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Presenter
Presentation Notes
Thank you for the invitation.



Today I will be talking about part of my dissertation research while dealt with the significance of soil erosion for terrestrial carbon sequestration.
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 Soil erosion imposes significant control on dynamics of
soil and Soil Organic Matter.

e Soll erosion and terrestrial sedimentation can account
for significant, previously unaccounted carbon sink,
due to:

— Dynamic replacement of eroded C by NPP
— Stablilization of eroded C in depositional settings

o Specific mechanisms of SOM stabilization determine
sustainability of the erosion induced C sink
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Presentation Notes
Before I go any further I want to go over the main messages of my talk today. 



The process of soil erosion exerts a strong control on not just the stock but also dynamics of soil and soil organic matter. 

As I will be showing you in this talk, soil erosion and terrestrial sedimentation/deposition of eroded soil carbon results in net terrestrial sequestration because of 

At least part of the carbon that is eroded from upland ecosystems (those that lie on the top of a hillslope) are replaced annually by production of new photosynthate, plant matter that supplies C to the soil

Also, all eroded C doesn’t leave the watershed that it originates from, nor is quantitatively mineralized …. Part of it is stabilized/sequestered in downslope … for the most part within the same or adjacent watersheds/drainage basins

The mechanisms of carbon stabilization (or whether carbon exists in the soil freely, or in some kind of association with mineral soil particles etc) determine how sustainable the specific watershed is going to be in sequestering the C. 
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The Erosion Paradox

 General Understanding
— Environmental disaster

 “Soll erosion is a major global environmental
problem”

« “Soll erosion destroys land resources”
« “Soll erosion threatens food security”
 “Soll erosion hampers regional development”

« Agricultural erosion (% of total) costs $400 billion yr-1
(Pimentel et al., 1995)

— Land use change results in transfer of C from land to
atmosphere (Lal 2004, Lal et al 2001, Lal and Pimentel 2008)

— Global warming could result in further degradation

* Projected changes in climate = accelerate soll

erosion (Berc et al., 2003; Commission on Geosciences;
Environment and Resources, 1999)
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This section is titled the erosion paradox because: Most of what we know about erosion tells us erosion is an environmentally destructive process …. Being that as it may, I am going to demonstrate to you that erosion also plays an unexpected positive role  of carbon sequestration



Ok, Most of what we hear about soil erosion is along the lines of 

*

*

*

*�* and it is estimated that erosion costs the global community $400 billion dollars annually. By comparison, the  defaulted loans in the current subprime mortgage crisis estimated to be between $200-300 billion (Economist Dec 22, 2007).



We also hear of how ongoing changes in land use and land cover are resulting in net transfer of erosion from land to the atmospheret



Moreover, the global erosion crisis is expected to get worse under the anticipated climate change scenarios because projected changes in climate are expected to include increases in the amount and intensity of rainfall in different parts of the world leading to even more soil erosion
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The Erosion Paradox

 General Understanding

— Environmental disaster
— Global warming could result in further degradation

e Latest Scientific findings

Soil erosion and terrestrial sedimentation lead to an important,

previously unaccounted terrestrial sink for atmospheric CO.,.

— Damaged Land, Buried Carbon: Can eroding soil store
excess CO,?

— Erosion and Deposition Constitute a Net Carbon Sink
— The upside of erosion: Yes, it damages hillsides and

streams, but erosion is not all bad

(Headlines for work of Berhe et al. 2007 as they appeared in
Conservation Magazine, California Magazine, View from LBL,
Science at LBL, USDA National Research highlight)
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But latest work in this issue is painting a more complicated picture for erosion, that suggests that there might be a silver lining to the global soil erosion problem. Studies are showing that in concert the processes of soil erosion and sedimentation lead to a very significant, previously unaccounted terrestrial sink for atmospheric CO2. 



Some of the press coverage of our recent Bioscience paper has come with headlines that show this more complex picture of erosion, and included

*

*

*



So this issue of erosion and carbon sequestration coming to the fore front of global change debates. 






Erosion Is widespread

Rainspash (WEPP)

Pocket gophers
(wikimedia)

= = Slope failure
(USGS)

.....

Wind Erosion, (Button Ul)
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Erosion happens everywhere and happens because of all kinds of things including 

cultivation on hillslopes, 

mechanized agriculture, 

Natural borrowing activity of mammals inlcuding gophers, 

Energy of raindrops and rainsplash



Erosion can be in the from of 

gravity driven mass diffusion

Water erosion

Wind erosion




Global significance of erosion and deposition

e Soll erosion (wind and water)

Affects 1.1 billion ha of land globally (>13% of total)
Redistributes on the order of 75 Gt soil and 1-5 Gt C (Gt = 10%)

More than 70% deposited locally within the same or adjacent
toposequences

Stallard 1998; Harden et al 1999

F Lakes, reservoirs etc. (MSU)

. Colluvium in hollow (GSA) Alluvial/colluvial plain (IUPUI)
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In extent soil erosion is truly global, it affects more than 13% of global ice-free land area



