
Hi All

It still amazes me how quickly time flies. I cannot believe that we are in the 
last quarter of the year already and that in a few short weeks harvest season 
will start.
The CAWC conservation week was ‘n huge success, with 200 attendees at 
the practical day in Caledon and 185 people attending the conference day 
at Elsenburg. The management team is thankful for the excellent response 
and we promise to build on this for next year. The 2017 practical day will be 
hosted in the Swartland.
Hope you enjoy the many interesting articles in the newsletter and 
please visit the video links too. We are also in the final stages of the re-
development of our website, which will be much more user friendly than 
before, but we will keep you up to date on that development.

Regards
The editor
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Farm Income Down, Expenses Up

The U.S. farm sector is in the 
midst of a major downturn.  As 
we discussed a couple of weeks 

ago, 2016 looks to be the third straight 
year of declining farm income.  Much 
of this has been driven by falling 
commodity prices, but the story is a 
bit more complicated than just falling 
commodity prices.  This week we look 
at how expenses and net income have 
evolved in the sector.

Farm Sector Financial Ratios

This week we use sector level financial 
ratios developed reported by the 

USDA’s Economic Research Service.  It 
is important to remember that these 
measures are aggregated measures, 
and are not representative of an 
“average farm.”  Rather they simply add 
up all the income, expenses, assets, 
and debt in the sector in an effort to 
understand the overall health of the 
sector.
While the aggregate measures have 
some drawbacks as opposed to 
actual farm level data, in our opinion 
they provide valuable information 
about the overall health of the sector.  
You can check out this link to see 
documentation on how ERS calculates 
the ratios as well as some rationale for 

their use.
The sector’s ability to generate earnings 
is one of the most fundamental 
keys to its financial health.  As we 
have discussed, recent declines in 
commodity prices have played a key 
role in the decline in net farm income.  
However, the deterioration in net 
income has more drivers than just 
falling commodity prices.
Figure 1 shows three measures of 
profitability for the farm sector, the 
operating expense ratio (blue) and 
the net farm income ratio (red).  Both 
of these ratios are calculated by 
dividing the measure of interest, e.g., 
operating expenses to the value of farm 

Farm income down, expenses up

Figure 1.  Operating 
Expense and Net Farm 

Income Ratios, U.S. Farm 
Sector, 1960-2016.

Posted on August 8, 2016 by Brent Gloy
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Farm Income Down, Expenses Up

Profitability Way Down

As one might expect, the most volatile of these series is the 
net farm income ratio.  This measure shows what proportion 
of the value of production is left after accounting for all 
expenses. The ratio has stood at 13% for both 2015 and 2016.  
This means that the total costs of production account for all 
but 13% of the value of production.
This value is quite low by historical standards.  Since 1960, the 
net farm income ratio has been this low only 4 times, 2015, 
2016, 1983, and 1980.  From 1985 to the current downturn 
starting in 2014, the only times this ratio has slipped below 
20% occurred in 2002 and 2009.

Expenses Up

Clearly, output price declines have played a role in the 
falling of the net farm income ratio.  However, the operating 
expense ratio (in blue) suggests that operating expenses 
have not fallen as rapidly as the value of production. We have 
often referred to this as the margin squeeze and have tried to 
explain some of the reasons that it has occurred.
Operating expenses are defined as all expenses less interest 
expenses and capital consumption (a proxy for economic 
depreciation).  Examining the operating expense ratio, one 
can see that operating expenses as a proportion of the value 
of production have trended upward for a long time, but the 
jump in the mid 2000’s is definitely noticeable.

Operating Expenses High, but Not Unprecedented

Today, operating expenses account for 73% of the value of 
production, a level last seen in 2006.  Operating expense 
ratios of 70% are not unprecedented.  From 1999 to 2002 
they were 70 to 71% of the value of production.  However, 
net farm income ratio for all of those years except 2002 was 
above 20%, a value significantly above today’s 13%.
While 7% may not sound like a lot, keep in mind that the 
2016 value of farm production is forecast at $417 billion, 
making each 1% worth $4 billion, not a trivial amount. If the 
net farm income ratio were 20%, net farm income would 
rise to $82 billion, a level of income that would change the 
current discussion dramatically.

How did the sector maintain a much higher net farm income 
ratio in spite of similarly high operating expenses during 
the early 2000’s?  As we pointed out a couple of weeks ago, 
one factor was much larger government program payments 
made during the previous downturn.  In real values, 
government payments from 1999, 2000, and 2001 were more 
than two times the amount expected in 2016.  Additionally, 
capital consumption chews up a slightly larger amount of 
the value of production today (11%) than it did in those 
years (8%) (again remember that each 1% is worth about $4 
billion).

Wrapping it Up

Today, farm profitability relative to the value of farm 
production is very low.  This has been driven by a variety 
of factors. First, commodity prices have fallen sending 
net income and the value of production lower.  Second, 
operating expenses have not fallen as rapidly as the value 
of production. Even though some expenses such as fertilizer 
and fuel have fallen considerably, operating expenses remain 
elevated when compared to the value of production.
Third, there have been periods when expenses were this high 
and profitability didn’t fall as dramatically. This was in part 
due to larger direct government payments and lower capital 
consumption.
The level of net farm income relative to the value of farm 
production is very low by historical standards.  If this level 
persists, it will undoubtedly create more financial stress in 
the farm sector.  Moving forward, it is clear that operating 
expenses will have to fall further to restore profitability to 
levels more in line with historical standards, in part because 
government program payments are unlikely to rise to levels 
seen in previous downturns.
As we have noted before this will also continue to put 
downward pressure on fixed asset investment and values.  In 
the next few weeks will look at financial conditions including 
rates of return on farm assets, liquidity, and solvency.
Interested in learning more? Follow the Agricultural 
Economic Insights’ Blog as we track and monitors these 
trends throughout the years.  Also, follow AEI on Twitter and 
Facebook.

Until now, deciding when 
to windrow was always a 
debate about risk versus 
return. Watch how that’s 

changed

Beautiful timelapse 
of photosynthesis 

seen from space by @
calacademy  

Visit videoLink

Precision Agriculture

Visit videoLink Visit videoLink
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https://t.co/n6MI7GB7Ir
http://www.farms.com/commentaries/video-precision-agriculture-with-yamaha-rmax-helicopter-111807.aspx#.V78fAl_8TWY.mailto


BLWK - CAWC4

8 Answers to common questions about grazing cover crops

Annual cover crop mixtures 
can make very nutritious and 
economical grazing crops for 

spring, summer, fall and early winter 
grazing in Michigan. Fall grazing is 
especially beneficial as it fills the gap 
as pasture grasses become dormant. 
Mixes of four or more plant species all 
planted together at the same time and 
same depth at a seeding rate total of 
28-40 pounds per acre can be eco-
nomical and nutritious for fall grazing 
livestock and are especially good for 
finishing grass-fed beef cattle.

These same mixes also tend to be soil 
improvers, suppressing weed growth 
and mining nutrients from deep down 
in the subsoil and bringing them to 
the soil surface. With their aggressive 
growth, they also tend to increase soil 
organic matter both from the grazing 
animal’s manure and from the decay-
ing plant’s leaves, stems and roots. 
Below are answers by Michigan State 
University Extension staff to common 
questions on the grazing of fall cover 
crops: 

Where do fall cover crops 
for grazing work best in 
Michigan?

Following a wheat harvest, oat harvest 
or an idled field, you usually need 
70-120 days of growth before tem-
peratures drop into the low 20s. Thus, 
plantings made from late July to mid 
August turn out the best.

What to plant for grazing? 

To provide a healthy, nutritious 
blend, consider a balanced mixture of 
brassicas, small grains, legumes and 
cool-season grasses.

Is weed control necessary 
before planting?

If rotating from a sod crop like hay 
or pasture, usually it is. But if seeding 
within 10 days of combining wheat or 
oats, usually it is not. The volunteer 
wheat or oat seed that was lost on the 
ground from the previous crop har-
vest can actually become part of the 
new seeding mix.
Can I plant an annual cover 
crop on the same field each 
year?

The risk of insect and disease pressure 
will increase if the same plants are 
seeded on the same sites annually.

Is it wrong to plant over 40 
pounds of seed per acre?

It depends. With multispecies mixes 
of four or more varieties for grazing 
that can be no-tilled into wheat and 
oat stubble, we have found 40 pounds 
of seed per acre to be enough (re-
member there will be volunteer small 
grain growth as well). Higher planting 
rates cause crowding, competition, 
disease and lower plant growth, mak-
ing the stand less efficient. If planting 
simple two or three way mixes into 
fields will not provide volunteer small 

grains, higher seeding rates up to 
or over 70 pounds per acre may be 
advisable.

Is fertilizer needed?

Following soil test recommendations 
is always advised. Usually manure 
or 50-60 pounds of nitrogen (N) per 
acre is a minimum requirement. The 
non-legume plants really respond to 
N.

Is livestock death loss a 
risk?

