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Abstract

Decomposition is a key component of the global carbon (C) cycle, yet current
ecosystem C models do not adequately represent the contributions of plant roots and
their mycorrhizae to this process. The understanding of decomposition dynamics and
their control by traits is particularly limited for the most distal first-order roots. Here
we followed decomposition of first-order roots and leaf litter from 35 woody plant
species differing in mycorrhizal type over six years in a Chinese temperate forest.
First-order roots decomposed more slowly (k = 0.11 + 0.01 yr?) than did leaf litter
(0.35 + 0.02 yr?), losing only 35% of initial mass on average after six years of
exposure in the field. In contrast to leaf litter, non-lignin root C chemistry
(non-structural carbohydrates, polyphenols) accounted for 82% of the large
interspecific variation in first-order root decomposition. Leaf litter from
ectomycorrhizal (EM) species decomposed more slowly than that from arbuscular
mycorrhizal (AM) species, whereas first-order roots of EM species switched, after
two years, from having slower to faster decomposition compared to those from AM
species. The fundamentally different dynamics and control mechanisms of first-order
root decomposition compared to those of leaf litter challenge current ecosystem C
models, the recently suggested dichotomy between EM and AM plants, and the idea
that common traits can predict decomposition across roots and leaves. Aspects of C
chemistry unrelated to lignin or nitrogen, and not presently considered in
decomposition models, controlled first-order root decomposition; thus, current

paradigms of ecosystem C dynamics and model parameterization require revision.
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Significance Statement

Decomposition of plant roots and associated fungal mutualists is a dominant process
in ecosystem carbon cycles, yet is woefully understudied compared to decomposition
of leaf litter, particularly for the finest order roots that have the highest turnover. In a
field experiment, we compared decomposition of the finest, most distal roots and leaf
litter among 35 co-occurring temperate forest species over six years. We found that
decomposition rates of root tips were considerably lower than those of leaf litter and
were controlled by non-lignin carbon compounds in contrast to lignin:nitrogen ratio
control over leaf litter decomposition. Our study suggests that models of terrestrial
carbon cycling based on aboveground patterns are inadequate to describe

decomposition of the finest plant roots.
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Introduction

Plant litter decomposition is a key process in the ecosystem carbon (C) cycle (1-4).
Most of the conceptual advancements and mechanistic understanding of how litter
quantity and chemistry affect C cycling are based in empirical evidence from
hundreds of studies on leaf litter decomposing at the soil surface (1-3, 5, 6). This body
of knowledge has converged to a paradigm of C:nitrogen (N) and lignin:N control
over plant litter decomposition, and both variables are widely used in global C models
(4, 7, 8). Much less is known about how roots decompose within the soil matrix (2, 3,
9-12, 13), and whether the litter traits that influence leaf litter similarly influence root
decomposition, or how well coordinated these influential traits are across leaves and
roots (10, 14, 15). Because root-derived C may dominate the soil C pool (16), these
are critical knowledge gaps in the current understanding of decomposition dynamics,
soil organic matter formation, and the robustness of leaf-derived litter quality traits in
ecosystem C models.

Fine roots are the belowground plant organs with the highest production and
turnover rates (17). Their residence time in soil can thus have a major impact on soil
C balance. However, decomposition of fine roots is much less studied than that of leaf
litter, with conflicting results on root trait control over decomposition (17, 18). For
example, a meta-analysis showed that fine root C:N ratio and Ca concentration were
the traits most closely linked to root decomposition rates globally (9). However, other
studies observed that neither initial C:N, N concentration, or Ca concentration were
correlated with fine root decomposition rates (10-12, 19). Such inconsistencies among
past studies likely arose in part because of the methods used to study root

decomposition. In most root decomposition studies, roots were separated into
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diameter size classes, arbitrarily defining fine roots as those less than 2 mm in
diameter (17, 18). “Fine roots” defined by the 2 mm diameter threshold include
unknown, species-specific proportions of different root orders varying vastly in
function, morphology and tissue chemistry (11, 12, 17-20). Such variability hinders
the interpretation of interspecific comparisons of root traits, how traits relate to
decomposition, and how interspecific differences in root decomposition compare to
those of leaves.

