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Outline 

• The problem: reconciling commercial 
production and carbon sequestration 

• Loblolly pine as the model system 
– Ecosystem carbon balance vs. soil carbon balance 

• Results 
– Soil C balance 
– Harvest residue dynamics 
– Partitioning respiration 

Noormets et al. (2010) Response of carbon fluxes to drought in a coastal plain loblolly pine 
forest. Global Change Biology 16: 272-287 
Noormets et al. (2012) The role of harvest residue in rotation cycle carbon balance in loblolly 
pine plantations. Respiration partitioning approach. Global Change Biology 18: 3186–3201 



Ecosystem C cycle 

Litter & Soil C 



Plantation is an open system 
C assimilated  C sequestered 
NEE    NBP 

Litter & Soil C 

Presenter
Presentation Notes
The removal of stemwood C may have different consequences, most obviously on long-term C sequestration.It may also affect soil C and nutrient cycling due to different stoichiometric balancesI am collaborating with forest economists to gain better understanding of the product life cycle, as well as use the site C pool and productivity information in developing evaluation system for soil C. 



Why does it matter? 

• Effect on C sequestration 
• Stoichiometric effects 
• Episodic removal, must consider entire forest 

life cycle 
 
 
 



Study area  

LOBLOLLY PINE SITE
(planted 1992)

CLEAR-CUT SITE
(planted loblolly pine, 12/2004

Zobel  & Dorman 
http://www.fao.org/docrep/006/e4209e/E4209E03.htm 

Presenter
Presentation Notes
Fig. 1 The range of loblolly pine (top) and site locations at Parker Tract in Washington County, NC. 



Loblolly pine & plantation forests 

• Produce 16% of global industrial wood, more 
than any other country 

• Over 80% of new plantations in loblolly pine 
• 55% of loblolly pine in USA is in plantations 

 
• Contain 36% of the C sequestered in the 

contiguous USA (12 Pg) 
• Sequester 13% of regional GHG emissions (76 Tg) 

 



Live Biomass of U.S. Forests 

Mg CO2 equivalent per ha 

Source: Linda Heath, USDA FS 

Presenter
Presentation Notes
Compared to NW and NE forested areas, southern US forests not a large sink for aboveground carbon (on a per forested area basis, not land area).  Especially coastal plain with many managed ecosystems.



Annual NEE of natural ecosystems 

Sun et al., 2011, JGR 

Presenter
Presentation Notes
Annual balance of 0.68 Pg C yr-1 (0.51-0.7 between 2001-2006), sinks dominated by forests



High productivity 

14 years 

15 inches 

NEP: 700±238 g C m-2 yr-1 

? Litter & Soil C ? 



Soil C balance 

How much residue gets sequestered in the long term? 
 
How does contribution from above- and below-

ground components differ? 
 
Does RH increase?  
 
Does the pulse of harvest residue trigger an increase 

disproportionate to its size, i.e. is there priming? 
 
 

 

? Litter & Soil C ? 

Presenter
Presentation Notes
Disturbance – simple resetting or something more (Gough et al., 2008)Leaching of nutrients (O'Hehir &  Nambiar, 2010; Tyree et al., 2009)Increase in decomposition. Total flux vs. capacityCovington, 1981Yanai et al., 2003Recovery of soil C & N can take centuries (Matamala et al., 2008)



 
 
 
 
 

1. Belowground allocation vs. heterotrophic 
respiration (BGA:RH) 

2. Decay of harvest residue 
3. Partitioning of respiration 

Soil C balance = inputs-outputs 

Litter & Soil C 

Detritus= 
leaffall, branchfall, 
fine root production 

RH 

Leaching  0 

Presenter
Presentation Notes
Now that we have partitioned ecosystem respiration and increased our confidence in RH estimates, we can re-evaluate the balance between detritus production and RHHow much missing from understory production? – in CC shrubs were not annual, max shrub biomass in year 2 was 38%



1. Detritus:RH 

Age 13-17 2005 2006 2007 2008 2009 Total 
Detritus 420 530 520 560 440 2470 
RH = 0.5 × SR 665 558 570 598 550 2941 
Detritus:RH0.5 0.63 0.95 0.91 0.94 0.80 0.84 

