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Abstract Among tree fine roots, the distal small-diameter
lateral branches comprising first- and second-order roots
lack secondary (wood) development. Therefore, these roots
are expected to decompose more rapidly than higher order
woody roots. But this prediction has not been tested and
may not be correct. Current evidence suggests that lower
order roots may decompose more slowly than higher order
roots in tree species associated with ectomycorrhizal (EM)
fungi because they are preferentially colonized by fungi
and encased by a fungal sheath rich in chitin (a recalcitrant
compound). In trees associated with arbuscular mycorrhizal
(AM) fungi, lower order roots do not form fungal sheaths,
but they may have poorer C quality, e.g. lower concentra-
tions of soluble carbohydrates and higher concentrations of
acid-insolubles than higher order roots, thus may decom-
pose more slowly. In addition, litter with high concentra-
tions of acid insolubles decomposes more slowly under
higher N concentrations (such as lower order roots). There-
fore, we propose that in both AM and EM trees, lower order
roots decompose more slowly than higher order roots due
to the combination of poor C quality and high N concentra-
tions. To test this hypothesis, we examined decomposition
of the first six root orders in Fraxinus mandshurica (an AM
species) and Larix gmelinii (an EM species) using litterbag
method in northeastern China. We found that lower order
roots of both species decomposed more slowly than higher
order roots, and this pattern appears to be associated mainly
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with initial C quality and N concentrations. Because these
lower order roots have short life spans and thus dominate
root mortality, their slow decomposition implies that a sub-
stantial fraction of the stable soil organic matter pool is
derived from these lower order roots, at least in the two
species we studied.
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Introduction

Tree fine roots (<2 mm diameter) comprise multiple branch
orders differing markedly in morphology, nutrient concen-
trations, and function (Pregitzer et al. 2002; Wells et al.
2002; Guo et al. 2004). First- and second-order roots, con-
centrated on the distal lateral branches, have markedly
smaller diameters (Pregitzer et al. 2002; Guo et al. 2008c¢),
higher N concentrations (Pregitzer et al. 2002; Guo et al.
2004), and shorter life spans (Wells et al. 2002; Guo et al.
2008a, b) than higher order roots. Moreover, first- and sec-
ond-order roots lack secondary (wood) development in all
temperate tree species studied so far (Guo et al. 2008c).
Thus, these lower order roots are expected to decompose
faster than higher order roots (reviewed in Hishi 2007).
However, the fast decomposition of short-lived and
nutrient-rich finer roots has recently been questioned. After
an extensive literature review, Langley and Hungate (2003)
found that nutrient-rich finer roots decomposed more
slowly than nutrient-poor coarser roots in tree species colo-
nized by ectomycorrhizal (EM) fungi. To explain this
unusual pattern, the authors proposed the “mycorrhizal
hypothesis”, which states that EM roots are encased by a

@ Springer



510

Oecologia (2010) 163:509-515

thick fungal sheath rich in chitin, a recalcitrant compound
with a high N concentration, thus are difficult to decompose
(Langley and Hungate 2003). Therefore, we expected that
lower order roots (which are preferentially colonized by
mycorrhizal fungi; Guo et al. 2008c) would have slower
decomposition than higher order roots in EM but not arbus-
cular mycorrhizal (AM) tree species (whose lower order
roots lack chitin sheaths).

Other studies, however, showed that slower decomposi-
tion of finer (lower order) roots occurs not only in EM spe-
cies, but also in AM species (McClaugherty et al. 1984;
Fahey et al. 1988). McClaugherty et al. (1984) found that
roots of <0.5 mm diameter (mainly first- to second-order
roots) in both conifers (EM tree species) and hardwoods
(including some AM tree species) decomposed more
slowly than roots of 0.5-3.0 mm diameter (higher order
roots). Therefore, mycorrhizal sheath may not be the sole
factor accounting for the slow decomposition of the finer
roots. Litter decomposition is often characterized into two
stages (McClaugherty et al. 1984; Berg and McClaugherty
2003; Harmon et al. 2009): the initial stage of fast release
of soluble carbohydrates (such as total nonstructural carbo-
hydrates; TNC), and the later prolonged stage of slow
decomposition of recalcitrant acid-insoluble carbohydrates
(acid-insolubles). Lower order roots contain less TNC and
more acid-insolubles than higher order roots (Guo et al.
2004), thus decompose more slowly than higher order roots
(“C quality hypothesis”). In contrast with the mycorrhizal
hypothesis, the C quality hypothesis applies to both AM
and EM species.

