
LETTER Global patterns in fine root decomposition: climate, chemistry,

mycorrhizal association and woodiness

Craig R. See,1*

Michael Luke McCormack,2,3

Sarah E. Hobbie,1

Habacuc Flores-Moreno,1,4

Whendee L. Silver5 and

Peter G. Kennedy1,2

Abstract

Fine root decomposition constitutes a critical yet poorly understood flux of carbon and nutrients
in terrestrial ecosystems. Here, we present the first large-scale synthesis of species trait effects on
the early stages of fine root decomposition at both global and local scales. Based on decomposi-
tion rates for 279 plant species across 105 studies and 176 sites, we found that mycorrhizal associ-
ation and woodiness are the best categorical traits for predicting rates of fine root decomposition.
Consistent positive effects of nitrogen and phosphorus concentrations and negative effects of lig-
nin concentration emerged on decomposition rates within sites. Similar relationships were present
across sites, along with positive effects of temperature and moisture. Calcium was not consistently
related to decomposition rate at either scale. While the chemical drivers of fine root decomposi-
tion parallel those of leaf decomposition, our results indicate that the best plant functional groups
for predicting fine root decomposition differ from those predicting leaf decomposition.
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INTRODUCTION

Plant litter decomposition in terrestrial systems constitutes
one of the largest annual fluxes in global carbon (C) and
nutrient cycling, but the role of fine root (diameter ≤ 2 mm)
traits is poorly understood relative to above-ground litter
(Bardgett et al. 2014). Fine root turnover accounts for c. 14–
27% of net primary production (NPP) globally (McCormack
et al. 2015a) and is estimated to contribute 33% of the annual
litter inputs in forests and 48% of the inputs in grasslands
(Freschet et al. 2013). Recent evidence also suggests that the
plant and microbial byproducts of root decomposition con-
tribute disproportionately to soil C stores relative to above-
ground litter (e.g. Rasse et al. 2005; Clemmensen et al. 2013;
Austin et al. 2017). Faster fine root decomposition rates
reflect more labile litter inputs, which in turn are thought to
control microbial inputs to stabilised soil organic matter
(Cotrufo et al. 2013). Since fine roots represent a substantial
nutrient pool in soils, their decomposition also represents an
important release of nutrients to the rhizosphere, with impli-
cations for soil nutrient availability. Thus, a comprehensive
understanding of the rates and drivers of fine root decomposi-
tion is crucial to reducing uncertainty in ecosystem carbon
and nutrient budgets ranging from landscape to global scales
(Fahey et al. 2005; Le Qu�er�e et al. 2016).
Fine roots are functionally similar to leaves in that they are

the local site of resource exchange between plants and their
environment, exhibit diverse morphologies (Ma et al. 2018)

and chemical composition (Iversen et al. 2017) and are
ephemeral in comparison to structural tissues (Eissenstat &
Yanai 1997; McCormack et al. 2012). Globally, plant tissue
decomposition rates are positively correlated with mean
annual temperature (MAT) and precipitation (MAP) (Parton
et al. 2007; Zhang et al. 2008), but there remains considerable
unexplained variation both globally and locally (Prescott
2010; Bradford et al. 2016). At local scales, substrate chem-
istry is a dominant factor controlling leaf litter decomposition
(Djukic et al. 2018), with the early stages of decomposition
being positively correlated with nutritional quality and nega-
tively correlated with substrate complexity (Melillo et al.
1982; Hobbie 2015). Trade-offs involving the speed of return
on investment largely dictate plant species’ leaf chemistry
(Wright et al. 2004), which in turn controls leaf litter decom-
position worldwide (Cornwell et al. 2008). A similar global
relationship may exist between plant species’ traits and fine
root decomposition, since fine root chemistry correlates with
the water and nutrient economies of plants (Reich 2014).
However, only one study thus far has addressed the effects of
plant species’ acquisition strategy on fine root decomposition
(Freschet et al. 2012), and the generality of those findings
across ecosystems remains unexplored.
Fine root decomposition might be expected to vary at the