As the primary interface with mycorrhiza, the most distal and finest first-order
roots, or root tips function similarly across species to capture nutrients and water (21).
Similar to leaves, the primary light and CO2 capturing structures, first-order roots
have high production and turnover rates (17, 22). Thus, they are particularly important
for root decomposition dynamics; however, they are rarely distinguished from higher
order roots using the predominant root diameter-based approach. By specifically
considering first-order roots, a recent study showed a clear decoupling of the global
organization of functional root traits from that of the leaf economics spectrum (23), in
contrast to other studies that did not distinguish explicitly among root orders (24, 25).
While the leaf economics spectrum identifies increasing leaf [N] (associated with
increasing specific leaf area (SLA) and decreasing leaf life span) as the major axis of
functional trait variation at a global scale (26), root diameter drives first-order root
trait variation, with only a minor role for interspecific differences in [N] (23). The
ecosystem consequence of these contrasting patterns in trait variation between leaves
and first-order roots for decomposition is currently unknown, because of the extreme
paucity of data on first-order root decomposition.

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

decompose as an entity within the soil matrix. Recent studies suggest that the type of
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mycorrhizal association determines C and nutrient cycling to an important degree (27),
and it was shown that forests dominated by arbuscular mycorrhizal (AM) and
ectomycorrhizal (EM) plants may differ in their soil C stocks, but not in a consistent
manner (28-31). This difference may partly result from distinct decomposition
dynamics of roots colonized with EM fungi (32), because the intense hyphal layering
around EM roots potentially modifies the overall quality more than the internal and
less massive structures of AM. However, decomposition of first-order roots of EM
compared to AM species has not been studied in detail across a wide variety of
co-occurring plant species. The distinct nutrient acquisition strategies of EM and AM
plants also are associated with differences in leaf litter quality, resulting in slower leaf
litter decomposition of EM than AM tree species (27, 33, 34). How such differences
relate to those of mycorrhizal root decomposition of the same species at relevant
temporal scales of multiple years under field conditions is at present unknown. It is
also unclear which first-order root traits would drive such differences and whether
they mirror those that drive leaf litter decomposition. This uncertainty critically limits
the understanding of the relative importance of root and leaf litter decomposition in
ecosystem C dynamics and nutrient cycling and its predictability with ongoing global
change and species range shifts.

Here we compared long-term (6 years) in situ decomposition dynamics of leaf
litter and first-order roots (as opposed to a fixed diameter cutoff) across 35
co-occurring woody species of a temperate forest ecosystem (Materials and Methods
and Table S1). We specifically accounted for mycorrhizal type and its impact on leaf
and first-order root decomposition by including nearly equal numbers of EM and AM
plant species (Table S1). By measuring a large number of leaf and first-order root

traits (31 morphological and chemical traits), we tested the hypothesis that
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decomposition of leaf litter and first-order roots are controlled by the same set of
initial traits. Specifically, we expected that decomposition would proceed more
rapidly with increasing initial N concentrations in both leaf litter and first-order roots
(35-37). Our second major hypothesis was that both leaf litter and first-order roots
produced by EM plant species would decompose more slowly than those produced by

AM plant species.

Results and Discussion

With unprecedented taxonomic breadth and temporal scale, our study showed that the
so far largely neglected finest and most short-lived roots of woody plants decomposed
at substantially lower rates than leaves, and that these decomposition rates correlated
with entirely different sets of traits in first-order roots and leaf litter. The role of
mycorrhizal type differed significantly in leaf litter decomposition, but not in

first-order root decomposition.

