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My last article discussed nutrient cy-
cles and problems associated with chem-
ical fertilizers and pesticides, as well as 
their impact on arbuscular mycorrhizal 
(AM) fungi. I also looked at some of the 
benefits provided by these organisms.

In this third and final installment 
of this series I am going to share real 
measurements of some of the previously 
mentioned benefits of AM fungi and 
management techniques that nurture 
and support AM fungal communities 
in the soil.

Measuring DepenDency
Most flowering plants are dependent 

upon AM fungi and grow poorly in their 
absence. This dependency varies greatly 
between species and even between variet-
ies of the same species. Soil conditions, 
particularly the amount of inorganic 
phosphorus, also influence mycorrhizal 
dependency in a specific environment. In 
general, grasses tend to be more depen-
dent upon AM fungi than some of the 
other plant groups. Corn, small grains 
and rice fall into this category covering 
virtually all of our commodity crops. 
On the other end of the scale are the 
non-mycorrhizal plants. These are the 
Brassicas (mustard family) and the Ama-
ranths (pigweed family) for the most 
part. Pertinent crops of these families are 
turnips, beets, canola, broccoli, spinach 
and cabbages. They do not form a sym-
biosis with AM fungi at all. Changes in 
mycorrhizal communities have no effect 
on these crops. However, large monocul-
tures of these species can have a negative 
impact on AM fungal communities.

Plant dependency on AM fungi can 
be measured as a factor of a plant’s dry 
weight. Scientists grow plants in a steril-
ized soil mix and add AM fungi to one 
set of pots and not the other. At matu-
rity, plants are dried and weighed. The 
formula for determining dependency 
by dry weight is: AMF plant dry weight 
– nonAMF plant dry weight x 100 = % 
Dependency

aMF plant Dry weight
You grow a lot of plants and take the 

average weight per plant. So if your in-
oculated (AMF) plants had a dry weight 
of 2 pounds each, on average, and your 
non-inoculated (nonAMF) plants had 
a dry weight of 1 pound each, on aver-
age, it’s obvious that your AMF plant 
was twice as big, so 50% of its growth is 
attributable to having been inoculated. 
You apply the formula: (2-1) / 2 x 100 = 
1/2 x 100 = 0.5 x 100 = 50% 

Half the plant’s dry weight attributed 
to AM fungi alone? Is this a realistic ex-
ample? Let’s look at a table of some crop 
species that have been tested for mycor-
rhizal dependency (Table 1). As you can 
see, dependency in some crops can be 
nearly 100 percent.

In general, legumes (nitrogen fixers) 
tend to be fairly dependent upon AM 
fungi. Their bacterial symbionts (rhizo-
bia) have relieved these plants of nitro-
gen limitations, but they need enough 
phosphorus to make good use of all 
that nitrogen. This makes them also 
dependent upon AM fungi. With two 
microbial specialists providing the two 
most limiting macronutrients, legumes 
have a good edge.

Scientific testing of plants and their 
responses to AM fungi are often per-
formed with a single species of AM 
fungi. However the multitude of benefits 
provided by these organisms comes from 
the community of AM fungi. It is not 
any one species doing everything. Plant 
roots become colonized by many species 
of AM fungi. Some are better at uptak-
ing water; others may be good defenders 
against certain pathogens. Some relieve 
other environmental stresses such as soil 
compaction, transplant shock or exces-
sive salinity.

how gooD are they?
How much relief can these organisms 

actually deliver? Percent phosphorus in 
plant tissue can be more than doubled in 
inoculated plants, compared to uninocu-
lated plants. In water uptake, the fresh 
weight of plants grown with and without 
AM fungi can be as much as 215 percent 
higher. Nematode damage in mycorrhi-
zal soybean has been offset by as much 
as 36 percent. AM fungi can be effective 
against root-knot, cyst and stunt nema-
todes. AM fungi are antagonistic toward 
a wide range of plant pathogens, particu-
larly fungal pathogens. Mineral nutrition 
is generally better in mycorrhizal plants, 
especially with trace minerals (Table 3). 
Mycorrhizal plants often grow faster and 
flower as much as two to three weeks 
earlier than their uninoculated counter-
parts. Mycorrhizal fungi can increase the 
number of flowers, fruits and yield in a 
broad range of host plants. Cucurbits 
(squashes and cucumbers) and tomatoes 