Erosion redistributes in the order of 75Gt soil 

Depending on the %C in soil, this could amount to distribution of 1-5Gt C



But what is also important to remember is that not all eroded C is removed from the watershed it originated from, or quantitatively delivered to the ocean …. More than 70% of eroded C (by some accounts up to 90%) never actually leaves the immediate vicinity, and is deposited within the same or in adjacent watersheds



So we can’t count this redistributed C as lost from the terrestrial biosphere



And depending on the cause of erosion, you might have gravity driven erosion, putting down colluvial deposits downslope 

Or water driven alluvial deposits in flood plains, lakes etc (we will talk more about thin in a few minutes)


Soll erosion can result In
terrestrial carbon

seguestration.
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Let me first start this section by saying “erosion results in terrestrial C sequestration” 

In the next few slides I will explain why and how






Significance of the erosion-induced C sink

Mean Fluxes in Gt C per Year

_ _ Land (+0.8)
Burning Fossil Fuel

Net Atmospheric
Change

Landuse Change “Missing Sink” ?

Houghton, 2007; Berhe et al 2007
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Presentation Notes
The cartoon on this slide (with the proportionally sized circles) shows the major components of the global carbon budget that are responsible for the net increase in atmospheric CO2. 



On the left side in red are the sources of CO2 to the atmosphere

On the right side in green are the sinks for atmospheric CO2

Read each component and number.



I want to direct your attention to the fact that 

The magnitude of the missing sink (which is also referred to as the residual terrestrial sink) is roughly equivalent to the annual increase in atmospheric Carbon that has currently become of much concern.

And upto 3/4 of this missing sink could be attributed to soil erosion and terrestrial sedimentation. …… so we are talking about a significant sink for atmospheric CO2


Significance of the erosion-induced C sink

Mean Fluxes in Gt C per Year

_ _ Land (+0.8)
Burning Fossil Fuel

Net Atmospheric
Change

Landuse Change “Missing Sink” ?

Houghton, 2007; Berhe et al 2007
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half of this missing sink could be attributed to soil erosion and terrestrial sedimentation. …… so we are talking about a significant sink for atmospheric CO2


Significance of the erosion-induced C sink

Mean Fluxes in Gt C per Year

_ _ Land (+0.8)
Burning Fossil Fuel

Net Atmospheric
Change

Landuse Change “Missing Sink” ?

Houghton, 2007; Berhe et al 2007
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Even relatively conservative estimates of the erosion-induced C sink (at 0.72 Gt) roughtly equals 10% of global fossil fuel CO2 emissions (assuming emission levels for 2005).



Obviously a very important process with potentially significant impact.


Rates of erosion and deposition increasing

* Global rate of soil erosion is increasing (Yang et al., 2003).
« Rates of terrestrial sedimentation increasing more than erosion rates

* Increasein
depositional area
and storage of C

(stallard, 1998).

— Size increased
by
3.5 *10°% km?
(2% of global land
area)

— C storage
Increased by
4.4 Gt Cyrt

) 500 1000 1500 2000 2500 0 500 1000 1500 485000
|

)

9 12 3
Area Covered (107 m*) C storage (10°= gC yr
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As we can see in this two figures ….

Rates of erosion have been increasing, and are expected to continue to increase (20% increase from 1900 to 2008, 32% increase from 1900 to 2100)

Rates of deposition are increasing even further



A major work that started this hypothesis was that of Stallard which showed (among many other things) that since the industrial revolution 

the aerial extent of depositional basins has increased there has specially been large increase in areas used by alluviation (deposition of soil transported by water), reservoirs or impoundments and paddies

This increase in depositional potential for eroded soil is equivalent to 3.5 million km square…. Which is roughly equivalent to 2% of the ice-free land area. 



Such a significant increase in depositional basins has resulted in additional storage of 4.4 Gt C annually. Of course part of this stored Carbon is lost by decomposition and related processes. But still… these data support the idea that erosion and terrestrial deposition can play a significant role in the global carbon budget. 






Most land Is not flat.
Upland ecosystems play

Important role in terrestrial C
sequestration
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One of the useful things to remember as I go over the rest of the talk is that Most land is not flat. 




Upland Ecosystems
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As you can note from this physiographic map, the earth’s surface has a lot of topography




Upland Ecosystems
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Most of Earth’s surface is comprised of
sloping landscapes

Staub and Rosenzweig,
1992

« Hilly upland ecosystems represent
unexplored potential in terms of
terrestrial carbon sequestration.
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At a one degree level …

More than 64% of land area has slope greater than 8% and experiences some form of natural or anthropogenically accelerated erosion


Geomorphic controls on soil C storage

Soil C assessment at
a spot vs. watershed
approach

Elevation

Horizontal Distance

« Watershed C balance = 2 (opposing C fluxes)
— positive C balance indicates a C sink
— negative C balance indicates a source term in the C balance
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So now let me give some detail into how processes of soil erosion and deposition are involved in terrestrial carbon sequestration 



As this figure illustrates, for a given hillslope that sits along a certain horizontal distance and elevation ….. at any point within that hillslope

The stock (amount) of soil is determined by the balance between soil production from bedrock and erosion, and 

