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Abstract 22 

Decomposition is a key component of the global carbon (C) cycle, yet current 23 

ecosystem C models do not adequately represent the contributions of plant roots and 24 

their mycorrhizae to this process. The understanding of decomposition dynamics and 25 

their control by traits is particularly limited for the most distal first-order roots. Here 26 

we followed decomposition of first-order roots and leaf litter from 35 woody plant 27 

species differing in mycorrhizal type over six years in a Chinese temperate forest. 28 

First-order roots decomposed more slowly (k = 0.11 ± 0.01 yr-1) than did leaf litter 29 

(0.35 ± 0.02 yr-1), losing only 35% of initial mass on average after six years of 30 

exposure in the field. In contrast to leaf litter, non-lignin root C chemistry 31 

(non-structural carbohydrates, polyphenols) accounted for 82% of the large 32 

interspecific variation in first-order root decomposition. Leaf litter from 33 

ectomycorrhizal (EM) species decomposed more slowly than that from arbuscular 34 

mycorrhizal (AM) species, whereas first-order roots of EM species switched, after 35 

two years, from having slower to faster decomposition compared to those from AM 36 

species. The fundamentally different dynamics and control mechanisms of first-order 37 

root decomposition compared to those of leaf litter challenge current ecosystem C 38 

models, the recently suggested dichotomy between EM and AM plants, and the idea 39 

that common traits can predict decomposition across roots and leaves. Aspects of C 40 

chemistry unrelated to lignin or nitrogen, and not presently considered in 41 

decomposition models, controlled first-order root decomposition; thus, current 42 

paradigms of ecosystem C dynamics and model parameterization require revision. 43 

44 



Significance Statement 45 

Decomposition of plant roots and associated fungal mutualists is a dominant process 46 

in ecosystem carbon cycles, yet is woefully understudied compared to decomposition 47 

of leaf litter, particularly for the finest order roots that have the highest turnover. In a 48 

field experiment, we compared decomposition of the finest, most distal roots and leaf 49 

litter among 35 co-occurring temperate forest species over six years. We found that 50 

decomposition rates of root tips were considerably lower than those of leaf litter and 51 

were controlled by non-lignin carbon compounds in contrast to lignin:nitrogen ratio 52 

control over leaf litter decomposition. Our study suggests that models of terrestrial 53 

carbon cycling based on aboveground patterns are inadequate to describe 54 

decomposition of the finest plant roots.55 



\body  56 

Introduction  57 

Plant litter decomposition is a key process in the ecosystem carbon (C) cycle (1-4). 58 

Most of the conceptual advancements and mechanistic understanding of how litter 59 

quantity and chemistry affect C cycling are based in empirical evidence from 60 

hundreds of studies on leaf litter decomposing at the soil surface (1-3, 5, 6). This body 61 

of knowledge has converged to a paradigm of C:nitrogen (N) and lignin:N control 62 

over plant litter decomposition, and both variables are widely used in global C models 63 

(4, 7, 8). Much less is known about how roots decompose within the soil matrix (2, 3, 64 

9-12, 13), and whether the litter traits that influence leaf litter similarly influence root 65 

decomposition, or how well coordinated these influential traits are across leaves and 66 

roots (10, 14, 15). Because root-derived C may dominate the soil C pool (16), these 67 

are critical knowledge gaps in the current understanding of decomposition dynamics, 68 

soil organic matter formation, and the robustness of leaf-derived litter quality traits in 69 

ecosystem C models.  70 

Fine roots are the belowground plant organs with the highest production and 71 

turnover rates (17). Their residence time in soil can thus have a major impact on soil 72 

