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Hidden Challenges in 
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Climate Change
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Betes
Ecology and Evolution, University of Illinois at Chicago, USA

Terrestrial ecosystems exchange vast amounts of C with 
the atmosphere between the processes of gross primary 
photosynthesis (GPP) and ecosystem respiration. As such, land 
surface processes that affect the balance between photosynthesis 
and respiration should affect the atmospheric concentration of 
CO2. Because atmospheric CO2 concentrations have been stable 
over millennia during the Holocene, it can be hypothesized that 
any process that has affected one biospheric C flux component 
has been compensated by changes in the other component. 
However, human activities are causing a net release of CO2 into the 
atmosphere, which is altering the C flux balance between global 
GPP and terrestrial ecosystem respiration. Reliable predictions 
of direct effects of CO2 and related climate forcing factors on 
vegetation and their feedbacks on the climate system depend 
deeply on our understanding of this global photosynthesis-
ecosystem respiration balance. Tremendous progress has been 
made on understanding the photosynthetic flux of the terrestrial 
biosphere, but our understanding of the respiration flux and 
its components has advanced at a much slower pace [1]. As the 
majority of the ecosystem respiration flux originates from soils, 
understanding plant and soil biota interactions in terrestrial 
ecosystems represent a major challenge for climate predictions. 
Belowground processes are complex and govern major feedbacks 
between the terrestrial biosphere and climate. Here, we identified 
two major belowground biogeochemical processes that have 
been elusive to ecosystem scientists.  

BELOWGROUND PLANT CARBON ALLOCATION 
AND IMPACTS ON SOIL RESPIRATION

Increases in respiratory demand by belowground tissues 
influence total belowground carbon allocation in vegetation.  
Because plants allocate C to maximize photosynthesis and 
growth [2], plants will partition GPP into tissues that would 
minimize negative impacts of limiting resources on growth 
[1,3,4]. Increased allocation of C to belowground tissues could be 
to meet nutrient and water demands [5], potentially increasing 
respiration costs and reducing the proportion of GPP invested 
in growth [1]. Although climate and phenological factors may 
lead to proportional changes in aboveground and belowground 
C allocation, factors such as water, temperature, atmospheric 
CO2 or nutrient availability have been documented to affect 

total belowground carbon allocation and autotrophic and 
heterotrophic respiration from soil [6,7,8]. In addition to root 
biomass, the fraction of GPP shunted belowground support 
maintenance and nutrient uptake costs, exudates, and nutrient-
carbon trade with symbiotic organisms. A significant portion of 
the GPP allocated belowground to sustain processes other than 
biomass appears to modulate soil heterotrophic activity [9], 
suggesting that plants exert some control on soil heterotrophic 
respiration from ecosystems.  

An increasing body of recent literature shows a direct 
influence of GPP on the autotrophic component of soil respiration 
[10,8]. This contrasts with simple temperature response 
functions often seen in model representations of root respiration 
from soils [9] and the empirical evidence showing acclimation 
and adaptation of respiration to climate change factors [11-13]. 
In fact, GPP has also been shown to influence soil heterotrophic 
respiration to a similar or greater extent than soil temperature 
or moisture [14-16]. The mechanisms of these connections are 
not fully understood [9], but may include stimulation of soil 
microbial activity via the rhizosphere priming effect [17]. The 
connection between GPP and heterotrophic respiration may 
reflect a complex network of hierarchal effects of environmental 
change on belowground factors. Therefore, soil microorganisms 
not only respond to changes in soil moisture, temperature or 
disturbance regimes but also to how plants respond to the very 
same environmental factors. Changes in root biomass, root depth 
distribution or plant nutrient demand in response to biotic 
and abiotic factors need to be characterized in the context of 
C allocation patterns [18] and its effects on soil heterotrophic 
activity. 

Many models apply carbon allocation patterns to predict 
growth and C balance of ecosystems under climate change 
scenarios [19,20,4]. These models operate at temporal and 
spatial scales that often differ from field observations which are 
much longer and larger [3]. This is in part due to the difficulty 
of measuring total belowground C allocation at multiple scales 
[21,3]. New promising methods based on diurnal stem diameter 
change that correlate phloem sap flow with total sugar flux 
may provide new insights at tree and stand levels at various 
temporal scales [22].The transport of soil and root-respired CO2 
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to aboveground tissues via xylem and its potential re-fixation 
in leaves has recently been quantified [23,24] and it is often 
ignored in ecosystem C budgets. At the very least, the addition 
of the active responses of GPP and C allocation patterns to 
environmental change (rather than implying first-order kinetics 
of passive responses of C flux to temperature and moisture) has 
been shown to improve models [17,9]. Therefore, the amount and 
proportion of GPP allocated belowground in response to climate 
forcing factors can impact soil C and nutrient cycling, which, in 
turn, affect ecosystem productivity, resilience and adaptation.  

