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Fine root decomposition represents a large carbon (C) cost to plants, and serves as a potential soil C
source, as well as a substantial proportion of net primary productivity. Coarse roots differ markedly
from fine roots in morphology, nutrient concentrations, functions, and decomposition mechanisms.
Still poorly understood is whether a consistent global pattern exists between the decomposition of
fine (<2mm root diameter) and coarse (=2 mm) roots. A comprehensive terrestrial root decomposition
dataset, including 530 observations from 71 sampling sites, was thus used to compare global patterns
of decomposition of fine and coarse roots. Fine roots decomposed significantly faster than coarse
roots in middle latitude areas, but their decomposition in low latitude regions was not significantly
different from that of coarse roots. Coarse root decomposition showed more dependence on climate,
especially mean annual temperature (MAT), than did fine roots. Initial litter lignin content was the
most important predictor of fine root decomposition, while lignin to nitrogen ratios, MAT, and mean
annual precipitation were the most important predictors of coarse root decomposition. Our study
emphasizes the necessity of separating fine roots and coarse roots when predicting the response of
belowground C release to future climate changes.

Litter decomposition can have large impacts on biogeochemical cycling at local, regional, and global
scales'. In terrestrial ecosystems, this degradation process recycles nutrients and is the source of large
fluxes of CO, into the atmosphere?”. One noteworthy feature of litter decomposition is the pattern of
decay constants (k-values) and their controlling factors. Several meta-analyses have summarized the fac-
tors controlling litter decomposition from leaf litter*S, fine roots*, wood’, and comprehensive leaf, woody,
and root debris® at large spatial scales. In contrast, relatively little attention has been paid to exploring
the patterns in coarse root decomposition in terrestrial ecosystems.

Root diameter is a key factor that governs root decomposition® because it integrates both chemical
and physical properties associated with root development'®. Roots are commonly divided into fine and
coarse root categories (defined by root diameters of less than or at least 2 mm, respectively) that are also
distinguished by their functional roles*!!. They differ in morphological traits, such as specific root length
and root tissue density, and nutrient (e.g. nitrogen [N] and phosphorus [P]) concentrations'>!®. Nutrients,
oxygen, and water are obtained by fine roots and their associated mycorrhizae, while coarse roots sup-
port the fine root network, deliver nutrients and water to shoots, and support the plant structure'-'6.
Fine roots represent a substantial proportion of net primary productivity'”. Fine root decomposition is
believed to represent a large carbon (C) cost to plants'® and to serve as a potential soil C source'®. Fine
roots track changes in aboveground phenology, soil temperature, and moisture and nutrient availability®,
with consequent seasonal changes in biomass and distribution and high annual turnover rates?’-*. In
contrast, coarse roots often reflect the aboveground biomass. Tree size and age have been suggested as
predictors of coarse root size??”. With its slow turnover of C and nutrients, coarse root decomposition
may be more important to long-term ecosystem productivity?®-*. Although several studies have shown
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that fine and coarse roots differ markedly in their morphology, nutrient concentrations, functions, and
decomposition mechanisms®*' -3, the global pattern between the decomposition of fine and coarse root
is still largely unknown.

Both climate and initial litter quality have been previously recognized as major decomposition-controlling
factors at large spatial scales>***. Temperature and precipitation are closely related to the spatial variation
of soil C release®. Forecasts of significant climate change have placed climate feedbacks, as reflected by
changes in litter turnover, and thereby C stocks, high on the international research agenda®. Over the
next century, mean annual temperature (MAT) is predicted to rise by 1.8-4.0°C, while precipitation fre-
quency and intensity are expected to change at both regional and global scales®. Litter quality is believed
to explain the largest amount of variability in global-scale root decomposition?. Recent meta-analyses
have also suggested that interspecific variation in leaf litter quality has stronger effects on litter decom-
position®¥. Root tissue quality generally differs between fine and coarse roots?. For instance, initial N
and P concentrations are generally higher in fine roots than coarse roots'>!?. Differences in litter tissue
quality may induce different decomposition responses to temperature. Because temperature sensitivity
of litter decomposition is inversely proportional to substrate quality**-*!, coarse root decomposition may
have a higher dependence on temperature than that of fine roots. On the other hand, Silver and Miya
(2001) have found that initial root calcium (Ca) content explains the largest extent of variability in root
decomposition rates. Because of limited data sources at the time of their study, however, possible differ-
ences in the factors controlling fine and coarse root decomposition were not fully investigated. Studies
on belowground root decomposition have focused mostly on fine roots, with very little attention paid to
coarse roots*>**. Whether the patterns applicable to fine root decomposition hold for coarse roots is still
not clear. Given the fact that coarse roots account for most root biomass (except in very young stands)*,
an investigation of the factors controlling coarse root decomposition is of crucial importance.