Slower first-order root than leaf litter decomposition. Across all 35 woody plant
species we found an average 23% of leaf litter mass remaining after six years of
decomposition in the field (Fig. 1). In contrast, a distinctly larger amount (65%) of
initial first-order root mass remained on average (Fig. 1). A single-exponential
decomposition model provided a better fit for first-order root mass remaining across
the eight consecutive harvests than the double-exponential or asymptotic model. In
contrast, for leaf litter decomposition, the asymptotic model was the best fit or was
equally as good as the single-exponential model across all species, while the
double-exponential model showed poorer fits. Species-specific decomposition rate
constants (k) calculated from single-exponential model fits differed by a factor of 3.8

and of 3.4 in leaf litter and first-order roots, respectively (Fig. 2). The reported range
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of k-values for leaf litter decomposition and its mean (0.34 + 0.02 yr!) compared
relatively well with those from European or American temperate forests sharing some
of the same genera of woody plants (5, 38, 39). In contrast, the k-values of first-order
root decomposition (0.11 + 0.01 yr on average across all species) were considerably
lower than those found in earlier studies (9, 10). However, most previous work
measured decomposition of bulk fine roots with a diameter < 2 mm. These roots
typically contain several root orders varying strongly in structure, lifespan,
physiological activity, and chemical composition (17). The very few existing studies
comparing decomposition across different orders of fine roots found decreasing mass
loss rates with decreasing root order (11, 12, 40, 41). The reported mean k-values
from combined first- and second-order roots in these studies ranged between 0.011
and 0.10 covering roughly the lower half of the k-values reported here (Fig. 2).
Collectively, the evidence indicates that the most distal roots are the most slowly
decomposing root fraction, despite their small size, short lifespan, and comparatively
high nutrient concentrations (Table S2). When we fit an asymptotic decay model, the
resulting asymptote indicated an average limit value for first-order root decomposition
of 38% mass loss, compared to 85% for leaf litter decomposition. In other words,
almost two-thirds of total first-order root biomass contributed to a fraction of very
slowly decomposing organic matter. We estimate that roughly 39 g C m? enters this
fraction in the top 10 cm of soil each year, based on a first-order root turnover rate of
1.37 yrt (calculated by the generalized model of fine root lifespan (18) and the model
parameters measured in this study), standing crop of first-order root biomass of 98 g
m (top 10 cm of soil) at our study site, and a mean C concentration of 46.4%. In
comparison, leaf litter may contribute roughly 23 g C m? yr, based on an average

annual leaf litter fall of 309 g m? at our study site and a mean leaf litter C
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concentration of 49.5%. This illustrates the significance of first-order roots for the
ecosystem C cycle. Based solely on mass loss data, however, it is difficult to infer
how decomposition of fresh detritus translates into the formation of soil organic
matter (SOM) and its longer-term persistence. Readily decomposed litter may be
transformed via microbial uptake and production of residues into more stable soil
SOM, whereas the mean residence time of more slowly decomposing litter once it
becomes SOM likely depends on the potential for it to become physically or chemical
protected (42, 43). If the potential for physical and chemical protection of
root-derived C is high relative to leaf-derived C because of its immediate proximity to
soil minerals, fungal hyphae, live roots, microbial polysaccharides, and other factors
that promote sorption and aggregate formation, the differences in the slower mean
residence time of root- vs. leaf-derived C could be accentuated once it becomes SOM.
Although beyond the scope of the present study, it would be important to test this
hypothesis in future experiments, for example by following the fate of root tip versus

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

Distinct traits control leaf litter and first-order root decomposition. With a
detailed assessment of a total of 31 different leaf and root traits, we evaluated if and
how these traits correlated with interspecific decomposition rates. Both leaf litter and
first-order root traits varied considerably (Table S2). Leaf litter varied particularly
widely in elemental ratios such as C:phosphorus (P) ratio which ranged 7.3-fold
(Table S3). First-order roots varied most strongly in morphological and architectural
traits, with for example an up to 5.9-fold difference in root diameter between the
species with the smallest (Lonicera praeflorens, 0.09 mm) and the largest
(Phellodendron amurense, 0.53 mm) diameter roots (Table S3). Overall, the trait

differences among species were poorly coordinated, especially for first-order roots, as
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indicated by the low variation explained by the first two axes of a principle
components analysis of all traits (Fig. S1), and by relatively few significant pairwise
correlations among traits (Tables S4).