Yes. Bloat, nitrate toxicity and others 
are a possibility. Turning livestock in 
on full stomachs and providing access 
to a round bale of hay is good insur-
ance to prevent these. Having oats and 
other grasses in the mix also reduces 
the risk of bloat. When these precau-
tions are followed the risks are low.

Do grazing livestock dam-
age the soil?

Any time fields are grazed while wet, 
soil compaction can be a result, espe-
cially on heavier ground. Late fall and 
early winter grazing is often done in 
wet soil conditions, and some com-
paction will result. Thus, the best site 
locations are on lighter, well-drained 
soils. But research studies have shown 
that if management pulls the grazing 
animals out during times of excess 
moisture, the benefits of fall grazing 
will out-weigh the compaction issue. 
Soil fertility and crop yields often 
improve after cover crop grazing.

July 25, 2016 | Posted in Cover Crops 
Source: Michigan State University Extension 
By Jerry Lindquist, Extension Grazing Educator

8 Answers to Common Questions About 
Grazing Cover Crops
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Links of the month

Plant Species

Here is some insight on the plant species to consider for 
cool-season mixes seeded before Aug. 15 for grazing after 
Nov. 1 in Michigan.

Oats: Seed 6-12 pounds in mixes. Great for fall grazing, 
will stay green into December and will die out in January. 
May start producing seed within 65 days of planting, which 
may be a concern if producing grass-fed beef.

Wheat, Rye or Triticale: Seed 6-12 pounds per acre in 
mixes. Less fall growth than oats but will survive the winter 
and provide substantial spring growth. Be aware of crop 
insurance spring-time termination guidelines for cover 
crops to be eligible for insurance on the following year’s 
cash crop. 

Annual Ryegrass: Seed 6-10 pounds per acre in mixes. 
Short-lived (1-2 years depending upon variety), highly 
nutritious grass that establishes fast in the fall and will sur-
vive most winters providing more growth in spring. Can 
become a serious weed in fields rotated to grains the next 
year if proper herbicide timing is not followed.

Turnip: Seed 2-3 pounds per acre in mixes. Need 60-90 
days to mature. Leaves, stem and bulb are highly nutri-
tious. Hold their feed quality well after a killing frost and 
are cold tolerant to 20 F but eventually will winterkill. 

Some will just produce an edible leaf and stem but no 
tuber. Some will re-grow after grazing.

Rape:  Seed 2-4 pounds per acre in mixes. Need 45-100 
days to mature. Most can be re-grazed. Produces a high-
ly-nutritious, edible leaf and stem but no tuber. Some are 
cold tolerant to -5 F.

Radish: Seed 1-2 pounds per acre in mixes. Need 70-85 
days to mature. Vigorous fall growth of highly nutritious 
leaf and tuber that livestock like and do well on. Holds 
nutrient value well after killing frost. Taproot hairs can 
penetrate compacted soil hardpans and mine nutrients 
from the subsoil.

Red Clover: Seed 2-4 pounds per acre in mixes. Will 
provide some fall growth but will be more productive the 
next spring for spring grazing. Can last for 2-3 years, so if 
rotation crops are planned the next summer, termination 
options have to be factored in. When given the chance to 
mature, will produce residual soil N that can benefit future 
N-loving crops.

- See more at: https://www.no-tillfarmer.com/arti-
cles/5935-answers-to-common-questions-about-graz-
ing-cover-crops#sthash.PtGSqaAX.dpuf

Links of the month
Click on the button to visit the website.

Please note you will need an internet connection

Long term row 
spacing trials and 
stubble retention 

and implications for 
future development 
- Grains Research & 
Development Cor-

poration

Drones Nouer rye meer plante 
minder onkruid

Australian Herbicide 
Resistance Initiative 

(AHRI)

Visit Link Visit Link Visit Link Visit Link

Caring for 
‘Underground Livestock’ 

Key to Colorado 
Farmer’s Success | 2016-
08-25 | No-Till Farmer

https://grdc.com.au/Research-and-Development/GRDC-Update-Papers/2014/05/Long-term-row-spacing-trials-and-stubble-retention-and-implications-for-future-development
http://www.farmingportal.co.za/index.php/farmingnews/breking-news/item/8127-drones-will-change-the-way-agriculture-works-in-the-future
http://ahri.uwa.edu.au/narrow-row-spacing/?utm_content=bufferd0e75&utm_medium=social&utm_source=twitter.com&utm_campaign=buffer 
https://grdc.com.au/Research-and-Development/GRDC-Update-Papers/2014/05/Long-term-row-spacing-trials-and-stubble-retention-and-implications-for-future-development
http://www.farmingportal.co.za/index.php/farmingnews/breking-news/item/8127-drones-will-change-the-way-agriculture-works-in-the-future
http://ahri.uwa.edu.au/narrow-row-spacing/?utm_content=bufferd0e75&utm_medium=social&utm_source=twitter.com&utm_campaign=buffer 
https://www.no-tillfarmer.com/articles/6017
https://www.no-tillfarmer.com/articles/6017


BLWK - CAWC6

Cover Crops Prove Profitable in 2015

Once again, growers who seed cover crops have 
higher yields — and profits — than those who 
don’t, say the results of Sustainable Agriculture 

Research & Education (SARE) and Conservation Tech-
nology Information Center (CTIC)’s fourth annual Cover 
Crop Survey.

Of the 2,020 survey takers, 430 reported their 2015 corn 
yields on similarly managed fields with and without cover 
crops. Of those yields, corn that followed covers yielded an 
average 3.4 bushels per acre, or 1.9%, higher than the corn 
that didn’t follow a cover crop.

Similar results were seen with soybeans, where 395 survey 
takers reported soybean yields on similarly managed fields 
with and without cover crops. Soybeans that followed 
covers yielded an average 1.5 bushels, or 2.8%, greater than 
soybeans that didn’t follow a cover crop.
Yield increases are a nice benefit, but are they enough 
to offset the costs of cover crops and provide an overall 
increase in profit? According to 33.7% of 1,022 survey 
respondents, the answer is yes.

The majority of respondents said they didn’t have enough 
data or experience to tell if cover crops increased profits 
(34.5%), while 26.1% said covers don’t affect profitability. 
Only 5.7% reported a decrease in profits from cover crops.
And it appears the longer you stick with cover crops, the 
greater your yield increase, which can lead to greater prof-
its.

According to the report, immediate benefits of cover 
cropping for corn production are observed in the first year, 
at an additional 2 bushels per acre. But by the fourth year 
of cover cropping, corn yields increase by 6.4 bushels per 
acre, and after 4 years it goes up to an 8.3-bushel-per-acre 
advantage.

Steady soybean yield increases are also seen after several 
years of consistent cover cropping. While soybeans will 
only see a 0.1-bushel-per-acre increase after the first year 
of cover crops, the report says after 4 years soybeans will 
yield an additional 2.4 bushels per acre.
If you still doubt the positive impact of cover crops, con-
sider that:

• Cover crop expert Dave Robinson found an average 
$150-per-acre advantage by using cover crops.

• Ohio no-tiller David Brandt can grow 200-bushel corn 
on just 50 pounds of nitrogen, thanks to his legume 
cover crops.

• Grazing cover crops has allowed Gabe Brown to re-
duce inputs so much it only costs him $1.44 to grow a 
bushel of corn.

- See more at: https://www.no-tillfarmer.com/blogs/1-cov-
ering-no-till/post/5951-cover-crops-prove-profitable-in-
2015-insider#sthash.X3EYuLPV.dpuf

By Laura Barrera posted on August 2, 2016
Posted in Cover Crops 

Cover Crops Prove 
Profitable in 2015

https://www.no-tillfarmer.com/articles/497-finding-your-roi-with-cover-crops-in-no-till-systems
https://www.no-tillfarmer.com/articles/497-finding-your-roi-with-cover-crops-in-no-till-systems
https://www.no-tillfarmer.com/articles/4875-how-seeding-cover-crops-can-slash-your-fertilizer-bills
https://www.no-tillfarmer.com/articles/4875-how-seeding-cover-crops-can-slash-your-fertilizer-bills
https://www.no-tillfarmer.com/articles/3816-livestock-cover-crops-take-no-till-soils-profits-to-new-levels
https://www.no-tillfarmer.com/articles/3816-livestock-cover-crops-take-no-till-soils-profits-to-new-levels
https://www.no-tillfarmer.com/blogs/1-covering-no-till/post/5951-cover-crops-prove-profitable-in-2015-insider#sthash.X3EYuLPV.dpuf
https://www.no-tillfarmer.com/blogs/1-covering-no-till/post/5951-cover-crops-prove-profitable-in-2015-insider#sthash.X3EYuLPV.dpuf
https://www.no-tillfarmer.com/blogs/1-covering-no-till/post/5951-cover-crops-prove-profitable-in-2015-insider#sthash.X3EYuLPV.dpuf
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Discovered

precision Agriculture

Scientists at the John Innes Centre have discovered 
an important component in the process of nitrogen 
fixation in plants. They have identified a key protein 
that facilitates the movement of calcium in plant 

cells. This movement of calcium signals to the plant that 
nitrogen-fixing bacteria are close-by and triggers the devel-
opment of nodules on its roots to house these bacteria.

