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Hi, I’m Luke Nave. I’m here to talk today about the potential for soil Sicatcoana o g
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In my talk I’d like to go over several things. First, | want to establish
why soil carbon sequestration is important for all this talk of ecosystem
carbon cycling. I’d like to help you, the viewer, understand some
definitions of soil carbon and understand where it comes from and how
it’s sequestered. Also, I’ll spend a little time identifying factors,
including management practices, that increase or decrease soil carbon
sequestration. And I’ll close trying to get you to appreciate that there’s a
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lot to be learned yet about soil carbon sequestration.

* This document transcribes the presentation given by Dr. Nave. The presentation is part of General Technical Report NRS-93,
“Forest and grassland carbon in North America: A short course for land managers.” The full report, comprised of 15
presentations, is in DVD format and can be obtained at http://nrs.fs.fed.us/pubs/order/40110. The presentations and related
materials can also be accessed at http.//www.fs.fed.us/ccrc/carboncourse/
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So, why do we focus on soils at all? First is soil organic carbon is the
biggest terrestrial carbon pool. Size is important. Carbon stored in soil
pools is less vulnerable to release through disturbances like fire or
harvest removals and emission to the atmosphere then carbon that’s
stored in aboveground biomass, detritus or litter. Also in this image you
see on the right-hand side here of the global carbon cycles stylized for
one ecosystem, the fluxes of carbon into and out of soils are very large

and very closely balanced. That’s litter fall or detritus production and decomposition. The carbon going in and
coming out of soils moves in large quantities, so very small change in either one of those quantities means a
potentially large affect on the net storage or sequestration of carbon in the soil. Finally, we’re talking mostly
about carbon for this short course in the context of climate and carbon emissions, but there are a lot of additional
benefits to sequestering carbon in the soil, such as improving the workability or tilth of the soil and also
improving water and nutrient retention in the organic matter that holds soil carbon.
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What is soil carbon? Well, when | use the term in this talk, I’m
referring to nonliving carbon, not roots, not biomass of any kind really,
and | mean organic carbon. Some soils, they store a lot of carbon in
inorganic form as carbonates. Here is an image on the right showing
some rather large and coarse fractions of soil carbon. You can see
particles of charcoal in this image. In a lab context there are a lot of
different definitions given of soil carbon. Sometimes specific fractions

are separated from bulk soil according to a different density or
chemical characteristics. Soil carbon, though, it originates from one of several sources. Ultimately plants are the
source of all carbon entering soil cause they are at the base of the food pyramid, primary producers. So plant
carbon can include detritus like dead roots, but also exudates and leachates from living roots. Carbon forms that
move into the soil to subsidize the activities of microbes, which often grow in symbiosis with plant roots. These
microbes also are a source of carbon both in the form of their detritus dead bacterial cells and fungal hyphae,
and then the enzymes and the mucilage that these microbes produce that bind soil particles together and
decompose soil carbon. Finally, one of the last major sources of carbon in the soil comes from macro
invertebrates, insects and so on.
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What is ‘sequestration’ of Cin soil?

When | use the term sequestration of carbon in soil, there’s a few
different definitions we can focus on. Of course from a geologic
perspective, there’s no such thing as soil carbon sequestration. Carbon
in soils and even the soils themselves are cycled between earth and
atmosphere over very long time scales. But on human time scales, what
we mean when we talk about soil carbon sequestration is the storage of
organic carbon in some pool of the soil that has a long residence time.
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In other words, a low vulnerability to being released into the
atmosphere as CO,. I’'ll admit that’s a pretty empirical definition. It’s driven by observations and lab methods to
establish what residence time is. One common measurement of residence time of soil carbon has to do with its



