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Abstract: Ecosystems dominated by plants in symbiosis with ectomycorrhizal fungi store 1 

more carbon in soils. There is increasing evidence that this may be due to competition 2 

between primary producers and microbial decomposers for soil nitrogen, mediated by 3 

ectomycorrhizal fungi. This competitive interaction inhibits decomposition and increases 4 

soil carbon storage. However, other work suggests elevated carbon storage is due to 5 

recalcitrant plant tissue chemistry in ectomycorrhizal ecosystems, rather than 6 

ectomycorrhizal competition for soil nitrogen. These two frameworks make similar 7 

predictions for soil carbon storage, making them difficult to distinguish empirically.  Here I 8 

argue that the ectomycorrhizal-recalcitrance hypothesis is not well supported by recent 9 

developments in the understanding of soil carbon chemistry, or evolutionary relationships 10 

among ectomycorrhizal plants. Therefore, differences in input chemistry are not sufficient 11 

to discount alternative mechanisms of carbon stabilization in ectomycorrhizal ecosystems. 12 

Future work on EM-specific stabilization of soil C should focus on alternative mechanisms 13 

including competition for N, direct antagonistic interactions, and other microbial 14 

community driven mechanisms. 15 

Highlights 16 

1. Ectomycorrhizal ecosystems are associated with slowed decomposition and elevated soil 17 

carbon storage. 18 

2. This has classically been attributed to recalcitrant plant litter inputs in ectomycorrhizal 19 

ecosystems. 20 

3. I argue that input chemistry is unlikely explain to this effect. 21 

4. Slowed decomposition in ectomycorrhizal ecosystems is more likely due to alternative 22 

ecological interactions. 23 
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 Ectomycorrhizal (EM) fungi are plant root symbionts that play a critical role in plant 1 

nitrogen (N) nutrition (Read, 1991). This symbiosis is found across the Earth, from arctic to 2 

tropical environments (Tedersoo et al., 2014). EM fungi have evolved multiple times from 3 

saprotrophic ancestors (Tedersoo et al., 2010), and retain the ability to degrade organic carbon 4 

(C) and N compounds in soil (Wolfe et al., 2012). This enables EM fungi to access organic N 5 

trapped in soil organic matter directly. Arbuscular mycorrhizal (AM) fungi are the other 6 

dominant class of mycorrhizal symbionts, representing a much older monophyletic clade. In 7 

contrast to EM fungi, AM fungi seem to lack the capacity to express C and N degrading enzymes 8 

(Tisserant et al., 2013). These fungi primarily rely on inorganic N sources, recycled via N-9 

mineralization by saprotrophic microbial decomposers (Hodge and Fitter, 2010; Phillips et al., 10 

2013). This difference in enzymatic capacity generates enormously different predictions of how 11 

AM and EM ecosystems cycle C and N in soils. 12 

 Through multiple lines of evidence it has become clear that EM fungi express N-13 

degrading enzymes to selectively mine organic N substrates from soil (Baldrian, 2009; Lindahl 14 

and Tunlid, 2015; Rineau et al., 2012; Shah et al., 2015). This allows EM plants to "short-circuit" 15 

the traditional N-mineralization pathway (Schimel and Bennett, 2004), and compete directly with 16 

free-living microbial decomposers for soil N resources. If this competition is strong enough it 17 

may induce or exacerbate N-limitation of free-living decomposers, slowing soil C cycling and 18 

increasing soil C storage. In this scenario, increased soil C stabilization is not driven by physical 19 

protection, chemical recalcitrance, or changes in primary production. Rather, a competitive 20 

interaction between primary producers and decomposers for soil N is mediated by EM fungi and 21 

drives soil C stabilization at the ecosystem scale. This is the "EM-competition hypothesis". 22 

Multiple lines of evidence suggest that EM dominated ecosystems are associated with slower 23 
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rates of soil C cycling and elevated soil C storage, consistent with the EM-competition 1 

hypothesis (Averill et al., 2014; Averill and Hawkes, 2016; Gadgil and Gadgil, 1975, 1971; 2 

Orwin et al., 2011).  3 

 Alternatively, it has been suggested that more recalcitrant plant chemistry in EM 4 

compared to AM ecosystems can explain differences in soil C cycling and storage. Recalcitrant 5 

here is defined as organic matter with high C:N and lignin concentrations. This is the "EM-6 

recalcitrance hypothesis". If recalcitrant plant tissues decompose more slowly at initial stages of 7 

decay (Melillo et al., 1982), and first order decay dynamics are assumed, then ecosystems 8 

dominated by plants with these traits will have greater levels of soil C storage (Parton et al., 9 