To develop a more thorough understanding of the factors that control fine and coarse root decompo-
sition and the response of these factors to climate change, we established a comprehensive dataset. The
dataset comprised 530 observations from 71 sampling sites, and contained information on initial root
chemistry, including N, P, lignin, Ca, C to N, and lignin to N ratios as well as climate variables (MAT and
mean annual precipitation [MAP]). This dataset enabled investigation of two questions, namely determi-
nation of whether a common global pattern of decomposition rates exists between fine and coarse roots,
and identification of the main controlling factor(s) for fine and coarse root decomposition. On the basis
of our results, we formulated two tentative conclusions regarding these questions: first, decomposition
rates of both fine and coarse roots decrease with increasing latitude, and second, coarse roots decompose
globally more slowly than fine roots. In addition, coarse root decomposition was found to have a higher
dependence on MAT than that of fine roots, and coarse root and fine root decompositions were revealed
to differ in their responses to litter quality.

Materials and methods

Data source. Data on root decomposition were collected from the published database of Silver and
Miya (2001) and from other published papers not included in earlier syntheses (Supplement Table 1). To
access studies related to root decomposition, we searched the ISI Web of Knowledge using the keywords
“root” and “decomposition”, “decay”, or “mass loss”. Several criteria were established for developing the
database: (1) Root decay constants (k-values) should have been measured in situ so as to remove any
potential effects from home-field advantage®; (2) the experimental data in the original paper should
not have been designed for special purposes (e.g. fertilization, warming, or grazing); (3) k-values should
have been estimated by the litterbag technique—the best available method, although not without limi-
tations*, for generating large decomposition datasets**’; (4) only k-values reported using a single expo-
nential model in the original paper or that could be calculated from figures or tables were considered;
(5) clear ancillary site information or study site latitude and longitude should be determinable from
the site description using Global Gazetteer Version 2.1 (http://www.fallingrain.com/world/). Because no
significant effect of mesh size on root decomposition has been identified*, studies using different mesh
sizes were not separated.

Climatic variables, specifically MAT and MAP, were obtained from the original papers. Although
other research has suggested that actual evapotranspiration (AET) is a better climatic indicator for
studying decomposition? this information was rarely provided in most papers. In fact, AET cannot be
directly acquired by instruments under field conditions, and is very sensitive to heterogeneity in time
and space (such as soil type, rooting depths, and available soil moisture)*®*. In addition, reliable general
models to evaluate AET are presently lacking. We therefore used MAT and MAP to represent climatic
factors, as did previous studies****!. In cases where the original MAT and MAP were not given, they
were inferred from the WorldClim 1.4 database (http://www.worldclim.org/)*. To test the accuracy of
the inferred data, we also estimated the climatic variables reported in the original papers and compared
their values to the observed ones. The results of this comparison indicated that both MAT (r?=0.86) and
MAP (r?=0.92) could be accurately simulated (Fig. S1). While most papers included MAT and MAP
information for only their study periods (mostly within a single year), our inferred MAT and MAP val-
ues were averaged over 50 years (1950-2000). Although the data source was not consistent, the inferred
data nonetheless offered us reliable results (Fig. S1). In addition, monthly data for climatic factors were
rarely given in the original paper; interannual variation was therefore not considered in our analysis.
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Furthermore, we assumed that variation in MAT and MAP was greater than that of interannual variation
with respect to the geographic gradient.

We also compiled several indices of initial root chemistry that have been previously suggested to be
important decomposition-controlling factors***: N concentration (mg g™'), C to N ratio, P concentration
(mg g™), lignin content (%), lignin to N ratio, and Ca concentration (mg g™'). At least one of these prop-
erties was either reported in each original paper or could be extracted from published graphs using the
software program Originpro 7.5 (OriginLab, Northampton, MA, USA). A final comprehensive database
was obtained that contained 530 observations from 71 global sampling sites (Supplement Table 1). In
the database, MAT ranged from -3.8 to 28.2°C, and MAP ranged from 90 to 5,050 mm. Latitudes of the
collected data ranged from 5.3 to 62.6°N or S.

Data analysis. Fine and coarse roots were defined as having root diameters of less than or at least
2mm, respectively*!!. Data from papers in which no specific root diameter was provided (except for
some graminoid species which we assumed that the roots were in fine root category) or the criterion
separating fine and coarse roots was not consistent with the above definition were not used for subse-
quent analysis. As a result, a total of 336 data points were analyzed, 273 from fine roots and 63 from
coarse roots (Fig. S2). The data were further divided into those associated with low latitude areas (defined
as <30°N or S) and middle latitude areas (defined as >30°N or S) to compare differences in k-values
between fine and coarse roots using an independent-sample f-test. One-way analysis of variance was
used to test for differences in initial root chemical parameters between fine and coarse roots. Simple
linear regressions were performed to determine whether root decay constants were correlated with initial
root chemistry or climatic variables. The k-values were log-transformed (base e) to meet normality and
homogeneity assumptions for correlation and regression analyses. Parameters significantly correlated
with the decay constant k in the simple linear regressions were subjected to multiple stepwise regression
analysis to separate the effects of climate, initial root chemistry, or the combination of climate and root
chemistry. We took this analysis method in the aims of excluding potential factors with small amount
and insignificant effect on root decomposition. All statistical analyses were performed with a significance
level of P<0.05 using SPSS ver. 18.0 (SPSS Inc., Chicago, IL, USA).

