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Introduction

$�JUHDW�GHDO�RI�GLVFXVVLRQ�LQ�VFLHQWLÀF�DQG�JRYHUQ-
mental circles has been focused recently on how to 
deal with greenhouse gas emissions and the resulting 
ZHDWKHU�H[WUHPHV�WKH\�KDYH�FUHDWHG��0RVW�DQDO\VWV�
EHOLHYH�ZH�PXVW�VWRS�EXUQLQJ�IRVVLO�IXHOV�WR�SUHYHQW�
IXUWKHU�LQFUHDVHV�LQ�DWPRVSKHULF�FDUERQ��DQG�ÀQG�ZD\V�
WR�UHPRYH�FDUERQ�DOUHDG\�LQ�WKH�DLU�LI�ZH�ZDQW�WR�OHVVHQ�
further weather crises and the associated human trag-
HGLHV��HFRQRPLF�GLVUXSWLRQ�DQG�VRFLDO�FRQÁLFW�WKDW�WKH\�
bring. 

%XW�ZKHUH�FDQ�ZH�SXW�WKDW�FDUERQ�RQFH�LW�LV�UHPRYHG�
from the air? There is only one practical approach -- to 
put it back where it belongs, in the soil. Fortunately, 
WKLV�LV�QRW�DQ�H[SHQVLYH�SURFHVV��%XW�LW�GRHV�WDNH�ODUJH�
numbers of people agreeing to take part. Since few 
people will change what they are doing without a good 
UHDVRQ��ZH�KDYH�ZULWWHQ�WKLV�VKRUW�SDSHU��:H�KRSH�LW�
explains the problem of carbon dioxide buildup and 
climate change, how carbon can be taken out of the 
DWPRVSKHUH�DQG�UHVWRUHG�WR�WKH�VRLO��DQG�WKH�DGYDQWDJHV�
that can come to farmers and consumers from growing 
in carbon-rich soils.

Climate Change

:HDWKHU�DQRPDOLHV�DUH�QRWRULRXVO\�GLIÀFXOW�WR�GRFX-
PHQW��7R�GR�VR�UHTXLUHV�JRRG�GDWD�RYHU�D�ORQJ�WLPH��DQG�

clear standards for what constitutes an anomaly. Re-
FHQWO\��KRZHYHU��DV�PRUH�DQG�PRUH�SHRSOH�DUH�LQWHUHVW-
HG�LQ�WKH�WRSLF��GHYHORSPHQW�RI�WKH�GDWD�DQG�VWDQGDUGV�
has progressed.  The key factors in extreme weather are 
H[FHVVLYH�KHDW��SUHFLSLWDWLRQ��DQG�DLU�PRLVWXUH��5HFHQW�
VWXGLHV�KDYH�IRXQG�WKDW�PRQWKO\�PHDQ�WHPSHUDWXUH�
UHFRUGV��H[WUHPH�SUHFLSLWDWLRQ�HYHQWV��DQG�DYHUDJH�DLU�
PRLVWXUH�FRQWHQW�KDYH�DOO�ULVHQ�RYHU�WKH�ODVW����WR�����
years. (Coumou)

0RVW�VFLHQWLVWV�EHOLHYH�WKDW�WKH�FDXVH�RI�VXFK�XQSUH-
dictable extremes is the “anthropogenic” (originat-
LQJ�LQ�KXPDQ�DFWLYLWLHV��EXLOGXS�RI�JUHHQKRXVH�JDVHV�
(GHG) in the atmosphere. Rigorous modeling studies 
DQG�DQDO\VHV�RI�H[WUHPH�ZHDWKHU�HYHQWV�KDYH�IRXQG�
human-caused climate change to be a contributing fac-
tor in many such extremes. (Peterson) According to the 
$PHULFDQ�$VVRFLDWLRQ�IRU�WKH�$GYDQFHPHQW�RI�6FLHQFH��
´%DVHG�RQ�ZHOO�HVWDEOLVKHG�HYLGHQFH��DERXW�����RI�
FOLPDWH�VFLHQWLVWV�KDYH�FRQFOXGHG�WKDW�KXPDQ�FDXVHG�
climate change is happening.” (AAAS) 

How Greenhouse Gases  
Cause Climate Change

Greenhouse gases, primarily carbon dioxide but also 
PHWKDQH��R]RQH�DQG�QLWURXV�R[LGH��KDYH�IRU�PLOOLRQV�RI�
years been emitted from soil and water into the atmo-
sphere by natural processes like animal respiration, 
VZDPS�RXW�JDVVLQJ�DQG�UHOHDVHV�IURP�QLWURJHQ�À[LQJ�
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bacteria. (EPA) Those gases are also broken down by 
natural processes and returned to their sources in a con-
tinual cycle. As long as the amount of greenhouse gases 
emitted and the amount returned to sources remain bal-
anced, they will not cause climate change. 

:H�QHHG�D�FHUWDLQ�OHYHO�RI�JUHHQKRXVH�JDVHV�LQ�WKH�DW-
mosphere. They trap solar radiation so that the earth re-
ÁHFWV�OHVV�RI�LW�EDFN�LQWR�VSDFH��7KLV�UDLVHV�WKH�DPRXQW�
RI�KHDW�GULYLQJ�WKH�SODQHWDU\�IRUFHV�WKDW�FDXVH�ZHDWKHU��
,I�ZH�GLG�QRW�KDYH�VRPH�VXFK�JDVHV��HDUWK�ZRXOG�EH�
frozen year-round and far too cold for human life. The 
OHYHO�RI�D�JDV�LQ�WKH�DWPRVSKHUH�LV�PHDVXUHG�LQ�XQLWV�
called “parts per million” (ppm). Nitrogen, Oxygen and 
$UJRQ��WKH�SULPDU\�JDVHV�LQ�RXU�DWPRVSKHUH��FROOHFWLYH-
O\�DFFRXQW�IRU���������SSP��7KURXJKRXW�KXPDQ�KLVWRU\�
WKH�DWPRVSKHULF�OHYHO�RI�FDUERQ�GLR[LGH�KDV�VWD\HG�DW�
URXJKO\�����SSP��RU�OHVV�WKDQ��������

Human Disturbance of the Carbon Cycle

Since the dawn of agriculture some 12,000 years ago, 
KRZHYHU��KXPDQ�FDXVHG�GHIRUHVWDWLRQ��ODQG�FOHDULQJV�
DQG�FURS�WLOODJH�KDYH�UHOHDVHG�H[FHVV�FDUERQ�GLR[LGH��
Using deep ice core analysis and tchniques, scientists 
KDYH�GHWHFWHG�HDUO\�VSLNHV�LQ�DWPRVSKHULF�FDUERQ�GLR[-
ide and methane that actually correspond to agricultural 
expansion thousands of years ago in Mesopotamia and 
China. (Amundson)

0RUH�UHFHQWO\��VLQFH�DERXW�������ZLWK�WKH�UDSLG�LQ-
crease in the burning of fossil fuels and the more recent 
industrialization of agriculture, the scale and number of 
KXPDQ�FDXVHG�VRXUFHV�RI�*+*�KDYH�LQFUHDVHG�GUDPDWL-
FDOO\��:LWK�PRUH�FRPLQJ�RXW�RI�WKH�JURXQG�QRZ��DQG�
OHVV�UHWXUQLQJ�WR�LW��WKH�OHYHO�RI�FDUERQ�GLR[LGH�LQ�WKH�DLU�
is growing and now stands at 400 ppm. 

The Scope of the Problem
(for those who like numbers!)

1RWH��FDOFXODWLRQV�LQ�WKLV�ÀHOG�DOO�LQYROYH�XVH�RI�WKH�
metric system, in which a ton is a metric ton that 
weighs 1000 kilograms or 2204.6 lbs. A Gigaton (Gt) is 
a billion metric tons. A hectare is 10,000 square meters 
or 2.47 acres. 

6FLHQWLVWV�KDYH�HVWLPDWHG�WKDW�ZH�QHHG�WR�JHW�WKH�DWPR-
VSKHULF�FDUERQ�GLR[LGH�OHYHO�EDFN�WR�DERXW�����SSP�
WR�DYRLG�FDWDVWURSKLF�FOLPDWH�FKDQJH���1$6$���0DQ\�
researchers argue that a safer goal is closer to the pre-
LQGXVWULDO�OHYHO�HVWLPDWHG�DW�����������SSP��EXW�PRVW�
public debate has settled on the 350 number.) One ppm 
of carbon dioxide in the atmosphere is equal to about 
����*W�RI�LW��$�PROHFXOH�RI�FDUERQ�GLR[LGH�LV�PRVWO\�
oxygen and the carbon in that molecule is only a little 

RYHU�D�TXDUWHU�RI�LW��������WR�EH�SUHFLVH���7KXV�RQH�
ppm of atmospheric carbon dioxide contains 2.125 Gt 
of carbon (for purposes of illustration this is about the 
size of a cubic kilometer of solid graphite). 

6R�ZH�QHHG�WR�EH�OLYLQJ�ZLWK�FDUERQ�GLR[LGH�DW�RU�
EHORZ�����SSP�EXW�LW�LV�DOUHDG\�����DQG�JURZLQJ��:KDW�
can we do?

Suppose We Lower Emissions?