species level based on traits relating to aspects of the plant
economics spectrum such as growth form (e.g. woody vs.
herbaceous, broadleaf vs. conifer), nutrient acquisition strat-
egy (i.e. mycorrhizal association), leaf lifespan of woody
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plants (i.e. deciduous vs. evergreen) or plant life cycle of
herbaceous plants (i.e. annual vs. perennial). Although some
plant traits are correlated across organs (Freschet et al. 2010),
which could be advantageous at the whole-plant scale (Reich
2014), fundamental differences exist between above- and
below-ground organs. Different environmental stressors, dif-
ferent resources acquired and the presence of mycorrhizal
symbionts complicate the application of a one-dimensional
plant economics spectrum to fine roots (Weemstra et al.
2016). Thus, the best way to functionally categorise species to
predict rates of litter decomposition may differ between fine
roots and leaves. For example, while fine root decomposition
likely varies with root lifespan, above-ground traits control-
ling leaf decomposition (e.g. deciduousness) may be less
important to fine roots. Conversely, leaf decomposition rates
in woody plants do not differ from non-woody plants (Corn-
well et al. 2008), but higher lignin content in the fine roots of
woody plants likely results in slower decomposition (Zhang
et al. 2008). Furthermore, the presence of an ectomycorrhizal
(EcM) fungal mantle can slow the decomposition of some
woody roots (Langley et al. 2006; but see Koide et al. 2011),
whereas effects of ericoid (ErM) or arbuscular (AM) mycor-
rhizal colonisation on fine root decomposition have not yet
been explored. Thus, it remains unknown whether fine roots
with contrasting mycorrhizal associations differ in their
decomposition rates.
An earlier global analysis of species-specific fine root decom-

position rates indicates that fine roots of conifers decompose
more slowly than those of broadleaved plants, which in turn
decompose more slowly than those of graminoids (Silver &
Miya 2001). Underlying these results were relationships
between decomposition rate and root nutrient concentration,
most notably a strong positive effect of calcium (Ca) and a neg-
ative effect of the C:nitrogen (N) ratio. Although these results
helped to identify a set of potential drivers of fine root decom-
position at the global scale, they were based on a relatively
small number of studies. The number of published studies on
fine root decomposition has increased more than threefold over
the last two decades, and the number of individual species and
observations has increased by an order of magnitude. Despite
recent attempts to synthesise this growing literature in terms of
climate and litter quality effects on decomposition (Zhang &
Wang 2015), no study since Silver & Miya (2001) have exam-
ined differences among plant growth forms. Furthermore, pre-
vious syntheses have not looked for consistent within-site
patterns nor how fine root decomposition is influenced by other
plant traits affecting nutrient cycling in ecosystems (e.g. mycor-
rhizal association, leaf lifespan of woody plants, plant life cycle
of herbaceous species).
To address these knowledge gaps, we compiled a data set of

decomposition rates (k-values from single exponential decay
models) for fine roots of 279 species across 105 studies, with the
goal of co-analysing global- and local-scale drivers of fine root
decomposition. Our specific objectives were: (1) to elucidate
effects of litter chemistry, specifically concentrations of phos-
phorus (P), N, Ca and lignin on decomposition rates both
within and across sites; and (2) to compare fine root decomposi-
tion rates across plant growth forms (woody broadleaf, woody
conifer, herbaceous graminoid and herbaceous forb as well as a

broader comparison of all woody vs. all herbaceous plants);
types of mycorrhizal association (arbuscular mycorrhizal, ecto-
mycorrhizal and ericoid mycorrhizal); leaf lifespan of woody
species (deciduous vs. evergreen); and plant life cycle of herba-
ceous species (annual vs. perennial). We hypothesised that fine
root chemistry would be a strong predictor of decomposition
rate both within and among sites, and that the best categorical
predictors would be nutrient acquisition strategy (i.e. mycor-
rhizal association) and woodiness. Additionally, we sought to
update previously identified decomposition–climate relation-
ships based on a significantly expanded data set.