The stock of soil carbon is determined by the balance between

Input from plant productivity

Loss through respiration

And depending on where you are on the hillslope

loss from erosion and

input from deposition 


Erosion and Watershed C balance

* In addition to NPP and
decay of in situ C at
depositional settings

Elevation

Regpiration

of deposited C*

Deposition of

Horizontal Distance
« Explicit consideration was missing for:
— Decomposition of eroded C downslope
— Enhanced NPP downslope (deposition of nutrient-rich topsoil)

— Stability of the organic matter (mechanisms of stabilization
determine change in decay rate of SOM during or after
transport)
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But I think, it is not right to just think about about carbon balance for a given area. 

 this is how we should think about watershed C balance in eroding watersheds, we need to account for the C that is transported by erosion and its deposition downslope. 

But when considering hillslopes we need to consider the role soil erosion plays and do a landscape-level (watershed) C balance



The figure shows , a better representation of an eroding and depositional toposequence has to account for what happens to the eroded C after it is removed from the eroding slope positions and is deposited in low-lying depositional settings.
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e Criterion

— Eroded C replaced, at least partially, by new photosynthate (P)
— Preserved in more passive pools in the depositional basins (k)

P.+P. —(Ky +K.)>P, +P. — (K, +K.)
Post-erosion Pre-erosion

— This criterion allows for one of the above conditions to be violated
If the other one is strongly observed, meaning

= P’>> P oor

Berhe et al., 2007
m k<< k

= Erosion becomes a sink if more C is removed from the
atmosphere than is emitted.
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criterion for an erosional C sink is that dynamic replacement of eroded C, and reduced decomposition rates in depositional sites, must together more than compensate for erosional losses



So as I just said we have 

Rates of erosion increasing

Rates of deposition increasing

And also potentially rates of plant productivity and OM decomposition getting affected



So, it becomes important to defind when a typical eroding watershed becomes a C source or sink



As this generalized framework that we developed shows: erosion can constitute a C sink if eroded C is at least partially replaced by NPP upslope and if eroded C is preserved in more passive pools at sites of deposition …….. 



So this framework, which is put in a mathematical criterion in this slide states that erosion and deposition can only constitute a C sink if the balance of C in a watershed (as determined by C input from NPP and loss through decomposition) post-erosion is higher compared to the pre-erosion scenario or a non-eroding condition. 



I want you to note that this equation allows for one of the above conditions of the criterion to be violated as long as the other one is strongly observed … meaning if the post-erosion rate of C input from plant productivity is much much higher than the pre-erosion condition, you don’t’ necessarily need reduction in rates of decomposition to achieve a C sink … and vice versa.



Although as we have shown in another work, that I am not going to be talking about today, maintenance of input is more important than reduction in decomposition rate. 


Question

What mechanisms are important for stabilization
of SOM In eroding landscapes?

1 — Physical, Chemical, and Biochemical
2 —eroding vs. depositional landform positions
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Here will briefly discuss stabilization mechanisms of SOM in eroding and depositional settings and their importance in the erosion-induced terrestrial C sequestration



We will consider three types of stabilization mechanisms 
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Tennessee Valley

Undisturbed, naturally eroding

(pocket gophers, rainsplash)

Fransciscan Sandstone parent material, Entisols
in eroding, Mollisols in depositional; MAP 1200,
MAT14

Erosion (-) &
Deposition (+)

(g m2yr)

-130 -2.00
-110 -2.03
90 1.7
70 1.2

“Heimsath et al 1999: * Yoo et al. 2005
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Making location names RED?, with a circle



Roughly 60m elevation difference over 200m of horizontal distance



This is a rough illustration of our study site, here we dug 25pits all over the watershed (4 summit, 8 slope, 6hollow, 7 plain).

The two depositional settings of hollow and the plain downslope were believed to have been completely stripped of their soils during the last major landslide event that took place about 13k years ago



Net C loss from eroding positions and accumulation of roughly 2/3 of the eroded C in depositional settings
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Replacement of eroded C
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e Plant productivity 2-3 times higher in depositional

e Humification coefficient - that fraction of NPP that mineralizes fast
and doesn’t enter the solil carbon pool

— 23% NPP enters soil pool of summit (compared to 2-3% in the
rest).

 Complete replacement of eroded C (2 g m2yr?)
— 16-times over in summit

_ _ Berhe et al., 2008
— 4-times over in slope
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As we move on across the toposequence from summit (the topmost position) to the backslope (fastest sloping portion of the toposequence) and then the two depositional settings of hollow and plain …. Plant productivity increases 2-3 times. 