Results

Initial root chemistry and decay constants. N concentrations were significantly higher in fine
roots than in coarse roots (1.1-27.8mgg™" vs. 1.6-14.9mgg™"). P concentrations and lignin contents
did not significantly differ between fine and coarse roots (0.3-2.2mgg™" vs. 0.3-1.1 mgg™" for P; 8-48%
vs. 17-42% for lignin). Ca concentrations were significantly higher in coarse roots than in fine roots
(7.8-31.7mgg™" vs. 1.6-23.3mgg™"). Both fine and coarse root decay constant k-values decreased with
latitude (Fig. 1a). Fine roots decomposed faster than coarse roots in middle latitude areas (Fig. 1b) or
when all the data were combined (Table 1). In low latitude areas, however, no significant differences
were found between fine and coarse roots (Fig. 1b). Among different life form species, k-values (year™)
followed the order graminoids (1.27+0.12) > shrubs (1.02+0.09) > broadleaf trees (0.71+0.05) > conifers
(0.41£0.04). Species compositions for both fine and coarse root data were quite similar. Tree species
(i.e. conifers and broadleaf trees) accounted for 70% and 66% of fine and coarse root data, respectively.
Graminoids represented 28% and 20% of the total amount of fine and coarse root data. Only a small
amount of data, especially in the case of fine roots, came from shrubs.

Effects of climate and initial root chemistry on decomposition. Fine and coarse root decom-
positions differed in their responses to climate. MAT exerted a stronger effect on coarse roots than fine
roots, explaining 43% of the variation in decay constant k-values in coarse roots and only 3% of the
variation in fine roots (Fig. 2a). MAP was negatively correlated with the decay constants of coarse roots,
explaining 25% of the variation in k-values (Fig. 2b). The combination of MAT and MAP explained 59%
of the variation in coarse root decomposition (Table 2).

Fine and coarse root decomposition also differed in regard to response to initial root chemistry.
According to the simple linear regression analysis, initial root N and P concentrations significantly influ-
enced coarse root decomposition (Fig. 3a, b) but did not affect fine roots. Initial root C to N and lignin
to N ratios explained 60% and 51%, respectively, of the variation in decay constants for coarse roots
(Fig. 3c, e). Root Ca concentrations explained 33% of the variation in fine root decomposition (Fig. 3f).
When multiple stepwise regression analysis was conducted, initial root lignin content was the best pre-
dictor, explaining 66% of the variation in fine root decomposition (Table 2). Lignin to N ratio was the
major driver of coarse root decomposition, explaining 62% of the variability (Table 2).

When both climate and root chemistry were considered, the explanatory capability for coarse root
decomposition increased to 86% (Table 2). For fine roots, however, the combination of climate and root
chemistry did not improve prediction capacity (Table 2).
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Figure 1. Pattern of fine and coarse root decomposition rates (In k) with latitude (a) and comparison of
root decomposition for fine and coarse roots between low and middle latitude areas. *** represents ¢-test
significance at p <0.001.

k-value*** 075 (0.04) | 266 | 053 (0.05) | 71
nitrogen (mg/g)*** 9.69 (0.29) | 193 5.76 (0.34) 68
ﬁ:{i'?ﬁlm nILrogen | 5519 (2.32) | 95 | 115.80 (9.73) | 56
phosphorus (mg/g) 0.84 (0.05) 95 0.79 (0.05) 34
nitrogen to

Dhoshorus ratio 1273 (0.89) | 95 | 10.19 (0.99) | 34
lignin (%) 24.96 (0.82) | 104 | 27.50 (1.44) | 33
lr;gt‘i‘(‘)ﬂ‘*ﬁ" nitrogen 3527 (3.76) | 104 | 73.65 (7.64) | 33
calcium (mg/g)** 613 (1.03) | 30 | 1509 (224) | 10

Table 1. Root decay constants k and initial chemistry of fine and coarse roots. Data are presented as means
(SE). n stands for the number of samples. *** represents t-test significance at p <0.001.

Discussion

The research of Silver and Miya (2001) has suggested that root decomposition is regulated by major
variations in tissue chemistry among root diameter classes. Because of the limited amount of data previ-
ously available, however, they were unable to directly compare differences between fine and coarse root
decomposition. Based on their work, we further investigated the controlling factors between fine and
coarse root decomposition and obtained new insights into global patterns of root decomposition rates
and influencing factors.
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Figure 2. Simple linear regressions between decomposition rates (In k) and mean annual temperature

and mean annual precipitation between fine and coarse roots. The solid line represents a significant linear
relationship, and the dashed line is the 95% confidence interval. Black and red dots represent fine and coarse
roots, respectively.

Climatic variables only

Ink=-0.742+0.005

MAT 0.03 | 0.003 | 266

fine roots

Ink=-1.816+0.106

MAT+0.000 MAP 0.59 ) 0.000 | 71

coarse roots

Root initial chemistry variables only

fine roots Ink=1.342-0.070 Lignin | 0.66 | 0.000 17

Ink=1.007-0.037

Lignin/N 0.62 | 0.000 25

coarse roots

Combined climate and root initial chemistry

Ink=-0.425+0.023

MAT—0.021 Lignin 0.13 1 0.002 ) 104

fine roots

Ink=-2.384+0.149
coarse roots | MAT +0.000 MAP— 0.86 | 0.000 33
0.01 Lignin/N

Table 2. Multiple stepwise regressions of climate, initial root chemistry, and the interaction of climate and
chemistry on fine and coarse root decay constants k. r* and n represent the determinant index and sample
numbers, respectively. Regressions are significant at p <0.05.
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Figure 3. Simple linear regressions between decay constants (In k) and initial root quality for nitrogen (N)
(a), phosphorus (P) (b), carbon (C) to N ratio (c), lignin (d), lignin to N ratio (e), and calcium (Ca) (f).
The solid line represents a significant linear relationship, and the dashed line is the 95% confidence interval.
Black and red dots represent fine and coarse roots, respectively.