METHODS

Data collection and compilation

We conducted a literature search in December 2017 for all
papers containing fine root decomposition values by species.
For each species in each study, we retrieved simple exponential
decay rate constants (k-values) based on the model M = e�kt,
where M is equal to the proportion of dry mass remaining at
time t (in years), and k is the exponential rate of decomposition
(Olson 1963). When papers did not report k-values, or reported
them based on a different model, we recalculated the exponen-
tial rate constant using non-linear regression (Adair et al.
2010), based on the data reported in the paper. Although mod-
els including additional terms often better describe the later
stages of decomposition (Adair et al. 2008), our approach
allowed us to most effectively leverage existing data, as the vast
majority of studies fit a single exponential decay model (Adair
et al. 2010). The reported diameter cut-offs for fine roots ran-
ged from 0.5 to 3 mm, with 85% of the observations between 1
and 2 mm. Studies ranged in duration from 0.3 to 10 years,
with the exception of one 20-day study (representing four data
points).
In addition to k-values, we collected available information on

species identity, root chemistry and climate as predictor vari-
ables. When litter chemistry was reported for multiple time
points, we only used initial root concentrations of C, N, P, Ca
and lignin. We used MAT and MAP values for sites as
reported, and, if unavailable, we used Worldclim projections
based on reported latitude and longitude (Fick & Hijmans
2017). We also assembled a moisture index (MI) for each loca-
tion, calculated as the ratio of MAP to potential evapotranspi-
ration. Since most studies do not report potential
evapotranspiration, we matched the latitude and longitude
coordinates in our data set to an existing global climate data set
(Butler et al. 2017). All woody plant species were assigned a
mycorrhizal association (AM, EcM, ErM), either according to
the original description by the authors or, if not given, based on
species characteristics according to Maherali et al. (2016). Fur-
ther description of our publication selection criteria and data
compilation methods is available in the supplementary material
(Appendix S1).

Statistical analyses

Addressing our objectives required different statistical models
applied to different subsets of the data. For example, we
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included greenhouse-based studies when comparing the effects
of plant traits on local decomposition, but excluded these
when assessing global-scale relationships with climate. A table
summarising which studies were included in the different anal-
yses is given in the supplementary material (Appendix S2).
To assess the global (i.e. across-site) effects of climate on

fine root decomposition, we fit multiple mixed-effects linear
models, with natural logarithm (ln) transformed k-values as
the response variable, and a random intercept fit to each
study. The fixed effects included study duration, along with
all combinations of MAT, MAP, MI and their interactions
(Appendix S3). We compared all possible models based on
the corrected Akaike Information Criterion (AICc) to select
the most parsimonious model. A full comparison of candi-
date models is reported in the supplementary material
(Appendix S3).
For global comparisons of the effects of tissue chemistry on

fine root decomposition, we controlled for climatic differences
using mixed-effects linear models, with study duration, MAT,
MAP and the chemical predictor of interest (N, P, Ca or lig-
nin, fit separately for each) as fixed effects, a random intercept
for study, and the ln-transformed k-value as dependent vari-
able. Predictor variables were ln-transformed when needed to
better conform to variance assumptions. To assess the effects
of initial chemistry on fine root decomposition at local scales,
we calculated standardised slopes for the relationship between
each chemical constituent and k-value for all studies contain-
ing at least five observations (i.e. five k-values with associated
initial chemistry values). We then calculated the mean stan-
dardised slope across all studies for each variable.
To examine the effects of different plant functional groups

on fine root decomposition, we used a set of mixed-effects
linear models following the general form: ln(k) = group + ln
(duration) + (1|study), where ln(k) is the natural log of the k-
value, ln(duration) is the natural log of study length, group is
the functional group of interest and (1|study) represents a ran-
dom effect for the study-level mean of ln(k). We used ln-
response ratios to compare the effect sizes between the various
functional groups mentioned above and constructed bootstrap
confidence intervals for each ratio. To assess the robustness of
our findings, we ran these analyses on both the complete and
a conservative data set. The complete data set contained all
available observations (n = 703). The conservative data set
(n = 356) included data averaged over all species-level obser-
vations by site to avoid potential pseudoreplication. It also
had more stringent requirements for including studies (e.g.
rejecting methods other than the buried bag approach, reject-
ing studies that categorise roots by order rather than diameter
and restricting the location of litterbag deployment to the top
0–20 cm mineral soil). Full criteria for inclusion in the conser-
vative data set and a comparison of sample sizes by category
can be found in the supplementary material (Appendix S1).
To further test the robustness of our findings, we analysed
both data sets using equivalent models that also included a
random coefficient (analogous to a random slope, but for cat-
egorical data) which assumes that the size of each group effect
(i.e. response ratio) is randomly distributed among studies.
All of the mixed-effects linear models were conducted using
the ‘lme4’ package in R (Bates et al. 2015).