But we also notice is that in most of the watershed, 97% of the C that is produced by photosynthesis annyally is decomposed fast and doesn’t not enter the soil C pool … a notable exception here is the  topmost landform position of summit, where 23% of soil C enters the soil pool compared to 3% in the rest of the watershed



Once you account for 


Stock of Soil Organic Carbon

e 2-3times more C
stored in depositional
settings, compared to
eroding

e Soil thickness
— 63cm eroding
— 120cm depositional

Profile Inventory
Cow =D AZ-p-(1-R)-[%OC, -100]
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Before I go any further with stability, let me show tell you “how much C is actually there”



(after accounting for %C in soil, bulk density, rock content, and soil thickness) we find that the total amount of soil C in the depositional settings is 2-3 times larger compared to that in the eroding settings



This high accumulation of C in the depositional settings compared to the eroding ones is partly driven by thicker soils in the depositional settings, compared to the eroding ones. Soil thickness (how much soil you have above bedrock) is on average 63cms in the eroding positions, compared to double that at the depositional settings)


Decay rate constant of bulk SOM

Profile averaged
decay rate constant
over the entire
history of the
toposequence

 Decay rate at depositional settings is 2-10 time slower
than in eroding slope positions

« A lot of OM that cycles very slowly at the depositional

settings
— high storage effectiveness, Weighted FM, 4C.
Berhe et al., 2008
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this slide describes the long-term average decay rate of OM in the different landform positions in the eroding/depositional toposequence in Tennessee valley. 



This decomposition rate is derived by reconstructing rate of C accumulation in the different positions over the entire sedimentation history of watershed …..using radiocarbon dating of SOM and calibrating the radiocarbon ages to calendar ages with a program known as oxcal. 



What we find is that decay rates of SOM in the depositional settings are 


Unprotected vs. Stabilized OM

Unprotected

Aboveground biomass Unprotected, free light fraction (fLF)

©
b
N
E
©
i
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Physically stabilized Chemically stabilized Biochemically stabilized
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Unprotected fraction

In the variety of plants that constitute above ground biomass

Underground but unprotected by the mineral materix (C exists freely without any association with the mineral matrix.)

Potentially most labile fraction

Physically stabilized

C exists freely inside  aggregate spaces  or buried in the subsoil.

Removed from oxidizing near surface environments 

Chemically stabilized

C is chemically bound  with the mineral fraction.

Formation of organo-mineral complexes

Biochemically stabilized

Inherent composition (recalcitrance) of their organic constituents 

The carbon composition changes due to humification





From Mikutta et al 2006

physical stabilization relates to the accumulation of OM due to establishing of physical barriers between microbes and enzymes and their substrates as aggregates form (Jastrow et al. 1996; Six et al. 2004); 

(2) chemical stabilization refers to intermolecular interactions between organic and inorganic substances that decrease the availability of the organic substrate due to complexation of functional groups and changes in conformation (Guggenberger and Kaiser 2003); 

(3) recalcitrance connotes the preservation of OM caused by structures inherently stable against biochemical decay such as condensed and lignin-derived aromatic carbons, melanoidins, some tannins or aliphatic compounds (Krull et al. 2003; Poirier et al. 2003).



physically stabilized C can be as labile as not stabilized C that freely exists on the soil surface or through out the soil profile that decomposes over short time scales, but in this arrangement the C is physically encapsulated within the mineral grains and it becomes inaccessible to decomposer communities

Susceptible to decomposition during aggregate breakdown or transport

effective after burial in low-lying depositional settings



Chemically stabilized C may or may not be as labile as the free OC in soil but it is still hard to free this carbon for microbes because it is chemically bound to the mineral surfaces ….. In this type of arrangement Fe and Al oxides, provide high SSA for sorption of organic molecules and further form organo-mineral complexes that stabilized the OC

little effect  on decomposition during erosion.

Accumulation of oxides in depositional settings stabilization of eroded C





Biochemically stabilized C is in composition different than C that is free or physically or chemically stabilized but it is inherently composed of organic biomolecules that are hard to decompose because the molecules may be 

	Large, irregular biomolecules

	Low carbon or nutrient content

	Humified (labile fraction decomposed, only recalcitrant fractions left)

Little effect during erosion

Preferentially deposited, when most labile OM gets mineralized during erosion

Accumulation of low %C OM  stabilization, C sink




Mechanisms of SOM stabilization & Erosion
Krull et al. 2003 and Six et al 2002

Physical
stabilization

e inside aggregates
eUnstable against
erosion

eDensity
fractionation

Chemical
stabilization

e chemically bound with
minerals

eStable against erosion
e Fe and Al selective
dissolutions

Biochemical
stabilization

e|nherently
recalcitrant
eStable against
erosion

e13C- NMR
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physically stabilized C can be as labile as not stabilized C that freely exists on the soil surface or through out the soil profile that decomposes over short time scales, but in this arrangement the C is physically encapsulated within the mineral grains and it becomes inaccessible to decomposer communities

Susceptible to decomposition during aggregate breakdown or transport

effective after burial in low-lying depositional settings



Chemically stabilized C may or may not be as labile as the free OC in soil but it is still hard to free this carbon for microbes because it is chemically bound to the mineral surfaces ….. In this type of arrangement Fe and Al oxides, provide high SSA for sorption of organic molecules and further form organo-mineral complexes that stabilized the OC

little effect  on decomposition during erosion.