In line with the wider decomposition literature and with our hypothesis, initial
lignin:N ratio showed the tightest (negative) correlation with leaf litter decomposition
rates among all the traits measured (Fig. 3, Fig. S2). Significant correlations were also
found for C:N ratio (negative), SLA (positive), and the concentrations of N, Mg, Mn,
water-soluble compounds and lignin (all positive except for lignin, Fig. 3, Fig. S2).
The overall best multiple-trait model for predicting leaf litter decomposition
according to the lowest AICc scores included initial concentrations of Mg and Mn, as
well as lignin:N ratio, accounting for a total of 67% of the variation in k-values (Fig.
4). These initial quality traits have been reported to correlate alone or in combination
with other traits multiple times in many studies across different ecosystems (5, 6, 35,
36, 45, 46) and support the paradigm of lignin:N ratio control over litter
decomposition (5, 37, 38). On the other hand, N also correlated negatively with
species-specific limit values of decomposition (i.e. the asymptote of the asymptotic
decomposition model). This means that leaf litter with a low initial lignin:N ratio
produced a higher fraction of slowly decomposing organic matter in the late stages of
decomposition despite of a high k-value, consistent with a growing number of
long-term decomposition studies (46-48).

In strong contrast, however, neither lignin:N ratio, C:N ratio, nor the
concentrations of lignin, N, or of any other measured nutrients correlated with
first-order root decomposition (Fig. 3 and Fig. S2). The very few previous
decomposition studies that separated at least the two lowest orders of fine roots from

the bulk of “< 2 mm fine roots” also observed no (12) or even negative correlations
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(11, 40) with initial N concentrations. Our results with a much larger set of species
expand on these previous studies, questioning the generality of N-associated trait
control of decomposition when extended to the critically underrepresented low order
roots. High root N concentrations may not stimulate decomposition because N was
not limiting to microbial decomposers given the much narrower mean C:N ratio of
21.4 in first-order roots compared to that typically measured in leaf litter (35, 36).
This value is actually very close to that measured in the surface soil of our studied
forest (12.8) and is rather below the threshold of 20 to 30, above which
microorganisms are thought to be N limited (49, 50), and towards which different leaf
litter types tend to converge in their final stages of decomposition (38).

Nitrogen concentration also did not emerge as a major driver of trait variation in
the first comprehensive analysis of exclusively first-order roots from 369 plant species
(23). Instead, root diameter was the most important trait structuring interspecific
variation (23). Despite great variation in root diameter and other morphological traits
among the study species (Table S2), those traits did not explain any variation in
k-values of decomposing first-order roots (Fig. S2). This result is surprising and
points to a disconnect between traits selected for during evolutionary history and
those relevant for afterlife effects on ecosystem functioning, at least among the
species studied here. Whether this disconnect holds across more species and biomes is
unknown.

Unexpectedly, other aspects of root C chemistry, besides lignin, correlated well
with k of first-order root decomposition. For example, k increased with increasing
concentrations of initial non-structural carbohydrates (NSC) and decreased with
increasing concentrations of bound phenolics and condensed tannins (Fig. 3). Root N

concentration did not correlate with initial C chemistry (Table S4), which allowed
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separating the effects of root N and C quality on decomposition. Similarly, different
aspects of root C chemistry were poorly correlated with one other (Table S4). The
overall best multiple-trait model for predicting first-order root decomposition included
initial concentrations of NSC, total phenolics, bound phenolics and CT, together
accounting for 82% of the observed variation in decomposition (Fig. 4). The apparent
strong effects of C-chemistry over first-order root decomposition, suggest that
substrate C quality controls root microbial decomposers in the studied temperate
forest, while microbial decomposers in the litter layer are rather controlled by N
availability. These distinct controls between the soil and litter layer are in line with
contrasting C versus nutrient limitations of soil and litter microbial communities
suggested in recent studies (50, 51). Within the soil, microbial assimilation of labile
NSC may provide the energy necessary for the production of enzymes, which then
prime the degradation of more complex C compounds (52). On the other hand, bound
phenolics were reported to crosslink lignins to cellulose, creating a structural barrier
that limits substrate accessibility for microbes (53). Bound phenolics may occur at
particularly high concentrations in first-order compared to higher order roots as was
recently shown in the shrub species Ardisia quinquegona (54). Condensed tannins
(CT) have previously been shown to negatively affect decomposition of leaf litter (45,
55), either through direct toxicity to decomposers or because of reduced nutritional
quality of litter as a result of binding with dietary proteins, cell wall components or
digestive enzymes (56). The mean CT concentration of 8.1% we measured here in
first-order roots was much higher than that in leaf litter (1.8%, Table S2) and bulk fine
roots (< 2 mm) measured in another study (57). Such high CT levels in root tips may
be related to increased plant defense against herbivory in these nutrient-rich and soft