RESULTS

Globally, fine root decomposition increased with MAT, MAP
and MI (Fig. 1, Appendix S3). The most parsimonious model
(lowest AICc) for climatic factors included only MAT and
MAP as main effects with no interactions, along with study
duration as a covariate (Appendix S3). Our regression analy-
ses of litter chemistry showed that, after accounting for MAT,
MAP and study duration, initial stoichiometry explains a
small but significant portion of the variation in global decom-
position rates. Decomposition increased globally with initial
N concentration (partial R2 = 0.03, P = 0.02, Fig. 2a) and
decreased with initial lignin concentration (partial R2 = 0.11,
P < 0.001, Fig. 2b). While modest, the effects of N and lignin
on fine root decomposition appeared to be independent, as
the two predictors were poorly correlated (r = �0.05;
Appendix S4). In contrast, there was no significant global
relationship between decomposition rate and fine root Ca
(Fig. 2c) and only a marginally significant positive relation-
ship with initial P concentration (P = 0.054, Fig. 2d), which
was correlated with N concentrations in this data set
(r = 0.58, Appendix S4), making it difficult to partition the
independent effects of N and P.
Within sites, tissue chemistry effects showed similar trends

to the global-scale analysis, with fine root decomposition rates
positively related to root N concentrations, negatively related
to lignin concentration and unrelated to Ca concentration
(Fig. 2e). Root P concentrations were, on average, positively
associated with fine root decomposition rate within sites.
While fewer studies included root P than N concentration
data, the average within-site effect size on fine root decompo-
sition rates was 39% stronger for P than N concentration
(Fig. 2e). Similar effects on fine root decomposition rates were
evident for ratios of C:N, C:P and lignin:N, but not for lig-
nin:P, though few studies reported both P and lignin
(Appendix S5).
Fine root decomposition rates differed both among mycor-

rhizal associations and plant growth forms based on compar-
isons of 95% bootstrap confidence intervals of the random
intercept model (Fig. 3). Among growth forms, fine roots of
woody plants decomposed more slowly than fine roots
of non-woody plants, and within woody plants, fine roots of
conifers decomposed more slowly than those of broadleaved
plants. Within herbaceous species, fine roots of forbs decom-
posed faster than those of graminoids. Within woody plants,
fine roots of both ErM and EcM plants decomposed more
slowly than those of AM plants. This finding is unaffected by
how species associating with both EcM and AM (e.g. Euca-
lyptus and Populus) were categorised. While ErM fine roots
decomposed slower than EcM fine roots on average, these
two groups did not differ significantly from one another (pos-
sibly due to low representation of ErM roots in the data set,
n = 31). The growth form and mycorrhizal type results were
robust to our choice of the data set (i.e. complete vs. conser-
vative). In contrast, fine roots of perennial plants decomposed
slower than those of annuals among herbaceous species, and
roots of evergreen trees decomposed slower than those of
deciduous trees based on the complete data set (Fig. 3), but
these differences were not significant at 95% for the
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conservative data set when using the same models
(Appendix S6). Finally, under our most conservative scenario
(i.e. a random coefficient model run on the conservative data
set), the only significant differences remaining were those
between woody and herbaceous plants and between EcM and
AM trees (Appendix S6).