Accumulation of oxides in depositional settings stabilization of eroded C





Biochemically stabilized C is in composition different than C that is free or physically or chemically stabilized but it is inherently composed of organic biomolecules that are hard to decompose because the molecules may be 

	Large, irregular biomolecules

	Low carbon or nutrient content

	Humified (labile fraction decomposed, only recalcitrant fractions left)

Little effect during erosion

Preferentially deposited, when most labile OM gets mineralized during erosion

Accumulation of low %C OM  stabilization, C sink






Physical stabilization due to aggregation

density fractionation <1.7 g cm=3 SPT, occluded light fraction

Plain effective for physical stabilization, but not Hollow

Deep OM progressively older but higher C:N with small change below
60cm (OM composition)

Deep soil A*C in depositional sites = mixed layer in eroding

Berhe et al., In review
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Here the question we are trying to answer is “”Does aggregation provide more stabilization for C in depositional vs. eroding sites?



The answer we get is mixed in that

Downhill depositional basin does store higher amount of physically stabilized SOM, but midslope hollow doesn’t

The C:N of physically protected OM  increases with depth (typically C:N decreases with depth, presumably because you have more humified OM (that has undergone significant decomposition, which tends to have low C:N ratio) deposited  …. In this site we see that the C:N of physically protected OM barely changes esp after 50cm, which might suggest that the OM is not undergoing significant decomposition/transformation in that region. 

the delta 14C gets more negative (indicating older OM) with depth (which is what expect it to do0 but it is also interesting to note that the delta 14C of SOM in the depositional settings stays at the delta 14C content of the mixed soil layer in the eroding slopes (supporting our hypothesis that the OM in the depositional settings is predominantly derived from deposition of eroded C)…….But at depth the SOC in the plain is younger because what uses to be topsoil material from the eroding slopes is now at the bottom of the depositional sites ….. Moreover, it continues to evolve, and be reworked by post-deposition diagenetic processes


Chemical stabilization due to bonding of OM w/minerals

Poorly crystalline oxides *=weighted FM (14C)

*Storage
R? Civ | effectiveness

Al 48 11

Organo-mineral complexes

*Storage
R? Cinv effectiveness
0.8 2
0.64 0.49

« Limited contribution of poorly crystallines due to their lateral distribution

« Stronger contribution of Fe and Al in organo-mineral complexes for SOM

stabilization overall _
Berhe et al., In review
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Here the question we are trying to answer is “”Do poorly crystalline Fe and Al oxides in  depositional positions provide higher surface area for SOM stabilization?”



These two classes of Fe and Al oxyhydroxides are very important in SOM stabilization because 

Poorly crystallines – have high surface and car form tighter bond with C and protected it from decay

Organo-mineral complexes are formed when Fe (esp Fe3+) is bounded with organic acids in soil in typical ligand or anion-exchange reactions





Not necessarily … only effective in extreme slope positions.

Poorly crystallines  are theoretically effective because they have high surface area and can form tighter bonds with C but their distribution in the eroding toposequence makaes it so that they are only effective at the top and bottom most positions of the hillslope

[

Formation of organo-mineral complexes on the other hand is more effective in the depositional settings, esp plain and promotes more C accumulation and stabilization (compared to pedogenic Fe and poorly crystalline minerals)




Biochemical stabilization due to recalcitrance of OM

As humification progresses

« proportion of Alkyls increases  Less decomposed
« Proportion of O-alkyls decreases (transformed, may be
= Increase in A:0O-a Iab”e) OM |n depOS|t|0na|
sites
— Except in deepest layers in
slopes

—> evidence for preservation
of OM after deposition of
eroded C

-> Buried SOM is not
passive and in situ NPP
at depositional settings
has important
contributions

Berhe et al., In review
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Here the question we are trying to answer is “”Is SOM in the depositional settings more biochemically recalcitrant than that on the eroding slopes?”



Here we are using 13C NMR derived distribution of functional organic groups in soil organic matter to infer about its stability

Alkyl groups (found between 0-45ppm in the 13C NMR spectra are saturated 

(a) Alkyl-C (0-45 ppm)—unsubstantiated, saturated aliphatic C including terminal methyl groups, methylene and methine groups in alkyl chains, methylene C atoms in terminal methyl groups and branched alkyl chains,  -C in aliphatic acids and amines; 

(b) O-alkyl-C (45-110 ppm)—aliphatic C singly bonded to one O or N atom including: methoxyls, ethoxyls, carbohydrates, acetals, ketals; 

(c) Aromatic-C (110-160 ppm)—aromatic and unsaturated C including protonated aromatic C, aryl H, unsubstituted or O­ or N­substituted aromatic C such as aromatic ethers, phenols or aromatic amines; and, 

(d) Carboxyl-C (160-220 ppm)—carbonyl, carboxyl, amide and ester C atoms. 