C balance. However, decomposition of fine roots is much less studied than that of leaf 73 

litter, with conflicting results on root trait control over decomposition (17, 18). For 74 

example, a meta-analysis showed that fine root C:N ratio and Ca concentration were 75 

the traits most closely linked to root decomposition rates globally (9). However, other 76 

studies observed that neither initial C:N, N concentration, or Ca concentration were 77 

correlated with fine root decomposition rates (10-12, 19). Such inconsistencies among 78 

past studies likely arose in part because of the methods used to study root 79 

decomposition. In most root decomposition studies, roots were separated into 80 



diameter size classes, arbitrarily defining fine roots as those less than 2 mm in 81 

diameter (17, 18). “Fine roots” defined by the 2 mm diameter threshold include 82 

unknown, species-specific proportions of different root orders varying vastly in 83 

function, morphology and tissue chemistry (11, 12, 17-20). Such variability hinders 84 

the interpretation of interspecific comparisons of root traits, how traits relate to 85 

decomposition, and how interspecific differences in root decomposition compare to 86 

those of leaves. 87 

As the primary interface with mycorrhiza, the most distal and finest first-order 88 

roots, or root tips function similarly across species to capture nutrients and water (21). 89 

Similar to leaves, the primary light and CO2 capturing structures, first-order roots 90 

have high production and turnover rates (17, 22). Thus, they are particularly important 91 

for root decomposition dynamics; however, they are rarely distinguished from higher 92 

order roots using the predominant root diameter-based approach. By specifically 93 

considering first-order roots, a recent study showed a clear decoupling of the global 94 

organization of functional root traits from that of the leaf economics spectrum (23), in 95 

contrast to other studies that did not distinguish explicitly among root orders (24, 25). 96 

While the leaf economics spectrum identifies increasing leaf [N] (associated with 97 

increasing specific leaf area (SLA) and decreasing leaf life span) as the major axis of 98 

functional trait variation at a global scale (26), root diameter drives first-order root 99 

trait variation, with only a minor role for interspecific differences in [N] (23). The 100 

ecosystem consequence of these contrasting patterns in trait variation between leaves 101 

and first-order roots for decomposition is currently unknown, because of the extreme 102 

paucity of data on first-order root decomposition. 103 

Plant and fungal tissues are difficult to separate in first-order roots, and they 104 

decompose as an entity within the soil matrix. Recent studies suggest that the type of 105 



mycorrhizal association determines C and nutrient cycling to an important degree (27), 106 

and it was shown that forests dominated by arbuscular mycorrhizal (AM) and 107 

ectomycorrhizal (EM) plants may differ in their soil C stocks, but not in a consistent 108 

manner (28-31). This difference may partly result from distinct decomposition 109 

dynamics of roots colonized with EM fungi (32), because the intense hyphal layering 110 

around EM roots potentially modifies the overall quality more than the internal and 111 

less massive structures of AM. However, decomposition of first-order roots of EM 112 

compared to AM species has not been studied in detail across a wide variety of 113 

co-occurring plant species. The distinct nutrient acquisition strategies of EM and AM 114 

plants also are associated with differences in leaf litter quality, resulting in slower leaf 115 

litter decomposition of EM than AM tree species (27, 33, 34). How such differences 116 

relate to those of mycorrhizal root decomposition of the same species at relevant 117 

temporal scales of multiple years under field conditions is at present unknown. It is 118 

also unclear which first-order root traits would drive such differences and whether 119 

they mirror those that drive leaf litter decomposition. This uncertainty critically limits 120 

the understanding of the relative importance of root and leaf litter decomposition in 121 

ecosystem C dynamics and nutrient cycling and its predictability with ongoing global 122 

change and species range shifts.  123 

Here we compared long-term (6 years) in situ decomposition dynamics of leaf 124 

litter and first-order roots (as opposed to a fixed diameter cutoff) across 35 125 

co-occurring woody species of a temperate forest ecosystem (Materials and Methods 126 

and Table S1). We specifically accounted for mycorrhizal type and its impact on leaf 127 

and first-order root decomposition by including nearly equal numbers of EM and AM 128 

plant species (Table S1). By measuring a large number of leaf and first-order root 129 

traits (31 morphological and chemical traits), we tested the hypothesis that 130 



decomposition of leaf litter and first-order roots are controlled by the same set of 131 

initial traits. Specifically, we expected that decomposition would proceed more 132 

rapidly with increasing initial N concentrations in both leaf litter and first-order roots 133 