THE ROOT-SOIL ORGANIC MATTER CONTINUUM
A substantial proportion of the C allocated belowground  

is invested in fine root biomass. Fine roots (usually defined as 
roots less than 2 mm diameter) are active in uptake of water 
and nutrients from the soil. Individual fine roots turnover and 
decompose, serving as a major source of carbon (C) for soils [25]. 
Production of new fine roots could be a significant component of 
net primary production (NPP) in terrestrial ecosystems, though 
current estimates of the magnitude of fine-root contribution to 
NPP vary widely [26,27].  Similar to belowground C allocation, 
most of the range in root productivity arises from the different 
methodologies employed. 

No current technology allows real-time monitoring of root 
production and senescence in a natural setting. Comparisons 
between root sampling methods reveal large differences in 
turnover times and productivity for fine roots, with estimates 
between minirhizotrons or isotopic tracer methods at the same 
site varying more than 5-fold [28]. Each method fundamentally 
measures a different parameter; minirhizotrons measure 
longevity of individual roots while isotope tracers measure 
residence time of carbon in the root system. A major barrier to 
improved understanding of fine roots is a lack of a paradigm 
for the fundamental unit of turnover. In contrast to an arbitrary 
diameter size classification for fine roots, the branching structure 
of roots has been utilized to categorize root traits from each 
branching order [29], providing evidence that clusters of lower 
order roots are produced and senesce together in ‘ephemeral 
root modules’ [30]. 

The last decade of research has shown that heterogeneity 
exists for many root properties, including function, turnover, and 
longevity. With increased branching order, nitrogen content and 
respiration rate decreases [31], and diameter and non-structural 
carbohydrate content increases [32]. Importantly, turnover 
within fine roots is best fit by models incorporating a small C 
pool replaced rapidly (months) and a larger C pool replaced more 
slowly (years to decades) [33,27]. Therefore, modeling fine roots 
with a single turnover time insufficiently captures root dynamics. 
The amount of carbon within each root pool can have significant 
impact on C and nutrient cycling in terrestrial ecosystems. 
Consequently, improved quantification of the size and turnover 
rate for multiple root C pools is a high research priority. 
Longevity of roots is likely impacted by resource availability, 
similar to allocation patterns [3]. Currently, little is known about 
the impact of global change on root longevity, or how changes in 
allocation itself will influence root longevity. 

Compared to leaves, the number of studies analyzing traits 

of individual roots is miniscule. In fact, global leaf trait data-sets 
allowed the determination of specific traits common to either 
short-lived or long-lived leaves, or a leaf economics spectrum 
[34]. Unfortunately, similar data for root traits are only available 
from a very limited number of sites and species. Increasing the 
number of studies that examine root traits could eventually lead 
to the creation of a root economics spectrum that would go a 
long way towards understanding of fine-root longevity. Another 
important unresolved question regarding fine roots is the rate 
at which fine root carbon is transferred to soils. Root chemistry 
seems to play an important role in soil organic matter stabilization 
[35]. Currently, models (e.g. CENTURY) assume 50% of root litter 
accumulates as soil organic matter. Little empirical evidence 
exists to support this rate [27], and further studies validating it 
should be a high research priority. 

In summary, the long-term terrestrial ecosystem C balance 
is likely controlled by below-ground processes. Belowground 
modeling paradigms, including simple abiotic controls on soil 
respiration rates and a single homogenous C pool for fine roots 
are being challenged by the last decade of research. Important 
parameters, such as temperature dependencies of respiration 
[36] or the 50% transfer rate of decomposing root C to soil organic 
matter [27,37] remain largely invalidated. Carbon allocation is a 
dynamic process, and roots respond actively to environmental 
change, the dynamics of which are not currently captured in 
ecosystem models. This emphasis is even more important in 
climate sensitive ecosystems in tropical and Arctic regions. 
Improved understanding of below-ground carbon dynamics 
controlled by plants is a necessary step to create prognostic 
terrestrial carbon cycle models. 