Afterward, the proportion of C in each functional group was computed by integrating the area under the individual peaks of the functional groups [Kleber, et al., 2004; Swift, 1996]. We used the relative difference of the peaks [alkyl to O-alkyl ratio (A:O-A)] as a measure of the degree of decomposition of organic compounds in soils [Baldock, et al., 1997]


Summary

Stabilization of eroded C in depositional
settings mainly due to:

1 — Burial and Physical aggregation of
carbon within soil mineral particles

2 — Formation of organo-mineral complexes
with Fe and Al oxides
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So we find that it is not biochemical recalcitrance or changes in OM chemistry to make it resistant to decomposition that protect eroded C after deposition, rather the protection is offered because of 

physical encapsulation of OM inside soil mineral aggregates and

Formation of organo-mineral complexes with Fe and Al oxides


Important Clarification

This work addresses proper accounting of erosion
associated terrestrial carbon sink.

Soll erosion can constitute a C sink, but

e Conservation matters

— Disturbance of depositional sites can destabilize physically
protected SOM in depositional settings

— Increase or maintenance of NPP can increase carbon
sequestration potential of eroding watersheds

« Can we compare the environmental costs of soil erosion
to beneficial role it plays in C sequestration?
— Can we put the costs in some common matrix?

Berhe et al., 2007, Harden, Berhe et al 2008



]

Conclusions

« Both natural and anthropogenically accelerated soil erosion

result in terrestrial C sequestration

— Criterion met:
« Dynamic replacement of eroded C
* Reduction in decay rates at depositional settings

— the faster the rate of erosion (the more degraded the
land), the higher the sequestration potential

Effect of land management on soil erosion depends on soll
quality

Landscapes are complex. Important to consider varied
landform positions to understand implication of
anthropogenic activities on soil quality, sustainability, C
sequestration.
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At least in this type of environment Erosion and deposition can result in stabilization of SOC 



This is the first study to show that C in depositional basins turns over more slowly … I found that the common assumption wasn’t true …. 
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Professional goals

 Informing public discourse
— Global change science
— Soll processes and Ecosystem functions of solls

* Viewpoint
— Disciplinary emphasis on biogeochemistry

— Interdisciplinary work (political ecology) to
understand

 How soll’s regulate provision of important services to
human beings

« How human actions affect land quality/management
and people’s relations with land (identity)
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Postdoctoral work
» Pedogenic responses to changes in amount and seasonality of rainfall
» Nano-biogeochemistry, OM desorption from oxide surfaces

Continuing work

 Temporal evolution of the erosion induced C-sink

* Biochemical constraints on decomposition of permafrost SOM in Alaska

« Effect of source material and soil depth on decomposition of black carbon

Future Work

* How significant is erosion-induced C sequestration during landuse
conversion for biofuels?

« Can we reconstruct climate and vegetation history in the Sahel to
understand drivers of climate and vegetation change (over last 200yrs)?

« Does urbanization and associated chemical pollution impose _
fundamental physiological and/or macroscopic constraints on nutrient
cycling (due to changes in stoichiometry, C:N:P:S)?

 What sort of real (land management) and imagined (identity)
relationships due war refugees adopt in their settlements?
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Postdoctoral work

Pedogenic responses to changes in amount and seasonality of rainfall 

Nano-biogeochemistry, OM desorption from oxide surfaces

Continuing work

Temporal evolution of the erosion induced C-sink. Effect of changing rate of carbon input vs. decomposition

Biochemical constraints on decomposition of permafrost SOM in Alaska (molecular architecture of SOM in permafrost vs. non-permafrost SOM

Effect of source material (plant type) and soil depth on decomposition of black carbon

Future Work

Reconstruction of environmental history in the Sahel (Better understanding of wet-dry climatic cycles through isotopes, pollen and ethnography)

	Collaborators: hydrologist, paleoclimatologist, paleoecologist and anthropologist

Biogeochemistry along urban-rural gradients (Ecosystem level stoichiometry (C:N:P:S) along pollution gradients to understand if urbanization and associated chemical pollution impose fundamental physiological and/or macroscopic constraints on nutrient cycling. 

	Collaborators: atmospheric chemist, plant physiologist, geochemist, 
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Decay of deep SOM
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Summit Slope Hollow Plain

e Subsoil SOM
— ~50% of total soil C

— decay of deep SOM offsets half of the fresh input to SOC pool
annually

» Buried C is not necessarily stabilized, it continues to receive inputs
from top soil layers and release CO, to the atmosphere

Berhe et al., 2008
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As our NMR results showed in the earlier slide, just because it is buried OM is not preserved as is, it likely continues to be transformed due to input of fresh OM from in situ production at the depositional settings and because OM continues to evolve even at depth



As you can see in this figure anywhere from 25% -55%  of deep SOM is found below the mixed layer (mixed by gophers) and 

Decomposition of deep SOM offsets annual input of C from NPP by upto half 



Deep SOM

Away from oxidizing near surface environments and 

Disturbance by bioturbation



in the summit a relatively smaller fraction of SOM is located in deeper soil layers and contributes to very small offset of the input to SOM pool


()
The Global Carbon Cycle

Atmosphere 780 (+4.2 yr-1)/<syrs/ Balancing the C
: budget

« Understanding
the processes
responsible for
net sources and
sinks of carbon is
of paramount

Surface Ocean = 728 [<I] importance

O  Net terrestrial

Deep ocean = 37,275 balance: the term
) - 5x10°] with the least
agreement among
different
estimates