radiocarbon concentration. Radiocarbon was present in the atmosphere in very low concentrations before
nuclear weapons testing began. And once that process began, there has been a huge pulse of radiocarbon in the
atmosphere that enters plants through photosynthesis and moves into the soil. What we see in this figure here is
that with increasing density of soil fractions, the carbon in those fractions tends to have less radiocarbon, hence
it’s from older and older before nuclear weapons testing began. If we look at a more physical definition of what
soil carbon sequestration is and focus more on the mineral aspects of soil carbon, we can describe sequestration
as the interaction of organic molecules and the mineral components of the soil in a way that slow the rate of
decomposition of that organic material. At the bottom you see an image showing some clay particles with films
of organic matter developing on their surfaces, and then additional clay particles becoming aggregated along
with that organic matter.
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How does soil carbon become sequestered? Well, as | mentioned in the
previous slide, one way is for it to become associated with minerals. In
a lot of soils, the oldest and most slowly cycling soil carbon is most
intimately associated with minerals. The upper right four-panel figure
here that’s very colorful shows the concentrations of clay in the bottom
right of those colorful panels, and in the other panels, three different
types of organic molecules. And you can see that the bright orange in

the lower right showing high concentrations of clay in this individual
microaggregate here also corresponds to the highest concentrations of organic matter. That’s that tight
association between clay and organic matter. Another way that soil carbon becomes sequestered is by microbial
processing. Also, in a lot of soils the oldest and most slowly cycling carbon either comes directly from microbes
or it has been extensively altered by them, by their metabolism. Finally, we all know, those of us familiar with
peatlands, that accumulation of carbon in waterlogged conditions can add up to an awful lot of soil carbon,
organic soils, and so on.
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What processes release soil carbon from sequestration? Well, anything
that disrupts soil structure such as tillage, compaction, erosion is a
disruption of soil structure in a big way, and then freezing even. Frost
heaving can break up aggregates and physically disturb those tight
associations between organic and mineral components of the soil. Also,
in a general way, increases in soil temperature can release soil carbon
from sequestration. I’ll say that classical relationships between soil

temperature and decomposition aren’t as straightforward as once
believed, but it’s still true that a lot of the enzymes microbes use to decompose soil carbon are temperature
sensitive, and fire also is a quick way of increasing soil temperature and oxidizing organic carbon to CO,,
releasing it in the atmosphere.
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Processes that promote soil carbon sequestration include the weathering
of mineral materials. This is something that microbes and plants
actively do. Soils are not static, they’re always breaking down. This
image here shows a fungal hypha moving over an individual mineral
particle and exuding acids to cleave that mineral particle apart, and in
the process, expose new mineral surfaces that can be associated with

organic molecules. In a more general way, any form of belowground
carbon allocation is a process that promotes soil carbon sequestration, because getting carbon belowground is
the first step to sequestering it. Plants allocate carbon either to their microbial communities to acquire water and
nutrients for them, or to roots, and in either case, these are our pathways of carbon movement into the soil that
have a lot of potential for sequestration of that carbon. This image here on the bottom shows a pine stump from
where | work at the U. of M. Biological Station. This tree was cut down 100 years ago and the soil put in the
foreground you can see that it still has a root in the soil. That was carbon moved belowground sometime in the
1800s and it’s still there.
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Well, Id like to talk a little bit about management because this is for :
land managers. So one thing that can be done to increase soil carbon
sequestration in the general sense is to do fertilization, or actually
nitrogen inputs of any kind. Here is a figure from some work 1’ve done
with colleagues looking at all different sources of nitrogen addition to
forest soils in the North Temperate Zone, showing that there’s an

increase in the amount of mineral soil carbon on a decadal time scale

with nitrogen inputs. But, typically one of the most common

mechanisms by which nitrogen inputs increase soil carbon sequestration is to increase plant litter inputs. That’s
a form of organic matter that quickly decomposes into particulate organic matter which is very often a fast
cycling, quickly decomposing fraction of soil carbon. So increasing the abundance of that fraction in soil really
doesn’t cause sequestration in any long-term sense. There’s other reasons why fertilization or nitrogen inputs,
nitrogen-fixing vegetation for example, aren’t necessarily a viable long-term means to increase soil carbon
sequestration. One of those is we know from global reviews that fertilization nitrogen inputs generally decrease
microbial biomass, and | mentioned earlier that microbes are the source of typically slowly cycling or slow
turnover forms of soil carbon. Also the mechanism by which particulate organic matter increases in soils after
fertilization can also be because the microbes produce less enzymes that decompose that particulate organic
matter, hence a greater fraction of total soil carbon is in that fast cycling form of POM*.
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Some additional examples of how management can influence soil
carbon sequestration from review work I’ve done with colleagues.
Here’s a figure from a paper we have in press looking at changes in
both carbon storage, that’s the absolute stocks of carbon in the soil,
mineral soils here, and also just the concentrations. That’s the bottom
plotted point there. What we see after fires in forests in the temperate | S -