REFERENCES
1. DeLucia E.H., Drake J.E., Thomas R.B. & Gonzalez-Meler M. Forest 

carbon use efficiency: is respiration a constant fraction of gross 
primary production?. Global Change Biology. 2007;  13: 1157–1167. 

2. Thornley JHM, and Connell MGR. Modeling the components of plant 
respiration: representation and realism. Annals of Botany. 200;  85: 
55-67. 

3. Litton, CM, Raich, JW, Ryan MG. Carbon allocation in forest ecosystems. 
Global Change Biology. 2007;  13: 2089-2109. 

4. Franklin O, Johansson J, Dewar RC, Dieckmann U, McMurtrie RE, 
Brännström A, et al. Modeling carbon allocation in trees: a search for 
principles. Tree Physiol. 2012; 32: 648-666.

5. Giardina CP, Ryan MG, Binkley D, Fownes JH. Primary production 
and carbon allocation in relation to nutrient supply in a tropical 
experimental forest. Global Change Biology. 2003; 9: 438-1450. 

6. Giardina CP, Coleman MD, Hancock JE, King JS, Lilleskov EA, Loya 
WM, etc. The response of belowground carbon allocation in forests to 
global change In: Binkley, B. and Menyailo (eds) Tree species effects 
on soils: Implications for Global Change. NATO Science Series, Kluwer 
Academic Publishers, Dordrecht. 2005; 119-154. 

7. Ryan MG, Law BE. Interpreting, measuring, and modeling soil 
respiration. Biogeochemistry. 2005; 73: 3–27. 

8. Trueman, R. J., and M. A. Gonzalez-Meler. Accelerated belowground C 
cycling in a managed agriforest ecosystem exposed to elevated carbon 
dioxide concentrations. Global Change Biology. 2005; 11: 1258-1271. 

9. Hopkins F, Gonzalez-Meler MA, Flower CE, Lynch DJ, Czimczik C, Tang 

http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2486.2007.01365.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2486.2007.01365.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2486.2007.01365.x/abstract
http://aob.oxfordjournals.org/content/85/1/55.short
http://aob.oxfordjournals.org/content/85/1/55.short
http://aob.oxfordjournals.org/content/85/1/55.short
http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2486.2007.01420.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2486.2007.01420.x/abstract
http://www.ncbi.nlm.nih.gov/pubmed/22278378
http://www.ncbi.nlm.nih.gov/pubmed/22278378
http://www.ncbi.nlm.nih.gov/pubmed/22278378
http://onlinelibrary.wiley.com/doi/10.1046/j.1365-2486.2003.00558.x/abstract
http://onlinelibrary.wiley.com/doi/10.1046/j.1365-2486.2003.00558.x/abstract
http://onlinelibrary.wiley.com/doi/10.1046/j.1365-2486.2003.00558.x/abstract
http://connection.ebscohost.com/c/articles/17332180/interpreting-measuring-modeling-soil-respiration
http://connection.ebscohost.com/c/articles/17332180/interpreting-measuring-modeling-soil-respiration
http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2486.2005.00984.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2486.2005.00984.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2486.2005.00984.x/abstract
http://www.ncbi.nlm.nih.gov/pubmed/23943914


Central

Gonzalez-Meler et al. (2013)
Email: mmeler@uic.edu

JSM Environ Sci Ecol 1(2): 1006 (2013) 3/3

Gonzalez-Meler MA, Lynch DJ, Blanc-Betes  E (2013) Hidden Challenges in Ecosystem Responses to Climate Change. JSM Environ Sci Ecol 1(2): 1006.

Cite this article

J, et al. Ecosystem-level controls on root-rhizosphere respiration. New 
Phytol. 2013; 199: 339-351.

10. Tang, J, D.D. Baldocchi, and L. Xu . Tree photosynthesis modulates soil 
respiration on a diurnal time scale. Global Change Biology.2005; 11: 
1298-1304. 

11. Atkin OK, Edwards EJ, Loveys BR. Response of root respiration to 
changes in temperature and its relevance to global warming. New 
Phytologist. 2000; 147: 141–154. 

12. Gonzalez-Meler MA, Ribas-Carbo M, Giles L, Siedow JN. The effect 
of growth and measurement temperature on the activity of the 
alternative respiratory pathway Plant Physiol. 1999; 120: 765-772.