Professor Giles Oldroyd leads a research group at the John 
Innes Centre that aims to transfer the ability to fix nitrogen 
to other types of plants, like wheat or barley.

It has long been known that the interaction between 
plants and bacteria depends on movement of calcium in 
plant root cells. This movement of calcium takes place 
in the central nucleus of plant cells. New research from 
the John Innes Centre lead by Dr Myriam Charpentier 
and Professor Giles Oldroyd discovered a set of critically 
important proteins, called cyclic nucleotide gated channel 
15s (CNGC15s), which are essential for the movement of 
calcium into the nucleus. They found that the CNGC15s 
facilitate the calcium movement into the nucleus allowing 
the plant to transfer the information that the nitrogen-fix-
ing soil bacteria are nearby.

This enables the plant to initiate the cellular and develop-
mental processes that facilitate bacterial accommodation, 

allowing establishment of the nitrogen-fixing symbiosis 
and thus nitrogen fixation. Although this calcium move-
ment is limited to the nuclei of plant cells, it has a large im-
pact on how the whole plant will grow. Professor Oldroyd 
said: “This discovery demonstrates that there is a CNGC 
protein located at the edge of the nucleus in plant cells 
which controls the movement of calcium into the nucleus. 
This is an important step towards understanding nitrogen 
fixation in legumes and this understanding will help us to 
develop more efficient crops.”

Dr Charpentier said: “Although the presence of nuclear 
calcium signals in plants was demonstrated more than a 
decade ago, the exact identity of the nuclear calcium chan-
nel has remained a mystery. This research identifies the 
first nuclear calcium channel in plants. Calcium signalling 
is not only important for symbioses but also for many oth-
er processes happening in the plant during development 
and in response to the environment. Knowing the identity 
of the nuclear calcium channel will now enable us to better 
understand how plants use nuclear calcium signals to grow 
and respond to their environments.”

The paper “Nuclear-localised cyclic nucleotide gated chan-
nels mediate symbiotic calcium oscillations” is published  
in the journal Science.

A missing link in plant nitrogen fixation has been discovered
Farming Futures
27May2016

DISCOVERED

http://www.farms.com/commentaries/video-precision-agriculture-with-yamaha-rmax-helicopter-111807.aspx#.V78fAl_8TWY.mailto
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Dirt First

Rick Haney, gangly and garrulous, paces in front of 
a congregation of government conservationists, 
working the room for laughs before he gets to the 

hard data. The U.S. Department of Agriculture soil scien-
tist points to an aerial photograph of research plots outside 
his facility in Temple , Texas. “Our drones took this shot,” 
he says, then shakes his head. “Kidding. We don’t have any 
drones.”

Forty sets of shoulders jerk in amusement. Paranoia about 
the federal government is acute in Texas, and Haney’s audi-
ence—field educators from the USDA’s Natural Resources 
Conservation Service (NRCS), part of a corps of around 
six thousand that works directly with farmers nation-
wide—hail from around the state. They’re used to suspi-
cious scowls from farmers, who are as skeptical of the feds 
as they are of the outsiders who dwell on the downsides of 
agriculture. For the most part, the people in this room are 
both: feds and outsiders.

But what if those downsides—unsustainable farming 
practices—are also bad for a farmer’s bottom line? It’s the 
question Haney loves to raise during training sessions like 
this one, which the NRCS (today’s iteration of the Dust 
Bowl–era Soil Conservation Service) convenes around the 
country as part of a soil health campaign launched in 2012. 
Haney is a star at these events because he brings the im-
primatur of science to something many innovative farmers 
have already discovered: despite what the million-dollar 
marketing campaigns of agrichemical companies say, 
farmers can use less fertilizer without reducing yields, 

saving both money and landscapes.
“Our entire agriculture industry is based on chemical 
inputs, but soil is not a chemistry set,” Haney explains. “It’s 
a biological system. We’ve treated it like a chemistry set 
because the chemistry is easier to measure than the soil 
biology.”

In nature, of course, plants grow like mad without add-
ed synthetic fertilizer, thanks to a multimillion-year-old 
partnership with soil microorganisms. Plants pull carbon 
dioxide from the atmosphere through photosynthesis and 
create a carbon syrup. About 60 percent of this fuels the 
plant’s growth, with the remaining exuded through the 
roots to soil microorganisms, which trade mineral nutri-
ents they’ve liberated from rocks, sand, silt, and clay—in 
other words, fertilizer—for their share of the carbon boun-
ty. Haney insists that ag scientists are remiss if they don’t 
pay more attention to this natural partnership.
“I’ve had scientific colleagues tell me they raised 300 bush-
els of corn [per acre] with an application of fertilizer, and 
I ask how the control plots, the ones without the fertilizer, 
did,” Haney says. “They tell me 220 bushels of corn. How 
is that not the story? How is raising 220 bushels of corn 
without fertilizer not the story?” If the natural processes at 
work in even the tired soil of a test plot can produce 220 
bushels of corn, he argues, the yields of farmers conscious-
ly building soil health can be much higher.

Less than 50 percent of the synthetic fertilizer that farmers 
apply to most crops is actually used by plants, with much 
of the rest running off into drainage ditches and streams 

Orion Magazine
by Kristin Ohlson 

Dirt First
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Dirt First

and, later, concentrating with disastrous effects in lakes 
and oceans. Witness the oxygen-free dead zone in the Gulf 
of Mexico or tap water tainted by neurotoxin-producing 
algae in Ohio: both phenomena are tied to fertilizer runoff. 
Farmers often apply fertilizer based on advice from manu-
facturers and university extension agents who are faithful 
to the agrochemical mindset, using formulas that tie X 
amount of desired yield to Y pounds of fertilizer applied 
per acre. Or they apply fertilizer based on a standard test 
that gauges the amount of inorganic nitrogen, potassi-
um, and phosphorus—the basic ingredients of chemical 
fertilizers, often referred to as NPK—in a soil sample. Or 
they apply what they put on the year before, or what their 
neighbor applied, and then maybe a little bit more, hoping 
for a jackpot combination of rain, sunshine, and a good 
market.

“Farmers are risk averse,” Haney says. “They’ve borrowed a 
half million dollars for a crop that could die tomorrow. The 
last thing they want to worry about is whether they put on 
enough fertilizer. They always put on too much, just to be 
safe.”

The standard soil test, developed some sixty years ago, fo-
cuses only on the chemical properties of soil. Haney began 
developing his test in the early 1990s to focus instead on 
the soil’s biology. Based on the vigor of the microscopic 
community in a farmer’s soil, his recommendations usually 
call for far less than what the farmer hears elsewhere. The 
yields of those who heed his advice often remain the same, 
or rise.
 
A SINGLE TEASPOON of healthy soil holds billions of 
soil microorganisms, including bacteria, fungi, and other 
tiny life forms. These organisms crowd around the roots 
of plants, jostling and competing for carbon exudates that 
plants dole out according to their needs. Sometimes the 
plant trades a squirt for a mineral nutrient like zinc or 
potassium. Sometimes the plant offers treats in exchange 
for help defending against a pest or disease. The plants 
aren’t just responding to the various microscopic bidders, 
either: they can change the formula of their exudates and 
send chemical messages—kind of like lighting a flare—to 
attract specific players with specific services. For instance, 
scientists have discovered that when corn rootworm larvae 
attack some older varieties of corn (not the modern variet-
ies bred for high yield), the plant sends out a chemical sig-
nal to beckon a nematode that feasts on this pest. “They’re 
sending out an SOS to this very specific organism,” says 
Ray Weil, an ecologist at the University of Maryland and 
an author of the classic textbook The Nature and Property 
of Soils. “‘Dinner is here—come and help yourself!’”
When we admire good soil’s dark chocolate-cake spong-
iness and sweet smell, we’re admiring the handiwork of 

trillions of soil microorganisms over time. They eat carbon 
and expire carbon dioxide, just as we do, but they also “fix” 
a percentage of that carbon in the soil. Barring distur-
bance, it stays there for a very long time. Some is used to 
make a carbon-based glue with which the microorganisms 
engineer soil into tiny clusters to protect themselves and 
control the flow of air and water in their habitat. Thus, 
good soil is more like a coral reef than a rock, with about 
50 percent of its volume comprising these open pockets.
Photosynthesis is the only process that safely and inex-
pensively removes carbon dioxide from the atmosphere, 
allowing carbon that is a problem in the skies to become 
a boon for the land. Based on this principle, one hundred 
governments and nonprofits launched the 4/1000 Initiative 
at the recent Paris climate talks, calling for an increase of 
carbon in the world’s soils by 0.4 percent per year. This 
relatively small boost will not only radically improve soil 
fertility but also, the coalition claims, halt the annual rise 
of atmospheric carbon dioxide.
 