There is no question that humanity as a whole needs to 
VWRS�UHOHDVLQJ�H[FHVVLYH�DPRXQWV�RI�JUHHQKRXVH�JDVHV��
It is estimated that about two thirds of those emissions 
DUH�EHFDXVH�RI�RXU�EXUQLQJ�RI�IRVVLO�IXHOV���2QWO��:H�
QHHG�WR�HQG�RXU�UHOLDQFH�RQ�IRVVLO�IXHOV�DQG�GHYHORS�DO-
WHUQDWLYH�VRXUFHV�RI�HQHUJ\��7KLV�LV�ZHOO�NQRZQ�E\�JRY-
HUQPHQWV��,QWHUQDWLRQDO�JURXSV�KDYH�EHHQ�HVWDEOLVKHG�
to further this goal. It is likely to be one of the hardest 
FKDQJHV�WR�PDNH�LQ�KXPDQ�KLVWRU\��EXW�ZH�QHHG�WR�ÀQG�
the policies and mechanisms to make this happen if we 
ZDQW�WR�VXUYLYH��%XW�WKDW�LV�QRW�RXU�RQO\�SUREOHP�

Suppose we could stop all emissions tomorrow? The 
*+*�WKDW�ZH�KDYH�DOUHDG\�UHOHDVHG�LQWR�WKH�DWPRVSKHUH�
will continue to heat the globe for decades and perhaps 
centuries. That heating will melt ice and frozen soils, 
UDLVLQJ�VHD�OHYHOV�DQG�UHOHDVLQJ�ODUJH�TXDQWLWLHV�RI�
greenhouse gases still frozen.

This is a potential problem in the arctic, for instance. 
There an abundance of frozen methane, a potent GHG, 
can be released into the atmosphere by melting. An 
enormous amount of carbon is also frozen in per-
PDIURVW��$�ZDUPLQJ�HQYLURQPHQW�FDQ�H[SRVH�WKLV�WR�
digestion by microbes, in which case it will be exhaled 
as carbon dioxide. If that digestion happens where there 
is no oxygen, like a swamp or wetland, that carbon will 
be released by other microbes as methane. (NSIDC) 

So lowering emissions is not enough. Once we do that, 
we must also stop the rise in global temperature. If we 
are at roughly 400 ppm carbon dioxide now and want 
to get back to 350 ppm quickly, we need to take carbon 
RXW�RI�WKH�DWPRVSKHUH�DQG�EXU\�LW�VRPHZKHUH��:H�QHHG�
WR�ÀQG�D�ORQJ�WHUP�KRPH�IRU����SSP�RI�FDUERQ�GLR[LGH��
which is 106.25 Gt of carbon. Can that be done?

Where Can We Put All That Carbon?

:H�FDQQRW�VDIHO\�VWRUH�DWPRVSKHULF�FDUERQ�LQ�WKH�����
RI�WKH�SODQHW�WKDW�LV�FRYHUHG�ZLWK�ZDWHU��&DUERQ�GLR[LGH�
GLVVROYHV�LQ�ZDWHU�DQG�IRUPV�FDUERQLF�DFLG��)RU�GH-
FDGHV�QRZ�ZH�KDYH�EHHQ�VHHLQJ�WKH�HIIHFWV�RI�D�JUDGX-
ally increasing amount of carbonic acid in our oceans. 
2FHDQLF�S+�KDV�EHHQ�IDOOLQJ�DQG�DFLGLÀFDWLRQ�KDV�EHHQ�
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NLOOLQJ�PDQ\�IRUPV�RI�VHD�OLIH��LQFOXGLQJ�VKHOOÀVK��FRU-
als, and plankton. (NOAA) 

6WRULQJ�FDUERQ�LQ�WKH�VRLO��KRZHYHU��LV�D�GLIIHUHQW�VWRU\��
That is where the carbon came from, and where it is 
needed. Scientists estimate that since the industrial 
UHYROXWLRQ�ODQG�FOHDULQJ�DQG�FXOWLYDWLRQ�IRU�DJULFXOWXUH�
KDYH�UHOHDVHG�����*W�RI�FDUERQ�IURP�WKH�ZRUOG·V�VRLO��
�/DO�������6R�E\�RXU�FOHDULQJ�ODQG�DQG�WLOOLQJ�ÀHOGV��
soil has lost more carbon than we need to put back. 
How much carbon does the soil still contain? Vastly 
more. Again, scientists estimate that in the top 30 
centimeters (about a foot) global soils contain around 
����*W�RI�FDUERQ��,I�\RX�FRXQW�WKH�ZKROH�WRS�PHWHU�
RI�VRLO��RYHU���IHHW��WKDW�QXPEHU�PRUH�WKDQ�GRXEOHV�WR�
about 1500 Gt. (Powlson) Clearly the soil, which once 
contained all this carbon, can do so again.

But before we try to answer the question about putting 
�������*W�RI�FDUERQ�LQ�WKH�VRLO��OHW·V�XQGHUVWDQG�WKH�VRLO�
a little better

Soil’s Carbon Hunger

6RLO�LV�OLWHUDOO\�DOLYH��,W�LV�IXOO�RI�EDFWHULD��IXQJL��DOJDH��
protozoa, nematodes and many, many other creatures. 
In a teaspoon of healthy soil, in fact, there are more 
microbes than there are people on earth. (Hoorman) Of 

course, as carbon-based life forms, this teeming com-
munity requires constant supplies of organic matter to 
VXUYLYH��7KDW�RUJDQLF�PDWWHU��DERXW�����RI�ZKLFK�LV�
FDUERQ��FRPHV�LQ�WKH�IRUP�RI�OLYLQJ�RUJDQLVPV��WKHLU�
exudates, which are often simple sugars, and their 
residues, often carbohydrates like cellulose. These 
compounds are rich in energy, readily accessible to or-
ganisms, and rapidly assimilated by soil microbes. The 
half-life of simple sugars in surface soils, for instance, 
before they are consumed, can be less than 1 hour. 
(Dungait)

This tremendous appetite of soil organisms for carbon 
PHDQV�WKDW�LQ�KHDOWK\�VRLO�WKH\�TXLFNO\�FRQVXPH�DYDLO-
able organic matter. It is taken up into their bodies, 
RU�LV�EXUQHG�DV�HQHUJ\�DQG�FDUERQ�GLR[LGH�LV�JLYHQ�
off. Microbes in an acre of Iowa corn in fact exhale 
more carbon dioxide than do 25 healthy men at work. 
(Albrecht) Once those microbes die the carbon in their 
ERGLHV�EHFRPHV�DYDLODEOH�IRU�RWKHU�RUJDQLVPV�WR�GH-
compose and exhale. 

7KH�DFWLYLW\�RI�VRLO�RUJDQLVPV�IROORZV�VHDVRQDO�DV�ZHOO�
DV�GDLO\�F\FOHV��1RW�DOO�RUJDQLVPV�DUH�DFWLYH�DW�WKH�VDPH�
WLPH��$W�DQ\�PRPHQW�LQ�WLPH�PRVW�DUH�EDUHO\�DFWLYH�RU�
DUH�HYHQ�GRUPDQW��$YDLODELOLW\�RI� IRRG� LV�DQ� LPSRUWDQW�
IDFWRU�WKDW�LQÁXHQFHV�WKH�SRSXODWLRQ�DQG�OHYHO�RI�DFWLYLW\�
of soil organisms. (FAO)
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Photosynthesis

But if carbon is so rapidly consumed in soil, then why 
GRHV�LW�QRW�TXLFNO\�YDQLVK"

The answer is that plants are constantly renewing the 
VXSSO\��6LQFH�WKHLU�HYROXWLRQ�����ELOOLRQ�\HDUV�DJR��
SODQWV�KDYH�WKULYHG�XVLQJ�WKHLU�UHPDUNDEOH�SRZHU�WR�
WDNH�FDUERQ�RXW�RI�WKH�DLU�DQG�SXW�LW�LQWR�OLYLQJ�PDWWHU��
The process, of course, is called photosynthesis, which 
is taught to most school children. 

,W�ZRUNV�OLNH�WKLV��WKH�FKORURSK\OO�PROHFXOH�LQ�SODQWV·�
OHDYHV�DOORZV�WKHP�WR�DEVRUE�WKH�HQHUJ\�IURP�OLJKW�DQG�
use that to break apart water molecules (H20) into hy-
drogen and oxygen atoms. The plant then releases those 
oxygen atoms as molecular oxygen (two oxygen atoms 
bound together – O2) back into the atmosphere and 
temporarily stores the hydrogen atoms. In the second 
stage of photosynthesis the hydrogen atoms are bound 
to carbon dioxide molecules (CO2) to create simple 
carbohydrates such as the sugar glucose (C6H12O6).

This process, like all chemical reactions, is subject 
WR�WKH�DYDLODELOLW\�RI�WKH�FRPSRQHQWV��6LQFH�FDUERQ�
dioxide is present in the atmosphere at such a low con-
FHQWUDWLRQ��QRZ��������LW�RIWHQ�LV�WKH�OLPLWLQJ�IDFWRU�LQ�
this process. (RSC) At higher concentrations of the gas, 
PRUH�HQHUJ\�ZLOO�EH�GUDZQ�IURP�DYDLODEOH�OLJKW�DQG�
more water taken in by the plant to increase carbohy-

drate production. (Ontl) In other situations, like at night 
or in a drought, light or water can be the limiting factor. 