13. Gonzàlez-Meler MA, Blanc-Betes E, Flower CE, Ward JK, Gomez-
Casanovas N. Plastic and adaptive responses of plant respiration to 
changes in atmospheric CO(2) concentration. Physiol Plant. 2009; 
137: 473-484.

14. Taneva, L., and Gonzalez-Meler MA. Distinct patterns in the diurnal 
and seasonal variability in four components of soil respiration in a 
temperate forest under free-air CO 2 enrichment. Biogeosciences. 
2011; 8: 3077-3092. 

15. Gomez-Casanovas N, R. Matamala, D. R. Cook, and M. A. Gonzalez-
Meler. Net ecosystem exchange modifies the relationship between the 
autotrophic and heterotrophic components of soil respiration with 
abiotic factors in prairie grasslands. Global Change Biology. 2012; 18: 
2532-2545.

16. Street LE, Subke JA, Sommerkorn M, Heinemeyer A, Williams M. 
Turnover of recently assimilated carbon in arctic bryophytes. 
Oecologia. 2011; 167: 325-337.

17. Cheng W, Parton WJ, Gonzalez-Meler MA, Phillips R, Asao S, McNickle 
GG, et al. Synthesis and modeling perspectives of rhizosphere priming. 
New Phytol. 2013; doi: 10.1111/nph.12440. 

18. Matamala R, Stover DB. Introduction to a Virtual Special Issue: 
modeling the hidden half – the root of our problem. New Phytologist. 
2013; 200: 939–942.

19. Friedlingstein P, Cox P, Betts R, Bopp L, von Bloh W, Brovkin V, et 
al. Climate-carbon cycle feedback analysis: Results from the C4MIP 
model intercomparison. Journal of Climate. 2006; 19: 3337-3353. 

20. Fisher RA, McDowell N, Purves D, Moorcroft P, Sitch S, et al. Assessing 
uncertainties in a second-generation dynamic vegetation model 
caused by ecological scale limitations. New Phytologist.2010; 187: 
666-681. 

21. Davidson EA, Savage K, Bolstad P, Clark DA, Curtis PS, et al. 
Belowground carbon allocation in forests estimated from litter fall 
and IRGA-based soil respiration measurements. Agricultural and 
Forest Meteorology. 2002; 113: 39–51. 

22. Mencuccini M, Hölttä T, Sevanto S, Nikinmaa E. Concurrent 
measurements of change in the bark and xylem diameters of trees 
reveal a phloem-generated turgor signal. New Phytol. 2013; 198: 
1143-1154.

23. Moore DJ, Gonzalez-Meler MA, Taneva L, Pippen JS, Kim HS, Delucia 
EH. The effect of carbon dioxide enrichment on apparent stem 
respiration from Pinus taeda L. is confounded by high levels of soil 
carbon dioxide. Oecologia. 2008; 158: 1-10.

24. Lynch DJ, McInerney FA, Kouwenberg LL, Gonzalez-Meler MA. 
Plasticity in bundle sheath extensions of heterobaric leaves. Am J Bot. 
2012; 99: 1197-1206.

25. Rasse, D. P., C. Rumpel, and M. F. Dignac. Is soil carbon mostly root 
carbon? Mechanisms for a specific stabilisation. Plant and Soil. 2005; 
269: 341-356. 

26. Matamala R, Gonzàlez-Meler MA, Jastrow JD, Norby RJ, Schlesinger WH. 
Impacts of fine root turnover on forest NPP and soil C sequestration 
potential. Science. 2003; 302: 1385-1387.

27. Lynch DJ, Matamala R, Iversen CM, Norby RJ, Gonzalez-Meler MA. 
Stored carbon partly fuels fine-root respiration but is not used for 
production of new fine roots. New Phytol. 2013; 199: 420-430.

28. Strand AE, Pritchard SG, McCormack ML, Davis MA, Oren R. 
Irreconcilable differences: fine-root life spans and soil carbon 
persistence. Science. 2008; 319: 456-458.

29. Pregitzer, K. S., J. L. DeForest, A. J. Burton, M. F. Allen, R. W. Ruess, and 
R. L. Hendrick. Fine root architecture of nine North American trees. 
Ecological Monographs. 2002; 72: 293-309. 