First, we found that the major decomposition-controlling factors between fine and coarse roots differ
among latitudes. Both fine and coarse roots decompose faster in low latitude areas than at middle lat-
itudes. This pattern is most likely caused by the inverse relationship between latitude and temperature
(r*=0.64, p=0.001). In addition, values of root chemistry indices (e.g. N concentration, P concentra-
tion, and lignin content) in different latitudes are quite similar, providing more evidence that temper-
ature promotes decomposition in low latitude areas. Other factors, such as soil C and N content, may
also influence root decomposition rates®. Only a few studies have provided these data as background
information, however, so this idea could not be readily tested. In specific latitude areas, fine and coarse
root decomposition shows different responses to controlling factors. It is surprising that coarse roots
decompose as fast as fine roots in low latitude areas. The similar decomposition rates between fine and
coarse roots may be the result of different species compositions. In low latitude areas, fine root data was
collected from graminoids, conifers, broadleaf trees, and shrubs, whereas coarse root observations were
from broadleaf trees and shrubs. Conifers have lower decomposition rates than other species (0.41 for
conifers vs. 1.27 for graminoids, 0.71 for broadleaf trees, and 1.02 for shrubs), and may consequently
decrease calculated fine root decay rates. Another possible reason for the similar decomposition rates
between fine and coarse roots may be the negative relationship between MAP and fine root decompo-
sition (Fig. S3), with variations in precipitation pattern somehow counteracting the fast decomposition
rates of fine roots. Because of the mixed effect of life form and climate-driven changes on decomposition
rates, further work is needed to accurately determine the reason for the similarity of decomposition
between coarse and fine roots.

In contrast to observations in low latitude areas, we found that coarse roots decompose much more
slowly than fine roots (0.38 vs. 0.69 year™) in middle latitude areas. Species compositions from fine
and coarse roots are quite similar in this area, while root chemistry is different. Higher N concentra-
tion and less lignin content might increase fine root decomposition rates. In these areas, the differences
in decomposition between fine and coarse roots may thus be mainly due to litter quality. Apart from
differences in litter quality and climate, however, significant differences in soil microbial communities
may exist between mid-latitude and low latitude areas®. The effects of such differences in soil microbial
communities require further investigation.

Second, on a global scale, we observed that MAT has a stronger effect on the decomposition of coarse
roots than fine roots (Fig. 2a). This relationship suggests that temperature-induced increases in coarse
root decomposition may have more potential to exacerbate increasing atmospheric CO, levels, thereby
providing a positive feedback to global warming. Q,, values, an indicator of temperature sensitivity
in root decomposition, were found to be higher in coarse than fine roots (3.24 vs. 1.18, respectively).
The higher temperature sensitivity of coarse root decomposition will influence rates of ecosystem C
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sequestration in a warmer world*. Our observations that coarse roots have lower N concentrations and
higher C to N ratios than fine roots (Table 1) are consistent with fundamental principles of enzyme
kinetics and the C quality-temperature hypothesis that suggests that lower-quality C substrates are more
sensitive to temperature'>**>’. Our study results therefore emphasize the importance of coarse roots in
the global C cycle and indicate potential feedbacks to climate change.

Fine and coarse roots also differ in their response to MAP (Fig. 2). No significant correlation was
found between decay constants of fine roots and MAP because of the contrasting effects of a positive
relationship in middle latitude areas and a negative relationship in rainy low latitude regions (Fig. S3).
The decrease in decay constant k-values with increasing MAP in high rainfall areas may be because
high rainfall limits oxygen diffusion® and increases soil leaching rates®, thereby leading to low nutrient
and pH values that potentially reduce the activities of soil decomposers®. In coarse roots, the trend of
decreasing decay constant k-values with increasing MAP may be attributable to the inverse relationship
between litter quality and MAP. For instance, the increase in the lignin to N ratio (the main controlling
factor for coarse root decomposition) with increasing MAP (Fig. S4) can indirectly impede coarse root
decomposition. Our study results demonstrate that the decompositions of fine and coarse roots differ in
their responses to climate, and thus emphasize the importance of root diameter classification to predict
the response of root decomposition to global climate changes.

Finally, our survey revealed that fine and coarse roots differ in their response to initial root chemistry
(Table 2). Ca concentrations in plant tissues are believed to limit root decomposition at the global scale?,
but responses between fine and coarse roots have not been differentiated. Our data indicate that initial
lignin content is the major factor controlling fine root decomposition rate and that lignin to N ratio is
the major factor for coarse roots (Table 2). Although the simple linear regression analysis suggested that
root Ca is the best predictor of fine root decomposition (Fig. 3f), root lignin was found to be the major
predictor of fine root decomposition when multiple stepwise regression was used (Table 2).