(35-37). Our second major hypothesis was that both leaf litter and first-order roots 134 

produced by EM plant species would decompose more slowly than those produced by 135 

AM plant species. 136 

Results and Discussion 137 

With unprecedented taxonomic breadth and temporal scale, our study showed that the 138 

so far largely neglected finest and most short-lived roots of woody plants decomposed 139 

at substantially lower rates than leaves, and that these decomposition rates correlated 140 

with entirely different sets of traits in first-order roots and leaf litter. The role of 141 

mycorrhizal type differed significantly in leaf litter decomposition, but not in 142 

first-order root decomposition.  143 

Slower first-order root than leaf litter decomposition. Across all 35 woody plant 144 

species we found an average 23% of leaf litter mass remaining after six years of 145 

decomposition in the field (Fig. 1). In contrast, a distinctly larger amount (65%) of 146 

initial first-order root mass remained on average (Fig. 1). A single-exponential 147 

decomposition model provided a better fit for first-order root mass remaining across 148 

the eight consecutive harvests than the double-exponential or asymptotic model. In 149 

contrast, for leaf litter decomposition, the asymptotic model was the best fit or was 150 

equally as good as the single-exponential model across all species, while the 151 

double-exponential model showed poorer fits. Species-specific decomposition rate 152 

constants (k) calculated from single-exponential model fits differed by a factor of 3.8 153 

and of 3.4 in leaf litter and first-order roots, respectively (Fig. 2). The reported range 154 



of k-values for leaf litter decomposition and its mean (0.34 ± 0.02 yr-1) compared 155 

relatively well with those from European or American temperate forests sharing some 156 

of the same genera of woody plants (5, 38, 39). In contrast, the k-values of first-order 157 

root decomposition (0.11 ± 0.01 yr-1 on average across all species) were considerably 158 

lower than those found in earlier studies (9, 10). However, most previous work 159 

measured decomposition of bulk fine roots with a diameter < 2 mm. These roots 160 

typically contain several root orders varying strongly in structure, lifespan, 161 

physiological activity, and chemical composition (17). The very few existing studies 162 

comparing decomposition across different orders of fine roots found decreasing mass 163 

loss rates with decreasing root order (11, 12, 40, 41). The reported mean k-values 164 

from combined first- and second-order roots in these studies ranged between 0.011 165 

and 0.10 covering roughly the lower half of the k-values reported here (Fig. 2).  166 

Collectively, the evidence indicates that the most distal roots are the most slowly 167 

decomposing root fraction, despite their small size, short lifespan, and comparatively 168 

high nutrient concentrations (Table S2). When we fit an asymptotic decay model, the 169 

resulting asymptote indicated an average limit value for first-order root decomposition 170 

of 38% mass loss, compared to 85% for leaf litter decomposition. In other words, 171 

almost two-thirds of total first-order root biomass contributed to a fraction of very 172 

slowly decomposing organic matter. We estimate that roughly 39 g C m-2 enters this 173 

fraction in the top 10 cm of soil each year, based on a first-order root turnover rate of 174 

1.37 yr-1 (calculated by the generalized model of fine root lifespan (18) and the model 175 

parameters measured in this study), standing crop of first-order root biomass of 98 g 176 

m-2 (top 10 cm of soil) at our study site, and a mean C concentration of 46.4%. In 177 

comparison, leaf litter may contribute roughly 23 g C m-2 yr-1, based on an average 178 

annual leaf litter fall of 309 g m-2 at our study site and a mean leaf litter C 179 



concentration of 49.5%. This illustrates the significance of first-order roots for the 180 

ecosystem C cycle. Based solely on mass loss data, however, it is difficult to infer 181 

how decomposition of fresh detritus translates into the formation of soil organic 182 

matter (SOM) and its longer-term persistence. Readily decomposed litter may be 183 

transformed via microbial uptake and production of residues into more stable soil 184 