1987). If EM-associated plants tend to have more recalcitrant tissues (Cornelissen et al., 2001; 10 

Read, 1991), then EM ecosystems will store more C in soils (Phillips et al., 2013). The EM-11 

competition and EM-recalcitrance hypotheses make the same prediction for soil C storage, and 12 

are therefore confounded. 13 

 The problem with the EM-recalcitrance hypothesis is that its core premises are unlikely 14 

to be true. Recalcitrant plant traits are not correlated with plants’ ability to form an EM 15 

symbiosis. Recalcitrant organic matter input does not drive greater C storage, and first order 16 

decay dynamics cannot be assumed. In fact, if the EM-recalcitrance association were assumed, 17 

new soil organic matter theory would make the opposite prediction: EM ecosystems should store 18 

less C, rather than more.  19 

 20 

Plant association with EM fungi and recalcitrant foliar chemistry do not emerge as a trait 21 

syndrome. 22 
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The idea that EM plants are selected to have recalcitrant tissues is old (Read, 1991), and is still 1 

common today (Phillips et al., 2013). Researchers hypothesize EM plants exhibit low leaf 2 

nutrients and high concentrations of lignin as a trait syndrome (Cornelissen et al., 2001). 3 

However, this generalization is based on a limited number of EM host plants, primarily from the 4 

Pinaceae and Fagales, despite a much broader diversity of EM hosts (Dickie and Moyersoen, 5 

2008). Koele et al. (2012) use phylogenetic independent contrasts to determine if foliar nutrient 6 

content (%N, %P) is actually correlated with mycorrhizal association, or emerges as an artifact 7 

of phylogeny. They demonstrate that once phylogeny is taken into account, there is no difference 8 

in plant foliar nutrient content between AM and EM associated hosts. Congeneric AM and EM 9 

plants do not differ in these aspects foliar chemistry. Therefore, the hypothesis that mycorrhizal 10 

association and recalcitrant tissue chemistry occur as a trait syndrome is unsupported, at least in 11 

regard to foliar nutrient content.  12 

 13 

Recalcitrant organic matter inputs do not increase soil C storage.  14 

 It may still be the case that the most abundant EM plants have more recalcitrant tissues, 15 

even if this is not due to a trait syndrome reinforcing EM association and tissue recalcitrance. 16 

However, this does not support the argument that EM ecosystems should store more C. Recent 17 

work has demonstrated that most soil organic matter is chemically labile (e.g. amino acids and 18 

simple sugars), that recalcitrant and labile organic matter have similar turnover times, and that 19 

recalcitrant organic matter inputs are not associated with increases in soil C storage (Schmidt et 20 

al., 2011). Expanding on these findings, the recently developed MEMS-framework hypothesizes 21 

that recalcitrant organic matter inputs reduce microbial carbon use efficiency, and therefore 22 

decrease soil C storage (Cotrufo et al., 2013). This framework is supported by long term (>5yr) 23 
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leaf litter decomposition experiments (Berg, 2000; Berg and Ekbohm, 1991). Interactions 1 

between substrate chemistry and microbial carbon use efficiency may decouple the rate at which 2 

plant tissues are decomposed, and the efficiency with which they are retained in the soil carbon 3 

pool. Given new conceptual developments, the EM-recalcitrance hypothesis should argue EM 4 

ecosystems should store less carbon, not more (Figure 1, reproduced and modified with 5 

permission from Cotrufo et al. 2013). 6 

 7 

 Soil organic matter cycling is a fundamentally ecological process, with major control 8 

exerted by the organisms that execute decay reactions and the interactions among those 9 

community members. A new class of non-linear decomposition models is emerging that 10 

embraces these features of decomposition and is transforming how we understand the process of 11 

carbon cycling (Allison, 2012; Allison et al., 2010; Averill, 2014; Cotrufo et al., 2015; Hawkes 12 

and Keitt, 2015; Sulman et al., 2014; Waring et al., 2013; Wieder et al., 2014). The insight 13 

generated from these models, as well as the current upheaval in the understanding of soil C 14 

chemistry (Lehmann and Kleber, 2015), requires us to completely rethink our classic 15 

understanding of decomposition (Melillo et al., 1982; Parton et al., 1987). While I have 16 

emphasized the EM-competition mechanism here, other mechanisms may contribute to 17 

differences in C-cycling and storage between C-cycling and storage between AM and EM 18 

ecosystems (Fernandez and Kennedy, 2016). Given the present state of understanding, future 19 

research should de-emphasize idea that EM ecosystems store more C due to correlations with 20 

input chemistry, and seriously consider alternative C-stabilization mechanisms unique to EM 21 

ecosystems, including competitive interactions within and across trophic levels. 22 