Fungal assets
Management Techniques to Promote,  
Support AM Fungal Populations

coMMon naMe latin naMe DepenDence

Celery Apium graveolens 54%
Common Bean Phaseolus vulgaris 95%
Pea Pisum sativum 97%
Fava bean Vicia faba 94%
Alpine currant Ribes alpinum 75%
Onion Allium cepa 46%
Leek Allium porrum 96%
Corn Zea mays 73%
Bell Pepper Capsicum annuum 90%
Chili Pepper Capsicum frutescens 66%
Tomato Lycopersicon esculentum 59%
Potato Solanum tuberosum 42%

Table 1. 
Mycorrhizal dependency of various crop species.
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tend to be especially responsive to my-
corrhizal colonization.

AM fungi make plants more resistant 
to disease through several mechanisms. 
In some cases they activate plant de-
fenses. In other cases, the plant is simply 
bigger, stronger and healthier as a result 
of associating with AM fungi. Healthier 
plants are generally more resistant to 
disease. Table 2 lists some plant diseases 
that AM fungi help plants resist.  

how Much healthier  
are your plants because  

oF aM Fungi?
Let’s consider a human example. Once 

upon a time, people sailed the seas in big 
ships. These sailors often suffered from 
a condition called scurvy. It caused leth-
argy, gum disease, spots and lesions on 
the skin that could get infected by other 
organisms taking advantage of the scurvy 
victims’ weakened state. Left unchecked, 
fever, neuropathy and death followed. All 
this because of … what infectious agent? 
There was no agent. No bacteria or virus 
caused this disease. It was caused simply 
by a lack of vitamin C in the diet. This is 
an extreme example of what a nutrient 
deficiency can do, but plants need spe-
cific nutrients. They get those nutrients 
from the soil. We harvest the plants and 
those nutrients are now removed from 
the natural cycle. We eat the plants and 
what we pass through our system isn’t 
returned to the place the nutrients were 
removed from. It is flushed away to a 
wastewater treatment plant. The nutri-
ent cycle is interrupted. Year after year 
we harvest more and more, thus over the 
course of time, we deplete these nutrients 
in the soil. We may amend the soil with 
fertilizers, but N-P-K (nitrogen, phospho-
rus and potassium) alone are not enough. 
Plants require a fair amount of second-
ary macronutrients (calcium, magnesium 
and sulfur) plus seven other trace miner-
als (Table 3). Plants can get enough chlo-
rine from rainwater, but virtually every 
other trace mineral plants require for 
good health are provided by AM fungi. 
This reason alone is probably enough 
to explain why plants are so strong and 
healthy when colonized by a community 
of AM fungi compared to plants denied 
their mycorrhizal association.

What about too much? Everyone has 
probably over-fertilized at some time and 
found too much of a good thing can kill 
their plants. When early explorers first 
visited the North Pole, some of them 

killed and ate polar bears. The natives 
warned them not to eat the liver. Think-
ing this was some sort of superstition, 
some of those early explorers did not 
heed the natives’ advice, and they died. 
Why? Too much vitamin A. You need it 
in trace quantities but too much can kill 
you. Plants need boron in trace quanti-
ties, but too much is toxic to them. Yet we 
don’t monitor all of these elements in our 
soil. The AM fungi do though, and they 
alleviate environmental stresses by con-
trolling what minerals are passed to the 
plant. Plants that grow in contaminated 
environments often survive because the 
AM fungi are redirecting toxic substances 
to protect their host plant.

By now you should be starting to real-
ize just how important these fungi are to 
the health of our soil and the success of 
our cropping systems. AM fungi also im-
prove soil quality by secreting a substance 
called glomalin into the soil. Glomalin 
binds soil particles creating water stable 
aggregates. This helps reduce erosion and 
gives soil that crumbly feel associated 
with healthy soil. AM fungi even convey 
salt tolerance to plants. The list goes on.  

aM Fungi are a Key  
Factor in MaKing 

agriculture sustainable
While all these benefits make AM 

fungi important to farmers, it is their 
ability to make organic and other bound 
forms of phosphorus available to plants 
that will allow us to make agriculture 

sustainable. We need to reduce chemical 
inputs and utilize the microbial com-
munity to our advantage. Appropriate 
management techniques that reduce the 
disturbance to these organisms will not 
only help increase their numbers in our 
fields, but gain other advantages as well.