SOM, whereas the mean residence time of more slowly decomposing litter once it 185 

becomes SOM likely depends on the potential for it to become physically or chemical 186 

protected (42, 43). If the potential for physical and chemical protection of 187 

root-derived C is high relative to leaf-derived C because of its immediate proximity to 188 

soil minerals, fungal hyphae, live roots, microbial polysaccharides, and other factors 189 

that promote sorption and aggregate formation, the differences in the slower mean 190 

residence time of root- vs. leaf-derived C could be accentuated once it becomes SOM. 191 

Although beyond the scope of the present study, it would be important to test this 192 

hypothesis in future experiments, for example by following the fate of root tip versus 193 

leaf litter C using a stable isotope approach (44). 194 

Distinct traits control leaf litter and first-order root decomposition. With a 195 

detailed assessment of a total of 31 different leaf and root traits, we evaluated if and 196 

how these traits correlated with interspecific decomposition rates. Both leaf litter and 197 

first-order root traits varied considerably (Table S2). Leaf litter varied particularly 198 

widely in elemental ratios such as C:phosphorus (P) ratio which ranged 7.3-fold 199 

(Table S3). First-order roots varied most strongly in morphological and architectural 200 

traits, with for example an up to 5.9-fold difference in root diameter between the 201 

species with the smallest (Lonicera praeflorens, 0.09 mm) and the largest 202 

(Phellodendron amurense, 0.53 mm) diameter roots (Table S3). Overall, the trait 203 

differences among species were poorly coordinated, especially for first-order roots, as 204 



indicated by the low variation explained by the first two axes of a principle 205 

components analysis of all traits (Fig. S1), and by relatively few significant pairwise 206 

correlations among traits (Tables S4).  207 

In line with the wider decomposition literature and with our hypothesis, initial 208 

lignin:N ratio showed the tightest (negative) correlation with leaf litter decomposition 209 

rates among all the traits measured (Fig. 3, Fig. S2). Significant correlations were also 210 

found for C:N ratio (negative), SLA (positive), and the concentrations of N, Mg, Mn, 211 

water-soluble compounds and lignin (all positive except for lignin, Fig. 3, Fig. S2). 212 

The overall best multiple-trait model for predicting leaf litter decomposition 213 

according to the lowest AICc scores included initial concentrations of Mg and Mn, as 214 

well as lignin:N ratio, accounting for a total of 67% of the variation in k-values (Fig. 215 

4). These initial quality traits have been reported to correlate alone or in combination 216 

with other traits multiple times in many studies across different ecosystems (5, 6, 35, 217 

36, 45, 46) and support the paradigm of lignin:N ratio control over litter 218 

decomposition (5, 37, 38). On the other hand, N also correlated negatively with 219 

species-specific limit values of decomposition (i.e. the asymptote of the asymptotic 220 

decomposition model). This means that leaf litter with a low initial lignin:N ratio 221 

produced a higher fraction of slowly decomposing organic matter in the late stages of 222 

decomposition despite of a high k-value, consistent with a growing number of 223 

long-term decomposition studies (46-48). 224 

In strong contrast, however, neither lignin:N ratio, C:N ratio, nor the 225 

concentrations of lignin, N, or of any other measured nutrients correlated with 226 

first-order root decomposition (Fig. 3 and Fig. S2). The very few previous 227 

decomposition studies that separated at least the two lowest orders of fine roots from 228 

the bulk of “< 2 mm fine roots” also observed no (12) or even negative correlations 229 



(11, 40) with initial N concentrations. Our results with a much larger set of species 230 

expand on these previous studies, questioning the generality of N-associated trait 231 

control of decomposition when extended to the critically underrepresented low order 232 

roots. High root N concentrations may not stimulate decomposition because N was 233 

not limiting to microbial decomposers given the much narrower mean C:N ratio of 234 

21.4 in first-order roots compared to that typically measured in leaf litter (35, 36). 235 