 23 



 7

Acknowledgements: Tiffany Corlin and Bonnie Waring reviewed an earlier draft of this 1 

manuscript. Colin Averill was supported by the NOAA Climate and Global Change Postdoctoral 2 

Fellowship Program, administered by UCAR’s Visiting Scientist Programs. 3 

 4 

References 5 

Allison, S.D., 2012. A trait-based approach for modelling microbial litter decomposition. 6 

Ecology Letters 15, 1058–1070. doi:10.1111/j.1461-0248.2012.01807.x 7 

Allison, S.D., Wallenstein, M.D., Bradford, M.A., 2010. Soil-carbon response to warming 8 

dependent on microbial physiology. Nature Geoscience 3, 336–340. doi:10.1038/ngeo846 9 

Averill, C., 2014. Divergence in plant and microbial allocation strategies explains continental 10 

patterns in microbial allocation and biogeochemical fluxes. Ecology Letters 17, 1202–11 

1210. doi:10.1111/ele.12324 12 

Averill, C., Hawkes, C.V., 2016. Ectomycorrhizal fungi slow soil carbon cycling. Ecology 13 

Letters. doi:10.1111/ele.12631 14 

Averill, C., Turner, B.L., Finzi, A.C., 2014. Mycorrhiza-mediated competition between plants 15 

and decomposers drives soil carbon storage. Nature 505, 543–545. 16 

doi:10.1038/nature12901 17 

Baldrian, P., 2009. Ectomycorrhizal fungi and their enzymes in soils: is there enough evidence 18 

for their role as facultative soil saprotrophs? Oecologia 161, 657–660. 19 

doi:10.1007/s00442-009-1433-7 20 

Berg, B., 2000. Litter decomposition and organic matter turnover in northern forest soils. Forest 21 

Ecology and Management 133, 13–22. 22 

Berg, B., Ekbohm, G., 1991. Litter mass-loss rates and decomposition patterns in some needle 23 

and leaf litter types. Long-term decomposition in a Scots pine forest. VII. Canadian 24 

Journal of Botany 69, 1449–1456. 25 

Cornelissen, J., Aerts, R., Cerabolini, B., Werger, M., van der Heijden, M., 2001. Carbon cycling 26 

traits of plant species are linked with mycorrhizal strategy. Oecologia 129, 611–619. 27 

doi:10.1007/s004420100752 28 

Cotrufo, M.F., Soong, J.L., Horton, A.J., Campbell, E.E., Haddix, M.L., Wall, D.H., Parton, 29 

W.J., 2015. Formation of soil organic matter via biochemical and physical pathways of 30 

litter mass loss. Nature Geoscience. doi:10.1038/ngeo2520 31 

Cotrufo, M.F., Wallenstein, M.D., Boot, C.M., Denef, K., Paul, E., 2013. The Microbial 32 

Efficiency-Matrix Stabilization (MEMS) framework integrates plant litter decomposition 33 

with soil organic matter stabilization: do labile plant inputs form stable soil organic 34 

matter? Global Change Biology 19, 988–995. doi:10.1111/gcb.12113 35 

Dickie, I.A., Moyersoen, B., 2008. Towards a global view of ectomycorrhizal ecology. New 36 

Phytologist 180, 263–265. doi:10.1111/j.1469-8137.2008.02635.x 37 

Fernandez, C.W., Kennedy, P.G., 2016. Revisiting the “Gadgil effect”: do interguild fungal 38 

interactions control carbon cycling in forest soils? New Phytologist 209, 1382–1394. 39 

doi:10.1111/nph.13648 40 



 8

Gadgil, R.L., Gadgil, P.D., 1975. Suppression of litter decomposition by mycorrhizal roots if 1 

Pinus radiata. New Zealand Journal of Forest Science 5, 33–41. 2 

Gadgil, R.L., Gadgil, P.D., 1971. Mycorrhiza and Litter Decomposition. Nature 233, 133–133. 3 

doi:10.1038/233133a0 4 

Hawkes, C.V., Keitt, T.H., 2015. Resilience vs. historical contingency in microbial responses to 5 

environmental change. Ecology Letters n/a-n/a. doi:10.1111/ele.12451 6 

Hodge, A., Fitter, A.H., 2010. Substantial nitrogen acquisition by arbuscular mycorrhizal fungi 7 

from organic material has implications for N cycling. Proceedings of the National 8 