AS A HIGH SCHOOL STUDENT in Oklahoma, Rick 
Haney worked for wheat and cattle farmers and dreamed 
about getting into farming himself. But then, as now, land 
was expensive, so he shelved that particular fantasy. When 
he graduated, his classmates voted him most likely to be 
either dead or in a rock band in ten years. Instead, he drift-
ed in and out of science classes at Southwestern Oklahoma 
State University.
Over the years, Haney continued to work alongside his 
farmer friends, sometimes pulling fifteen-hour days. “I 
watched these guys take out big loans and struggle every 
year,” Haney says. “Every time their plants or animals died, 
it was money down a black hole. My uncle encouraged me 
to get an advanced degree to help guys like that.”
Studying at Texas A&M for a masters and then a PhD—
which he wouldn’t receive until he was forty-two years 
old—Haney began questioning the wisdom of the standard 
soil test, in use since the mid-1900s, when synthetic fertil-
izers were embraced by farmers who saw them as a quick 
path to productivity. The standard test determines how 
much nitrogen, potassium, and phosphorus a soil sample 
contains. But that made no sense to Haney. “It’s not about 
single molecules,” he says. “Soil health is all about complex 
systems.”

The test Haney ultimately developed begins with drying a 
soil sample to suspend the microorganisms’ activity. When 
the sample is rewetted, the microorganisms roar back 
into business, exhaling a burst of carbon dioxide. Haney 
measures that burst, which demonstrates the health of 
the farmer’s resident microbiotic community—its vigor is 
the most important indicator of soil fertility. Then he uses 
more water and weak acids, akin to those in plant exudates, 
to extract the nitrogen in the sample. The standard soil test 
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measures only inorganic nitrogen, the kind that’s found 
in chemical fertilizers and that plants can use immedi-
ately. It ignores organic nitrogen, which that hard-work-
ing community of microorganisms can transform into a 
plant-available form. The Haney Test is more time con-
suming and costly than the standard test, but it reveals to 
farmers how much total nitrogen is already in the soil and 
helps them slash expensive chemical fertilizers.

Three years ago, Haney presented his work at an NRCS 
meeting. After he took his seat, one of those field edu-
cators barreled across the room and flung out his arms, 
shouting, “Where have you been all my life?” Thanks to 
that felicitous meeting, Haney’s lab in Temple now tests 
some five thousand soil samples per year: ten big commer-
cial labs and a few international labs use it as well. De-
spite some friction with the ag schools, use of the Haney 
Test—which is now promoted nationwide by thousands of 
USDA conservation field educators—is surging. It hasn’t 
replaced the standard test, but it’s often employed along-
side the standard test by farmers who want to help their 
land become both more productive and more resilient.
The nation’s ag schools, which rely on agribusiness for 
much of their funding, have found Haney’s test under-
whelming. And even if they do accept its basic premise, 
says Will Brinton—founder of the Woods End soil lab 
in Mount Vernon, Maine, and the developer of an alter-
native test, called Solvita, that measures soil microbial 
respiration—soil analysis that focuses on biology presents 
a retooling challenge for labs invested in chemistry-inten-
sive technology. “They have a lot to lose if the farmers in 
their region adopt another approach,” Brinton says. “Like 
any industry, they’re set up in a certain way and don’t want 
to change.”

Among the commodity farmers who have taken Haney’s 
recommendations to heart, and to the bank, is Dave 
Brandt, of Carroll, Ohio. Since 2004, when he began using 
the Haney Test, Brandt has been able to cut fertilizer use 
on 1,400 acres and eliminate it entirely on 480, with an an-
nual savings of $32,000 and no decrease in yields. In fact, 
his yields are consistently higher than his county’s average: 
last year, he raised 10 to 20 bushels more corn per acre, 14 
bushels more soybeans, and 30 bushels more wheat.
 
AT MEETINGS WITH FARMERS around the country, 
the NRCS soil-health team illustrates the vibrant life of 
soil microorganisms and their partnerships with plants. 
They want farmers to understand why—in light of new 
scientific understandings of soil ecology—many farming 
practices they learned in ag school, and which are en-
couraged by the big ag companies, actually damage those 
microorganisms’ hidden habitat.

Consider the image of a farmer pulling a heavy machine 
across a field, turning jumbled green into freshly turned 
brown—it may be iconic, but it is an exceptionally unnat-
ural process. Nothing in nature churns up soil to such a 
depth and over such vast areas. Tilling disrupts commu-
nities of microorganisms and shatters the soil’s coral-reef 
structure. The soil is briefly fluffed up, but as soon as water 
falls on the land soil particles settle tightly against each 
other, leaving little room for air and water. Tilling also 
dries the soil and allows the carbon fixed there to combine 
with oxygen and join the load of carbon dioxide already 
warming our skies.

“Look at that soil!” says David Lamm, the NRCS’s nation-
al soil-health team leader, flashing a slide to the Temple 
audience of a recently tilled landscape—acres and acres 
without vegetation. “It’s naked, hungry, thirsty, and run-
ning a fever.”

Lamm and his team preach no-till agriculture, in which 
farmers cut a tiny slit in the soil instead of creating a 
furrow, often planting their seeds in the residue of crops 
harvested in an earlier season. They promote cover crops, 
which both fight weeds and protect the soil from ero-
sion and extreme weather when farmers are not growing 
a market crop, and they highlight best practices from 
progressive farmers around the country who “terminate” 
these cover crops with mowers or grazing cattle instead of 
herbicide. Cover crops get more roots in the ground and 
thus more exudates to feed microorganisms. That means 
more carbon in the ground: a recent report by the Natu-
ral Resources Defense Council found that planting cover 
crops (one of the tools promoted by the 4/1000 Initiative) 
on half the corn and soybean acres in the top ten agricul-
tural states could sequester more than 19 million metric 
tons of carbon annually, the equivalent of taking more 
than 4 million cars off the road. Those teeming micro-
organisms will, in turn, deliver to market crops a steady 
stream of nitrogen, potassium, phosphorus, and other 
sustenance.
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Ray Weil, the University of Maryland ecologist, believes 
that farmers will someday fertilize their fields using noth-
ing but cover-crop combinations, carefully selected for 
specific market crops and growing conditions. Haney’s al-
ready on it. He recently built a new piece of equipment he 
calls the Frankenbreather, which measures the activity of a 
soil sample’s microorganisms on an hourly basis. He wets 
the samples with weak acids from different plants com-
monly used as cover crops and compares how the vigor of 
the microorganisms changes depending on which acid he 
uses. Once he’s got the test up and running, he hopes to 
give each farmer a recipe for the cover-crop combination 
that will best feed his or her particular constellation of soil 
microorganisms. Thus fortified, the underground work-
force may provide to plants so many nutrients that the 
farmer won’t need any chemical fertilizers at all.
 
OHIO FARMER DAVE BRANDT adopted both no-till 
agriculture and cover cropping on his family farm in the 
1970s. Over the years, he has demonstrated that certain 
cover crops change the mineral balance in his soil: for 
instance, sunflowers concentrate zinc. At the soil-health 
training in Texas, I met a younger farmer who is following 
in Brandt’s footsteps.

Twenty years ago, Jonathan Cobb, now thirty-eight, left 
the 2,500-acre farm that his sharecropping grandfather 
started in Rogers, Texas, in 1905, happily swapping a life 
in agriculture for a marketing career in Fort Worth. He 
had sweet recollections of his mother bringing dinner to 
the fields and the family ending its workday against the 
setting sun. But his life was now in the city.
Then, in 2007, Cobb helped out with a harvest. He noticed 
how his parents were struggling, and he and his wife, 
Kaylyn, an accountant, decided to return to the farm. 
But Cobb hated what farming had become. He hated the 
monotony of tilling, fertilizing, and spraying row crops. 
His family was using more chemicals, along with expen-
sive GMO seeds, and getting the same yields it had in the 
1980s. He hated how the landscape itself had changed. The 
farm ponds, which had been filled with plants and insects 
and fish when Cobb was growing up, were now lifeless. 
After four years, Cobb told his parents that he and Kaylyn 
were leaving. It was the hardest conversation he had ever 
had.