This value is actually very close to that measured in the surface soil of our studied 236 

forest (12.8) and is rather below the threshold of 20 to 30, above which 237 

microorganisms are thought to be N limited (49, 50), and towards which different leaf 238 

litter types tend to converge in their final stages of decomposition (38). 239 

Nitrogen concentration also did not emerge as a major driver of trait variation in 240 

the first comprehensive analysis of exclusively first-order roots from 369 plant species 241 

(23). Instead, root diameter was the most important trait structuring interspecific 242 

variation (23). Despite great variation in root diameter and other morphological traits 243 

among the study species (Table S2), those traits did not explain any variation in 244 

k-values of decomposing first-order roots (Fig. S2). This result is surprising and 245 

points to a disconnect between traits selected for during evolutionary history and 246 

those relevant for afterlife effects on ecosystem functioning, at least among the 247 

species studied here. Whether this disconnect holds across more species and biomes is 248 

unknown. 249 

Unexpectedly, other aspects of root C chemistry, besides lignin, correlated well 250 

with k of first-order root decomposition. For example, k increased with increasing 251 

concentrations of initial non-structural carbohydrates (NSC) and decreased with 252 

increasing concentrations of bound phenolics and condensed tannins (Fig. 3). Root N 253 

concentration did not correlate with initial C chemistry (Table S4), which allowed 254 



separating the effects of root N and C quality on decomposition. Similarly, different 255 

aspects of root C chemistry were poorly correlated with one other (Table S4). The 256 

overall best multiple-trait model for predicting first-order root decomposition included 257 

initial concentrations of NSC, total phenolics, bound phenolics and CT, together 258 

accounting for 82% of the observed variation in decomposition (Fig. 4). The apparent 259 

strong effects of C-chemistry over first-order root decomposition, suggest that 260 

substrate C quality controls root microbial decomposers in the studied temperate 261 

forest, while microbial decomposers in the litter layer are rather controlled by N 262 

availability. These distinct controls between the soil and litter layer are in line with 263 

contrasting C versus nutrient limitations of soil and litter microbial communities 264 

suggested in recent studies (50, 51). Within the soil, microbial assimilation of labile 265 

NSC may provide the energy necessary for the production of enzymes, which then 266 

prime the degradation of more complex C compounds (52). On the other hand, bound 267 

phenolics were reported to crosslink lignins to cellulose, creating a structural barrier 268 

that limits substrate accessibility for microbes (53). Bound phenolics may occur at 269 

particularly high concentrations in first-order compared to higher order roots as was 270 

recently shown in the shrub species Ardisia quinquegona (54). Condensed tannins 271 

(CT) have previously been shown to negatively affect decomposition of leaf litter (45, 272 

55), either through direct toxicity to decomposers or because of reduced nutritional 273 

quality of litter as a result of binding with dietary proteins, cell wall components or 274 

digestive enzymes (56). The mean CT concentration of 8.1% we measured here in 275 

first-order roots was much higher than that in leaf litter (1.8%, Table S2) and bulk fine 276 

roots (< 2 mm) measured in another study (57). Such high CT levels in root tips may 277 

be related to increased plant defense against herbivory in these nutrient-rich and soft 278 

tissue roots (58). 279 



Our six-year study clearly showed that distinct traits control leaf litter and 280 

first-order root decomposition across the same 35 co-occurring species, with no trait 281 

overlap in the respective best multiple-trait models. Moreover, the traits predicting 282 

either leaf litter or first-order root decomposition were not correlated (Table S6), and 283 

k-values also showed no correlation between leaf litter and first-order roots (Fig. 5). 284 

Collectively, these findings do not support the existence of coordinated traits and 285 

decomposition between leaves and roots contrary to what has been suggested 286 

previously for predominantly herbaceous species (13, 59, 60). Our results are in line 287 

with the few experiments comparing leaf and root decomposition of tree species (10, 288 

15), which may suggest that trees differ from herbaceous species, possibly due to the 289 

different structure of roots and mycorrhizal associations. 290 

The role of mycorrhizal type as driver of decomposition. Leaf litter from AM 291 

plants had significantly higher N concentrations, and lower lignin concentrations, 292 

lignin:N and lignin:P ratios than that of EM plants, but none of the other leaf litter 293 

traits differed significantly between mycorrhizal types (Table S7). Four out of the 19 294 