Another alternative to the mycorrhizal hypothesis is that
high initial N concentrations may inhibit decomposition of
plant litter with high acid-insolubles (Berg and McClaugh-
erty 2003), thus lower order roots rich in both N and acid-
insolubles may decompose more slowly than higher order
roots with less N and acid-insolubles (“N inhibition hypoth-
esis”). The inhibition of decomposition by high N concen-
trations has been widely observed in both foliage and fine
roots (McClaugherty et al. 1984; Berg and McClaugherty
2003; Hobbie 2005, 2008), probably because high N sup-
presses the activity of ligninase (a lignin-degrading
enzyme) or promotes humus formation (Magill and Aber
1998; Waldrop and Zak 2006; Berg and McClaugherty
2003).

In this study, we tested whether slow decomposition of
lower order roots would hold for Fraxinus mandshurica
Rupr. (an AM species) and Larix gmelinii Rupr. (an EM
species) by studying decomposition of the first six root
orders of these two species using a litterbag method. We
also attempted to examine various underlying mechanisms
(mycorrhizal hypothesis, C quality hypothesis, and N inhi-
bition hypothesis) to the degree our data would allow.
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Materials and methods
Study site

The study was conducted at Maoershan Forest Research
Station (45°23'N, 127°32'E) of the Northeast Forestry Uni-
versity, in Heilongjiang, China. We selected F. mandshu-
rica (ash) and L. gmelinii (larch) because they are the
dominant species in natural forests of northeastern China,
and form AM and EM associations, respectively (Wang
et al. 2006). For this study, we used mono-culture planta-
tions of the two species established in 1986 by planting 2-
year-old seedlings. Soils were Hap-Boric Luvisols, and
exceeded 50 cm in depth. The organic matter content of the
soil was 14.2 £ 0.9% for O- to 10-cm depth and 8.4 & 0.6%
for the 10- to 20-cm depth (Wang et al. 2006). The ash
plantation had an O horizon of about 2 cm and the larch
plantation had an O horizon of about 5 cm. The total N con-
centrations of the soil were 1.02 & 0.17% for the 0- to 10-
cm depth and 0.68 £ 0.16% for the 10- to 20-cm depth
(Wang etal. 2006). More detailed site information is
described in Wang et al. (2006).

Root sampling and branch order classification

In early May 2006, we sampled fine root branches in the
ash and larch plantations by excavating intact soil blocks of
30 cm x 30 cm x 20 cm (depth) and then carefully extract-
ing root branches from them. The sampled roots were trans-
ported to the lab within 2 h and frozen (—20°C) until later
processing. Following the methods of Pregitzer etal.
(2002), the first six order roots were classified, and the
adhering soil particles and mycorrhizal hypha were care-
fully removed with forceps. Root tips were designated as
the first order; the root from which two first-order roots
branched was classified as the second order, and so on.
Thus, we separated fine root branches into three order clas-
ses: intact branches comprising the first two orders (order
1-2), branch networks comprising root segments of the
third and fourth order (order 3-4), and branch networks
comprising fifth and sixth orders (order 5-6). For both spe-
cies, 50-100% of first- and second-order roots, and <30%
of third- and fourth-order roots were colonized by mycor-
rhizal fungi; fifth- and sixth-order roots were woody and
were not colonized (Guo et al. 2008¢).

The mean root diameter (mm) from first-order to sixth-
order roots was, respectively, 0.28 & 0.01, 0.28 + 0.01,
0.48 £ 0.01, 0.82 + 0.03, 1.64 £ 0.10, 2.91 + 0.24 for ash
and 0.32 £0.02, 0.42 + 0.01, 0.50 £ 0.01, 0.93 &+ 0.03,
1.30 £ 0.08, 2.43 4+ 0.20 for larch; the mean root length
(mm) from first-order to sixth-order roots was, respectively,
94+04,16+009, 26+ 1, 62+4, 133 + 14, 74 £ 16 for
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ash and 6 0.2, 12+0.5, 32+2, 60+5, 102 &+ 26,
250 + 70 for larch.