Decomposition does not take place (k<0) in tissues with initial lignin to N ratios much greater than
29%1. The microorganisms involved in litter decomposition in these instances have to rely largely on the
original N stocks of the decomposing tissues. If relatively large amounts of N are available to the micro-
organisms involved in litter decomposition, then the initial N content of the litter may not exert as great
an influence on decomposition rates; the lignin content of the litter may thus become more important
in the determination of decomposition rates®?. In our study, fine roots had significantly higher initial N
concentrations than coarse roots; initial N concentrations are therefore unlikely to be a limiting factor for
microbial decomposition of fine roots. For coarse roots with lower initial N concentrations, in contrast,
both initial lignin and N concentrations may be important for determination of decomposition rates.
Lignin controls decomposition rates through its resistance to enzymatic attack, as well as through physi-
cal interference with the decay of other cell wall fractions®. Recent research, however, has suggested that
higher-order fine roots (containing more lignin) decompose faster than lower-order fine roots regardless
of lignin content 5-%. Because our study involved different species compositions varying in decomposi-
tion rates, our results may be not comparable with those from studies using the same species to observe
the influence of lignin on decomposition rate.

Although our results provide new insights into root decomposition, there are still some limitations.
For instance, although the relationship between decomposition constant and main controlling factors
were statistically significant based on p-values, the r? values were mostly very low (indicating quite lim-
ited future predictive power). The discovery of trends in root decay constants related to climate and root
quality would thus be difficult. Consequently, our results still do not provide an accurate global pattern.
The absence of a revealed global pattern calls for further investigation. In addition, we treated every
root chemistry variable as identical, but sample sizes varied tremendously. Because there are inadequate
numbers of studies with complete root chemical parameters, the different sample sizes used from differ-
ent studies may have induced some uncertainties into the analysis. Furthermore, we only considered the
effect of climate and initial litter quality on fine and coarse root decomposition rates. If global climate
changes cause substantial shifts in plant community composition, these interacting biotic factors might
have greater impacts on decomposition and biogeochemical cycles than the single factor of rising atmos-
pheric temperature®”-%°. Moreover, the models of decomposition based on climate and litter chemistry
in our study also ignored the potential influence of microbial community structure and soil fauna on
litter decomposition rates**’%74, Finally, our conclusions, which are based on short-term decomposition,
should be treated with great caution: the factors that best correlate with rates of early decay are often not
the same as those related to long-term decay’.

Conclusions

We conducted a comprehensive global survey on the control of decomposition rates between fine and
coarse roots. We found that coarse roots decompose as quickly as fine roots in low latitude areas, which
challenges the traditional viewpoint that coarse roots should display slow delivery of soil C and nutrients.
A higher dependence of coarse root decomposition rates on climate, especially temperature, implies their
key role in global C cycling and climate change response. Coarse root decomposition also differed from
fine root decomposition in its response to initial litter quality. Our results suggest the classification of
root diameter is important to predict the responses of belowground C release to future global climate
change.

SCIENTIFIC REPORTS | 5:09940 | DOI: 10.1038/srepogg40 7



www.nature.com/scientificreports/

References

1.

11.

12.

13.

14.

15.

16

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34,

35.

36.
37.

38.

39.

40.

41.

Harmon, M. E. et al. Long-term patterns of mass loss during the decomposition of leaf and fine root litter, an intersite comparison.
Global Change Biol. 15, 1320-1338 (2009).

. Aerts, R. Climate, leaf litter chemistry and leaf litter decomposition in terrestrial ecosystems, a triangular relationship. Oikos 79,

439-449 (1997).

. Prentice, I. C. et al. [The carbon cycle and atmospheric carbon dioxide] Contribution of Working Group I to the Third Assessment

Report of the Intergovernmental Panel on Climate Change [185-225]. (Cambridge University Press, Cambridge, 2001).

. Silver, W. L. & Miya, R. K. Global patterns in root decomposition, comparisons of climate and litter quality effects. Oecologia

129, 407-419 (2001).

. Canadell, J. G. et al. Contributions to accelerating atmospheric CO, growth from economic activity, carbon intensity, and

efficiency of natural sinks. PNAS 104, 18866-18870 (2007).

. Waring, B. G. A meta-analysis of climatic and chemical controls on leaf litter decay rates in tropical forests. Ecosystems 15,

999-1009 (2012).

. Weedon, J. T. et al. Global meta-analysis of wood decomposition rates, a role for trait variation among tree species? Ecol Lett.

12, 45-56 (2009).

. Zhang, D. Q,, Hui, D. E, Luo, Y. Q. & Zhou, G. Y. Rates of litter decomposition in terrestrial ecosystems, global patterns and

controlling factors. J Plant Ecol. 1, 85-93 (2008).

. Nambiar, E. K. S. Do nutrients retranslocate from fine roots? Can J Forest Res. 17, 913-918 (1987).
. Fahey, T. J. & Arthur, M. A. Further studies of root decomposition following harvest of a northern hardwoods forest. Forest Sci.

40, 618-629 (1994).

Cusack, D. E, Chou, W. W, Yang, W. H., Harmon, M. E. & Silver, W. L. Controls on long-term root and leaf litter decomposition
in neotropical forests. Global Change Biol. 15, 1339-1355 (2009).