Shortly thereafter, Cobb was searching Monster.com 
for jobs when his father asked him to attend an NRCS 
meeting where the Haney Test would be discussed. Cobb 
had been to dozens of meetings that looked just like this 
one: his father used to grow test plots for Monsanto, and 
sessions with company reps were part of the deal. He was 
sure this meeting would be just as useless and irritating as 

all the others, except with government conservationists. 
And government conservationists, he thought, were idiots.
But as the soil-health team ran through its spiel, Cobb 
started to see his land and farming in an entirely different 
way. It was dismaying at first. “I had made up my mind 
to leave [the farm], and I didn’t want to hear any of this,” 
Cobb told me as I sat with Kaylyn and his sister Jenni-
fer on their parents’ screened porch, festooned with tiny 
white lights. “I couldn’t get it out of my mind, though. 
At the end of the day it made so much sense. I talked to 
Kaylyn later, and we thought we might be able to stay and 
make this work and keep the farm going.”
Jonathan, Kaylyn, and Jennifer began a crash course in 
soil health, studying everything the NRCS sent their way, 
consulting with Dave Brandt and other pioneers. They be-
gan changing their practices: no tilling, less fertilizer, lots 
of cover crops, the reintroduction of livestock. The land 
responded in amazing ways, with greater productivity and 
natural diversity. The neighbors responded in annoyingly 
predictable ways. Farmers take a lot of pride in keeping 
their land tidy, with neat brown rows of bare soil between 
crops and not a weed in sight. Cobb’s family owned only 
250 acres of the 1,200 they now farmed, and the rented 
acres were highly coveted. After one landowner heard 
complaints that his fields were looking trashy, he decided 
to find new tenants for those acres.

That was fine with the Cobbs, as they had decided to work 
less land with more concentrated management. They 
now farm 450 acres and are moving away from row crops 
like cotton and wheat to grow food for their own cattle, 
sheep, and pork, which they sell to consumers eager for 
pasture-raised meat. The farm looks beautiful, if different. 
And there is growing interest in what they are doing: the 
landlord who previously evicted them has asked them to 
return and relaunch a soil-health regimen on his land.
Rick Haney doesn’t crow over this transformation his 
work helped drive. He’s so full of admiration and empathy 
for farmers that he doesn’t want to take credit for their 
initiative. “There are farmers all over the place who have 
figured out how to grow crops by working with nature,” he 
insists. “And nature has always had the science right.”

This article was produced in collaboration with the Food & 
Environment Reporting Network, a nonprofit investigative 
journalism organization.

Kristin Ohlson’s latest book is The Soil Will Save Us. Her 
work has appeared in Best American Science Writing and 
Best American Travel Writing.
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The contentious nature of soil organic 
matter
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s oil organic matter contains more organic carbon than global vege-
tation and the atmosphere combined (Fig. 1). For this reason, the 
release and conversion into carbon dioxide or methane of even a 

small proportion of carbon contained in soil organic matter can cause 
quantitatively relevant variations in the atmospheric concentrations of 
these greenhouse gases1. Moreover, organic matter retains nutrients as 
well as pollutants in the soil, which improves plant growth and protects 
water quality2. Soils are also an important source of aquatic carbon, with 
implications for biogeochemical processes in rivers, lakes and estuaries3. 
Despite its recognized importance, there is a widely divergent view of the 
nature of soil organic matter.

Biological, physical and chemical transformation processes convert 
dead plant material into organic products that are able to form intimate 
associations with soil minerals, making it difficult to study the nature 
of soil organic matter. Early research based on an extraction method 
assumed that a ‘humification’ process creates recalcitrant (resistant to 
decomposition) and large ‘humic substances’ to make up the majority of 
soil ‘humus’ (see Box 1). However, these ‘humic substances’ have not been 
observed by modern analytic techniques. This lack of evidence means 
that ‘humification’ is increasingly questioned, yet the underlying theory 
persists in the contemporary literature, including current textbooks4–6.

Here we argue in favour of a soil continuum model (SCM) that focuses 
on the ability of decomposer organisms to access soil organic matter and 
on the protection of organic matter from decomposition provided by soil 
minerals. Viewing soil organic matter as a continuum spanning the full 
range from intact plant material to highly oxidized carbon in carboxylic 
acids7 represents robust science and will facilitate the way we communicate 
between disciplines and with the public. Only such an evidence-based 
approach can allow for the development of mechanistic solutions to cli-
mate, water quality and soil productivity issues (Fig. 1). The resulting 
knowledge should be integrated into conceptual and mechanistic models 
for the purpose of predicting carbon dioxide emissions from soils in a 
warming world, as well as of keeping water supplies clean, and of improv-
ing and sustaining the ecosystem services of the world’s soils. Research 
aimed at reliable predictions of soil organic matter turnover should focus 
on investigating its spatial arrangement within the mineral matrix, the 
fine-scale redox environment, microbial ecology and interaction with min-
eral surfaces under moisture and temperature conditions observed in soils.

The exchange of nutrients, energy and carbon between soil organic matter, the soil environment, aquatic systems and 
the atmosphere is important for agricultural productivity, water quality and climate. Long-standing theory suggests that 
soil organic matter is composed of inherently stable and chemically unique compounds. Here we argue that the available 
evidence does not support the formation of large-molecular-size and persistent ‘humic substances’ in soils. Instead, soil 
organic matter is a continuum of progressively decomposing organic compounds. We discuss implications of this view of 
the nature of soil organic matter for aquatic health, soil carbon–climate interactions and land management.

1Soil and Crop Sciences, School of Integrated Plant Sciences, College of Agriculture and Life Sciences, Cornell University, Ithaca, New York, USA. 2Atkinson Center for a Sustainable Future,  
Cornell University, Ithaca, New York, USA. 3Department of Crop and Soil Science, Oregon State University, Corvallis, Oregon, USA. 4Institut für Bodenlandschaftsforschung, Leibniz Zentrum  
für Agrarlandschaftsforschung (ZALF), Müncheberg, Germany.
*These authors contributed equally to this work.

Figure 1 | Traditional and emergent views of the nature of soil organic 
matter affect how we predict and manage soil, air and water. Traditional 
‘humification’ concepts limit observations of soil organic matter to its 
solubility in alkaline extracts, unlike the emergent view of organic matter 
based on solubility in water and its accessibility to microorganisms. Soils 
are an important source of organic matter in aquatic ecosystems and are 
responsible for half of the atmospheric carbon recycling. Carbon stocks 
and flux values are from ref. 1, except where noted otherwise: brown 
numbers are stocks in Pg C and blue numbers are flows in Pg C yr−1. 
*Disaggregated value from 119 Pg C yr−1 total emissions. †3% of total 
carbon consumed by fire104. ‡Estimate to balance soil carbon exports.
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Historical reliance on an operational proxy
Soil organic matter research is difficult because organic compounds are 
thoroughly mixed with and often adhere to soil minerals. In arable soil, 
organic matter typically makes up less than 5% and could historically 
be discerned only by its dark coloration. Before advanced spectroscopic 
methods became available in the early 1990s, research on soil organic 
matter required that the organic phase be separated from the mineral 
phase through an extraction procedure. The most efficient of these sepa-
ration procedures in terms of mass extracted8 is an extraction with alkali  
(Box 1), which dates back to a report published in 1786 (ref. 9). Although 
the extraction is incomplete, selective and prone to creating artefacts  
(Box 1), the procedure became widely adopted and its products univer-
sally accepted as experimental proxies for soil organic matter.

Concerns that alkaline preparations are not appropriate representatives 
of soil organic matter were raised as early as 1888 (ref. 10) and 50 years 
later it was proposed11 that ‘humic’ nomenclature should be dropped 
because the term relates only to a material obtained by a specific proce-
dure. Unfortunately, these concerns were dismissed rather than disproved. 
Among the thousands of publications on ‘humic substances’, not one inde-
pendently confirms—for example, by direct spectroscopic observation—
that the ‘humic substances’ extracted by alkali are components of organic 
matter that exist separately in soil environments.

Among the strongest arguments in favour of discarding the notion of 
‘humic substances’ is the absence of any agreement within the broader 
scientific community on how such materials are defined. ‘Humic sub-
stances’ may be described in the soil sciences in three different ways: 
strictly operationally according to what can be extracted with an alkaline 
solution, with further subcategories of ‘humic’ and ‘fulvic’ acids as well 
as unextractable ‘humins’; as an existing substance that is not merely an 
operational construct; or as a combination of the two (Box 1). Different 
research communities use the same vocabulary with very different con-
notations, to the point of being contradictory: in soil science, ‘humic 
substances’ are thought to have large molecular masses12; in the envi-
ronmental sciences, they are characterized as small fragments13; and a 
classic textbook of aquatic geochemistry describes them as compounds 
of variable mass and composition14. These views have evolved over time, 
so that now it is not obvious what the term ‘humic substances’ is intended 
to convey unless it is explicitly defined. Despite this uncertainty and 
new insight from modern spectroscopic techniques (Box 2), the prod-
ucts of alkaline extraction continue to be treated as physically existing  
entities5,6,15, with research efforts focused on aligning theory with the 
behaviour and properties of a soil component proxy that is defined solely 
by solubility at an alkaline pH.

Reconciling models of soil organic matter
At present, three competing models for the fate of organic inputs to soil 
can be distinguished: (1) classic ‘humification’, (2) ‘selective preservation’ 
and (3) ‘progressive decomposition’ (Fig. 2).