Academy of Sciences 107, 13754–13759. doi:10.1073/pnas.1005874107 9 

Koele, N., Dickie, I.A., Oleksyn, J., Richardson, S.J., Reich, P.B., 2012. No globally consistent 10 

effect of ectomycorrhizal status on foliar traits. New Phytologist 196, 845–852. 11 

doi:10.1111/j.1469-8137.2012.04297.x 12 

Lehmann, J., Kleber, M., 2015. The contentious nature of soil organic matter. Nature. 13 

doi:10.1038/nature16069 14 

Lindahl, B.D., Tunlid, A., 2015. Ectomycorrhizal fungi - potential organic matter decomposers, 15 

yet not saprotrophs. New Phytologist 205, 1443–1447. doi:10.1111/nph.13201 16 

Melillo, J.M., Aber, J.D., Muratore, J.F., 1982. Nitrogen and Lignin Control of Hardwood Leaf 17 

Litter Decomposition Dynamics. Ecology 63, 621. doi:10.2307/1936780 18 

Orwin, K.H., Kirschbaum, M.U.F., St John, M.G., Dickie, I.A., 2011. Organic nutrient uptake by 19 

mycorrhizal fungi enhances ecosystem carbon storage: a model-based assessment: 20 

Organic nutrient uptake enhances soil C. Ecology Letters 14, 493–502. 21 

doi:10.1111/j.1461-0248.2011.01611.x 22 

Parton, W.J., Schimel, D.S., Cole, C.V., Ojima, D.S., 1987. Analysis of Factors Controlling Soil 23 

Organic Matter Levels in Great Plains Grasslands1. Soil Science Society of America 24 

Journal 51, 1173. doi:10.2136/sssaj1987.03615995005100050015x 25 

Phillips, R.P., Brzostek, E., Midgley, M.G., 2013. The mycorrhizal-associated nutrient economy: 26 

a new framework for predicting carbon-nutrient couplings in temperate forests. New 27 

Phytologist 199, 41–51. doi:10.1111/nph.12221 28 

Read, D.J., 1991. Mycorrhizas in ecosystems. Experientia 47, 376–391. 29 

doi:10.1007/BF01972080 30 

Rineau, F., Roth, D., Shah, F., Smits, M., Johansson, T., Canbäck, B., Olsen, P.B., Persson, P., 31 

Grell, M.N., Lindquist, E., Grigoriev, I.V., Lange, L., Tunlid, A., 2012. The 32 

ectomycorrhizal fungus Paxillus involutus converts organic matter in plant litter using a 33 

trimmed brown-rot mechanism involving Fenton chemistry: Organic matter degradation 34 

by ectomycorrhizal fungi. Environmental Microbiology 14, 1477–1487. 35 

doi:10.1111/j.1462-2920.2012.02736.x 36 

Schimel, J.P., Bennett, J., 2004. Nitrogen mineralization: challenges of a changing paradigm. 37 

Ecology 85, 591–602. 38 

Schmidt, M.W.I., Torn, M.S., Abiven, S., Dittmar, T., Guggenberger, G., Janssens, I.A., Kleber, 39 

M., Kögel-Knabner, I., Lehmann, J., Manning, D.A.C., Nannipieri, P., Rasse, D.P., 40 

Weiner, S., Trumbore, S.E., 2011. Persistence of soil organic matter as an ecosystem 41 

property. Nature 478, 49–56. doi:10.1038/nature10386 42 

Shah, F., Nicolás, C., Bentzer, J., Ellström, M., Smits, M., Rineau, F., Canbäck, B., Floudas, D., 43 

Carleer, R., Lackner, G., Braesel, J., Hoffmeister, D., Henrissat, B., Ahrén, D., 44 

Johansson, T., Hibbett, D.S., Martin, F., Persson, P., Tunlid, A., 2015. Ectomycorrhizal 45 



 9

fungi decompose soil organic matter using oxidative mechanisms adapted from 1 

saprotrophic ancestors. New Phytologist n/a-n/a. doi:10.1111/nph.13722 2 

Sulman, B.N., Phillips, R.P., Oishi, A.C., Shevliakova, E., Pacala, S.W., 2014. Microbe-driven 3 

turnover offsets mineral-mediated storage of soil carbon under elevated CO2. Nature 4 