30. Xia M, Guo D, Pregitzer KS. Ephemeral root modules in Fraxinus 
mandshurica. New Phytol. 2010; 188: 1065-1074.

31. Guo, Dali, Robert J Mitchell, Jennifer M Withington, Ping-Ping Fan, 
Joseph J Hendricks. Endogenous and exogenous controls of root life 
span, mortality and nitrogen flux in a longleaf pine forest: root branch 
order predominates. Journal of Ecology. 2008;  96: 737-745. 

32. Guo DL, Mitchell RJ, Hendricks JJ. Fine root branch orders respond 
differentially to carbon source-sink manipulations in a longleaf pine 
forest. Oecologia. 2004; 140: 450-457.

33. Gaudinski, J. B, MS Torn, WJ Riley, TE Dawson, JD Joslin, and H. Majdi. 
Measuring and modeling the spectrum of fine-root turnover times in 
three forests using isotopes, minirhizotrons, and the Radix model. 
Global Biogeochemical Cycles. 2010; 24: 3. 

34. Wright IJ, Reich PB, Westoby M, Ackerly DD, Baruch Z, Bongers F, et al. 
The worldwide leaf economics spectrum. Nature. 2004; 428: 821-827.

35. O’Brien SL, Jastrow JD, Grimley DA and Gonzalez-Meler MA. Moisture 
and vegetation controls on soil organic carbon and total nitrogen 
accumulation in restored grasslands. Global Change Biology. 2010; 
16: 2573-2588. 

36. Subke JA, Bahn M. On the ‘temperature sensitivity’ of soil respiration: 
Can we use the immeasurable to predict the unknown? Soil Biol 
Biochem. 2010; 42: 1653-1656.

37. Burns RG, DeForest JL, Marxsen J, Sinsabaugh RL, Stromberger ME, et 
al. Soil enzymes in a changing environment: Current knowledge and 
future directions. Soil Biology and Biochemistry. 2013; 58: 216-234.