All three models assume that fragments of plants and soil fauna are first 
broken up into small pieces at the onset of decomposition. Evidence that 
such breakdown of dead leaves or roots takes place comes from the obser-
vation that the majority of organic matter inputs to soil decays within the 
first year16. It is further known that plant residues must be degraded by 
enzymes to a relatively small size (typically less than 600 Da) before they 
can be actively transported across the cell walls of microorganisms17,18. 
In terrestrial ecosystems, so-called exo-enzymes perform this function  
outside the microorganism19,20. Thus, at any time within a living soil, a 
continuum exists of many different organic compounds at various stages of 
decay21, moving down a thermodynamic gradient from large and energy- 
rich compounds to smaller energy-poor compounds20.

(1) The ‘humification’ model is the oldest of the three concepts22. In 
its original definition ‘humification’ assumes a further transformation or 
synthesis of the initial decomposition products into large, dark-coloured 
compounds12 (Fig. 3). The resulting macromolecules were thought to be 
rich in carbon and nitrogen structures specific to ‘humification’, resist-
ant to decomposition12 and consequently, older than the rest of the soil 

organic matter. Given the lack of a universally accepted definition of 
‘humic substances’ across disciplines and the lack of evidence for their 
physical existence independent of the alkaline extraction procedure, it is 
no surprise that there is no agreement on the processes and pathways of 
‘humic substance’ formation either (Box 2). These ‘humic substances’ are 
variously considered to be ecologically useful (providing cation exchange 
capacity), chemically reactive (interacting with iron, aluminium and other 

Box 1

Traditional approach to the study 
of soil organic matter
Since first used over 200 years ago, the alkaline extraction 
technique has undergone many iterations but the principle  
has remained identical. In its modern version105, the procedure 
involves the addition of a sodium hydroxide solution with a very 
high pH of 13 to a soil sample. At this pH, most oxygen-containing  
functional groups in organic matter are ionized, making organic 
compounds bearing such groups much more soluble in water67. 
After adding protons to the solubilized organic materials, a dark  
solid precipitates that is commonly called ‘humic acid’. The 
organic matter that remains soluble after reacidification is called 
‘fulvic acid’. The considerable proportion of organic matter that 
does not respond to the treatment, either for a lack of ionizable 
functional groups or because it was shielded from the harsh 
alkaline treatment by mineral protection, is named ‘humin’. 
This multi-step procedure created the need to distinguish 
several categories of what constitutes soil organic matter. These 
categories vary widely between authors. The conceptual problem 
with defining ‘humic substances’ by an extraction procedure is 
threefold:

(1) The extraction is always incomplete, leaving 50%–70% 
of the organic carbon unextracted, which is then defined as 
the insoluble ‘humin’ fraction106. This precludes the use of the 
extractable ‘humic and fulvic acids’ as true representatives 
of total soil organic matter. The alkaline solution will also 
extract portions of soil fractions that are not meant to be 
included in ‘humic substances’, such as living biomass, 
simple and identifiable biomolecules (often included as ‘non-
humic’ substances in ‘humus’), dissolved organic matter or 
undecomposed leaves and roots (isolated as particulates).  
How these separately assessed fractions should be 
distinguished from the unextracted ‘humins’ (that are part  
of ‘humic substances’) is often unclear. The sum of ‘humic’  
and ‘non-humic’ substances is defined as ‘humus’, a term  
that is sometimes considered to be synonymous to soil  
organic matter5,6, sometimes not19, and is sometimes not  
used at all4,5,8,22.

(2) The harsh alkaline treatment at pH 13 ionizes 
compounds that would never dissociate within the wider soil  
pH range (pH 3.5 to pH 8.5), giving the resulting ‘humic’ and 
‘fulvic’ fractions the character of highly selective preparations 
with an exaggerated chemical reactivity rather than that of  
true isolates.

(3) The development of this extraction method preceded 
theory, tempting scientists to develop explanations for the 
synthesis of materials resembling operationally extracted 
‘humic substances’, rather than to develop an understanding 
of the nature of all organic matter in soil. Over time, 
this attempt to mechanistically explain the formation of 
operationally defined ‘humic substances’ also led to their 
definition as synthesis products without the link to the alkaline 
extraction5,6.
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metals), and—particularly relevant for biogeochemical models—also 
inherently ‘stable’ against further decomposition12. The suite of hypothet-
ical transformation processes became collectively known as ‘humification’ 
and is also called the ‘synthesis concept of the genesis of humic substances’ 
or ‘secondary synthesis’12,15,23,24 (Fig. 2).

(2) ‘Selective preservation’, which is also called preferential decom-
position25, is a newer concept informed by decomposition studies of 
leaves26,27 and visible plant fragments in soils28. This concept assumes 
that organic inputs are composed of both labile and relatively recalcitrant 
compounds29, the latter being used by microorganisms only when the 
former are exhausted. However, there is now robust evidence that, under 
suitable conditions, appropriately adapted decomposer organisms have 
the ability to decompose even presumably persistent materials more 
quickly than previously anticipated, including polycondensed aromat-
ics30, alkanes in soil31, fire-derived carbon32, crude oil in sea water33, 
and even polyethylene34. Also, contrary to previous assumptions35, the 
decomposition of presumably recalcitrant lignin is fastest at the early 
stages of decomposition, as long as it is easily accessible and small 
organic molecules are available as a source of energy to help mineralize 
the lignin36.

(3) In the progressive decomposition model (also called ‘biopolymer 
degradation’37; or ‘the degradative concept’15,23), soil organic matter 
consists of a range of organic fragments and microbial products of all 
sizes at various stages of decomposition7,38 (Fig. 2). Several independ-
ent lines of evidence revealed alkali-extracted ‘humic substances’ to 
be a mixture of identifiable compounds such as fragments of plants 
or microorganisms39–41 that are distributed in different locations of  
micro-aggregates42–45, showing no similarity to the ‘humic’ extract42, and 
having small size46,47. Upon cell death, materials that are synthesized in 
the course of microbial anabolism are released into the soil, where they are 
subject to further degradation. Throughout this process, these materials 
remain on an energetic downhill trajectory48, as opposed to the hypo-
thetical ‘humic substances’ (Fig. 2), whose ‘secondary synthesis’ would 
require energy investments for which no thermodynamic rationale has 
been provided so far15.

Using recognized chemical, physical and biological controls on soil 
carbon turnover, the available evidence can reconcile those existing  
theories into a SCM (Fig. 2). In the SCM concept, organic matter exists 
as a continuum of organic fragments that are continuously processed by 
the decomposer community towards smaller molecular size7,20,21. The 
breakdown of large molecules leads to a decrease in the size of primary 
plant material with concurrent increases in polar and ionizable groups, 
and thus to increased solubility in water. At the same time, the oppor-
tunity for protection against further decomposition increases through 
greater reactivity towards mineral surfaces and incorporation into 
aggregates (Fig. 2). Modern analytical tools for the characterization of 
biomolecules in microbial cells and soils now suggest a direct and rapid 
contribution of microbial cell walls to soil organic matter protected by 
interaction with minerals49,50. Adsorption may be followed by desorption, 
exchange reactions with competing organic compounds, and biotic or 
abiotic degradation. An obvious consequence of microbial involvement 
in the decomposition process is the direct deposition of microbial cells, 
cell debris, exopolysaccharides, and root exudates on mineral surfaces.

Only the SCM explains the variations in turnover time of organic 
compounds through variations in the presence or absence of decom-
poser organisms and enzymes and the energy they require, through the 
properties and abundance of mineral surfaces that may protect organic 
matter, and through the availability of numerous other resources (such 
as oxygen and nutrients)51,52. The vast portfolio of options for variations 
in carbon turnover dynamics in the SCM provides a full explanation of 
organic matter properties as observed by contemporary, in situ spectro-
microscopic techniques39–42 without invoking ‘humification’ processes or 
‘humic substances’. Consequently, the SCM does not require microbial 
or abiotic generation of recalcitrance through the formation of specific 
organic compounds and is in agreement with the stated need to focus 
on spatial arrangement of soil organic matter53 and environmental con-
trol such as temperature, moisture or soil mineralogy52. Decomposition 
pathways, sequences and rates therefore evolve as a specific function of a 
given soil system. The SCM offers a way forward in modelling soil carbon 
dynamics and developing soil management that is based on observable 
evidence, as discussed below.

Environmental relevance
The SCM view of the nature of soil organic matter—which excludes 
any secondary synthesis of ‘humic substances’—has implications for a 
range of disciplines that build on the science of organic matter properties 
and changes in soil (Fig. 1). This is all the more important as the ‘humic  
substances’ concept is very widely adopted outside the soil sciences, with 
the majority of publications focusing on ‘humic substances’ published in 
journals that do not explicitly cover soil science.