Land biota
550/<50yrs/

AA Berhe
Data from Houghton 2007
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Just to make sure that we are all on the same page, let me go over the global carbon cycle briefly:

There are three important reservoirs of C

	1- the atmosphere

	2 - the hydrosphere (oceans and seas)

	3 - and off course the terrestrial biosphere (which includes both the land biota and the soil system …long-term reservoir of C in sedimentary rocks)



And there are important fluxes of C from and between these different reservoirs, including

The amount of C that is produced by photosynthesis and C that is oxidized/mineralized to CO2 by the process of respiration/ecomposition

You have this in both the terrestrial biosphere and the hydrosphere

In addition you have fluxes driven by

Deforestation

Combustion of fossil fuels



As you know, understanding the processes responsible for sources and sinks of C are very important and the biggest uncertainity in the global C budget currently is in balancing the terrestrial C budget.




The Global Carbon Cycle

1 My work
Atmosphere 780 (+4.2 yr™")/<Syrs/
General themes
e Geomorphic and
Anthropogenic influences on
cycling of essential elements
Land biota in the critical zone.
550/<50yrs]
* Dynamic two-way relationship
raspeeee  between soils and society
Methods
ek o Soil (bio)chemistry
* |sotopes,

Sedimentary _ .. 000 * Spectroscopy

Rocks ~10° « Ecosystem ecology
« Ethnopedology
 Political ecology

AA Berhe

Data from Houghton 2007
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Using the C cycle to explain the scope of my work

My field is environmental soil science, I study how 

  humans interact with the soil system, specially how natural geomorphic, and anthropogenic processes and disturbances affect the cycling of essential elements in the upper layers of the earth’s crust, known as the critical zone.

 how the landuse choices that humans make and their relations with land are influenced by complex dynamics between socio-plitico-economic factors



Most of approaches and methods I use in my work are grounded in 

 soil science (esp soil chemistry and biochemistry), - chemical/biochemical reactions and characteristics of soil

ecosystem ecology - the integrated study of biotic and abiotic components of ecosystems and their interactions 

Ethnopedology - understand the local approaches to soil perception, classification, appraisal, use and management 

political ecology – study of how political, social, and economic factors affect environmental issues




Contrasting causes, forms, & magnitudes of erosion

Each dot, intensity of soil
erosion(Uri 2001)

Nelson Farm,
central MS

 Nelson Farm, MS
o Cultivated
« Anthropogenically accelerated intensive
soil erosion,
 Tennessee Valley, CA
« Undisturbed grassland (grazed 19% to
early 20t century)

Tennessee Valley, « Natural, Slow rate of erosion (gophers)
Marin headlands, CA
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In figure

1 dot equals 4×1010 kg of soil loss due to water or wind erosion�(Uri 2001, Environmental Monitoring and Assessment)





51% of water erosion in the US occurs in just two of the twelve Major River Basins -- the Missouri and the Souris-Red-Rainy/Upper Mississippi. (2003 National Resource Inventory)





Nelson Farm, MS is an experimental site established by USDA-NRCS (Natural Resources Conservation

Service), which located in Tate County in northern Mississippi. There are total 16 erosion plots and 3 small

watersheds with various crops and tillage operations.

From Liu et al 2003 

The study site was at the Nelson Farm, located in Tate County, Mississippi, with latitude 34°3350 and longitude 89°5730. The Nelson Farm site is a small hydrologically monitored headwater watershed with an area of 2.09 ha. Soils, derived from Peoria Loess parent material, were described as eroded Memphis silt loam (Typic Hapludalf) on the broad ridges and severely eroded Grenada silt loam (Glossic Fragiudalfs) on the hillslopes [Huddleston, 1967]. Annual precipitation is about 1340 mm, and annual average daily maximum and minimum air temperatures are 23.9°C and 10.6°C, respectively.

[8]   Our study utilizes the data compiled for Nelson Farm during previous work by researchers from the U.S. Geological Survey [Huntington et al., 1998; Sharpe et al., 1998; Harden et al., 1999]. Nelson Farm was converted from forests to agriculture around 1870 and used primarily for cotton production until about 1950 (Table 1). Historical management information, including crops cultivated, types of tillage, harvest, and fertilizer application, are listed in Table 1, which is adapted largely from Sharpe et al. [1998] and Harden et al. [1999]. 



Our work focuses on one site in the upper MS and one in the Marin Headland of northern CA, a contrasting site that 

Is under natural vegetation

Experiences natural erosion due to mainly burrowing activity of pocket gophers

experiences an order of magnitude less erosion






O

Study sites

I 730

Valley, CA MS
Fransc. Sandstone Peoria Loess
Entisols, Mollisols Alfisols
Undisturbed Cultivated
(%)

Nelson Farm, MS
— NPP maintained by addition of fertilizers and irrigation

— Mechanically cultivated with cotton 1800-1950, since then
sorghum, wheat, soybean.

Berhe et al (2007)
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In TV, The grasses in eroding slope positions are mainly composed of Poacea spp., Plantago lanceolate, and Lolium temulentum while a combination of Koeleria macrantha, Rubus ursinus, Festuca Rubra, and Bromus carinatus dominate in the hollow and plain.