tissue roots (58).
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Our six-year study clearly showed that distinct traits control leaf litter and
first-order root decomposition across the same 35 co-occurring species, with no trait
overlap in the respective best multiple-trait models. Moreover, the traits predicting
either leaf litter or first-order root decomposition were not correlated (Table S6), and
k-values also showed no correlation between leaf litter and first-order roots (Fig. 5).
Collectively, these findings do not support the existence of coordinated traits and
decomposition between leaves and roots contrary to what has been suggested
previously for predominantly herbaceous species (13, 59, 60). Our results are in line
with the few experiments comparing leaf and root decomposition of tree species (10,
15), which may suggest that trees differ from herbaceous species, possibly due to the

different structure of roots and mycorrhizal associations.

The role of mycorrhizal type as driver of decomposition. Leaf litter from AM
plants had significantly higher N concentrations, and lower lignin concentrations,
lignin:N and lignin:P ratios than that of EM plants, but none of the other leaf litter
traits differed significantly between mycorrhizal types (Table S7). Four out of the 19
EM species were conifers, but the trait differences between AM and EM species were
the same regardless whether or not gymnosperms were included in the analysis.
Multivariate analysis also did not show any clustering of gymnosperms (Fig. S1).
Accordingly, and in support of our initial hypothesis, the mean k-value of AM leaf
litter (0.42 £ 0.03) was 62% higher than that of EM leaf litter (0.26 £ 0.02, P < 0.001;
Fig. 2). This result is consistent with previous studies that also documented faster leaf
litter decomposition in AM- than EM-species (27, 34, 39).

In contrast to leaf litter, first-order root chemistry did not differ between AM- and
EM-species (Table S8). Mycorrhizal colonization rate and root length were the only

first-order root traits that differed according to mycorrhizal type, with AM-plants
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having lower mycorrhizal colonization rate and longer roots than EM-plants (Table
S8). On the other hand, several first-order root traits differed between gymnosperms
and angiosperms, with gymnosperms having coarser roots with lower specific root
length (SRL), higher lignin concentration, lower concentrations of N and P, and higher
lignin:N ratios. Species did not cluster according to their mycorrhizal type in the trait
space of first-order roots, but the gymnosperm family Pinaceae was separated from
other families (Figs. S1 and S3). Contrary to our initial hypothesis, the mean k-values
of AM roots (0.12 £ 0.01) did not differ from those of EM roots (0.11 + 0.01, P = 0.15;
Fig. 2). Likewise, mycorrhizal colonization rate did not explain any variation in
decomposition rates across all species (r’< 0.01, P = 0.82; Fig. S2). k-values did not
differ among families, or between gymnosperms and angiosperms (P = 0.95, mean +
SE of gymnosperms and angiosperms were 0.09 + 0.02, and 0.11 £ 0.01, respectively).
Furthermore, phylogenetically independent contrasts suggested that root
morphological traits (e.g, diameter, length, SRL, and mycorrhizal colonization)
displayed a strong phylogenetic signal (Blomberg’s K values in Table S9), in line with
a recent global-scale analysis of first-order roots (23). By contrast, neither root
chemical traits nor decomposition rates were influenced by evolutionary history
(Table S9).