Soil carbon modelling
Soils contain more organic carbon than the atmosphere and vegetation 
combined1 and predictions of soil organic matter dynamics could there-
fore greatly influence forecasts of global climate change. Major soil carbon 
models such as Century54 or RothC55 are built on the premise that soil 

Box 2

critique of the ‘humification’ model
A consolidated assessment of published evidence (Fig. 3) reveals 
that secondary synthesis of ‘humic substances’ facilitated by 
minerals or enzymes has not been shown to be relevant in 
natural systems. On these grounds we find it inadvisable to 
support the classic ‘humification’ model. Evidence based on 
isotopic labelling107 or on the testing of numerous decomposer 
organisms108 leaves little doubt that the supposedly recalcitrant 
‘humic substances’ can be decomposed at surprisingly 
fast rates. The dark colour of ‘humic’ extracts generated in 
laboratory experiments109,110 can be satisfactorily explained 
by a combination of two processes: the degradation of natural 
pigments and the accumulation of molecules containing random 
conjugated bonds (which appear dark in the mixture). Large 
molecular masses of hundreds to millions of daltons (mostly 
10,000–100,000 daltons) reported in early studies12 have more 
recently been found to consist of self-assembled aggregates of 
small compounds mimicking large molecules13,46,111. Contrary 
to many earlier interpretations, the old radiocarbon age of some 
alkaline extracts112 is not a valid criterion for the persistence of 
decomposed organic matter, but merely an indication of when  
the carbon was fixed by photosynthesis113. The chemical 
structures of so-called polyaromatic carbon compounds (carbon 
in ring structures) often observed in the extracts are routinely 
produced by both plants and microorganisms and include 
melanins, tannins and antibiotics (polyketides)114,115. However, 
these compounds have a clear physiological purpose and are 
therefore not the products of a random decomposition process. 
Ubiquitous thermally altered carbon from vegetation fires found 
in most soils116–118 is also polyaromatic, and a portion of such 
compounds is typically extracted in alkaline solution83,119. 
Heterocyclic nitrogen (nitrogen embedded in a carbon ring 
structure) has been proposed to result from secondary synthesis, 
but evidence is only available to demonstrate its origin from 
fires120 or from artefacts during analyses15,121. The glass transition 
sometimes observed in materials from alkaline extracts122 has 
been attributed to ‘humification’123, because glass transition 
behaviour requires a degree of molecular order. But the glass 
transition can also be found in many microbial products124 and 
fire-altered organic matter125 (in which the processes are well  
established).

© 2015 Macmillan Publishers Limited. All rights reserved

BLWK - CAWC14



PersPective reseArcH

3  D E c E m b E R  2 0 1 5  |  V O L  5 2 8  |  N A T U R E  |  6 3

organic matter can be divided into pools that have different turnover 
times. None of these models explicitly represents the characteristic pro-
cesses of carbon transformation detailed in the SCM, such as adsorption 
and protection, desorption, and microbial activity. Although carbon 
movement between pools and their decomposition rates are modified 
by temperature, texture and moisture, the default turnover rates asso-
ciated with individual carbon pools are justified by the combined influ-
ence of physical protection and an inferred resistance to decomposition  

that is dependent on substrate quality (‘quality’ is here used in the sense 
of molecular composition of the organic matter). Particularly for the  
‘slow’ and ‘passive’ pools, this inherent resistance to decomposition  
(recalcitrance) has been understood to be the result of ‘humification’, with 
the RothC model explicitly including ‘humus’ fractions55. Lack of mech-
anistic representation of the decomposition process produces disagree-
ment among models56 and between model predictions and observational 
data57,58.

Figure 2 | Reconciliation of current conceptual models for the fate of 
organic debris into a consolidated view of a SCM of organic matter 
cycles and ecosystem controls in soil. Classic ‘humification’ relies on 
the synthesis of large molecules from decomposition products. Selective 
preservation assumes that some organic materials are preferentially 
mineralized, leaving intrinsically ‘stable’ decomposition products behind. 
Progressive decomposition reflects the concept of microbial processing 
of large plant biopolymers to smaller molecules. In the proposed SCM, 
a continuum of organic fragments is continuously processed by the 
decomposer community from large plant and animal residues towards 

smaller molecular size. At the same time, greater oxidation of the organic 
materials increases solubility in water as well as the opportunity for 
protection against further decomposition through greater reactivity 
towards mineral surfaces and incorporation into aggregates. Dashed 
arrow lines denote mainly abiotic transfer, solid lines denote mainly biotic 
transfer; thicker lines indicate more rapid rates; larger boxes and ends  
of wedges illustrate greater pool sizes; all differences are illustrative.  
All arrows represent processes that are a function of temperature, moisture 
and the biota present.
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The shortcomings become apparent when these models are applied 
to predict the global warming feedback of soil organic carbon miner-
alization. Rising temperatures increase microbial activity and a warm-
ing atmosphere may therefore lead to greater mineralization of soil 

organic carbon59. The resultant carbon dioxide emissions would then 
accelerate the greenhouse effect and thereby increase global temper-
ature. Soil organic matter pools with slower turnover are thought to 
respond more sensitively to climate warming than those with fast turn-
over59–61. The underlying, so-called carbon–quality–temperature theory  
(CQT theory62) combines classical ‘humification’ theory, that is, the 
assumption that decomposition creates complex, recalcitrant compounds, 
with the Arrhenius theory that chemical reactions are faster at higher tem-
peratures63. According to CQT theory, the decomposition of a complex 
substrate requires more enzymatic reactions and a higher total activation 
energy than a reaction metabolizing a simple carbon substrate, and as a 
result, would be more sensitive to rising temperatures than the decom-
position of a simple carbon substrate. The CQT theory loses much of 
its explanatory potential for the carbon pools with slow turnover if the 
decomposition of organic matter is not creating complex and recalcitrant 
compounds.

Different organic compounds entering the soil have highly varying 
composition64 and in isolation (for example, fresh litter) have differ-
ent turnover and hence temperature responses as a function of their  
composition60. However, this variation is so heavily influenced by  
environmental and biotic factors after they enter the soil ecosystem that 
the concept of relying on quality-dependent temperature responses is, in 
our opinion, obsolete. We propose that future research should concentrate 
to a much greater extent on the causes of any observed substrate prefer-
ences, such as the absence of a decomposer with a matching catabolic 
toolbox or the lack of a critical resource for the decomposer.

To equip models with more appropriate temperature responses, new 
approaches need to recognize first the continuum of organic compounds 
(rather than discreet pools with different turnover times), and second 
the protection of organic compounds (rather than substrate quality). It 
is not obvious that merely distinguishing between the mineralization 
of plant litter on the one hand and degradation products interacting 
with the mineral matrix65 on the other will generate better predictive 
capabilities, simply because they form a continuum. In addition, the 
full suite of controls on mineralization must be considered, notably  
temperature–moisture interactions66. Mechanistic understanding in 
this field will be greatly improved if ‘humification’-derived assumptions 
about the molecular structure of the slower-cycling soil carbon pools are 
replaced by considerations of the processes that render organic decom-
position fragments mobile in soil solution. The relevance of binding 
mechanisms of organic substances to different mineral surfaces is still 
uncertain67 and the stability of minerals themselves may change as a result 
of exposure to organic compounds, such as those released by roots68.

The laudable efforts to include microbial activity69 and diversity70 into 
soil carbon models to improve climate predictions continue to focus on the 
quality of organic matter. The development of models built on microbial  
ecology should omit any emphasis on substrate quality and especially 
the proposed large ‘humified’ organic compounds. Observations in soils 
depleted of plant litter input showed microbial communities adapted to 
metabolizing simple, small compounds rather than the large and poly-
meric organic compounds expected for old and persistent soil organic  
carbon71. To predict the responses of soil organic carbon to climate warm-
ing, models must move beyond conceptual pools having different turn-
over times and instead combine soil physical principles into soil biological 
processes. As recently demonstrated72, aspects of this combination are 
already possible when models include the extent to which the mobility 
of organic fragments in soil water affects accessibility of decomposition 
products by functionally different groups of microorganisms.

It will next be critical to develop models that provide deeper insight 
into microbial access to soil organic carbon by including the spatial 
architecture of the soil53. Such model development benefits from spatial 
data, which are becoming available using imaging analyses in two42,49 or 
three dimensions73. In a fully developed model, this will require extensive 
computing capabilities and may only be possible if this research is priorit-
ized or at a time when further computational advances make complex 
spatial calculations easily accessible and inexpensive. Combining these 

Figure 3 | Weighing up the empirical information supporting either the 
historic or evidence-based interpretation of the nature of soil organic 
matter. A consolidated assessment of scientific evidence published over 
the past two decades provides explanations for the properties of alkaline 
extracts that do not require invoking the secondary synthesis of ‘humic 
substances’.
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approaches within the SCM would provide opportunities to test whether 
the distance of microorganisms from the organic matter plays as impor-
tant a part as does the attachment of organic matter to protective mineral 
surfaces, which constitutes the next frontier in better understanding and 
prediction of soil organic carbon dynamics.