RH (BL2004)  646 568 578 570 562 2924 
Detritus:RHBL 0.65 0.93 0.90 0.98 0.78 0.84 

 
Average deficit (years 13-17): 93 g C m-2 yr-1 

Noormets et al., 2010, GCB 

Presenter
Presentation Notes
The original Litterfall included Leaffall, branchfall & 21% of fineroot biomassThis is an imbalance on an ongoing basis. In order to scale it to the rotation cycle C balance, we must consider other C inputs to the soil, primarily roots, but also harvesting residue and CWD. �
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2. Harvest residue input 

k=0.3 k=0.15 k=1 k=0.15 

𝐷𝐷𝐷25 = 𝐷𝐷𝐷0𝑒−𝑘𝑘 = 93 − 138 𝑔 𝐶 𝑚−2 

Presenter
Presentation Notes
These single-phase decomp models oversimplify realityWe saw before that One would expect BG-C pools to decay more slowly than AG ones, but literature data suggests that their decay constants are about the same. So that is what we used. The gross simplification of the matter and ignoring of multiphase decomposition dynamics will need to be refined, but it seems like there may be some material that could survive past the 25-yr rotation cycle. And it has to come from one or both of the woody tissue pools.If the RH is in the lower end of our estimation, harvest residue may just cover those losses, but the errors of both gains and losses are too large to be able to say how it is likely to play out.Furthermore, since the harvest residue inputs are episodic, every 25 years, it means that an equivalent amount of OLDER soil C is part of the active cycle. i.e. old soil C is not well protected, and is therefore vulnerable to disturbances that may trigger enhanced decomposition. 



SR 

3. Respiration partitioning 

RASoil 

RHSoil 

RCWD 

RA-AG 

ER 

Presenter
Presentation Notes
We will do this by partitioning respiration. By measuring or estimating different components and simulating their change over time, we can draw conclusions about soil C, the large pool, which is difficult to accurately quantify directly. 



Age-related changes in C exchange 

Time since disturbance (years)
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Noormets et al., 2012, GCB 

Presenter
Presentation Notes
By constructing a comprehensive ecosystem respiration budget we can get a bit better understanding of different sub-processes.We did this using eddy covariance and chamber measurements of individual components and linking them to the sizes of respective biomass pools. Point out – ER ~ constant, SR changing  other components must also be changing. Most dramatic changes when we partition furtherMaybe not (At one point there was some peak in interest of whether IAV of NEE was driven by IAV of ER or of GEP. More people found evidence for GEP-driven NEE, but the results here suggest that something may have been missed in that discussion. There may have been compensating changes in respiratory components)2 stands, space-for-time substitution to simulate the development of a single standHigh fluxesBecomes sink at age 4.5 years, recovers lost C at age 9.5 years



Coarse woody debris decomposition 

Noormets et al., 2012, GCB 

Presenter
Presentation Notes
A big pulse, tapers off quickly



Respiration dynamics, RCWD & SR 
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Noormets et al., 2012, GCB 

Presenter
Presentation Notes
What we thought would be the biggest AG fluxSR stimulation ~50% over baselineCWD peak ~1000% over baselineCWD disappears – 50%=mineralization, 50%=fragmentationHowever, compared to SR, it is almost negligible throughout most of the rotation cycle/stand development



Time since harvest (years)
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Soil heterotrophic respiration 

Noormets et al., 2012, GCB 

Presenter
Presentation Notes
This is a consistency check of different measurements. Bond-Lamberty 2004 global Rh model: ln(RH)=1.22+0.73 ln(RS)Rh was lower than in many other studies. 