7KH�VKHHU�VFDOH�RI�WKLV�SURFHVV�LV�LPSUHVVLYH��$Q�DFUH�
RI�ZKHDW�LQ�D�\HDU�FDQ�WDNH�LQ�������SRXQGV�RI�FDUERQ�
in the form of  carbon dioxide, combine it with water, 
and make it into sugar. The resultant sugar will weigh 
�������SRXQGV��7KLV�SURFHVV�LV�VR�DFWLYH�WKDW�DQ�HV-
WLPDWHG�����RI�DOO�WKH�FDUERQ�GLR[LGH�LQ�WKH�ZRUOG·V�
DWPRVSKHUH�PRYHV�WKURXJK�SKRWRV\QWKHWLF�RUJDQLVPV�
each year. (SAPS)

Root Exudates

3KRWRV\QWKHVLV��RI�FRXUVH��JLYHV�SODQWV�DQG�RWKHU�SKR-
tosynthetic organisms (like blue-green algae) a special 
UROH�LQ�OLIH��$OO�OLYLQJ�WKLQJV�DUH�FDUERQ�EDVHG��DQG�QHHG�
WR�FRQVXPH�FDUERQ�WR�VXUYLYH��,I�\RX�FDQ�GUDZ�FDUERQ�
RXW�RI�WKLQ�DLU��DV�SODQWV�GR��\RX�KDYH�D�FRPPDQGLQJ�
DGYDQWDJH��%XW�HYHQ�LI�\RX�FDQ·W�PDNH�FDUERQ�FRP-
SRXQGV��\RX�PXVW�KDYH�WKHP��

How else can soil microbes get carbon? They can 
“earn” it!

One of the more remarkable things that soil scientists 
are learning about plants and soil organisms is that 
WKH\�VHHP�WR�KDYH�FR�HYROYHG�LQ�D�PXWXDOO\�EHQHÀFLDO�
relationship. 



6                                                                          Soil Carbon Restoration: Can Biology do the Job?

:KHQ�SODQWV�SKRWRV\QWKHVL]H�DQG�PDNH�FDUERK\GUDWHV�
in their chloroplasts, they use some of those com-
pounds for their cells and structure, and some they burn 
IRU�WKHLU�OLIH�HQHUJ\��%XW�WKH\�´OHDNµ�RU�H[XGH�D�VLJQLÀ-
cant amount of these compounds as “liquid carbon” 
LQWR�WKH�VRLO���-RQHV�626��(VWLPDWHV�YDU\�EXW�EHWZHHQ�
���DQG����SHUFHQW�RI�WKH�FDUERQ�D�SODQW�KDV�À[HG�E\�
photosynthesis is transferred to the rhizosphere (soil 
]RQH�LPPHGLDWHO\�VXUURXQGLQJ�WKH�URRWV����:DONHU�

:K\�LQ�WKH�ZRUOG�ZRXOG�D�SODQW�OHDN�VXJDU\�VDS�LQWR�
the dirt? 

As bait. 

Hungry bacteria, fungi, and other soil organisms will 
TXLFNO\�VKRZ�XS�WR�GHYRXU�WKH�WDVW\�FDUERQ�FRQWDLQLQJ�
root exudates. But they soon want more – and the best 
way to get them is to assist the plant in making more. 
,I�D�SODQW�LV�KHDOWK\�DQG�VWURQJ��LW�FDQ�GHYRWH�PRUH�
resources to photosynthesis and exude more carbon. So 
PLFUREHV�DLG�WKH�SODQW�LQ�PDQ\�GLYHUVH�ZD\V�LQ�RUGHU�WR�
KHOS�LW�WKULYH�DQG�SURGXFH�PRUH�OLTXLG�FDUERQ��

$V�ZH�KDYH�OHDUQHG�PRUH�DERXW�VRLO�ELRFKHPLVWU\�ZH�
KDYH�GLVFRYHUHG�WKDW��WKURXJK�URRW�H[XGDWHV��SODQWV�

KDYH�WKH�FDSDFLW\�WR�FRQWURO�PXFK�RI�WKHLU�ORFDO�HQYL-
ronment – to regulate the local soil microbial commu-
QLW\��WR�FRSH�ZLWK�KHUELYRUH�SUHGDWLRQ��WR�´SXUFKDVHµ�
shipments of distant nutrients, to alter the chemical and 
physical properties of nearby soil, and to inhibit the 
growth of competing plants.

Microbial Symbiosis

It should be stated that much of what follows is still 
under study. Soils are a frontier about which many 
things are yet to be learned. The microbial community 
LV�H[WUHPHO\�GLYHUVH����EHWZHHQ����DQG�����RI�WKH�VSH-
FLHV�LQ�LW�FDQQRW�HYHQ�EH�FXOWXUHG�LQ�ODEV�ZLWK�FXUUHQW�
technologies. (Jastrow) 

7KH�VRLO�PLFURELDO�FRPPXQLW\�LV�PRUH�WKDQ�����EDF-
teria and fungi, by mass. The exact ratio between these 
WZR�NLQGV�RI�RUJDQLVPV�YDULHV��8QGLVWXUEHG�VRLOV�OLNH�
JUDVVODQGV�DQG�IRUHVWV�ZLOO�EHQHÀW�IXQJL�ZKRVH�WKUHDG�
OLNH�K\SKDH�UHPDLQ�XQGLVWXUEHG��&XOWLYDWLRQ�RU�WKH�XVH�
RI�V\QWKHWLF�QLWURJHQ�IHUWLOL]HUV��KRZHYHU��UHGXFHV�WKH�
fungal population. 

A major factor in microbial success is whether or not 
WKHLU�LPPHGLDWH�SK\VLFDO�HQYLURQPHQW�SURWHFWV�WKHP��
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3URWHFWLRQ�FDQ�EH�SURYLGHG�E\�FOD\V��ZKLFK�VFLHQWLVWV�
think might maintain an optimal pH, absorb harmful 
PHWDEROLWHV�DQG�RU�SUHYHQW�GHVLFFDWLRQ��6PDOO�SRUHV�
(for “hiding”) in the local substrate are also thought to 
SUHYHQW�SUHGDWLRQ�RQ�WKH�VPDOOHU�RUJDQLVPV�E\�ODUJHU�
RQHV�OLNH�SURWR]RD���6L[��3URWHFWHG�RUJDQLVPV�KDYH�
EHHQ�UHSRUWHG�WR�GLH�RII�DW�D�UDWH�RI�OHVV�WKDQ����D�GD\��
ZKHUHDV�DV�PDQ\�DV�����RI�XQSURWHFWHG�RQHV�FDQ�VXF-
cumb daily. 

Bacteria

Bacteria are amazing chemists. A group of them, called 
plant growth-promoting rhizobacteria (PGPR), work 
their magic helping plants through a number of bio-
FKHPLFDO�SDWKZD\V��6RPH�PD\�´À[µ�QLWURJHQ�IURP�
WKH�DWPRVSKHUH��SXWWLQJ�LW�LQWR�D�IRUP�WKDW�LV�DYDLODEOH�
to plants. Others can synthesize phytohormones that 
LPSURYH�VWDJHV�RI�SODQW�JURZWK���<HW�RWKHUV�FDQ�VROXEL-
OL]H�SKRVSKDWH��D�UHODWLYHO\�LQVROXEOH�HVVHQWLDO�QXWUL-
HQW��DQG�PDNH�LW�DYDLODEOH�IRU�SODQW�JURZWK��RU�SURGXFH�
natural fungicides to assist plants in resisting fungal 
GLVHDVHV���9HOLYHOOL��2QH�3*35�KDV�EHHQ�LVRODWHG�IURP�
PDQ\�FRPPRQ�SODQWV�LQFOXGLQJ�ZKHDW��ZKLWH�FORYHU�

and garlic. This bacterium actually produces different 
DQWLELRWLFV��VXEVWDQFHV�WKDW�ÀJKW�SDWKRJHQV�DQG�KHOS�
plants resist disease. (Timmusk)

Fungi

Another example of microbial symbiosis is that of 
arbuscular mycorrhizal fungi. In this symbiosis the 
IXQJXV�FRORQL]HV�WZR�GLIIHUHQW�HQYLURQPHQWV��WKH�URRWV�
of the host plant and the surrounding soil, connecting 
the two with its long hyphae. This enables the host 
SODQW�WR�KDYH�DQ�LPSURYHG�XSWDNH�RI�ZDWHU�DQG�PLQHUDO�
nutrients conducted along those hyphae. This relation-
ship has been documented in connection with many 
minerals, including phosphorus, nitrogen, zinc and cop-
SHU���-DQVD��%\�VRPH�HVWLPDWHV�RYHU�����RI�WHUUHVWULDO�
plants enjoy this association with arbuscular mycorrhi-
zal fungi. (Cairney)

6RPH�VFLHQWLVWV�HVWLPDWH�WKDW����WR����SHUFHQW�RI�WKH�
nutrients plants require are acquired by carbon ex-
FKDQJH�ZKHUH�URRW�H[XGDWHV�SURYLGH�PLFURELDO�HQHUJ\�
in exchange for minerals or trace elements otherwise 
XQDYDLODEOH�WR�WKH�SODQW���-RQHV�626�
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7KHVH�UHODWLRQVKLSV�EHQHÀW�ERWK�SDUWLHV��DW�QR�FRVW��7KH�
RQO\�H[WUD�HQHUJ\�QHHGHG�LV�SURYLGHG�E\�WKH�VXQOLJKW��
which enables the now stronger plant to produce more 
compounds to energize and support the microbes. 