Soils in MS, 

Alfisols - moderately leached (forest) soils that have relatively high native fertility (concentration of base, nutrient cations). These soils are well developed and contain a subsurface horizon in which clays have accumulated.

Typic Hapludalf (ex. From southern Michigan) -- This soil is formed in calcareous glacial till on gently rolling landscapes. Native vegetation consists of hardwood forests and the soil is commonly used to grow beech and sugar maple. Cleared soils may be used to grow crops such as corn and small grains; however, tile drains are required. 


cause, erosion causes a

« Both forms of erosion result
In terrestrial C sequestration

e Cultivated MS site had
— Faster rate of erosion
— Smaller %C in topsoil

— Higher fraction of eroded C
stabilized

— The more degraded a land,
theoretically, the furthest it is
from its maximum carbon
sequestration potential.

* No C stabilization (C,), only if:
— Fraction of eroded C arriving at depositional site (f, ;) =0
— Fraction of C decomposed after deposition (fy ;) = 1

Berhe et al (2007)



New photosynthate & its contributions

- * Humification coefficient

2 300
90% SR SN
3% 200 © oy
8.5 3 'e 200
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g a 3
0 = = 0
Tennessee Nelson Farm
Valley(CA) (MS) 2.5
23T
« Comparable NPP .
_ 8 & A2
* Upto 3 times more C enters: § |
soil pool at MS =8
e Erosion-induced C 28
sequestration -

— 0.3% of NPP in CA
— 2.3% of NPP in MS

|
Tennessee Nelson Farm
Valley(CA) (MS)




Post-erosion watershed C balance

* New (post-erosion) input

dC

—~ | =kC decomposing at old (eroding
dt site) decay rates
_ * Eroding settings
Cr =Creroa +Croep « Topsoil of depositional
settings

Then, post —erosion

* Old (pre-erosion) carbon (little
or no fresh input)

C; =C; 404 +(deposited C+insituC)  decomposing at new decay
rates

| ' - Buried in subsoil of
_ k), ' —k't uried in subsoil 0
C (t) (1 € ) k(1+e ) depositional settings

Modeling results Berhe 2006
* Changes to rate of C input to soil more important than

changes in rate of OM decomposition (unless

decomposition is completely stopped)
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Now that we have talked about the importance of NPP, let’s briefly talk about how NPP and decomposition rate compare in their contribution to terrestrial C sequestration in eroding systems



C balance in any system is determined by this simple model developed by a famous, Berkeley soil scientists Hans Jenny in 1941

When we apply this model to eroding/depositional watersheds we need to separately consider the C balance in eroding and depositional parts of the watershed and 

Also remember that C balance in depositional settings is made up of 

C produced  by in situ NPP

C deposited by erosion …. And those two cycle at different rates. Meaning we have 

New input decomposing at all rates in both the eroding settings, and for the eroded topsoil deposited downhill

And we have old C decomposing at new rates in the depositional sites


1 — Both constitute net C sequestration




Geomorphic Controls on C Storage

 Erosion affects the
stock of

— Soll
— Soil carbon

Elevation

Horizontal Distance

 Inflat and undisturbed mature sites: _
soil loss by erosion = soil production.

 In hilly and anthropogenically disturbed landscapes:
rate of soil erosion >>> rate of soil production

Figure adapted from Yoo et al. 2005
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So now let me give some detail into how processes of soil erosion and deposition are typically represented in carbon sequestration  studies



As this figure illustrates, for a given hillslope that sits along a certain horizontal distance and elevation ….. at any point within that hillslope

The stock (amount) of soil is determined by the balance between soil production from bedrock and erosion, and 

The stock of soil carbon is determined by the balance between

Input from plant productivity

Loss through respiration

And depending on where you are on the hillslope

loss from erosion and

input from deposition 




Erosion redistributing C

T e Soil profile inversion

- Ercded soil

- Deposited soil

Soil erosion

— Removes topsoil (high SOM), exposes subsoil (low SOM)
— Transports eroded topsoil downhill

— Buries transported soil in different depositional settings (hollows,
foot-slopes, alluvial/colluvial plains...)

Until recently, €rosion was not included in most global C models
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In this ideal representation of a typical hillslope what we have is 

Upslope settings of summit and backslope

Midslope depositional settings such as terrestrial depressions or hollows

And low-lying deposition areas including foot- and toe-slopes and alluvial or colluvial plains



Erosion removes soil and associated SOM from the eroding hillslope positions and deposits it either on the midslope depositional settings such as hollow or downslope or downstream depositional settings such as floodplains, reservoirs and off course some of the redistributed soil and soil organic mater eventually arrives in aquatic depositional settings.



But as this is going over long periods of time, 

erosion changes topography of the landscapes (less steep slopes) and 

What used to be topsoil in the eroding slope positions gets buried in the subsoil of depositional settings where the organic matter that is associated with the soil could be preserved, meaning its decomposition rate reduced. 

But despite what I just told you, until recently erosion was not even included in most global C models