Soil carbon deficit 

Soil C deficit:� 𝐷𝑒𝐷𝐷𝐷𝐷𝐷𝐷 − 𝑅𝐻

25

1

= −124 …− 267𝑔 𝐶 𝑚−2𝑦𝐷−1 

Noormets et al., 2010, 2012, GCB 

Presenter
Presentation Notes
Does NOT include harvest residue pulseSoil C stocks are just barely replenished at harvest 1 25 ( 𝑅 𝐻 −𝐵𝐺𝐴) =2500…6000 𝑔 𝐶  𝑚 −2 Harvest residue=2750 𝑔 𝐶  𝑚 −2 



Dead organic matter dynamics (1) 

DOMAGt, DOMBGt – above- & belowground DOM pools in year t 
 
ERt, SRt – ecosystem and soil respiration rates in year t  
 
PCWD, PBranch, PLitter, PFineRoot, PDeadCoarseRoot – annual production rates of given 
DOM pools 
 
fSR

AGt, fSR
BGt – fraction of above- and belowground DOM contributing to SR in 

year t (fSR
AGt + fSR

BGt = 1). Estimated. Same for fER
AGt. 

 

 



Dead organic matter dynamics (2) 

Age (years)
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AG-DOM 
BG-DOM 
SOM 

-2300 g m-2 

+4600 g m-2 

𝑑𝐷𝐷𝐷𝐵𝐵 − 𝑑𝑑𝐷𝐷
25 = 80 − 100 𝑔 𝐶 𝑚−2𝑦𝐷−1 

 

Presenter
Presentation Notes
Seems like there is a potential to replenish soil C stocks, even though SOM is an active component in the C cycle. However, as CWD and Coarse roots were similarly sized pools, and were assigned identical decay constants, it is unexpected that it is coarse root pool that contributes primarily to SOM replenishmentOn the other hand, it has been found that dried root samples tend to decay faster than those left in place. So there may be a bias in the earlier estimate



Summary 

• Running soil C deficit: 124-267 g C m-2 yr-1 

• Harvest residue surplus: 80-100 g C m-2 yr-1 

 
• Long-term C sequestration potential ≤ 0 

 
• Modified management may help reduce soil C 

losses while optimizing productivity  
• This work can inform policy decisions for forest 

management 

Presenter
Presentation Notes
Consistent with other recent reports of soil C lossSoil C stocks are just barely replenished at harvest 1 25 ( 𝑅 𝐻 −𝐵𝐺𝐴) =2500…6000 𝑔 𝐶  𝑚 −2 Harvest residue=2750 𝑔 𝐶  𝑚 −2 / Last point : Post-harvest change in RH:SR (or CUE, DeLucia et al., 2007 GCB) /



Remaining measurement uncertainties 

• Amount of residue ploughed into soil 
 

• Rate of decomposition at later stages of decay 
 

• Rate of fragmentation 
 

• Area-wide coverage of CWD  

 



Scaling uncertainties 

1. Site matching (SI= 88 in young and SI=66 in old) 
i. Bias towards more conservative 
ii. SI difference = f(soil, +25ppm CO2, management history) 

2. Fine woody debris 
i. Little direct contribution to rotation cycle C balance 
ii. Potential priming of SR by harvest residue 

3. Extrapolation of biomass pools to maturity 
 

Any biases would result in overestimating harvest residue and 
underestimating soil C loss.  
 
Respiration budget closed to within 10±5%.  

Presenter
Presentation Notes
All scaling uncertainties and errors would result in more conservative estimate of the soil C loss, as they would result in overestimating  harvest residue and underestimating soil C loss. Confidence in measurements increased since respiration budget was closed to within 10%. 



Traditional view of soil C dynamics 

Jiang et al., 2002, FEM 



Soil carbon 

Johnson & Kern (2003)  

Presenter
Presentation Notes
Unique role in continental C balanceIn UK it has been found that C rich soils have been losing C the fastest and we should try to learn something from that lesson, especially since it probably is well within our reach to affect the soil C cycle.



Next steps 
• More detailed measurements of post-harvest C 

pools and fluxes in sites better matched in terms 
of soils 

• Simulate the effects of different harvest lengths on 
different OM pools and evaluate the impact on 
productivity:sequestration tradeoffs 

• Modified management may help reduce soil C 
losses while optimizing productivity  

• This work can inform policy decisions for forest 
management 

Presenter
Presentation Notes
Consistent with other recent reports of soil C lossSoil C stocks are just barely replenished at harvest 1 25 ( 𝑅 𝐻 −𝐵𝐺𝐴) =2500…6000 𝑔 𝐶  𝑚 −2 Harvest residue=2750 𝑔 𝐶  𝑚 −2 
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