In general, increasing root coloniza-
tion can increase yield as much as 23 per-
cent across all management techniques. 
Keep in mind that you cannot achieve 
high levels of root colonization if you are 
applying large amounts of phosphorus to 
your field. Inoculation has been found 
to provide the most benefits, increasing 
root colonization as much as 29 percent. 
Unfortunately the industry and the sci-
ence have not quite met just yet. Broad 
scale testing of commercial inoculants 
has shown that most off-the-shelf prod-
ucts don’t have many, if any, living AM 
fungi. And these products are expen-
sive. Furthermore, some “mycorrhizal” 
products don’t contain arbuscular mycor-
rhizae. They contain a different group 
that is generally only helpful if you are 
growing gymnosperms (pine trees and 
their close relatives). Given the problems 
with getting a live culture and the high 
cost of the products, they are rarely cost-
effective. Furthermore, these cultures can 
be from anywhere in the world. They 
are not adapted to your soil type, so they 
may not help build up your mycorrhizal 
populations over time. If you choose to 
go this route you should find someone to 
test the product before you invest large 

pathogen Diseases plants 
group causeD testeD

Anthracnose Anthracnose disease cucumber
Aphanomyces root rot in legumes legumes
Cylindrocladium root rot 
Fusarium Fusarium wilt, panama disease melons, tomato, 
    cucumber
Gaeumannomyces Take-all disease barley
Macrophomina root-rot disease complex chickpea
Meloidogyne root-rot disease complex chickpea
Phytophthora root-rot tomato
Pythium damping off, stem rot,  agarwood, cow pea,
   root rot   tomato
Rhizoctonia damping off, root rot cucumber, cow pea,
    common bean
Verticillium Verticillium wilt cotton

Table 2. 
Plant diseases that AM fungi help plants resist. AM fungi protect plants from 
a broad range of pathogens.  These are just a few examples of the diseases 
that have been tested with AM fungi as biocontrol agents.
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amounts of money. Try a local university. 
You might find a student looking for a 
project. Fortunately you can get nearly the 
same effect as inoculation with a natu-
ral approach, such as minimizing fallow 
intervals and reducing soil disturbance. 
This means never leave the ground bare. 
Cover crops provide host plants to sup-
port your AM fungal population. This 
technique alone can increase colonization 
in the subsequent cash crop as much as 
20 percent. No-till tacks another 7 per-
cent onto that figure. Crop rotations with 
mycorrhizal crops are also helpful. Crop 
rotation has the added benefit of starv-
ing out crop-specific pathogens in your 
soil. Seed mixes will help with microbial 
diversity. Including a non-mycorrhizal 
plant such as tillage radish in a seed mix 
does not reduce effectiveness. However, a 
crop that is 100 percent non-mycorrhizal 
will reduce the numbers and diversity of 
AM fungi in your fields.

synergisM: 10 + 10 + 10 = 50
This is when the sum of the com-

ponents is greater than their individ-
ual values alone. For instance, if you 
have three practices that each adds 10 
percent improvement separately, you 
would expect to combine them and see 
a 30 percent improvement. Instead you 
find you have a 50 percent improve-
ment. How did that happen? It’s all 

in the interactions. The components 
alone convey a minimal benefit, but 
that benefit can be multiplied when 
components interact and combine. Let’s 
look at some synergistic effects to our 
management practices.

cover crops & bioDiversity
Introducing as much diversity as you 

can into your cropping system creates a 
broader range of microhabitats for mi-
croorganisms such as AM fungi. Crop 
rotations with plants that have differ-
ent life cycles such as rotating between 
warm and cool season plants not only 
helps with microbial diversity, but it 
suppresses weeds. Warm season weeds 
will be outcompeted when cool season 
plants take hold and vice-versa. The 
benefits don’t end there. A more di-
verse cropping system means you are 
not laying out a smorgasbord for a single 
insect pest. It leads to a more diverse 
insect community that is capable of self-
regulation. This helps prevent outbreaks 
of any single species because they have 
competition from other insects regulat-
ing their population.