Litterbag incubation, harvest, and analysis

Oven-dried root branches of 0.5000 £ 0.0010 g of each
order class were placed in litterbags (nylon,
15 cm x 15 cm). This method separated roots from soil and
rhizosphere microbial communities and thus may retard
mass loss and nutrient release (Dornbush et al. 2002; Bird
and Torn 2006), but it is effective to provide the quality and
quantity of decomposing litter (Berg and McClaugherty
2003).

For the free access to the litterbags by small soil animals,
we selected a mesh size of 0.5 mm. Although the mesh size
was large, the loss of roots from the bags during decompo-
sition was likely to be minimal, for two reasons. First, the
minimum length of all root orders was >1 mm (detailed
results not shown). Second, the first two orders were not
separated thus roots were put into the litterbags as intact lat-
eral branches, and we observed that by the end of decompo-
sition, these lateral root branches remained largely intact in
architecture.

The site had a slope of 13°, and to minimize the influ-
ence of slope on root decomposition rates, we set up four
blocks along the slope. On 30 May 2006, the litterbags
were placed horizontally at a soil depth of 10 cm (A hori-
zon), from which roots were sampled.

Litterbags were sequentially collected on 29 July 2006
(60 days), 9 October 2006 (132 days), 3 June 2007
(369 days), and 25 October 2007 (513 days). After collec-
tion, each litterbag was gently brushed free of soil and
ingrowing roots. We did not find new roots of the two tree
species growing into the litterbags, but we did find occa-
sionally that some grass roots grew into the bags, which
were removed easily with forceps due to their distinct mor-
phology, color, and architecture. Litterbags free of attached
soil and ingrowing roots were then dried for 72 h (65°C)
and weighed. Ash content of litter in each bag was deter-
mined using a subsample burnt at 550°C for 4 h. The esti-
mated ash content ranged from 2.8 to 22.9% with a mean of
7.6%. This so-called “ash” include both true ashes in the
root material and adhered soil particles not removed during
root sorting and cleaning and was used to correct all root
mass values.

Dried litter samples were then ground to pass a 0.1-mm
sieve and homogenized. Ground samples were used to mea-
sure TNC concentrations, total C and N. TNC concentra-
tions were determined by the modified phenol-sulphuric
acid method (Buysse and Merckx 1993). Total C and N
were determined with a Perkin Elmer model 2400 II CHN
elemental analyzer (Perkin-Elmer, USA). All root chemis-
try indices were expressed on an ash-free, dry mass basis.

Differences in mass loss and chemical indices across all
order classes and sample intervals were analyzed with
ANOVA (2001, version 13.0; SPSS, USA).

Results

Root mass experienced an initial period of rapid loss (0—
60 days), and a later period of slow loss (60-513 days;
Fig. 1a, b). The mass loss in order 5—6 was the highest, fol-
lowed by order 3—4 and order 1-2 in both species. During
the first 60 days, mass loss was 19 + 1.9% in order 1-2,
and 23 & 0.4% in order 3-4, and 25 4+ 1.4% in order 5-6
for F. mandshurica (ash; Fig. la), and was 11 £ 1.1% in
order 1-2, and 16  1.0% in order 3-4, and 18 £ 0.5% in
order 5-6 for L. gmelinii (larch; Fig. 1b). After 513 days,
mass loss was 32 & 1.8% in order 1-2, and 40 £ 2.2% in
order 3—4, and 46 &+ 2.4% in order 5-6 for ash, and was
19 +2.9% in order 1-2, and 22 4+ 0.5% in order 3—4, and
37 £ 0.6% in order 5-6 for larch (P < 0.05; Fig. 1a, b).