Soil Aggregates

One important aspect of this story is the soil struc-
ture called an “aggregate”. If you squeeze a handful 
of healthy soil and then release it, it should look like 
a bunch of peas. Those are the aggregates. If the soil 
remains in hard chunks, then it is not well aggregated. 
Aggregates are stable enough to resist wind and water 
erosion, but porous enough to let air, water, and roots 
PRYH�WKURXJK�WKHP��

Aggregates are the fundamental unit of soil func-
tion and play a role similar to that of root nodules in 
legumes, creating a protected space. (Jones SOS) The 
aggregate is helped to form by hyphae of mycorrhizal 
IXQJL�WKDW�FUHDWH�D�´VWLFN\�VWULQJ�EDJµ�WKDW�HQYHORSV�
and entangles soil particles. (Jastrow) Liquid carbon 
exudates from plant roots and fungi enable the produc-
tion of glues and gums to form the aggregate walls. 
(Jones SOS)

,QVLGH�WKRVH�ZDOOV�D�ORW�RI�ELRORJLFDO�DFWLYLW\�WDNHV�
place, again fueled by the carbon exudates. Most ag-
JUHJDWHV�DUH�FRQQHFWHG�WR�SODQW�URRWV��RIWHQ�ÀQH�IHHGHU�
roots, or to mycorrhizal fungal networks too small to 
be seen. The moisture content inside an aggregate is 
higher than outside, and there is lower oxygen pres-
sure inside. These are important properties enabling 
QLWURJHQ�À[DWLRQ�DQG�RWKHU�ELRFKHPLFDO�DFWLYLWLHV�WR�
take place. (Jones SOS)

One of the important glues which holds aggregates 
together is a glycoprotein called “glomalin”. Glomalin 
and soil aggregate stability seem to be closely associ-
DWHG���1LFKROV��-XVW�GLVFRYHUHG�LQ�������JORPDOLQ�LV�
QRZ�EHOLHYHG�E\�VRPH�VFLHQWLVWV�WR�DFFRXQW�IRU����SHU-
cent of the carbon in soil and to last for more than 40 
years, depending on conditions. Glomalin appears to be 
produced by arbuscular mycorrhizal fungi using liquid 
carbon exuded by plants. It may enable fungal hyphae 
WR�ELQG�WR�URRW�DQG�VRLO�SDUWLFOHV��DQG�WR�EULGJH�RYHU�DLU�
spaces. (Comis) 

Now that we know more about soil, and how carbon is 
pumped into it by plants to encourage symbiotic rela-
tionships with microbes, we can ask the question again:

How Quickly Can We Restore Enough Carbon 
to the Soil to Mitigate Weather Extremes

:H�KDYH�VHHQ�DERYH�WKDW�RQH�SDUW�SHU�PLOOLRQ�RI�FDUERQ�

dioxide in the atmosphere contains 2.125 Gigatons of 
carbon. If that is the case, and we are at 400 ppm and 
need to get back to 350, we need to restore 50 ppm, or 
106.25 Gt of carbon, to the soil.

:H�NQRZ�WKDW�DOO�WKDW�FDUERQ�ZLOO�ÀW�LQ�WKH�VRLO�EHFDXVH�
WKDW�LV�ZKHUH�LW�FDPH�IURP��:H�KDYH�EURXJKW�����*W�RI�
carbon out from the soil by land clearing and agricul-
ture since the beginning of the industrial age.

%XW�KRZ�TXLFNO\�FDQ�ZH�SXW�WKDW�FDUERQ�EDFN�LQ"�2YHU�
WKH�ODVW����\HDUV��VLQFH�SHRSOH�KDYH�EHHQ�WKLQNLQJ�
DERXW�UHVWRULQJ�FDUERQ�LQ�VRLO��PDQ\�VWXGLHV�KDYH�EHHQ�
done to measure the rate at which agricultural photo-
V\QWKHVLV�FDQ�EXLOG�XS�VRLO�FDUERQ��:H�KDYH�ORRNHG�
DW�D�QXPEHU�RI�WKRVH�VWXGLHV��FRQGXFWHG�RYHU�WKH�ODVW�
GHFDGH�RU�VR��FRYHULQJ�PDQ\�GLIIHUHQW�W\SHV�RI�VRLOV�
RQ�ÀYH�FRQWLQHQWV�DQG�YDULRXV�NLQGV�RI�DJULFXOWXUH��
The studies use different methodologies and of course 
UHSRUW�TXLWH�GLYHUJHQW�UHVXOWV��%XW�IURP�UHDGLQJ�WKRVH�
VWXGLHV��VHYHUDO�WKLQJV�DUH�HYLGHQW�

��3HUHQQLDO�JURZLQJ�V\VWHPV�FDQ�UHVWRUH�PRUH�FDUERQ�
than most other agricultural methods. All the pasture 
based trials reported exceptional amounts of carbon 
UHVWRUHG��IURP�����WR�����PHWULF�WRQV�RI�FDUERQ�SHU�
DFUH�DQQXDOO\��DQG�DYHUDJLQJ�����WRQV���0DFKPXOOHU��
5RGDOH��,)2$0��:H�KDYH�IRXQG�IHZ�VWXGLHV�RI�SH-
rennial cropping systems building large amounts of 
VRLO�FDUERQ��EXW�WKHUH�LV�VRPH�HYLGHQFH�WKDW�SHUHQQLDO�
woody crops can do so. One study found that degraded 
mining soils gained 2.8 metric tons of carbon per acre 
per year when planted to the legume black locust and 
managed as a coppiced biomass crop in a short rota-
tion system. (Quinkenstein) More studies need to be 
GRQH�EHIRUH�ZH�FDQ�IXOO\�HYDOXDWH�WKH�FRQWULEXWLRQV�RI�
perennial woody or herbaceous crops to restoring soil 
carbon.

��8VH�RI�V\QWKHWLF�FKHPLFDO�IHUWLOL]HUV��HVSHFLDOO\�
nitrogen and phosphorus, will seriously reduce or in 
PDQ\�FDVHV�HYHQ�HOLPLQDWH�DQ\�VRLO�FDUERQ�EXLOGXS��
7KH�DSSURSULDWH�XVH�RI�PDQXUH�DQG�FRPSRVW��KRZHYHU��
does not seem to impede soil carbon increase. (Jones 
SOS, Rodale)

��6WXGLHV�RI�URZ�FURSV��HYHQ�ZKHQ�UDLVHG�ZLWKRXW�V\Q-
thetic chemicals, reported carbon gains smaller than 
did pasture studies, ranging from 0.23 to 1.66 tons 
SHU�DFUH��ZLWK�DQ�DYHUDJH�RI������WRQV���.KRUUDPGHO��
IFOAM)

��7KH�TXDOLW\�RI�WKH�IDUPLQJ�SUDFWLFHV�VWXGLHG�ZDV�
YDULDEOH��HVSHFLDOO\�IRU�WKH�URZ�FURS�WULDOV��9LUWXDOO\�DOO�
WKH�URZ�FURS�VWXGLHV�UHSRUWLQJ�VLJQLÀFDQW�JDLQV�ZHUH�
those using manure or compost instead of chemical 
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fertilizers. But the extent to which other principles of 
FDUERQ�EXLOGLQJ����VXFK�DV�NHHSLQJ�WKH�VRLO�FRYHUHG�
ZLWK�SODQWV�DW�DOO�WLPHV��XVLQJ�D�EURDG�PL[�RI�FRYHU�
crops, and minimizing tillage -- were used is not clear. 
,W�LV�QRWHZRUWK\��KRZHYHU��WKDW�LQ�WKH�FDVH�RI�WKH�KLJK-
est reported row crop carbon gain, restoring 1.66 tons 
per acre of corn, the trial used organic no-till practices. 
�.KRUUDPGHO�

*LYHQ�WKHVH�WULDO�DYHUDJHV��OHW·V�GR�VRPH�EDFN�RI�WKH�
HQYHORSH�FDOFXODWLRQV�DERXW�WKH�SRWHQWLDO�RI�DJULFXOWXUH�
to restore 106.25 Gt of carbon to the soil. 

The FAO says there are 8.3 billion acres of grasslands 
RQ�WKH�JOREH�DQG�����ELOOLRQ�DFUHV�RI�FURSODQG��,I�HYHU\-
one were willing to use carbon-building practices on 
WKRVH�DFUHV�DQQXDOO\�WKH�JUDVVODQGV��DW�DQ�DYHUDJH�RI�����
tons per acre, could restore 21.6 Gt and the croplands, 
DW�DQ�DYHUDJH�RI������WRQV�SHU�DFUH��FRXOG�UHVWRUH�����
*W��7KLV�JLYHV�XV�D�WRWDO�RI������JLJDWRQV�SHU�\HDU��6LQFH�
we are interested in restoring 106.25 Gt, that means we 
could do it in under 5 years!