no-till
AM fungi are sensitive to distur-

bance. They establish vast networks of 
hyphal filaments through which they 
transport water and nutrients. Tillage 
breaks up these networks, destroying 
them. Without tillage AM fungi can 
quickly begin providing phosphorus to 
young seedlings as soon as they germi-
nate. Vigorous seedling growth plays a 
major role in determining yield. When 
you break up those hyphal networks 
with tillage they must be re-established, 

delaying the quick provisioning of 
young plants when they are most vul-
nerable. Imagine you are traveling cross 
country and nobody takes anything 
except cash and your bank has no ATM 
machines, and there is only one bank in 
each state. You are limited in how far 
you can travel because your resources 
are limited and you have to stop at each 
bank along the way. Now imagine you 
have banks all over with ATMs and can 
get all the cash you need. The AM fungi 
are the ATM machines. The cash flow 
represents the nutrient flow. You need 
that network to function efficiently. The 
plants need the AM fungal network to 
function efficiently.  

You get other benefits with no-till 
besides quick and early phosphorus to 
seedlings. Tillage buries and protects 
weed seeds. No-till leaves the seeds ex-
posed on the top of the soil where ani-
mals that eat seeds can find them more 
easily. The weed seeds are also exposed 
to harsh weather. This leads to fewer 
seeds surviving to germinate.

Insect pests that specialize in specific 
crops often get an early hold. Predators 
that could regulate these pests are still 
in the soil. Tillage reduces insect diver-
sity and favors the pests, while no-till 
favors their natural enemies. Tillage 
may offer short-term gains in insect 
control, but the effect can be worse in 
the long run.

planting perennials
Maturation time for our crops can be 

fairly short. Some species of AM fungi 
may not be able to complete their life 
cycle with repeated short maturation 
crops. By including perennials you give 

priMary Macro seconDary trace
nutrients Macro nutrients Minerals
50-100 lbs/acre 10-50 lbs/acre Less than 1 lb/acre

Nitrogen Calcium Iron
Phosphorus Magnesium Manganese
Potassium Sulfur Zinc
  Copper
  Boron
  Molybdenum
  Chlorine

Table 3. Minerals Plants Require to Thrive
AM fungi play a role in providing every nutrient plants require. They can offset 
the harmful effects of heavy metals as well as overdoses of trace minerals.
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these slower-growing species the time 
they need to get re-established before 
they are lost from your fields.

alFalFa in crop rotations
Alfalfa used as your perennial has 

added benefits. Haying operations for 
alfalfa minimize seed production and fa-
vor the death of weed seeds. Leaving al-
falfa on the field for several years builds 
up nitrogen, provides forage, reduces 
weeds and enhances microbial popula-
tions. Even if you till, alfalfa creates a 
break in the tillage cycle, allowing things 
sensitive to tillage a chance to recover.

crop rotations in general
When you grow the same crop season 

after season, pathogens and insects that 
feed on that crop build up their popu-
lations in the soil. Rotation takes the 
food supply away from organisms that 
flourish on a single crop species. Other 
species can move in and compete with 
pests and populations once again self 

regulate. However, there will always be 
some pests. The goal here is to prevent 
those pests from becoming a problem by 
maintaining diverse communities that 
prevent any single species from reach-
ing outbreak levels. You do this by ma-
nipulating your cover crops, enhancing 
diversity and reducing disturbance.  In 
this way you manage the ecology of the 
cropping system.

I would like to thank USDA weed 
scientist Randy Anderson and USDA 
entomologist Jonathan Lundgren for 
contributing their expertise to this final 
installment on sustainable agriculture.

Dr. Wendy Taheri is a mycorrhizal ecologist 
currently employed as a research microbiologist 
for the USDA Agricultural Research Service at the 
North Central Agricultural Research Laboratory 
in South Dakota. If you have specific questions 
about arbuscular mycorrhizal fungi, or about 
these articles, contact her at wendy.taheri@ars.
usda.gov.
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