Initial TNC concentrations in both ash and larch were
higher in higher order classes (P < 0.05; Fig. lc, d). TNC
concentrations decreased rapidly during the first 60 days
and then remained unchanged (P > 0.05). For ash, TNC
loss was 73 &= 1.9% in order 1-2, and 78 £ 1.0% in order
3—4, and 79 £+ 1.5% in order 5-6, and the loss of TNC con-
stituted 88% of mass loss during the first 60 days in order
1-2, and 80% in order 3-4, and 86% in order 5-6. For
larch, TNC loss was 56 +3.2% in order 1-2, and
67 £ 1.5% in order 3—4, and 65 & 1.6% in order 5-6, and
the loss of TNC constituted 69% of mass loss in order 1-2,
and 74% in order 3—4, and 69% in order 5-6.

N dynamics differed across order classes but the pattern
was similar between species (Fig. 2). In both species, N
concentrations in order 1-2 remained at a high level during
the study period (Fig.2a, b), and C/N remained largely
unchanged over time (Fig. 2e, f) because N release was
synchronous with mass loss and its magnitude was equal to
that of mass loss (Fig. 2c, d). By contrast, N concentrations
increased in higher order roots (and particularly order 5-6;
Fig. 2a, b) and C/N showed a decreasing trend with time
(Fig. 2e, f), due mainly to the N accumulation (P < 0.05;
detailed results not given; Fig. 2c, d).

Discussion

Slow decomposition of lower order roots

As predicted, the first- and second-order roots decomposed
more slowly than higher order roots in both F. mandshurica

(ash) and L. gmelinii (larch). This pattern held in the
early (0-60 days) and the later stage (60-513 days) of
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decomposition (Fig. 1a, b). After 513 days of decomposi-
tion, order 1-2 retained 68 & 1.8% of initial mass for ash,
and 81 +2.9% for larch, whereas order 5-6 retained
54 4+ 2.4% of initial mass for ash, and 63 &= 0.6% for larch
(Fig. 1a, b). Clearly, lower order roots retained more of
their initial mass during the study period. Although our
study lasted for only 513 days, the trend of decomposition
in the later part of the study period (Fig. 1a, b) suggested
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Days of decomposition

that the pattern of lower order roots decomposing more
slowly than higher order roots may persist.

Given that the first- and second-order roots are the domi-
nant contributors to root mortality (or necromass) in vari-
ous tree species (Wells and Eissenstat 2001; Wells et al.
2002; Guo et al. 2008a, b), the slow decomposition of these
short-lived lower order roots may suggest that a large frac-
tion of more stable soil organic matter (SOM) may be
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Fig. 3 Linear relationship of mass loss (%) with initial TNC concen-
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derived from these small, distal lateral branches. To
roughly estimate how much C in different branch orders
may enter the soil and stay there, we calculated the contri-
bution to the SOM of the three classes in ash and larch by
linking root mortality rates (dividing root standing biomass
by life span) with decomposition rates. Standing biomass
(g m’z) was 91 in order 1-2, and 50 in order 3—4, and 196
in order 5-6 for ash, and was 47 in order 1-2, and 51 in
order 3—4, and 99 in order 5-6 for larch (Wang et al. 2006;
Z.Q. Wang, unpublished data). First-order roots had a
mean life span of 0.44 year in ash and 0.42 year in larch
(Yu 2006), and if assuming root life span increases by a
factor of 2.0 (see Guo et al. 2008a), order 3—4 would have a
life span of 2.7 year in ash and 2.5 year in larch, and order
5-6 would have a life span of 10.8 year in ash and
10.1 years in larch. Based on these assumptions, we calcu-
lated that order 1-2 represented 79% of total root mortality
of all three order classes in ash and 71% in larch. Even if
order 5-6 had a life span of 5 years, order 1-2 would still
represent 70% of total root mortality in ash and 65% in
larch. If lower order roots decompose more slowly than
higher order roots, their contribution to the retention of root
material in the soil would be even greater. These calcula-
tions are not accurate due to the lack of turnover rates for
higher order roots and long-term decomposition rates for
different orders, but they do show the importance of fast
turnover and slow decomposition of the distal lateral roots
to the accumulation of SOM.