EM species were conifers, but the trait differences between AM and EM species were 295 

the same regardless whether or not gymnosperms were included in the analysis. 296 

Multivariate analysis also did not show any clustering of gymnosperms (Fig. S1). 297 

Accordingly, and in support of our initial hypothesis, the mean k-value of AM leaf 298 

litter (0.42 ± 0.03) was 62% higher than that of EM leaf litter (0.26 ± 0.02, P < 0.001; 299 

Fig. 2). This result is consistent with previous studies that also documented faster leaf 300 

litter decomposition in AM- than EM-species (27, 34, 39). 301 

In contrast to leaf litter, first-order root chemistry did not differ between AM- and 302 

EM-species (Table S8). Mycorrhizal colonization rate and root length were the only 303 

first-order root traits that differed according to mycorrhizal type, with AM-plants 304 



having lower mycorrhizal colonization rate and longer roots than EM-plants (Table 305 

S8). On the other hand, several first-order root traits differed between gymnosperms 306 

and angiosperms, with gymnosperms having coarser roots with lower specific root 307 

length (SRL), higher lignin concentration, lower concentrations of N and P, and higher 308 

lignin:N ratios. Species did not cluster according to their mycorrhizal type in the trait 309 

space of first-order roots, but the gymnosperm family Pinaceae was separated from 310 

other families (Figs. S1 and S3). Contrary to our initial hypothesis, the mean k-values 311 

of AM roots (0.12 ± 0.01) did not differ from those of EM roots (0.11 ± 0.01, P = 0.15; 312 

Fig. 2). Likewise, mycorrhizal colonization rate did not explain any variation in 313 

decomposition rates across all species (r2< 0.01, P = 0.82; Fig. S2). k-values did not 314 

differ among families, or between gymnosperms and angiosperms (P = 0.95, mean ± 315 

SE of gymnosperms and angiosperms were 0.09 ± 0.02, and 0.11 ± 0.01, respectively). 316 

Furthermore, phylogenetically independent contrasts suggested that root 317 

morphological traits (e.g, diameter, length, SRL, and mycorrhizal colonization) 318 

displayed a strong phylogenetic signal (Blomberg’s K values in Table S9), in line with 319 

a recent global-scale analysis of first-order roots (23). By contrast, neither root 320 

chemical traits nor decomposition rates were influenced by evolutionary history 321 

(Table S9).  322 

Nevertheless, after approximately two years of exposure, the initially slower 323 

EM-root decomposition switched to faster decomposition compared to AM-roots for 324 

the remaining four years (Fig. 1). Supplementary repeated measures analyses 325 

confirmed this change in dynamics with a significant interaction between time of 326 

exposure and mycorrhizal type on remaining litter mass (P = 0.02). This change in 327 

decomposition dynamics was not related to any of the measured initial root traits but 328 

may reflect changes during the process of decomposition such as the breaking up of 329 



EM fungal sheaths improving microbial access and activity and leading to faster 330 

EM-root decomposition for example. On the other hand, the relative easily degradable 331 

chitin (61) in EM fungal mycelia perhaps can prime the decomposer community, 332 

accelerating root tissue decomposition in late stages. We also cannot rule out that 333 

other factors, such as a shift in the microbial decomposer community, caused the 334 

contrasting decomposition patters of EM and AM colonized roots early versus later in 335 

decomposition. 336 

The relatively well-established dichotomy between EM and AM woody plants 337 

for leaf litter decomposition (27, 34, 39) seems not to generalize to first-order root 338 

decomposition, likely because of similar first-order root traits and a similar range of 339 

variation in root C chemistry between the two mycorrhizal types. The lack of 340 

correlation between mycorrhizal colonization rate and decomposition rate is in rough 341 

agreement with a recent study showing that mycorrhizal colonization either had no 342 

effects on fine root decomposition or increased root decomposition (62). It will be 343 

important to assess in future research whether our results from a Chinese temperate 344 