http://www.ncbi.nlm.nih.gov/pubmed/23943914
http://www.ncbi.nlm.nih.gov/pubmed/23943914
http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2486.2005.00978.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2486.2005.00978.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2486.2005.00978.x/abstract
http://onlinelibrary.wiley.com/doi/10.1046/j.1469-8137.2000.00683.x/abstract
http://onlinelibrary.wiley.com/doi/10.1046/j.1469-8137.2000.00683.x/abstract
http://onlinelibrary.wiley.com/doi/10.1046/j.1469-8137.2000.00683.x/abstract
http://www.ncbi.nlm.nih.gov/pubmed/10398711
http://www.ncbi.nlm.nih.gov/pubmed/10398711
http://www.ncbi.nlm.nih.gov/pubmed/10398711
http://www.ncbi.nlm.nih.gov/pubmed/19671094
http://www.ncbi.nlm.nih.gov/pubmed/19671094
http://www.ncbi.nlm.nih.gov/pubmed/19671094
http://www.ncbi.nlm.nih.gov/pubmed/19671094
http://www.biogeosciences.net/8/3077/2011/bg-8-3077-2011.html
http://www.biogeosciences.net/8/3077/2011/bg-8-3077-2011.html
http://www.biogeosciences.net/8/3077/2011/bg-8-3077-2011.html
http://www.biogeosciences.net/8/3077/2011/bg-8-3077-2011.html
http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2486.2012.02721.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2486.2012.02721.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2486.2012.02721.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2486.2012.02721.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2486.2012.02721.x/abstract
http://www.ncbi.nlm.nih.gov/pubmed/21499905
http://www.ncbi.nlm.nih.gov/pubmed/21499905
http://www.ncbi.nlm.nih.gov/pubmed/21499905
http://www.ncbi.nlm.nih.gov/pubmed/23952258
http://www.ncbi.nlm.nih.gov/pubmed/23952258
http://www.ncbi.nlm.nih.gov/pubmed/23952258
http://journals.ametsoc.org/doi/abs/10.1175/JCLI3800.1
http://journals.ametsoc.org/doi/abs/10.1175/JCLI3800.1
http://journals.ametsoc.org/doi/abs/10.1175/JCLI3800.1
http://onlinelibrary.wiley.com/doi/10.1111/j.1469-8137.2010.03340.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1469-8137.2010.03340.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1469-8137.2010.03340.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1469-8137.2010.03340.x/abstract
http://www.sciencedirect.com/science/article/pii/S0168192302001016
http://www.sciencedirect.com/science/article/pii/S0168192302001016
http://www.sciencedirect.com/science/article/pii/S0168192302001016
http://www.sciencedirect.com/science/article/pii/S0168192302001016
http://www.ncbi.nlm.nih.gov/pubmed/23517018
http://www.ncbi.nlm.nih.gov/pubmed/23517018
http://www.ncbi.nlm.nih.gov/pubmed/23517018
http://www.ncbi.nlm.nih.gov/pubmed/23517018
http://www.ncbi.nlm.nih.gov/pubmed/18679723
http://www.ncbi.nlm.nih.gov/pubmed/18679723
http://www.ncbi.nlm.nih.gov/pubmed/18679723
http://www.ncbi.nlm.nih.gov/pubmed/18679723
http://www.ncbi.nlm.nih.gov/pubmed/22753811
http://www.ncbi.nlm.nih.gov/pubmed/22753811
http://www.ncbi.nlm.nih.gov/pubmed/22753811
http://connection.ebscohost.com/c/articles/17190690/soil-carbon-mostly-root-carbon-mechanisms-specific-stabilisation
http://connection.ebscohost.com/c/articles/17190690/soil-carbon-mostly-root-carbon-mechanisms-specific-stabilisation
http://connection.ebscohost.com/c/articles/17190690/soil-carbon-mostly-root-carbon-mechanisms-specific-stabilisation
http://www.ncbi.nlm.nih.gov/pubmed/14631037
http://www.ncbi.nlm.nih.gov/pubmed/14631037
http://www.ncbi.nlm.nih.gov/pubmed/14631037
http://www.ncbi.nlm.nih.gov/pubmed/23646982
http://www.ncbi.nlm.nih.gov/pubmed/23646982
http://www.ncbi.nlm.nih.gov/pubmed/23646982
http://www.ncbi.nlm.nih.gov/pubmed/18218895
http://www.ncbi.nlm.nih.gov/pubmed/18218895
http://www.ncbi.nlm.nih.gov/pubmed/18218895
http://www.esajournals.org/doi/abs/10.1890/0012-9615%282002%29072%5B0293%3AFRAONN%5D2.0.CO%3B2
http://www.esajournals.org/doi/abs/10.1890/0012-9615%282002%29072%5B0293%3AFRAONN%5D2.0.CO%3B2
http://www.esajournals.org/doi/abs/10.1890/0012-9615%282002%29072%5B0293%3AFRAONN%5D2.0.CO%3B2
http://www.ncbi.nlm.nih.gov/pubmed/21058949
http://www.ncbi.nlm.nih.gov/pubmed/21058949
http://www.readcube.com/articles/10.1111/j.1365-2745.2008.01385.x?locale=en
http://www.readcube.com/articles/10.1111/j.1365-2745.2008.01385.x?locale=en
http://www.readcube.com/articles/10.1111/j.1365-2745.2008.01385.x?locale=en
http://www.readcube.com/articles/10.1111/j.1365-2745.2008.01385.x?locale=en
http://www.ncbi.nlm.nih.gov/pubmed/15179577
http://www.ncbi.nlm.nih.gov/pubmed/15179577
http://www.ncbi.nlm.nih.gov/pubmed/15179577
http://onlinelibrary.wiley.com/doi/10.1029/2009GB003649/abstract
http://onlinelibrary.wiley.com/doi/10.1029/2009GB003649/abstract
http://onlinelibrary.wiley.com/doi/10.1029/2009GB003649/abstract
http://onlinelibrary.wiley.com/doi/10.1029/2009GB003649/abstract
http://www.ncbi.nlm.nih.gov/pubmed/15103368
http://www.ncbi.nlm.nih.gov/pubmed/15103368
http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2486.2009.02114.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2486.2009.02114.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2486.2009.02114.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2486.2009.02114.x/abstract
http://www.ncbi.nlm.nih.gov/pubmed/21633517
http://www.ncbi.nlm.nih.gov/pubmed/21633517
http://www.ncbi.nlm.nih.gov/pubmed/21633517
http://www.sciencedirect.com/science/article/pii/S0038071712004476
http://www.sciencedirect.com/science/article/pii/S0038071712004476
http://www.sciencedirect.com/science/article/pii/S0038071712004476

	Hidden Challenges in Ecosystem Responses to Climate Change
	Belowground plant carbon allocation and impacts on soil respiration
	The root-soil organic matter continuum
	References