But why do lower order roots decompose more slowly
than higher order roots? The mycorrhizal hypothesis may
not be the sole explanation because this hypothesis was
expected to apply only to EM species, yet lower order roots
decomposed more slowly in both larch (an EM species) and
ash (an AM species). Moreover, during the first 60 days of
decomposition (Fig. 1a, d), 69-88% of mass loss was due
to the loss of TNC, thus mass remaining was highly nega-
tively correlated with initial TNC concentrations (r* = 75%,

TNC concentrations explained 75% of mass loss during the first
60 days. Initial N concentrations explained 73% of total mass loss
during the 513 days of decomposition for F. mandshurica and 66% for
L. gmelinii

P <0.05; Fig.3a). Therefore, the C quality hypothesis
seems to better explain the early stage of root decomposi-
tion pattern in both species.

The C quality hypothesis may also explain the slower
decomposition of lower order roots in the later stage of
decomposition, when the differences in decomposition rates
across order classes widened in both species (Fig. la, b).
The slower decomposition of the lower order roots during
this later stage may be due to their higher acid-insolubles
(Guo et al. 2004; Hendricks et al. 2000). Although we did
not directly assess C fractions in different root orders in the
current study, Guo et al. (2004) showed that first- and sec-
ond-order roots of Pinus palustris had higher acid-insolu-
bles than higher order roots. Hendricks et al. (2000) also
reported that roots <0.5 mm in various temperate trees con-
sistently had higher acid-insolubles compared with roots of
0.5-3.0 mm. Because secondary growth such as the forma-
tion of secondary xylem and a continuous cork layer does
not occur in the first two orders in most temperate species
(including the two species studied here) examined so far
(Guo et al. 2008c), the lignin content in these roots is prob-
ably low and acid-insolubles may be primarily composed of
other compounds such as aliphatics.

Our results also appear to support the N inhibition
hypothesis because N-rich lower order roots decomposed
more slowly than N-poor higher order roots (Figs. 1a, b, 3).
In fact, N concentrations were highly positively related
with mass remaining in both ash (r2 =0.73, P<0.05;
Fig. 3a) and larch (> = 0.66, P < 0.05; Fig. 3b). However,
given that, based on their anatomy, lower order roots prob-
ably have very low lignin concentrations (Guo et al.
2008c), the association of high tissue N and low decompo-
sition rate in the lower orders may not be interpreted as the
depression of ligninase activity by N (Hobbie 2000). There-
fore, the pattern found here may indicate enhancing effects
of N on humus formation (Berg and McClaugherty 2003;
Moorhead and Sinsabaugh 2006). Because tissue N and
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tissue C quality are negatively correlated across branch
orders, N and C quality may interact in influencing root
decomposition. Previous studies have found that high N
inhibited the decomposition of litter with high acid-insolu-
bles while it enhanced the decomposition of litter with low
acid-insolubles (Hobbie 2005, 2008). Clearly, how tissue N
interacts with tissue C quality in controlling litter decompo-
sition deserves further study.

The difference in N dynamics among different root
orders (Fig. 2) again suggested the joint control of C quality
and N concentrations on root decomposition. Root decom-
position is a process in which microbes mineralize root C
and N to meet the balance of C and N in their biomass.
When labile C (such as TNC) is low, microbial decomposi-
tion is expected to be slow due to limitation by low C qual-
ity (“C limitation”; Moorhead and Sinsabaugh 2006; Berg
and McClaugherty 2003). This C limitation should be more
severe under high N concentrations (or low C/N), such as in
lower order roots, which tend to have low TNC and cellu-
lose (Guo et al. 2004). In contrast, decomposition of higher
orders that had high C quality (higher concentrations of
TNC and cellulose) and low N concentrations would be less
constrained by C limitation, leading to faster mass loss
rates (Fig. la, b) and even periodical N accumulation
(which signifies N limitation; Fig. 2c, d).

It is clear that lower order roots decompose more slowly
than higher order roots. However, linking this pattern to
underlying mechanisms remains difficult. Although both C
quality and N concentrations are found to be associated
with decomposition rate in both species, we can not rule out
the possibility that these two factors are linked to a mycor-
rhizal effect. EM colonization influences both C quality by
reducing root TNC concentrations and increasing recalci-
trant C compounds (Levis et al. 1994; Langley and Hungate
2003) and root N concentrations (Langley and Hungate
2003). More work is needed to disentangle various controls
of root decomposition.