John, B., Pandey, H. N. & Tripathi, R. S. Decomposition of fine roots of Pinus kesiya and turnover of organic matter, N and P of
coarse and fine pine roots and herbaceous roots and rhizomes in subtropical pine forest stands of different ages. Biol Fert Soils.
35, 238-246 (2002).

Vogt, K. A., Vogt, D. J. & Bloomfield, J. [Input of organic matter to the soil by tree root] Plant roots and their environment
[McMichael B. L., Persson H. (eds.)] [171-190]. (Elsevier, Amsterdam, 1991).

Keplin, B. & Hiittl, R. E Decomposition of root litter in Pinus sylvestris L. and Pinus nigra stands on carboniferous substrates in
the Lusatian lignite mining district. Ecol Eng. 17, 285-296 (2001).

Knorr, M., Frey, S. & Curtis, P. Nitrogen additions and litter decomposition, a meta-analysis. Ecology 86, 3252-3256 (2005).

. Tobin, B. et al. Towards developmental modelling of tree root systems. Plant Biosyst. 141, 481-501 (2007).
. Hobbie, S. E., Oleksyn, J., Eissenstat, D. M. & Reich, P. B. Fine root decomposition rates do not mirror those of leaf litter among

temperate tree species. Oecologia 162, 505-513 (2010).

Yuan, Z. & Chen, H. Y. H. Fine root biomass, production, turnover rates, and nutrient contents in boreal forest ecosystems in
relation to species, climate, fertility, and stand age, literature review and meta-analyses. Crit Rev Plant Sci. 29, 204-221 (2010).
Raich, J. W,, Russell, A. E. & Valverde-Barrantes, O. Fine root decay rates vary widely among lowland tropical tree species.
Oecologia 161, 325-330 (2009).

Cheng, X. M. & Bledsoe, C. S. Contrasting seasonal patterns of fine root production for blue oaks (Quercus douglasii) and annual
grasses in California oak woodland. Plant Soil. 240, 263-274 (2002).

Eissenstat, D. M., Wells, C. E., Yanai, R. D. & Whitbeck, J. L. Building roots in a changing environment, implications for root
longevity. New Phyto. 147, 33-42 (2000).

Gill, R. A. & Jackson, R. B. Global patterns of root turnover for terrestrial ecosystems. New Phytol. 147, 13-31 (2000).

Wells, C. E. & Eissenstat, D. M. Marked differences in survivorship among apple roots of different diameters. Ecology 82, 882-892
(2001).

Anderson, L. ], Comas, L. H,, Lakso, A. N. & Eissenstat, D. M. Multiple risk factors in root survivorship, a 4-year study in
Concord grape. New Phytol. 158, 489-501 (2003).

Guo, D. L., Mitchell, R. J., Withington, J. M., Fan, P. P. & Hendricks, J. ]. Endogenous and exogenous controls of root life span,
mortality and nitrogen flux in a longleaf pine forest, root branch order predominates. J Ecol 96, 737-745 (2008).

Makela, A., Valentine, H. T. & Helmisaari, H. S. Optimal co-allocation of carbon and nitrogen in a forest stand at steady state.
New Phytol. 180, 114-123 (2008).

Johnsen, K., Maier, C. & Kress, L. Quantifying root lateral distribution and turnover using pine trees with a distinct stable carbon
isotope signature. Funct Ecol. 19, 81-87 (2005).

Raz-Yaseef, N., Koteen, L. & Baldocchi, D. D. Coarse root distribution of a semi-arid oak savanna estimated with ground
penetrating radar. J Geophys Res (Biogeosci) 118, 135-147 (2013).

Mao, R, Zeng, D. H. & Li, L. J. Fresh root decomposition pattern of two contrasting tree species from temperate agroforestry
systems, effects of root diameter and nitrogen enrichment of soil. Plant Soil 347, 115-124 (2011).

Langley, . A. & Hungate, B. A. Mycorrhizal controls on belowground litter quality. Ecology 84, 2302-2312 (2003).

Olajuyigbe, S., Tobin, B., Hawkins, M. & Nieuwenhuis, M. The measurement of woody root decomposition using two
methodologies in a Sitka spruce forest ecosystem. Plant Soil 360, 77-91 (2012).

Guo, D. L, Mitchell, R. J. & Hendricks, J. J. Fine root branch orders respond differentially to carbon source-sink manipulations
in a longleaf pine forest. Oecologia 140, 450-456 (2004).

Goebel, M. et al. Decomposition of the finest root branching orders, linking belowground dynamics to fine-root function and
structure. Ecol Monogr. 81, 89-102 (2011).

Aulen, M., Shipley, B. & Bradley, R. Prediction of in situ root decomposition rates in an interspecific context from chemical and
morphological traits. Ann Bot. 109, 287-297 (2011).

Strickland, M. S., Osburn, E., Lauber, C., Fierer, N. & Bradford, M. A. Litter quality is in the eye of the beholder, initial
decomposition rates as a function of inoculum characteristics. Funct Ecol. 23, 627-636 (2009).