forest can be confirmed at other study sites and how they integrate with the general 345 

conceptual framework of different C and nutrient cycling in EM versus AM 346 

dominated ecosystems (27, 28).  347 

Our results might have been influenced to some degree by the chosen 348 

methodology of using litterbags to assess first-order root decomposition. Using litter 349 

bags was necessary to compare decomposition among species and (1, 2) to follow the 350 

decomposition of first-order roots, as identifying and following the decomposition of 351 

first-order roots of 35 species in situ is not feasible using alternative methods such as 352 

intact cores (63). Nevertheless, we acknowledge that enclosing first-order root 353 

material within litterbags does not fully represent the conditions of naturally decaying 354 



first-order roots because it disrupts the tight connections between the soil matrix, roots 355 

and extramatrical hyphae (13, 19, 63, 64). Such disruption could affect the 356 

mycorrhizal type-specific decomposition dynamics as EM root tips typically have 357 

much more extramatrical hyphae than AM root tips (13). Also, the mesh size of 50 μm 358 

for litterbags, necessary to avoid any ingrowth of living roots during the six years of 359 

field exposure (which would have compromised the assessment of mass loss 360 

dynamics), excluded meso- and macrofauna that contribute to decomposition 361 

potentially leading to underestimated decomposition rates in our study (3, 58). 362 

However, this should not have impacted the relative differences among species, or 363 

between first-order root and leaf litter decomposition, since we used the same mesh 364 

size for both materials. On the other hand, the use of living first-order roots instead of 365 

dead roots may have caused more rapid decomposition at least initially, because of 366 

different chemical characteristics with for example higher N and non-structural 367 

carbohydrate concentrations in live roots (13, 65). However, there is currently no 368 

adequate method to collect sufficient material of naturally dead or senescent roots that 369 

are not already decomposing. We suggest that new approaches to accurately study fine 370 

root decomposition in situ should be used to replace the traditional litterbags. A very 371 

promising approach was recently proposed by combining isotopic labeling with 372 

-omics techniques and imaging to precisely track the products of decomposition and 373 

study root decomposition in situ (13).  374 

Conclusions 375 

The data from this large comparative assessment of first-order root decomposition in a 376 

temperate forest ecosystem suggest that the smallest (a mean length and diameter of 377 

4.4 mm and 0.24 mm in the studied 35 species, respectively) and most short-lived root 378 

fraction decomposes at much slower rates than leaf litter from the same species. Our 379 



results further indicate that first-order roots do not mirror the mycorrhizal 380 

type-specific decomposition dynamics reported for leaf litter decomposition, a finding 381 

that needs integration into the predictive framework of biogeochemical cycling based 382 

on plant-mycorrhizal associations. Moreover, in later stage first-order root 383 

decomposition, the mycorrhizal pattern appears opposite to that observed for leaf litter 384 

decomposition between these two mycorrhizal types. Most importantly, in contrast to 385 

leaf litter, the large interspecific variation in first-order root decomposition cannot be 386 

predicted by the commonly used parameters like C:N or lignin:N ratio, but is 387 

predicted by C compounds of low abundance in root tissues. If confirmed for other 388 

types of ecosystems, the finding that slow first-order root decomposition is controlled 389 

by non-lignin C quality rather than lignin:N ratio changes the general understanding 390 

of ecosystem C cycling and suggests that models of the global C cycle need updating. 391 

Materials and Methods 392 

Experimental setup. The experiment was established in an old-growth and 393 

species-rich temperate forest in China. We used four permanent plots, each 50 × 50 m, 394 

that were set up in 2006 for studying the carbon balance of an old-growth forest. We 395 

chose 35 different woody species, mostly trees (28 species), but also a few shorter 396 

statured shrub species (seven species) that are all common in this type of temperate 397 

forest (Table S1). Besides selecting relatively abundant species, species were also 398 

selected to obtain equal representation of mycorrhizal type. Sixteen species are AM 399 

and 19 are EM.  400 

For each individual tree or shrub, we established 1.5 × 1.5 m plots within 1 to 3 401 