Nevertheless, after approximately two years of exposure, the initially slower
EM-root decomposition switched to faster decomposition compared to AM-roots for
the remaining four years (Fig. 1). Supplementary repeated measures analyses
confirmed this change in dynamics with a significant interaction between time of
exposure and mycorrhizal type on remaining litter mass (P = 0.02). This change in
decomposition dynamics was not related to any of the measured initial root traits but

may reflect changes during the process of decomposition such as the breaking up of
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EM fungal sheaths improving microbial access and activity and leading to faster
EM-root decomposition for example. On the other hand, the relative easily degradable
chitin (61) in EM fungal mycelia perhaps can prime the decomposer community,
accelerating root tissue decomposition in late stages. We also cannot rule out that
other factors, such as a shift in the microbial decomposer community, caused the
contrasting decomposition patters of EM and AM colonized roots early versus later in
decomposition.

The relatively well-established dichotomy between EM and AM woody plants
for leaf litter decomposition (27, 34, 39) seems not to generalize to first-order root
decomposition, likely because of similar first-order root traits and a similar range of
variation in root C chemistry between the two mycorrhizal types. The lack of
correlation between mycorrhizal colonization rate and decomposition rate is in rough
agreement with a recent study showing that mycorrhizal colonization either had no
effects on fine root decomposition or increased root decomposition (62). It will be
important to assess in future research whether our results from a Chinese temperate
forest can be confirmed at other study sites and how they integrate with the general
conceptual framework of different C and nutrient cycling in EM versus AM
dominated ecosystems (27, 28).

Our results might have been influenced to some degree by the chosen
methodology of using litterbags to assess first-order root decomposition. Using litter
bags was necessary to compare decomposition among species and (1, 2) to follow the
decomposition of first-order roots, as identifying and following the decomposition of
first-order roots of 35 species in situ is not feasible using alternative methods such as
intact cores (63). Nevertheless, we acknowledge that enclosing first-order root

material within litterbags does not fully represent the conditions of naturally decaying
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first-order roots because it disrupts the tight connections between the soil matrix, roots
and extramatrical hyphae (13, 19, 63, 64). Such disruption could affect the
mycorrhizal type-specific decomposition dynamics as EM root tips typically have
much more extramatrical hyphae than AM root tips (13). Also, the mesh size of 50 um
for litterbags, necessary to avoid any ingrowth of living roots during the six years of
field exposure (which would have compromised the assessment of mass loss
dynamics), excluded meso- and macrofauna that contribute to decomposition
potentially leading to underestimated decomposition rates in our study (3, 58).
However, this should not have impacted the relative differences among species, or
between first-order root and leaf litter decomposition, since we used the same mesh
size for both materials. On the other hand, the use of living first-order roots instead of
dead roots may have caused more rapid decomposition at least initially, because of
different chemical characteristics with for example higher N and non-structural
carbohydrate concentrations in live roots (13, 65). However, there is currently no
adequate method to collect sufficient material of naturally dead or senescent roots that
are not already decomposing. We suggest that new approaches to accurately study fine
root decomposition in situ should be used to replace the traditional litterbags. A very
promising approach was recently proposed by combining isotopic labeling with
-omics techniques and imaging to precisely track the products of decomposition and

study root decomposition in situ (13).

Conclusions

The data from this large comparative assessment of first-order root decomposition in a
temperate forest ecosystem suggest that the smallest (a mean length and diameter of
4.4 mm and 0.24 mm in the studied 35 species, respectively) and most short-lived root

fraction decomposes at much slower rates than leaf litter from the same species. Our
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results further indicate that first-order roots do not mirror the mycorrhizal
type-specific decomposition dynamics reported for leaf litter decomposition, a finding
that needs integration into the predictive framework of biogeochemical cycling based
on plant-mycorrhizal associations. Moreover, in later stage first-order root
decomposition, the mycorrhizal pattern appears opposite to that observed for leaf litter
decomposition between these two mycorrhizal types. Most importantly, in contrast to
leaf litter, the large interspecific variation in first-order root decomposition cannot be
predicted by the commonly used parameters like C:N or lignin:N ratio, but is
predicted by C compounds of low abundance in root tissues. If confirmed for other
types of ecosystems, the finding that slow first-order root decomposition is controlled
by non-lignin C quality rather than lignin:N ratio changes the general understanding

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

Materials and Methods
Experimental setup. The experiment was established in an old-growth and
species-rich temperate forest in China. We used four permanent plots, each 50 x 50 m,
that were set up in 2006 for studying the carbon balance of an old-growth forest. We
chose 35 different woody species, mostly trees (28 species), but also a few shorter
statured shrub species (seven species) that are all common in this type of temperate
forest (Table S1). Besides selecting relatively abundant species, species were also
selected to obtain equal representation of mycorrhizal type. Sixteen species are AM
and 19 are EM.