Stable Carbon

Of course if we want to restore a large amount of car-
ERQ�WR�WKH�VRLO�LW�KDV�WR�EH�GRQH�VR�WKDW�PLFUREHV�FDQ·W�
FRQVXPH�LW��2WKHUZLVH�WKH\�ZLOO�HYHQWXDOO\�MXVW�EXUQ�LW�
XS�DQG�JLYH�LW�RII�DV�FDUERQ�GLR[LGH�WR�WKH�DWPRVSKHUH�
DJDLQ��0DQ\�VWXGLHV�KDYH�DQDO\]HG�WUHDWPHQWV�IRU�VRLO�
RUJDQLF�PDWWHU�WR�VHH�LI�WKH\�KHOSHG�SUHVHUYH�LW��2QH�
10-year study compared incorporating organic matter 
UHVLGXHV�LQ�RQH�SORW�DQG�UHPRYLQJ�WKHP�IURP�D�VLPLODU�
plot. Another one lasted for 31 years and compared 
different rotations and fertilizer applications in differ-
HQW�SORWV��YDU\LQJ�E\�XS�WR�����WKH�DPRXQW�RI�FDUERQ�
returned to the soil. A third compared a plot where crop 
residues were burned for many years to another plot 
where the residues were incorporated into the soil. At 
the end of each of these studies, researchers measuring 
VRLO�RUJDQLF�PDWWHU�FRXOG�ÀQG�QR�VLJQLÀFDQW�GLIIHUHQFHV�
among the plots despite the differences in management. 
�.LUNE\�

,I�PLFUREHV�ZLOO�MXVW�PXOWLSO\�DQG�FRQVXPH�ZKDWHYHU�
FDUERQ�LV�SUHVHQW��ZH�FDQ�QHYHU�EXLOG�KLJKHU�OHYHOV�LQ�
WKH�VRLO��$QG�\HW��KLVWRULFDOO\��VRLO�RUJDQLF�PDWWHU�OHYHOV�
RI���WR�����ZHUH�FRPPRQ��DQG�LQ�SODFHV�DV�PXFK�DV�
����ZDV�PHDVXUHG���/D6DOOH��:KDW�KDV�NHSW�VRLO�RU-
ganisms from decomposing organic matter in the past?

One form of carbon that seems to remain stable for 
\HDUV��HYHQ�FHQWXULHV��LV�KXPXV��,W�LV�FRPSRVHG�RI�
complex molecules containing carbon, but is not easily 
broken down by soil life. Scientists are not entirely in 
agreement on how humus is formed, or how it resists 

GHFRPSRVLWLRQ��6RPH�EHOLHYH�WKDW�KXPXV�LV�D�KLJKO\�
recalcitrant form of carbon formed by the microbial 
decomposition of roots and root products. (Ontl) 

2WKHUV�EHOLHYH�WKDW�WKH�PHFKDQLVPV�HQDEOLQJ�SK\VLFDO�
SUHVHUYDWLRQ�RI�VRLO�FDUERQ�LQYROYH�HLWKHU�LWV�DELOLW\�WR�
resist attack by microbial enzymes through “adsorp-
tion” onto minerals, or protection within soil aggre-
gates. The former suggests chemical bonding to clay 
particles or soil colloids strong enough to resist attack 
by threatening enzymes. The latter might protect the 
molecules from an enzyme attack by keeping oxygen 
or other decomposing elements out of the soil aggre-
JDWH��6WLOO�DQRWKHU�WKHRU\�LQYROYHV�WKH�LQDFFHVVLELOLW\�RI�
the soil carbon to microbial attack because of its depth 
within the soil.  (Dungait)

$�YLHZ�LV�GHYHORSLQJ�DPRQJ�VRPH�VFLHQWLVWV��KRZHYHU��
that stable carbon is produced not from residues of soil 
RUJDQLF�PDWWHU�EXW�IURP�OLTXLG�FDUERQ�LWVHOI��7KLV�YLHZ�
sees humus as a built-up creation by soil organisms, 
rather than a product of decomposing organic matter. 
(Meléndrez, Jones letter)

6WXGLHV�VXSSRUWLQJ�WKLV�YLHZ�VXJJHVW�WKDW�KXPXV�LV�
DQ�RUJDQR�PLQHUDO�FRPSOH[�FRPSRVHG�RI�DERXW�����
FDUERQ��EHWZHHQ����DQG����QLWURJHQ��DQG�FKHPLFDOO\�
linked to soil minerals including phosphorus, sulfur, 
LURQ�DQG�DOXPLQXP��7KHUH�LV�HYHQ�VRPH�HYLGHQFH�WKDW�
WKH�FRPSRVLWLRQ�RI�KXPXV�LV�EDVHG�RQ�VSHFLÀF�UDWLRV�
among its main components, not only between car-
bon and nitrogen but also between carbon and sulfur. 
�.LUNE\��2QH�UHVHDUFKHU�PDLQWDLQV�WKDW�KXPXV�FDQ�RQO\�
form in specialized soil microsites, like aggregates, 
ZKHUH�QLWURJHQ�LV�EHLQJ�DFWLYHO\�À[HG�DQG�SKRVSKRUXV�
and sulfur are being solubilized, (Jones letter)

How Can We Restore and 
Stabilize Soil Carbon?

As soil scientists learn more about the components and 
PLFURELDO�SURFHVVHV�WKDW�IRUP�KXPXV�ZH�ZLOO�KDYH�D�
better understanding of how to assist its creation. But 
WKHUH�LV�HYLGHQFH�VXJJHVWLQJ�WKDW�EXLOGLQJ�VRLO�RUJDQLF�
matter is not just a job of adding organic matter to your 
VRLO��7KDW�ZLOO�FUHDWH�D�WKULYLQJ�PLFURELDO�FRPPXQLW\�
DQG�FDQ�PDNH�FURSV�ÁRXULVK��%XW�WR�EXLOG�ORQJ�WHUP�
carbon, you need to do more.

:KDW�ZH�QHHG�WR�NQRZ�LV��ZKDW�SUDFWLFHV�GR�ZH�QHHG�WR�
use to build and keep soil carbon in our soil? 

Keep Soil Planted

Probably the most important single lesson is that bare 
soil oxidizes carbon, while plants protect it. Green 
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plants form a barrier between air and soil, slowing the 
process of carbon emission by microbes. Erosion by 
wind and water is also a major enemy of soil carbon, 
and growing plants are your best protection against 
erosion. Finally, plants not only protect soil carbon but 
also add to it through their power of photosynthesis. 
3XW�VLPSO\��HYHU\�VTXDUH�IRRW�RI�VRLO�WKDW�LV�OHIW�H[SRVHG�
-- whether it is between rows of crops, because you are 
WLOOLQJ�XS�D�ÀHOG��RU�KDYH�MXVW�KDUYHVWHG�D�FURS�DQG�DUH�
OHDYLQJ�WKH�ODQG�WR�IDOORZ����UHGXFHV�\RXU�FDUERQ�EDQN�
account.  

3UDFWLFHV�OLNH�ZLQWHU�YHJHWDWLRQ�WR�FRYHU�WKH�VRLO�DQG�
XQGHU�VRZLQJ�ZLWK�OHJXPHV�DQG�FRYHU�FURSV�DUH�LPSRU-
WDQW�VR�WKDW�DIWHU�WKH�FURS�LV�WDNHQ�WKHUH�LV�D�SURGXFWLYH�
FRYHU�WR�LQFUHDVH�VRLO�FDUERQ��SURWHFW�DJDLQVW�HURVLRQ��
feed soil organisms and increase aggregation. (Azeez)

Minimize Tillage

2QH�RI�WKH�PRVW�GLIÀFXOW�FDUERQ�UHVWRUDWLRQ�SUDFWLFHV�
for organic growers to adopt is to reduce tillage. Since 
RUJDQLF�JURZHUV�GRQ·W�XVH�KHUELFLGHV��WLOODJH�RI�WKH�VRLO�
is their major weapon against weeds. But tillage does 
VHYHUDO�GHWULPHQWDO�WKLQJV��)LUVW��LW�VWLUV�XS�VRLO�DQG�H[-

poses it to the air, oxidizing the carbon in the exposed 
soil. Second, tillage rips up and destroys the hyphae of 
mycorrhizal fungi, the microbes responsible for much 
RI�WKH�V\PELRVLV�WKDW�LV�VR�LPSRUWDQW�IRU�SODQW�YLJRU�DQG�
increased exudation of liquid carbon. Their hyphae are 
the delicate network strands that permeate the soil and 
carry water and nutrients to plant roots. Studies report 
increases in fungal biomass at all sites where tillage is 
reduced. (Six) Third, the complex soil aggregates that 
KDYH�EHHQ�EXLOW�XS�RI�PLFURELDO�H[XGDWHV�WR�SURWHFW�
important chemical transformations such as nitrogen 
À[LQJ�DQG�FDUERQ�VWDELOL]DWLRQ�ZLOO�EH�UXLQHG�E\�WLOO-
age. Fourth, tillage tends to destroy the pore spaces in 
WKH�VRLO�WKDW�DUH�YLWDO�IRU�KROGLQJ�DLU�DQG�ZDWHU��ZKLFK�
HQDEOH�PLFURELDO�YLWDOLW\��)LQDOO\��WLOODJH�LWVHOI�RIWHQ�
LQYROYHV�HTXLSPHQW�WKDW�LV�SRZHUHG�E\�IRVVLO�IXHOV��
releasing greenhouse gases in their operation.