Schimel, D. S. et al. Recent patterns and mechanisms of carbon exchange by terrestrial ecosystems. Nature 414, 169-172 (2001).
Cornwell, W. K. et al. Plant species traits are the predominant control on litter decomposition rates within biomes worldwide.
Ecol Lett 11, 1065-1071 (2008).

IPCC Summary for policy makers. Contribution of Working Group I to the Fourth Assessment Report of the Intergovernmental
Panel on Climate Change [Solomon, S. et al. (eds.)] [1-18] (Cambridge University Press, Cambridge, United Kingdom and New
York, NY, 2007).

Bosatta, E. & Agren, G. 1. Soil organic matter quality interpreted thermodynamically. Soil Biol Biochem 31, 1889-1891 (1999).
Agren, G. I. & Bosatta, E. Reconciling differences in predictions of temperature response of soil organic matter. Soil Biol Biochem
34, 129-132 (2002).

Mikan, C., Schimel, J., Doyle, A. Temperature controls of microbial respiration in arctic tundra soils above and below freezing.
Soil Biol Biochem 34, 1785-1795 (2002).

SCIENTIFIC REPORTS | 5:09940 | DOI: 10.1038/srepogg40 8



www.nature.com/scientificreports/

42.

43.

44,

45.
46.

47.

48.
49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.
64.

65.

66.

67.

68.

69.

70.
71.

72.

73.

74.

Ludovici, K. H., Zarnoch, S. J. & Richter, D. D. Modeling in-situ pine root decomposition using data from a 60-year
chronosequence. Can ] Forest Res 32, 1675-1684 (2002).

Melin, Y., Petersson, H. & Nordfjell, T. Decomposition of stump and root systems of Norway spruce in Sweden- a modelling
approach. Forest Ecol Manag. 256, 1445-1451 (2009).

Misra, R. K., Turnbull, C. R. A., Cromer, R. N., Gibbons, A. K. & LaSala, A. V. Below- and above-ground growth of Eucalyptus
nitens in a young plantation, I. Biomass. Forest Ecol Manag. 106, 283-293 (1998).

Ayres, E. et al. Home-field advantage accelerates leaf litter decomposition in forests. Soil Biol Biochem 41, 606-610 (2009).

De Santo, A. V., Berg, B., Rutigliano, F. A., Alfani, A. & Floretto, A. Factors regulating early-stage decomposition of needle litters
in five different coniferous forests. Soil Biol Biochem 25, 1423-1433 (1993).

Kurz-Besson, C., Coliteaux, M. M., Thiéry, J. M., Berg, B. & Remacle, J. A comparison of litterbag and direct observation methods
of Scots pine needle decomposition measurement. Soil Biol Biochem 37, 2315-2318 (2005).

Acs, E. On transpiration and soil moisture content sensitivity to soil hydrophysical data. Bund-Lay Meteorol 115, 473-497 (2005).
Douglas, E. M., Jacobs, J. M., Sumner, D. M. & Ray, R. L. A comparison of models for estimating potential evapotranspiration
for Florida land cover types. J Hydrol 373, 366-376 (2009).

Yuan, Z. Y. & Chen, H. Y. H. Global trends in senesced-leaf nitrogen and phosphorus. Global Ecol Biogeograph 18, 532-542
(2009).

Li, P, Yang, Y. H. & Han, W. X. Global patterns of soil microbial nitrogen and phosphorus stoichiometry in forest ecosystems.
Global Ecol Biogeograh 23, 979-987 (2014).

Hijmans, R. J., Cameron, S. E., Parra, J. L., Jones, P. G. & Jarvis, A. Very high resolution interpolated climate surfaces for global
land areas. Inter ] Climatol. 25, 1965-1978 (2005).

Usman, S., Singh, S. P. & Rawat, Y. S. Fine root decomposition and nitrogen mineralisation patterns in Quercus leucotrichophora
and Pinus roxburghii forests in central Himalaya. Forest Ecol Manag. 131, 191-199 (2000).

Solly, E. E, Schoning, 1., Boch, S., Kandeler, E. & et al. Factors controlling decomposition rates of fine root litter in temperate
forests and grasslands. Plant Soil 382, 203-218 (2014).

Powers, J. S. et al. Decomposition in tropical forests, a pan-tropical study of the effects of litter types, litter placement and
mesofaunal exclusion across a precipitation gradient. J Ecol. 97, 801-811 (2009).

Fierer, N., Craine, J. M., McLauchlan, K. & Schimel, J. P. Litter quality and the temperature sensitivity of decomposition. Ecology
86, 320-326 (2005).

Davidson, E. A. & Janssens, I. A. Temperature sensitivity of soil carbon decomposition and feedbacks to climate change. Nature
440, 165-173 (2006).

Schuur E. A. G. & Matson, P. A. Net primary productivity and nutrient cycling across a mesic to wet precipitation gradient in
Hawaiian montane forest. Oecologia 128, 431-442 (2001).

Radulovich, R. & Sollins, P. Nitrogen and phosphorus leaching in zero-tension drainage from a humid tropical soil. Biotropica
23, 84-87 (1991).

Posada, J. M. & Schuur, E. A. G. Relationships among precipitation regime, nutrient availability, and carbon turnover in tropical
rain forests. Oecologia 165, 783-795 (2011).