m distance from the trunk. From each plot we excavated the complete root system up 402 

to the first five orders of roots within the top 15 cm of soil in July 2008. To assure 403 

species identity we harvested only roots that could be traced back to the stem of each 404 



target individual. For the identification of root order we used Strahler’s stream 405 

ordering system (18). All fifth-order root branches were then cut from the sixth-order, 406 

larger diameter woody roots. The collected roots were put immediately on ice in a 407 

cooler in the field, transported to the laboratory, and frozen at -20°C for later 408 

processing. In the laboratory, we cut all of the most distal root-tips defined as 409 

first-order roots (18). Although extremely time consuming, this procedure was critical 410 

for a functionally meaningful comparison of the same root cohort across species (17). 411 

All leaf litter and first-order roots were then oven-dried (60°C) until constant weight.  412 

Both leaf litter and root bags were constructed using 50-μm mesh nylon tissue. 413 

This mesh size allowed the passage of fungal hyphae but not of larger-sized soil 414 

organisms, which can contribute significantly to decomposition, especially for leaf 415 

litter on the soil surface (3). The use of larger mesh sizes for litterbags was not 416 

possible because it would allow ingrowth of fine roots as well as loss of decomposing 417 

first-order roots from litterbags. For the sake of comparison between leaf litter and 418 

first-order root decomposition we kept the same mesh size, and thus, the same 419 

decomposer community structure for both materials. Approximately 8 g of leaf litter 420 

and 0.2 g of first-order roots for each species were then sealed into their respective 421 

bags. For the decomposition of leaf litter, 32 bags per species were placed on the 422 

common soil surface in each of the four permanent old-growth forest plots in October 423 

2008. Four different leaf litter bags per species and per plot were harvested in May 424 

2009, October 2009, May 2010, October 2010, and in October of each following year 425 

(2011-2014), yielding a total of 4 bags×8 harvests×4 plots (n = 4) = 128 bags in 426 

total for each species. Eight root litterbags of each species were buried horizontally at 427 

10 cm soil depth in each of the four plots in May 2009. The location of the eight 428 

litterbags per species was selected randomly in the center of each plot to allow 429 



sequential harvest through time while not disturbing the remaining litterbags. One of 430 

these eight root litterbags per species and per plot was harvested in July 2009, in 431 

October of each year from 2009 to 2014, and in May 2015, yielding a total of 1 bag×432 

8 harvests×4 plots (n = 4) = 32 bags in total for each species. Upon harvest, 433 

decomposed leaf litter and root samples were removed from the litterbags, rinsed, 434 

dried (65°C) and weighed. We also analyzed subsamples from each harvest for ash 435 

content to calculate mass loss on an ash free dry mass basis. See SI Materials and 436 

Methods for more details. 437 

Statistical analyses. We fitted the proportion of remaining ash-free leaf litter or root 438 

dry mass against time using three different models and determined the best model 439 

based on Akaike’s Information Criteria (AIC; Table S9). When the difference between 440 

the minimum AIC and the AIC of other candidate model(s) was less than three, we 441 

concluded that the model with the minimum AIC and the other model(s) were 442 

indistinguishable in their abilities to fit the data. The three models used were 1) 443 

single-exponential ( kteX  ), 2) double-exponential ( tktk
eCCeX 21 )1(


 ), and 3) 444 

asymptotic ( tkaeAAX


 )1( ) decomposition models, where X is the proportion of 445 

initial litter mass remaining at time t (in years). In the single-exponential model, k is 446 

the decay constant using nonlinear least-squares fitting. In the double-exponential 447 

model, C is the fraction of the initial litter mass that decays at a decomposition rate k1, 448 

while the remaining fraction (1-C) decays at a rate k2. In the asymptotic model, A is 449 

the fraction of the initial litter mass with a decomposition rate of zero (i.e., the 450 

asymptote), while the remaining fraction (1-A) decays with decomposition rate ka. 451 

Additional details are available in SI Materials and Methods. 452 
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