For each individual tree or shrub, we established 1.5 x 1.5 m plots within 1 to 3
m distance from the trunk. From each plot we excavated the complete root system up
to the first five orders of roots within the top 15 cm of soil in July 2008. To assure

species identity we harvested only roots that could be traced back to the stem of each
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target individual. For the identification of root order we used Strahler’s stream
ordering system (18). All fifth-order root branches were then cut from the sixth-order,
larger diameter woody roots. The collected roots were put immediately on ice in a
cooler in the field, transported to the laboratory, and frozen at -20°C for later
processing. In the laboratory, we cut all of the most distal root-tips defined as
first-order roots (18). Although extremely time consuming, this procedure was critical
for a functionally meaningful comparison of the same root cohort across species (17).
All leaf litter and first-order roots were then oven-dried (60°C) until constant weight.
Both leaf litter and root bags were constructed using 50-um mesh nylon tissue.
This mesh size allowed the passage of fungal hyphae but not of larger-sized soil
organisms, which can contribute significantly to decomposition, especially for leaf
litter on the soil surface (3). The use of larger mesh sizes for litterbags was not
possible because it would allow ingrowth of fine roots as well as loss of decomposing
first-order roots from litterbags. For the sake of comparison between leaf litter and
first-order root decomposition we kept the same mesh size, and thus, the same
decomposer community structure for both materials. Approximately 8 g of leaf litter
and 0.2 g of first-order roots for each species were then sealed into their respective
bags. For the decomposition of leaf litter, 32 bags per species were placed on the
common soil surface in each of the four permanent old-growth forest plots in October
2008. Four different leaf litter bags per species and per plot were harvested in May
2009, October 2009, May 2010, October 2010, and in October of each following year
(2011-2014), yielding a total of 4 bagsX8 harvests X4 plots (n = 4) = 128 bags in
total for each species. Eight root litterbags of each species were buried horizontally at
10 cm soil depth in each of the four plots in May 2009. The location of the eight

litterbags per species was selected randomly in the center of each plot to allow
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sequential harvest through time while not disturbing the remaining litterbags. One of
these eight root litterbags per species and per plot was harvested in July 2009, in
October of each year from 2009 to 2014, and in May 2015, yielding a total of 1 bag X
8 harvests X4 plots (n = 4) = 32 bags in total for each species. Upon harvest,
decomposed leaf litter and root samples were removed from the litterbags, rinsed,
dried (65°C) and weighed. We also analyzed subsamples from each harvest for ash

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

Methods for more details.

Statistical analyses. We fitted the proportion of remaining ash-free leaf litter or root
dry mass against time using three different models and determined the best model
based on Akaike’s Information Criteria (AlC; Table S9). When the difference between
the minimum AIC and the AIC of other candidate model(s) was less than three, we
concluded that the model with the minimum AIC and the other model(s) were
indistinguishable in their abilities to fit the data. The three models used were 1)
single-exponential ( X =e '), 2) double-exponential (X =Ce™ +@-C)e™'), and 3)
asymptotic (X =A+(1-Ae™) decomposition models, where X is the proportion of
initial litter mass remaining at time t (in years). In the single-exponential model, k is
the decay constant using nonlinear least-squares fitting. In the double-exponential
model, C is the fraction of the initial litter mass that decays at a decomposition rate ki,

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

the fraction of the initial litter mass with a decomposition rate of zero (i.e., the
asymptote), while the remaining fraction (1-A) decays with decomposition rate Ka.

Additional details are available in SI Materials and Methods.
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