Melillo, J. M., Aber, J. D. & Muratore, J. E Nitrogen and lignin control of hardwood leaf litter decomposition dynamics. Ecology
63, 621-626 (1982).

Cromack, K. J. Litter production and litter decomposition in a mixed hardwood watershed and in a white pine watershed at Coweeta
Hydrologic Station, North Carolina. Dissertation. University of Georgia, Athens, Georgia, USA, 1973.

Alexander, M. Soil microbiology (John Wiley and Sons, New York, 1977).

Fang, P. P. & Guo, D. L. Slow decomposition of lower order roots: a key mechanism of root carbon and nitrient retention in the
soil. Oecologia 163, 509-515 (2010).

Goebel, M., Hobbie, S. E. & Bulaj, B. Decomposition of the finest root braching orders: linking belowground dynamics to fine-
root function and structure. Ecol Monograh 81, 89-102 (2011).

Xiong, Y. M., D'Atri, J. ] & Fu, S. L. Rapid soil organic matter loss from forest dieback in a subalpine coniferous ecosystem. Soil
Biol Biochem 43, 2450-2456 (2011)

Eviner, V. T. & Chapin, E S. Functional matrix, a conceptual framework for predicting multiple plant effects on ecosystem
processes. Ann Rev Ecol Evol S 34, 455-485 (2003).

Mack, M. C. & D’Antonio, C. M. Exotic grasses alter controls over soil nitrogen dynamics in a Hawaiian woodland. Ecol Appl
13, 154-166 (2003).

Rouifed, S., Handa, I. T., David, ]. E & Haittenschwiler, S. The importance of biotic factors in predicting global change effects on
decomposition of temperate forest leaf litter. Oecologia 163, 247-256 (2010).

Zak, D. R,, Blackwood, C. B. & Waldrop, M. P. A molecular dawn for biogeochemistry. Trends Ecol Evol 21, 288-295 (2006).
Reed, H. E. & Martiny, J. B. H. Testing the functional significance of microbial composition in natural communities. FEMS
Microbiol Ecol 62, 161-170 (2007).

Cardinale, B. J. et al. Impacts of plant diversity on biomass production increase through time because of species complementarity.
PNAS 104, 18123-18128 (2007).

Jiang, L. Negative selection effects suppress relationships between bacterial diversity and ecosystem functioning. Ecology 88,
1075-1085 (2007).

Verity, P. G. et al. Current understanding of phaeocystis ecology and biogeochemistry, and perspectives for future research.
Biogeochem 83, 311-330 (2007).

Acknowledgements

This research was supported by the National Basic Research Program of China (2010CB950604 and
2012CB956303), projects of the National Natural Science Foundation of China (31222011, 31270363, and
31070428), and projects supported by the Foundation for Innovative Research Groups of the National
Natural Science Foundation of China (31321061).

Author Contributions
W.W. conceived the research. X.Z. collected and analyzed the data. Both X.Z. and W.W. wrote the paper.
X.Z. prepared all figures and tables.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

SCIENTIFIC REPORTS | 5:09940 | DOI: 10.1038/srepogg40 9


http://www.nature.com/srep

www.nature.com/scientificreports/

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Zhang, X. and Wang, W. The decomposition of fine and coarse roots: global
patterns and their controlling factors. Sci. Rep. 5, 9440; doi: 10.1038/srep09940 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The

oM jmages or other third party material in this article are included in the article’s Creative Com-
mons license, unless indicated otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from the license holder to reproduce
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 5:09940 | DOI: 10.1038/srepogg40 10


http://creativecommons.org/licenses/by/4.0/

	The decomposition of fine and coarse roots: their global patterns and controlling factors

	Materials and methods

	Data source. 
	Data analysis. 

	Results

	Initial root chemistry and decay constants. 
	Effects of climate and initial root chemistry on decomposition. 

	Discussion

	Conclusions

	Acknowledgements

	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Pattern of fine and coarse root decomposition rates (ln k) with latitude (a) and comparison of root decomposition for fine and coarse roots between low and middle latitude areas.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Simple linear regressions between decomposition rates (ln k) and mean annual temperature and mean annual precipitation between fine and coarse roots.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Simple linear regressions between decay constants (ln k) and initial root quality for nitrogen (N) (a), phosphorus (P) (b), carbon (C) to N ratio (c), lignin (d), lignin to N ratio (e), and calcium (Ca) (f).
	﻿Table 1﻿﻿. ﻿  Root decay constants k and initial chemistry of fine and coarse roots.
	﻿Table 2﻿﻿. ﻿  Multiple stepwise regressions of climate, initial root chemistry, and the interaction of climate and chemistry on fine and coarse root decay constants k.



 
    
       
          application/pdf
          
             
                The decomposition of fine and coarse roots: their global patterns and controlling factors
            
         
          
             
                srep ,  (2015). doi:10.1038/srep09940
            
         
          
             
                Xinyue Zhang
                Wei Wang
            
         
          doi:10.1038/srep09940
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep09940
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep09940
            
         
      
       
          
          
          
             
                doi:10.1038/srep09940
            
         
          
             
                srep ,  (2015). doi:10.1038/srep09940
            
         
          
          
      
       
       
          True
      
   