Aquatic systems
Because soil organic matter is a major source of organic carbon in rivers, 
lakes and estuaries3, its persistence and retention is of great interest for 
closing global carbon budgets1. Large proportions of organic carbon in 
rivers are mineralized and emitted as carbon dioxide74 or retained in  
fluvial75 and oceanic sediments76. To date, ‘humic substances’ as extracted 
by alkali constitute the organic workhorse that is investigated by the com-
munity of aquatic chemists. Continuing this practice of investigating 
organic matter in aquatic systems with the help of an inadequate proxy 
will not only prevent us from obtaining a better understanding of how far 
organic matter is transported and when it outgasses into the atmosphere, 
it will also generate misleading conclusions about is stability and reactiv-
ity3. As outlined above for the soil environment, we argue that the persis-
tence and movement of terrestrially derived organic carbon compounds 
entering aquatic ecosystems will rely on their protection by minerals, 
solubility in water and microbial degradation rather than primarily their 
chemical properties.

Aquatic carbon is not only important as part of the global carbon cycle, 
but also for local biogeochemical processes in streams and lakes. The 
observation of electron shuttling by ‘humic substances’ may serve as an 
example77–79. Electron shuttling is often attributed to quinones80 and is a 
key driver for the microbial use of organic carbon, including organic pol-
lutants and oxidation of reduced metals in oxygen-limited environments 
such as aquatic sediments and peatlands81. Extracts of ‘humic substances’ 
typically used for investigations of electron shuttling phenomena may 
have developed this capacity not as a result of ‘humification’, but because 
alkaline solutions extract quinones that are present in soil as a result of 
known microbial metabolism82 or in carbon thermally altered by fire83, 
which has been shown to be electrochemically active84,85. Abandoning the 
‘humic’ proxy will broaden future research to include electron transfer 
mediated by organic matter that is not soluble in alkali. This will improve 
identification of mechanisms controlling methane production in tem-
porarily anoxic environments79 and those elements of biotic85 and abi-
otic86 iron cycles that remain elusive.

Water treatment is a vital technology, but its mechanistic basis is ren-
dered questionable by the pervasive use of the ‘humic substances’ proxy. 
Anaerobic bioremediation refers to ‘humic substances’ as an electron 
acceptor78 that removes pollutants. During purification of drinking 
water, on the other hand, ‘humic acids’ are considered contaminants, 
because reactions with disinfectants generate by-products that are toxic to 
humans87. Research specifically targets ‘humic’ isolates that are perceived 
to be relevant proxies for organic compounds in waste water88. Instead, 
water treatment would benefit from using organic materials that are based 
on mixtures of actually existing degradation products rather than the 
proxies based on alkaline extraction, as in the removal of organic mat-
ter by coagulation87. Water treatment needs to become more predictable 
because future contamination will inevitably include new pharmaceuti-
cals or nanoparticles of which we have limited experience.

Agriculture
Productive soils are central to human welfare because agriculture gener-
ates most of our food, feed and fibre. Organic matter contributes to soil 
fertility by retaining plant-available water and nutrients or promoting 
the formation of soil structure, but it is also consumed in the process of 
arable soil management as it releases needed nutrients and energy when 
it decomposes89. However, proposals to return the carbon lost through 
agricultural activities in previous decades often emphasize the need to 
build or augment a ‘stable humus’ pool, drawing on the outdated con-
cept of ‘humification’. Such a pool has been suggested to increase soil 
organic matter resistance to decomposition through in situ synthesis of 

macromolecules90 or hydrophobic protection by ‘humic substances’91. 
However, this goal seems counterproductive given that soil organic mat-
ter is most beneficial when it decays and releases energy and nutrients89. 
Acknowledging the dynamic continuum of decomposition products 
suggests that the management of soil organic matter turnover is more 
important than the accrual of non-productive organic matter deposits. 
This requires a mechanistic understanding of interactions with minerals, 
movement into areas of lower mineralization and mediation of microbial 
activity7. The need to manage the turnover and volume of organic com-
pounds and nutrient provisioning to optimize soil productivity (Fig. 1) 
warrants further research into balancing both stocks and flows of organic 
matter.

Soil organic matter can reduce contaminant uptake into crops and 
leaching into groundwater through adsorption at the cost of long-term 
accumulation. Studying the hypothetical interactions of heavy metals or 
other pollutants with extracts of ‘humic substances’ will provide limited 
insight into contaminant behaviour. Future research into interactions of 
organic matter with arsenic92, other heavy metals93 or pharmaceuticals94 
will generate more robust information by investigating the entire soil 
organic matter or the portion present in soil solution rather than what 
is extractable by alkali. This will allow better predictions of contaminant 
movement and mitigation of their environmental impact by adsorption 
and microbial use.

Alkaline extraction targets materials with abundant functional groups. 
Consequently, plant growth is often enhanced when such materials are 
added to soils particularly to stimulate rooting95. Alkali-extracted prod-
ucts are therefore becoming increasingly popular as soil amendments96. 
Better crop nutrition is an important part of this strategy and plant uptake 
of micronutrients is indeed known to be improved when organic com-
pounds make them more soluble97. Positive plant responses to ‘humic 
substances’ resembling those of beneficial plant hormones95, through 
improved defence mechanisms against pests or diseases98 and changes 
in gene expression99 may mean that the alkaline extracts contain com-
pounds that trigger these effects. If we acknowledge soil organic matter as 
a continuum of decomposition products, we will be better able to design 
soil applications for specific purposes such as improved plant defence, and 
unpack what is essentially a ‘black box’ of compounds extracted by alkali. 
Research and product development should therefore focus on organic 
compounds that are soluble in water for managing soil health and focus 
on relationships between specific functional groups or compounds and 
positive plant responses for which information already exists.

The way forward
The need for the soil sciences to move away from both the ‘humifica-
tion’ model and associated ‘humic’ language has been much debated. 
Unfortunately, this objective has not been implemented with rigour and 
has largely been ignored in the neighbouring fields of aquatic and envi-
ronmental sciences. In many cases, the ‘humification’ model itself has 
been abandoned, but the ‘humic’ nomenclature is maintained. For exam-
ple, the large molecular size of ‘humic substances’ has been refuted13,100 
but not their existence. The issue has also been approached by redefining 
‘humic substances’ as the portion of soil organic matter that cannot be 
molecularly characterized20,101,102, or by calling all soil organic matter 
‘humus’11. We argue that this compromise—maintaining terminology 
but altering its meanings in varying ways—hampers scientific progress 
beyond the soil sciences. The SCM of soil organic matter does not allow 
a confusing middle path; it requires leaving the traditional view behind to 
bring about lasting innovation and progress103. This is critical as scientific 
fields outside the soil sciences base their research on the false premise of 
the existence of ‘humic substances’. Thus an issue of terminology becomes 
a problem of false inference, with far-reaching implications beyond  
our ability to communicate scientifically accurate soil processes and 
properties.

Reconciliation of modern experimental evidence with a robust 
molecular model can immediately be achieved by consistently referring 
to ‘humic substances’ as alkaline extracts rather than suggesting that 
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a distinct category of organic materials exists. This is essential when 
modelling global soil carbon, for which we need to cease using soil 
carbon pools whose definitions are rooted in ‘humic’ theory. In future 
research, alkaline extracts should not be used as proxies for naturally 
occurring organic matter or a subset thereof. Alkaline extraction should 
be supplanted by approaches that capture actual solubility in soil, river 
or ocean water.

The SCM will direct fundamental research questions towards  
microbial access to ‘protected’ rather than ‘stable’ carbon, and this will 
lead to more mechanistic representations of pollutant mobility and elec-
tron transfer reactions. In applied science and industry, this shift will 
prove more difficult to establish, because commercial ‘humification’ 
products and their marketing are strongly established, particularly in 
the gardening and compost industry. However, alkaline extraction does 
indeed isolate organic materials rich in oxygen, which may have value for 
product development. Therefore, we urgently need a biologically based 
explanation of the established growth-promoting effects of some highly 
oxidized organic compounds in soil in order to develop commercial prod-
ucts that operate in a predictable manner based on observable reactions 
of enzymes, hormones or cell wall transport. This will redirect existing 
research and development programmes at the intersection of molecular 
biology, ecology and soil biogeochemistry to allow the implementation 
of scientifically sound ‘soil health’ concepts.

Government-funded research programmes must therefore preferen-
tially support science that bridges the gap between detailed and fine-
scale mechanistic research at the plant–soil interface and field-scale 
research relevant to those who manage soils for their multiple ecosystem 
services. There are great opportunities for progress in explaining soil 
carbon responses to warming, and in the improvement of soil fertility 
and water quality. Coordinated interdisciplinary research programmes 
should be urgently set up to encourage greater coordination between soil 
biogeochemists and modellers. Such programmes should use the SCM to 
examine the balance between managing carbon and nutrient flows with 
sequestration, and between carbon transport, deposition and evasion in 
rivers and oceans. Models based on pools should be replaced with models 
based on organic matter solubility and spatial architecture to improve 
climate prediction, regional and global assessments of soil resources and 
soil vulnerability. The reward will be more robust forecasts and resource 
evaluation, issues critical for developing future climate change and land 
use policies.
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