zone, generally there’s no change in mineral soil carbon storage, but the e s € o

carbon concentration per unit mineral soil decreases. That suggests, among other things, a possibility that there’s
a change in the interaction between mineral and organic components of the soil, which has everything to do with
that mechanism of soil carbon stabilization. A figure here on the bottom from work that we’ve done looking at
different harvest and site prep technique effects on soil carbon sequestration. I’ll show you that at the top,
burning a stand after it’s been logged tends to increase surface mineral soil carbon storage, whereas removing
residue or working the soil, tillage of any kind, tends to decrease soil carbon storage in that surface mineral
layer. I think I’ve provided some evidence that management effects common to forests can have some effects on
soil carbon sequestration, but it’s not possible at this stage in the game to know whether these changes are in
sequestered pools or fast turnover pools.

Slide 12. Managing to Increase Soil C Sequestration

Managing to increase soil C sequestration

More things about managing increased soil carbon sequestration. As
land managers | think a lot of the options available have to do with
managing vegetation, so I’ll focus on that. One thing that could be done
to increase soil carbon sequestration is using, at least for a plantation
tree species, stock that have larger root systems. That sum total moves
more carbon belowground and gets it exposed to those conditions that
can sequester it for longer time scales. Also, for restoration of

exhausted lands or even perennial crops for fiber or forage, it could be

beneficial to use native plants that have closely evolved associations with microbial communities, that
relationship to long-lived soil carbon. And I’d just like to make a point about that, that basically you can think of
these plant microbe associations as a biotic conduit of carbon from the atmosphere into the soil, which is
ultimately the longest residing carbon pool and terrestrial ecosystems. Finally, an additional option would be to
directly incorporate longer-lived forms of carbon into the soil, potentially biochar.
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carbon don’t have to just be positive. They don't have to just be
attempts to increase it. We need to, wherever possible, avoid reducing
soil carbon sequestration. So there are a lot of things that happen
worldwide that reduce soil carbon. Clearing and burning native
ecosystems for agriculture releases soil carbon. Draining wetlands with
large organic deposits exposes those deposits to decomposing

conditions. Intensive tillage and compaction, | mentioned already as
something to avoid if one is interested in sequestering soil carbon. And also erosion, which it may or may not



decrease soil carbon sequestration in the biosphere, but it definitely reduces carbon sequestration in soils, so

protecting against erosion is important.
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I’d like to help you, the viewer, appreciate that soils are complex.
They’re not homogenous through space, they’re not static through time,
neither is the sequestration of carbon within them. There are factors
that cause soils to form in the ways that they do. Here’s a map showing
the dominant soil orders across our country and some great variation as
evidenced by these colors among soil types.
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Correspondingly, there’s great variation in the amount of carbons
stored in these different soils. And in many cases, the factors that cause
soils to develop the way that they do also affect the storage of carbon
within them. So it’s important to appreciate that there’s a lot of
complexity here. Soils can’t be assumed to be a constant carbon stock.
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In closing 1’d like to point out that this is a wide-open area of research.
It’s under the ground and still difficult to come up with ways of
knowing about soil carbon. There’s a lot of conceptual advances in
recent years about soil carbon sequestration mechanisms that need to
be matched by methodological advances. Ways of using field sampling,
lab analysis or modeling to understand how soil carbon sequestration
changes, specifically in vulnerable to stable soil carbon pools. And it
will be important as ever to integrate data that have already been
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collected into databases where people can use that collected information to understand things at a bigger scale
about soil carbon sequestration. Modeling is as important as ever because there’s a lot of data out there. It just
needs to be synthesized to provide some answers about how soil carbon sequestration works and how it changes

in response to management and over time. Thanks for your attention.

Footnotes

'POM = particulate organic matter



