tr engthening sustainable a gricultur al pr actices in line with the
lobal SDGs. 
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