Species differences

In this study, ash roots decomposed faster than larch roots
(Fig. 1a, b), consistent with the previous paradigm that N-
rich litter (often associated with AM species; Cornelissen
etal. 2001) decomposed faster than N-poor litter (often
associated with EM species; Cornelissen et al. 2001). How-
ever, the positive relationship between decomposition rates
and root N concentrations across species contrasted with
the negative relationship between decomposition rates and
N concentrations among root orders within the same spe-
cies, suggesting that the influence of root N concentrations
on root decomposition is complex and may depend on
whether microbes are limited by N or by C. Additionally,
ash roots have a proportionally larger cortex area and
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smaller xylem area than larch (and other conifer species;
Guo et al. 2008c). Xylem constituted 40% of the whole root
cross-section area in the first-order roots of larch, but only
20% in ash, though the differences narrowed in the fourth
and higher orders (Guo et al. 2008c). Thin-walled cortical
cells may decompose easily, whereas xylem cells may be
resistant to decomposers [but see more rapid decomposition
of wood than bark of small woody roots reported in Fahey
etal. (1988)]. The structure of litter (size, architecture,
anatomy) have been largely ignored (but see Langley and
Hungate 2003 and Weedon etal. 2009) in explaining
decomposition patterns but may deserve more attention in
future studies. We propose that initial litter N, litter C qual-
ity, litter structure, and microbial stoichiometry and metab-
olism (Manzoni et al. 2008) may all work interactively to
determine the decomposition rates.

Implications

Using a branch order approach, we studied decomposition
of the first six orders of roots in F. mandshurica and L.
gmelinii and found that short-lived lower order roots
decompose more slowly than long-lived higher order roots.
The rapid input via root mortality but slow release via
decomposition to the soil by these lower order roots may
provide a critical mechanism of C and nutrient retention in
the soil.

This study, along with our previous studies (Guo et al.
2008a, b, c), may help to resolve a long-standing paradox
regards root turnover and decomposition. It has been
thought that if fine roots turn over rapidly but decompose
slowly, SOM would accumulate rapidly, yet no such fast
SOM accumulation has been observed; therefore, either
slow decomposition or rapid turnover of fine roots is an
artifact (Fahey 1992). Recent studies suggest that only a
fraction of fine roots turn over rapidly (Wells and Eissenstat
2001; Wells et al. 2002; Guo et al. 2008a, b), so root input
to the soil may be much smaller than previously thought
(Guo et al. 2008b), making the slow decomposition of these
short-lived roots easier to reconcile with the lack of appre-
ciable changes in SOM over time.

Acknowledgments We thank Mengxue Xia for assistance in the
field and laboratory. The funding for this research was provided by the
Natural Science Foundation of China (NSFC grants 30870418 and
40971030).

References

Berg B, McClaugherty C (2003) Plant litter-decomposition, humus
formation, carbon sequestration. Springer, Berlin

Bird JA, Torn MS (2006) Fine roots vs. needles: a comparison of
13C and "N dynamics in a ponderosa pine forest soil. Biogeo-
chemistry 79:361-382



Oecologia (2010) 163:509-515

515

Buysse J, Merckx R (1993) An improved colorimetric method to quan-
tify sugar content of plant tissue. J Exp Bot 44:1627-1629

Cornelissen JHC, Aerts R, Werger BCMJA, van der Heijden MGA
(2001) Carbon cycling traits of plant species are linked with
mycorrhizal strategy. Oecologia 129:611-619

Dornbush ME, Isenhart TM, Raich J (2002) Quantifying fine-root
decomposition: an alternative to buried litterbags. Ecology
83:2985-2990

Fahey TJ (1992) Mycorrhizae and forest ecosystems. Mycorrhiza
1:83-89

Fahey TJ, Hughes JW, Arthur MA (1988) Root decomposition and
nutrient flux following whole-tree harvest of northern hardwood
forest. For Sci 34:744-768

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

Guo DL, Li H, Mitchell RJ, Han WX, Hendricks JJ, Fahey TJ, Hend-
rick RL (2008a) Fine root heterogeneity by branch order: explor-
ing the discrepancy in root turnover estimates between
minirhizotron and carbon isotopic methods. New Phytol
177:443-456