Climate Change 4, 1099–1102. doi:10.1038/nclimate2436 5 

Tedersoo, L., Bahram, M., Polme, S., Koljalg, U., Yorou, N.S., Wijesundera, R., Ruiz, L.V., 6 

Vasco-Palacios, A.M., Thu, P.Q., Suija, A., Smith, M.E., Sharp, C., Saluveer, E., Saitta, 7 

A., Rosas, M., Riit, T., Ratkowsky, D., Pritsch, K., Poldmaa, K., Piepenbring, M., Phosri, 8 

C., Peterson, M., Parts, K., Partel, K., Otsing, E., Nouhra, E., Njouonkou, A.L., Nilsson, 9 

R.H., Morgado, L.N., Mayor, J., May, T.W., Majuakim, L., Lodge, D.J., Lee, S.S., 10 

Larsson, K.-H., Kohout, P., Hosaka, K., Hiiesalu, I., Henkel, T.W., Harend, H., Guo, L. -11 

d., Greslebin, A., Grelet, G., Geml, J., Gates, G., Dunstan, W., Dunk, C., Drenkhan, R., 12 

Dearnaley, J., De Kesel, A., Dang, T., Chen, X., Buegger, F., Brearley, F.Q., Bonito, G., 13 

Anslan, S., Abell, S., Abarenkov, K., 2014. Global diversity and geography of soil fungi. 14 

Science 346, 1256688–1256688. doi:10.1126/science.1256688 15 

Tedersoo, L., May, T.W., Smith, M.E., 2010. Ectomycorrhizal lifestyle in fungi: global diversity, 16 

distribution, and evolution of phylogenetic lineages. Mycorrhiza 20, 217–263. 17 

doi:10.1007/s00572-009-0274-x 18 

Tisserant, E., Malbreil, M., Kuo, A., Kohler, A., Symeonidi, A., Balestrini, R., Charron, P., 19 

Duensing, N., Frei dit Frey, N., Gianinazzi-Pearson, V., Gilbert, L.B., Handa, Y., Herr, 20 

J.R., Hijri, M., Koul, R., Kawaguchi, M., Krajinski, F., Lammers, P.J., Masclaux, F.G., 21 

Murat, C., Morin, E., Ndikumana, S., Pagni, M., Petitpierre, D., Requena, N., 22 

Rosikiewicz, P., Riley, R., Saito, K., San Clemente, H., Shapiro, H., van Tuinen, D., 23 

Becard, G., Bonfante, P., Paszkowski, U., Shachar-Hill, Y.Y., Tuskan, G.A., Young, 24 

J.P.W., Sanders, I.R., Henrissat, B., Rensing, S.A., Grigoriev, I.V., Corradi, N., Roux, C., 25 

Martin, F., 2013. Genome of an arbuscular mycorrhizal fungus provides insight into the 26 

oldest plant symbiosis. Proceedings of the National Academy of Sciences 110, 20117–27 

20122. doi:10.1073/pnas.1313452110 28 

Waring, B.G., Averill, C., Hawkes, C.V., 2013. Differences in fungal and bacterial physiology 29 

alter soil carbon and nitrogen cycling: insights from meta-analysis and theoretical 30 

models. Ecology Letters 16, 887–894. doi:10.1111/ele.12125 31 

Wieder, W.R., Grandy, A.S., Kallenbach, C.M., Bonan, G.B., 2014. Integrating microbial 32 

physiology and physio-chemical principles in soils with the MIcrobial-MIneral Carbon 33 

Stabilization (MIMICS) model. Biogeosciences 11, 3899–3917. doi:10.5194/bg-11-3899-34 

2014 35 

Wolfe, B.E., Tulloss, R.E., Pringle, A., 2012. The Irreversible Loss of a Decomposition Pathway 36 

Marks the Single Origin of an Ectomycorrhizal Symbiosis. PLoS ONE 7, e39597. 37 

doi:10.1371/journal.pone.0039597 38 

 39 

 40 

 41 

 42 



 10

Figure Legend 1 

Figure 1: Predicted mass loss trajectories of labile (high nutrient, low lignin) vs. recalcitrant (low 2 

nutrient, high lignin) litter types, based on Cotrufo et al 2013, Berg and Ekbohm 1991. 3 

Arbuscular mycorrhizal litters are classically thought to be labile, while ectomycorrhizal litters 4 

are thought to be recalcitrant. Reproduced and modified with permission from Cotrufo et al. 5 

(2013).  6 
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