Studies report that the organic cropping systems with 
WKH�KLJKHVW�OHYHOV�RI�FDUERQ�UHVWRUDWLRQ�DUH�WKRVH�
practicing no-till and adding plenty of organic matter 
���VXFK�DV�FRZ�PDQXUH����WR�WKH�VRLO���.KRUUDPGHO��&ULW-
LFV�RI�WLOODJH�UHSRUW�WKDW�HYHQ�RQH�WLOODJH�RSHUDWLRQ�DIWHU�
VHYHUDO�\HDUV�FDQ�UHVXOW�LQ�ORVV�RI�PRVW�RI�WKH�FDUERQ�
EXLOW�XS�GXULQJ�WKDW�WLPH���/DO�������
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There are some studies that report that the soil carbon 
gains of no-till are not distributed deeply through the 
VRLO�SURÀOH��EXW�UDWKHU�RFFXU�PRVWO\�QHDU�WKH�VXUIDFH��
This is a problem, they suggest, because the best 
chance for humus formation and long-term carbon 
stabilization seems to be deeper in the soil, closer to 
clay and minerals to which the carbon can bond to 
resist oxidation. They also argue that the kind of soil 
organic matter produced under no-till management is 
only incorporated in the sand/soil fraction of the soil 
QHDU�WKH�VXUIDFH�DQG�LV�HDVLO\�R[LGL]HG�XSRQ�HYHQWXDO�
disturbance. (Azeez)

Some studies that point to the shallowness of organic 
PDWWHU�EXLOG�XS�XQGHU�QR�WLOO��KRZHYHU��DOVR�UHSRUW�D�
slow deepening of soil organic matter after 10 to 15 
years under the system, presumably because of both 
decreased organic matter decomposition and long term 
soil mixing by larger soil organisms. (Powlson) 

7KHUH�DUH�VHYHUDO�V\VWHPV�DQG�GHYLFHV�WKDW�DUH�FXUUHQWO\�
being designed for organic growers to reduce tillage. 
3ODQWHUV�DUH�DYDLODEOH�WKDW�RSHQ�WKH�VRLO�RQO\�HQRXJK�IRU�
the seed or seedling to be deposited, and close it right 
XS�DJDLQ�DIWHUZDUG��5ROOHU�FULPSHUV�KDYH�EHHQ�GH-
VLJQHG�ZKLFK�UROO�RYHU�DQG�FULPS�D�ORQJ�VWHPPHG�FRYHU�
FURS�EHIRUH�ÁRZHULQJ��NLOOLQJ�LW�EXW�QRW�GLVWXUELQJ�WKH�
soil. The market crop is then planted right into the 
VWXEEOH�RI�WKH�FRYHU��'RXEWOHVV�PDQ\�RWKHU�JRRG�LGHDV�
IRU�HQDEOLQJ�RUJDQLF�IDUPHUV�WR�ÀJKW�ZHHGV�ZKLOH�QRW�
GLVWXUELQJ�WKH�VRLO�ZLOO�EH�GHYHORSHG��7KHUH�LV�FHUWDLQO\�
a need for more progress on this front.

$Q�DOWHUQDWLYH�PHWKRG�RI�FRQWUROOLQJ�ZHHGV�LV�WKH�XVH�
RI�PXOFK�WR�SUHYHQW�OLJKW�IURP�UHDFKLQJ�WKHP��7KH�
simplest mulches to apply are sheets of plastic. Their 
SURGXFWLRQ��KRZHYHU��XVXDOO\�UHTXLUHV�IRVVLO�IXHOV�DQG�
UHPRYDO�FDQ�EH�GLIÀFXOW�DQG�WLPH�FRQVXPLQJ��0XOFK-
ing with organic materials such as hay or shredded 
crop residue adds decomposing organic matter to the 
VRLO�DQG�EXLOGV�FDUERQ��EXW�LQ�ELRORJLFDOO\�DFWLYH�VRLOV�
requires continual additions of material which can be 
costly and time-consuming. The primary drawback to 
PXOFKLQJ��KRZHYHU��LV�WKDW�LW�GRHV�QRW�WDNH�FDUERQ�IURP�
WKH�DWPRVSKHUH�DQG�À[�LW�LQWR�WKH�VRLO�YLD�SKRWRV\QWKH-
VLV��DV�OLYLQJ�SODQWV�GR��

Cover Crops

&RYHU�FURSV�DUH�HVVHQWLDO�LQ�DQ\�RUJDQLF�VWUDWHJ\�WR�UH-
duce or eliminate tillage, control weeds, and build soil 
FDUERQ��,GHDO�FDQGLGDWHV�IRU�FRYHU�FURSV�FDQ�EH�NLOOHG�
�E\�IURVW��PRZLQJ��FUXVKLQJ��EHIRUH�ÁRZHULQJ��VR�WKH\�

GRQ·W�SURGXFH�VHHGV�DQG�EHFRPH�ZHHGV�WKHPVHOYHV��
Their photosynthesis is an important source of soil car-
ERQ�ZKLOH�OLYLQJ��DQG�WKHLU�ELRPDVV�EHFRPHV�DYDLODEOH�
DIWHU�WKH\�GLH��/HJXPHV�DUH�LPSRUWDQW�LQ�WKH�FRYHU�FURS�
mix, as are deep-rooted plants like annual ryegrass or 
cereal rye that bring nutrients from deep in the soil and 
DGG�QLWURJHQ�DQG�FDUERQ�EDFN�WR�WKRVH�ORZHU�OHYHOV��

%HVLGHV�LQFUHDVLQJ�VRLO�FDUERQ��FRYHU�FURSV�UHGXFH�QL-
trogen leaching and discourage wind and water erosion. 
7KH\�LPSURYH�VRLO�VWUXFWXUH��LQFUHDVH�ZDWHU�LQÀOWUDWLRQ�
DQG�UHGXFH�HYDSRUDWLRQ��7KH\�DOVR�SURYLGH�KLJKHU�OHY-
HOV�RI�OLJQLQ�WKDQ�PRVW�FXOWLYDWHG�FURSV��WKXV�VXSSRUWLQJ�
mycorrhizal fungal growth and fungal products such as 
glomalin that promote soil particle binding. (Rodale, 
Azeez) 

Diversity and Crop Rotation

One of the keys to supporting the microbial life in the 
VRLO�LV�WR�HQFRXUDJH�GLYHUVLW\��2QH�SULQFLSOH�RI�QDWXUH�
VHHPV�WR�EH�WKDW�WKH�PRUH�ELRGLYHUVLW\�WKHUH�LV�LQ�D�
system, the healthier and more resilient it is. This is 
also true when building soil carbon. (Lal 2004) Below 
JURXQG��ELRGLYHUVLW\�HQDEOHV�HYHU\�PLFUREH�WR�ÀOO�D�
niche in the food web – fungi, algae, bacteria, earth-
worms, termites, ants, nematodes, dung beetles, etc. 
$ERYH�JURXQG��PRQRFXOWXUHV�LQYLWH�SHVWV�DQG�GLVHDVH�
ZKHUH�FURS�GLYHUVLW\�NHHSV�LQIHVWDWLRQV�IURP�JURZLQJ�
DQG�VSUHDGLQJ��7KLV�DSSOLHV�WR�ERWK�FURSV�DQG�WR�FRYHU�
crops, which should contain many plants of different 
types – broad leaf and grass, legumes and non-legumes, 
cool and warm weather, wet and dry. No matter what 
WKH�FRQGLWLRQV��VRPH�VKRXOG�EH�DEOH�WR�WKULYH�DQG�SKR-
WRV\QWKHVL]H��´&RFNWDLO�FRYHU�FURSVµ�DUH�PL[HV�RI�PDQ\�
YDULHWLHV�RI�FRYHU�FURS�VHHG�DQG�DUH�QRZ�DYDLODEOH�IRU�
SXUFKDVH�WR�JXDUDQWHH�ELRGLYHUVLW\�

&URS�URWDWLRQV�DOVR�KHOS�EHQHÀW�ELRGLYHUVLW\��5RWDWLRQV�
ZLWK�FRQWLQXRXV�FRYHU�FURSV�HOLPLQDWH�WKH�QHHG�IRU�IDO-
ORZ�SHULRGV�WR�UHIUHVK�WKH�ODQG�DQG�LQFUHDVH�WKH�DFWLY-
ity of soil enzymes. Microbial biomass is larger when 
legumes are included in the rotation. (Six) 

Grazing ruminants are also a common way for organic 
IDUPV�WR�LPSURYH�VRLO�RUJDQLF�PDWWHU�OHYHOV��7KH�JUD]-
ing itself promotes the growth, then sloughing off, of 
JUDVV�URRWV����ZKLFK�SURYLGHV�FDUERQ�WR�IHHG�KXQJU\�VRLO�
microbes. Pastures and perennial systems, if properly 
managed, can show rapid increases in organic matter. 
$QLPDO�PDQXUH�LV�RQH�RI�WKH�PRVW�YDOXDEOH�SURGXFWV�RI�
the small mixed farm, rich as it is in both carbon and 
WKH�OLYLQJ�PLFUREHV�WKDW�LQRFXODWH�VRLO�ZLWK�ELRORJLFDO�
GLYHUVLW\��

Molly Haviland
When the F:B ratio moves beyond early succession, weed pressure is significantly reduced! -M 
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No Chemicals