Guo DL, Mitchell RJ, Withington JM, Fan PP, Hendricks JJ (2008b)
Endogenous and exogenous controls of root life span, mortality
and nitrogen flux in a longleaf pine forest: root branch order pre-
dominates. J Ecol 96:737-745

Guo DL, Xia M, Wei X, Chang W, Shi W, Wang Z (2008c) Branch
order as a predictor of root uptake capacity and mycorrhizal
colonization in 23 Chinese temperate tree species. New Phytol
180:673-683

Harmon ME, Silver WL, Fasth B, Chen H, Burke IC, Parton WJ,
Hart SC, Currie WS (2009) Long-term patterns of mass loss
during the decomposition of leaf and fine root litter: and intersite
comparison. Glob Chang Biol 15:1320-1338

Hendricks JJ, Aber JD, Nadelhoffer KJ, Hallett RD (2000) Nitrogen
controls on fine root substrate quality in temperate forest ecosys-
tems. Ecosystems 3:57-69

Hishi T (2007) Heterogenity of individual roots within the fine root
architecture: causal links between physiological and ecosystem
functions. J For Res 12:126-133

Hobbie SE (2000) Interactions between litter lignin and soil nitrogen
availability during leaf litter decomposition in a Hawaiian
montane forest. Ecosystems 3:484-494

Hobbie SE (2005) Contrasting effects of substrate and fertilizer nitro-
gen on the early stages of litter decomposition. Ecosystems
8:644-656

Hobbie SE (2008) Nitrogen effects on decomposition: a five-year
experiment in eight temperate sites. Ecology 89:2633-2644

Langley JA, Hungate BA (2003) Mycorrhizal controls on below-
ground litter quality. Ecology 84:2302-2312

Levis JD, Thomas RB, Strain BR (1994) Effect of elevated CO, on
mycorrhizal colonization of loblolly pine (Pinus taeda L.) seed-
lings. Plant Soil 165:81-88

Magill AH, Aber JD (1998) Long-term effects of experimental nitro-
gen additions on foliar litter decay and humus formation in forest
ecosystems. Plant Soil 203:301-311

Manzoni S, Jackson RB, Trofymow JA, Porporato A (2008) The global
stoichiometry of litter nitrogen mineralization. Science 321:684—
686

McClaugherty CA, Aber JD, Melillo JM (1984) Decomposition
dynamics of fine roots in forested ecosystems. Oikos 42:378-386

Moorhead DL, Sinsabaugh RL (2006) A theoretical model of litter de-
cay and microbial interaction. Ecol Monogr 76:151-174

Pregitzer KS, DeForest JL, Burton AJ, Allen MF, Ruess RW, Hendrick
RL (2002) Fine root architecture of nine North American trees.
Ecol Monogr 72:293-309

Waldrop MP, Zak DR (2006) Responses of oxidative enzyme activities
to nitrogen deposition affects soil concentrations of dissolved
organic carbon. Ecosystems 9:921-933

Wang ZQ, Guo DL, Wang X, Gu J, Mei L (2006) Fine root architec-
ture, morphology, and biomass of different branch orders of two
Chinese temperate tree species. Plant Soil 288:151-171

Weedon JT, Cornwell WK, Cornelissen JHC, Zanne AE, Wirth C,
Coomes DA (2009) Global meta-analysis of wood decomposition
rates: a role for trait variation among tree species? Ecol Lett
12:45-56

Wells CE, Eissenstat DM (2001) Marked differences in survivorship
among apple roots of different diameters. Ecology 82:882—-889

Wells CE, Glenn DM, Eissenstat DM (2002) Changes in the risk of
fine-root mortality with age: a case study in peach, Prunus persica
(Rosaceae). Am J Bot 89:79-87

Yu SQ (2006) Estimate of fine root lifespan for manchurian ash and
dahurian larch. PhD dissertation, Northeast Forestry University,
Harbin

@ Springer



	Slow decomposition of lower order roots: a key mechanism of root carbon and nutrient retention in the soil
	Abstract
	Introduction
	Materials and methods
	Study site
	Root sampling and branch order classification
	Litterbag incubation, harvest, and analysis

	Results
	Discussion
	Slow decomposition of lower order roots
	Species differences
	Implications

	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