The use of synthetic agricultural chemicals is destruc-
WLYH�RI�VRLO�FDUERQ��7R[LQV�OLNH�SHVWLFLGHV�DUH�OHWKDO�WR�
soil organisms, which play a crucial role in enhancing 
SODQW�YLWDOLW\�DQG�SKRWRV\QWKHVLV��)HUWLOL]HUV�KDYH�DOVR�
been shown to deplete soil organic matter. In the Ro-
GDOH�,QVWLWXWH·V�&RPSRVW�8WLOL]DWLRQ�7ULDOV�XVLQJ�FRP-
posted manure with crop rotations for ten years resulted 
in carbon gains of up to 1.0 ton/acre/year. The use of 
V\QWKHWLF�IHUWLOL]HUV�ZLWKRXW�URWDWLRQV��KRZHYHU��UHVXOWHG�
in carbon losses of 0.15 ton/acre/year. (LaSalle)

7KH�0RUURZ�3ORWV�DW�WKH�8QLYHUVLW\�RI�,OOLQRLV�ZHUH�WKH�
site of one of the longest running controlled farm trials 
in history. Researchers analyzed data from 50 years in 
ZKLFK�ÀHOGV�RQ�ZKLFK�D�WRWDO�RI�IURP����WR�����WRQV�RI�
carbon residue per acre had been added, but which also 
used synthetic nitrogen fertilization. Those plots actu-
ally lost almost 5 tons of soil organic matter per acre 
RYHU�WKH�WULDO�SHULRG���.KDQ�

2QH�VXJJHVWHG�FDXVH�RI�WKH�QHJDWLYH�LPSDFW�RI�V\Q-
thetic fertilizer on soil carbon is the fact that it tends 
to reduce the size and depth of plant roots since it is 
concentrated in a shallow layer at the soil surface rather 

than spread throughout the soil as would be nutri-
ents from legumes, minerals or other natural sources. 
(Azeez) Another reason might be the impact on the 
plant of absorbing ammonium ions which causes it to 
release hydrogen ions, which acidify the soil. (Hep-
SHUO\��$�WKLUG�SRVVLELOLW\�LV�WKDW�WKH�DYDLODELOLW\�RI�IUHH�
nitrogen causes the plant to exude less liquid carbon 
WR�REWDLQ�QLWURJHQ�IURP�PLFUREHV��,I�\RX�KDYH�EHHQ�
XVLQJ�V\QWKHWLF�QLWURJHQ�IHUWLOL]HUV��KRZHYHU��DQG�ZDQW�
to stop doing so it may be wise to cut back gradually 
RYHU�WKUHH�RU�IRXU�\HDUV�EHFDXVH�LW�ZLOO�WDNH�WLPH�IRU�
QLWURJHQ�À[LQJ�EDFWHULD�WR�EXLOG�XS�LQ�\RXU�VRLO��6WRS-
ping cold turkey may result in disappointing yields the 
ÀUVW�\HDU���-RQHV�626���

Pasture

:H�KDYH�QRWHG�HDUOLHU�WKDW�SURSHU�SDVWXULQJ�LV�D�KLJKO\�
HIIHFWLYH�PHWKRG�RI�DJULFXOWXUH�WR�UHVWRUH�VRLO�FDUERQ��
$�UHFHQW�VWXG\�RI�ODQG�FRQYHUWHG�IURP�URZ�FURSSLQJ�WR�
PDQDJHPHQW�LQWHQVLYH�JUD]LQJ�VKRZHG�D�UHPDUNDEOH�
carbon accumulation of 3.24 tons/acre/year. This is 
in the range of deep-rooted African grasses planted to 
VDYDQQDV�LQ�6RXWK�$PHULFD�WKDW�DFKLHYHG�UDWHV�RI������
tons of carbon/acre/year. (Machmuller)
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3DUW�RI�WKH�HIÀFLHQF\�RI�SDVWXUHV�DW�À[LQJ�FDUERQ�LV�
SUREDEO\�UHODWHG�WR�WKH�IDFW�WKDW�VHYHUDO�JUDVVHV�XVH�WKH�
C4 SKRWRV\QWKHWLF�FKHPLFDO�SDWKZD\��ZKLFK�HYROYHG�
separately from the more usual C3 pathway. Particularly 
adapted to situations of low water, high light and high 
temperature, C4 photosynthesis is responsible for some 
���WR�����RI�DOO�FDUERQ�À[DWLRQ�RQ�ODQG��GHVSLWH�EHLQJ�
XVHG�E\�RQO\����RI�WKH�ÁRZHULQJ�SODQWV���0XOOHU�

Some people are concerned about raising large numbers 
of ruminant animals because in the process of diges-
WLRQ�WKH\�HPSOR\�EDFWHULD�LQ�WKHLU�UXPHQ�WKDW�JLYH�RII�
methane, a greenhouse gas that the animal then exhales. 
In an ecological setting this is no problem as methano-
WURSKLF�EDFWHULD��ZKLFK�OLYH�LQ�D�ZLGH�YDULHW\�RI�KDELWDWV�
and feed solely on methane, will quickly metabolize it. 
In fact, after the Deepwater Horizon oil spill in the Gulf 
of Mexico, some 220,000 tons of methane bubbled to 
the surface but were quickly consumed by an exploding 
population of methanotrophic bacteria. It is only when 
UXPLQDQWV�DUH�DZD\�IURP�ELRORJLFDOO\�DFWLYH�VRLO�RU�
water, such as in feedlots or on soil to which synthetic 
FKHPLFDOV�KDYH�EHHQ�KHDYLO\�DSSOLHG��WKDW�UXPLQDQW�
methane emissions can be of concern. (Jones SOS) 

Forests

&RQYHUWLQJ�GHJUDGHG�VRLOV�WR�IRUHVW�XVH�KDV�EHHQ�SUR-
posed as a way to enhance soil carbon. As with other 
plants, the rate of forest soil carbon restoration depends 
on climate, soil type, species and nutrient management. 
7KH�VWXGLHV�ZH�KDYH�IRXQG�RQ�VRLO�FDUERQ�LQ�IRUHVWV�
generally show modest gains in soil carbon or, in some 
FDVHV��D�QHW�ORVV���/DO�������7KHUH�DUH�VRPH��KRZHYHU��
that suggest proper management of woody plants can 
DOVR�GHOLYHU�VL]HDEOH�VRLO�FDUERQ�JDLQV���4XLQNHQVWHLQ��
Also, reforestation can lead in other ways to climate 
moderation and water cycle restoration. 

Biochar

The potential for use of charred residues to enhance 
soil fertility while restoring carbon to the soil has 
recently gained a lot of attention. Pointing to the terra 
preta soils of the Amazon, anthropogenic dark earths 
enriched with char more than 800 years ago, propo-
QHQWV�FLWH�WKH�KLJK�IHUWLOLW\�WKHVH�VRLOV�KDYH�HYHQ�WRGD\��
Other char-containing soils are Mollisols, grassland 
GHULYHG�VRLOV�H[WHQVLYH�LQ�1RUWK�$PHULFD��WKH�8NUDLQH��
5XVVLD��$UJHQWLQD�DQG�8UXJXD\�WKDW�SURGXFH�D�VLJQLÀ-
FDQW�SRUWLRQ�RI�JOREDO�JUDLQ�KDUYHVWV��7KH�FKDU�LQ�WKHVH�
VRLOV�KDV�EHHQ�DWWULEXWHG�WR�JUDVVODQG�ÀUHV�WKDW�RFFXUUHG�
long ago. The actual chemistry of these char residues 
KDV�RQO\�UHFHQWO\�EHHQ�LQYHVWLJDWHG��7KHLU�VWDELOLW\�DQG�
IHUWLOLW\�PD\�EH�UHODWHG�WR�SURWHFWLYH�KDELWDWV�WKHLU�LQWHU-

QDO�VSDFHV�SURYLGH�IRU�PLFUREHV��RU�WR�FKDU·V�PROHFXODU�
structure, which creates a large cation exchange capac-
ity (ability to hold ions of minerals needed for plant 
nutrition). (Mao)

$OWKRXJK�ELRFKDU�KDV�QRW�EHHQ�H[WHQVLYHO\�VWXGLHG��
UHVHDUFKHUV�VXJJHVW�WKDW�ELRPDVV�FDUERQ�FRQYHUWHG�WR�
ELRFKDU�FDQ�VHTXHVWHU�DERXW�����RI�LWV�LQLWLDO�FDUERQ�LQ�
the soil for long periods, leading to a more stable and 
long-lasting soil carbon than would be the case from 
direct land application of uncharred carbon. (Dungait) 

2I�FRXUVH�DQ\�FRQYHUVLRQ�RI�FDUERQ�WR�ELRFKDU�PXVW�LQ-
YROYH�D�OLIH�F\FOH�DVVHVVPHQW�FRQFHUQLQJ�WKH�VRXUFH�RI�
the carbon, its land use implications, and the energy of 
processing and applying it. There are some indications, 
KRZHYHU��WKDW�ELRFKDU�LV�D�JRRG�ZD\�WR�FRQIHU�DGGL-
tional stability to labile, or easily broken down, organic 
matter in soil. (Powlson)

%HQHÀWV�RI�5HVWRULQJ�&DUERQ�WR�6RLO

7KH�DGYDQWDJHV�RI�EXLOGLQJ�RUJDQLF�PDWWHU�LQ�\RXU�VRLO�
DUH�QRW�OLPLWHG�WR�UHPRYLQJ�FDUERQ�GLR[LGH�IURP�WKH�
atmosphere. 

Water

Increasing soil carbon builds aggregates, which in turn 
DFW�DV�VSRQJHV�WR�HQDEOH�VRLO�WR�KROG�ZDWHU��WKXV�SURYLG-
LQJ�UHVHUYHV�WR�SODQW�URRWV�LQ�WLPHV�ZKHQ�SUHFLSLWDWLRQ�
is low and a ready sink to soak up excess in times when 
it is high. This capacity to retain water also reduces the 
ULVN�RI�HURVLRQ�DQG�FDQ�UHVXOW�LQ�LPSURYHG�FURS�TXDOLW\�
DQG�\LHOG��6RPH�JURZHUV�EHOLHYH�WKDW�FRPSDQLRQ�SODQWV�
RU�D�FRYHU�FURS�ZLOO�XVH�XS�DOO�DYDLODEOH�ZDWHU�RU�QXWUL-
ents. To the contrary, supporting soil microbes with a 
GLYHUVLW\�RI�SODQWV�DFWXDOO\�LPSURYHV�WKH�FURS·V�QXWULHQW�
acquisition and water retention. (Jones SOS)

,QWHUHVWLQJO\��VLQFH�WKH�����V�WKH�PHDQ�PD[LPXP�DQG�
PLQLPXP�ZDWHU�OHYHOV�RI�WKH�0LVVLVVLSSL�5LYHU�KDYH�
JRWWHQ�PRUH�H[WUHPH�²�ÁRRG�OHYHOV�DUH�KLJKHU�DQG�
ORZ�ULYHU�OHYHOV�DUH�ORZHU��7KLV�KDSSHQV�EHFDXVH�WKH�
ZDWHU�FDQQRW�LQÀOWUDWH�WKH�VRLO�DV�LW�VKRXOG��:LWK�JRRG�
LQÀOWUDWLRQ�VRPH�ZDWHU�VXSSOLHV�SODQW�SURGXFWLRQ�DQG�
VRPH�ÁRZV�VORZO\�WKURXJK�WKH�VRLO�WR�IHHG�VSULQJV�DQG�
VWUHDPV�ZKLFK�EULQJ�D�ORQJ�ODVWLQJ�EDVH�ÁRZ�WR�ULYHU�
V\VWHPV��%XW�LI�JURXQGFRYHU�LV�SRRU��VRLO�DJJUHJDWLRQ�
GLPLQLVKHV�DQG�ZDWHU�FDQQRW�LQÀOWUDWH�ZHOO��7KXV�LQ�
ÁRRGV�ZDWHU�UXQV�DORQJ�WKH�VXUIDFH�DQG�HURGHV�VRLOV��
and in droughts there is no supply retained in the soil 
IRU�HLWKHU�SODQWV�RU�PDLQWDLQLQJ�ÁRZ�WR�VSULQJV�DQG�
streams. (Jones SOS)
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Fungal Dominance

6FLHQWLVWV�DUH�ÀQGLQJ�WKDW�D�KLJK�UDWLR�RI�IXQJL�WR�EDF-
WHULD�LQ�VRLO�LV�YHU\�LPSRUWDQW�WR�SODQW�SURGXFWLRQ��<RX�
FDQ�WHOO�LI�\RX�KDYH�VXFK�D�UDWLR�E\�WKH�DURPD�RI�D�KDQG-
ful of soil – if it is mushroomy, not sour. It is the fungi 
that seek out and supply water and nutrients to plant 
roots as needed. Unfortunately, most of our agricultural 
soils are bacterially dominant, rather than fungally 
GRPLQDQW��%XW�SUDFWLFHV�WKDW�DYRLG�EDUH�VRLO��GR�QRW�WLOO��
XVH�FRYHU�FURSV�RI�PDQ\�VSHFLHV��DQG�HQFRXUDJH�KLJK�
GHQVLW\�EXW�VKRUW�GXUDWLRQ�JUD]LQJ�ZLWK�VLJQLÀFDQW�UHVW�
SHULRGV�DUH�PRYLQJ�VRLO�WRZDUG�IXQJDO�GRPLQDQFH���

Better Crops

3ODQWV��MXVW�OLNH�DQLPDOV��KDYH�HYROYHG�FRPSOH[�GHIHQV-
es against enemies. Their mechanisms are many, and 
FOHYHU���6RPH�DYRLG�GHWHFWLRQ�E\�DGRSWLQJ�YLVXDO�GH-
IHQVHV�VXFK�DV�PLPLFNLQJ�RWKHU�SODQWV�RU�FDPRXÁDJLQJ�
WKHPVHOYHV���6RPH�PDNH�DWWDFN�GLIÀFXOW�E\�SXWWLQJ�RQ�
armor such as thick cell walls, waxy cuticles, or hard 
bark. Some deter predation by use of thorns, spines, 
or sticky gum-like exudates. Many synthesize second-
DU\�PHWDEROLWHV�WR�SUHYHQW�DWWDFNV�FKHPLFDOO\��SRLVRQV��
UHSHOODQWV��LUULWDQWV��RU�HYHQ�YRODWLOH�RUJDQLF�FRPSRXQGV�
WKDW�DWWUDFW�WKH�HQHPLHV�RI�WKH�SODQW·V�SUHGDWRU����:LQN��
Plants also engage in symbiotic relations with bacteria 
that are able to inhibit local pathogens and thus defend 
plants against attack.

Such abilities, just as is the case with immune systems 
in animals, are strongest when the plant is healthy. That 
health is optimal when the needs of the plant for sun-
light, nutrition, water, oxygen, and carbon dioxide are 
fully met. And of course that happens best in healthy 

VRLO�ZLWK�D�KLJK�FDUERQ�FRQWHQW�DQG�D�GLYHUVH�DQG�
large population of microbes. Those conditions can 
lead to crops with nutrient density, resistance to pests 
and diseases, more antioxidants and longer shelf life. 
�*RVOLQJ��:LQN��5HJDQROG��

Plants that are not held back by disease or predation 
DQG�KDYH�WKHLU�QXWULHQW�QHHGV�PHW�DUH�JRLQJ�WR�WKULYH�
DQG�JLYH�DEXQGDQW�\LHOGV��$OVR��KHDOWK\�SODQWV�ELRV\Q-
WKHVL]H�PRUH�RI�WKH�YRODWLOH�PROHFXOHV�DQG�KLJKHU�PH-
WDEROLWHV�WKDW�SURGXFH�WKH�ÁDYRUV�DQG�DURPDV�RI�IRRG�
FURSV��6R�UHVWRULQJ�FDUERQ�WR�VRLOV�LV�D�ZD\�WR�EHQHÀW�
all: farmers with larger yields, gardeners with tastier 
crops, and consumers with healthier food. 

Conclusion

Using biology to restore organic matter to soils and 
VWDELOL]H�LW�LV�QRW�RQO\�EHQHÀFLDO�WR�WKRVH�ZKR�PDQ-
DJH�ODQG�DQG�FURSV�EXW�LV�DOVR�YLWDO�WR�RXU�VRFLHW\��:H�
KDYH�WDNHQ�WRR�PXFK�FDUERQ�IURP�WKH�VRLO��EXUQHG�
it, and sent it into the atmosphere as carbon dioxide. 
(YHQ�ZHUH�ZH�WR�VWRS�EXUQLQJ�IRVVLO�IXHOV�WRPRUURZ��
the greenhouse gases already released will continue 
to raise global temperatures and set free more harmful 
gases many years into the future. 

,I�ZH�ZDQW�WR�VXUYLYH�ZH�UHDOO\�KDYH�QR�DOWHUQDWLYH�
but to restore carbon to the soil. That this can be done 
through biology, using a method that has worked for 
millions of years, is exciting. Farmers, gardeners, 
homeowners, landscapers -- anyone who owns or 
manages land -- can follow these simple principles and 
not only restore carbon to the soil but help rebuild the 
PDUYHORXV�V\VWHP�WKDW�QDWXUH�KDV�SXW�LQ�SODFH�WR�UHQHZ�
RXU�DWPRVSKHUH�ZKLOH�SURYLGLQJ�IRRG��EHDXW\�DQG�
health for all creation.
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For more information on restoring soil carbon:
www.nofamass.org/carbon

Our poor Earth.

Fortunately for us,
there’s a solution -- and
it’s right underneath 
our feet Organic farming is here

to save us! TA-DAH!

Good soil management helps
promote the growth of healthy
plants that absorb sunlight.

Plants then use their own
chlorophyll along with carbon
dioxide and water to produce --
carbohydrates!

Some of the sugars in these
‘liquid’ carbohydrates are
‘leaked’ or exuded down through
the roots and, like magic, attract 
hungry microbes in the ground --
like bacteria and fungi.

Together, green plants and
organisms in the ground protect
and promote each other’s health.

Best of all, this process locks the
carbon into organic matter, 
can create humus in the soil 
(learn how in this paper) and...

...that keeps our planet healthy!

Day after day, carbon dioxide 
gas is pumped into the air,
warming up our planet and
threatening our environment.

illustrations by John Sherffius