DISCUSSION

There is growing consensus on the need to better understand
variation in root decomposition to improve terrestrial bio-
sphere models (Smithwick et al. 2014; Warren et al. 2015).
Our results demonstrate that species-level traits relate to fine
root decomposition, both within and across ecosystems, and
that aggregating species into functional groups provides a
means to capture broad patterns of fine root decomposition.
Importantly, the best explanatory variables of fine root
decomposition (i.e. woodiness and mycorrhizal association)
did not mirror those previously identified for leaf decomposi-
tion (e.g. deciduousness; Cornwell et al. 2008), even though
the litter chemistry drivers (N, P, lignin) appear to be similar.
Although previous studies have found effects of initial litter
chemistry on decomposition at the global scale (Zhang et al.
2008), global relationships do not necessarily reflect locally
important drivers of decomposition (Bradford et al. 2017). In

the case of fine roots, however, the chemical traits identified
to account for differences in decomposition rates across sites
were good local predictors as well.
Previous syntheses that have pooled fine root decomposition

data across sites (Silver & Miya 2001; Zhang & Wang 2015)
found no significant relationships with N or P, and mixed
relationships with lignin concentration. While neither of these
variables explained more than 11% of variation in decomposi-
tion rates, in our study, we found fine root decomposition to
be negatively related to lignin and positively related to N and
P concentrations across sites. We suspect that these discrepan-
cies between the past and current syntheses are due to our lar-
ger data set and analyses accounting for differences in climate
and study in the global analyses. More compelling is the con-
sistent within-site relationships we observed between these
chemical constituents and fine root decomposition, which mir-
ror the results of a similar global synthesis of within-site dri-
vers of leaf decomposition (Cornwell et al. 2008).
A surprising result was the lack of any consistent effect of Ca

on decomposition rate at either local or global scales, as Ca has
long been considered an important driver of fine root decompo-
sition (Silver & Miya 2001; Zhang & Wang 2015; Beidler &
Pritchard 2017). Our data set, which includes a broader range
of root Ca concentrations than previous syntheses, suggests
that the positive relationship between Ca and fine root

Figure 1 Relationship between mean annual temperature (MAT, degrees C), precipitation (MAP, mm) and fine root decomposition rate (ln(k)) based on

published data from globally distributed sites.
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Figure 2 Effects of initial fine root chemistry on fine root decomposition rates across (a–d) and within sites (e). For the across-site comparisons, the partial

effect plots show the relationship between fine root chemistry and decomposition after accounting for climate (MAT and MAP) and study duration. Solid

lines denote significance at P < 0.05, the dashed line denotes significance at P < 0.1. For the within-site comparisons, values represent the mean

standardised coefficient among sites containing at least five observations. Error bars depict 95% bootstrap confidence intervals.
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decomposition observed by Silver & Miya (2001) may have
been disproportionately influenced by low root Ca values. It
may be that, in base poor soils, Ca is a limiting nutrient to
decomposer communities (Berg et al. 2000), but litter Ca con-
tent likely depends on soil Ca availability (Lovett et al. 2016),
which in turn may be confounded with pH effects on decompo-
sition, at least in cross-site comparisons. Regardless of the
underlying mechanisms, our results suggest that the effect of Ca
on fine root decomposition is ecosystem dependent. Unlike the
other chemical variables in our analyses, the effect of P on fine
root decomposition varied somewhat between scales. Despite
consistent positive effects within sites, the effect of P on fine
root decomposition was weak at the global scale. This likely
reflects site-specific differences in the N:P stoichiometry of
microbial nutrient demand and availability (Cleveland & Lipt-
zin 2007). We caution, however, that our inferences regarding
both P and Ca effects are based on rather limited sample sizes,
suggesting that more site-level studies are needed to clarify the
role of these elements in fine root decomposition.
Our analyses show that categorising plant species by growth

form or mycorrhizal association can be useful to improve our
understanding of fine root decomposition. Specifically, woody
species produce fine roots that decompose slower on average
than non-woody species, likely due to their greater lignin con-
tent (Appendix S7). However, other systematic differences in
morphology such as lower root tissue densities (Freschet et al.
2017) or smaller average diameters (Valverde-barrantes et al.
2017) of herbaceous plants may also contribute to their faster
decomposition. Within woody species, mycorrhizal association
was a stronger predictor of fine root decomposition rate than
growth form (i.e. broadleaved vs. conifer), and this result was
robust across multiple models. This finding is important partic-
ularly in the context of terrestrial biosphere models, which cur-
rently categorise forests by growth form rather than
mycorrhizal association (Brzostek et al. 2017). Additionally,
the finding that fine roots of woody EcM and ErM species
decomposed slower than those of AM species adds to the grow-
ing list of biogeochemical differences observed between these
two forest types (Phillips et al. 2013; Craig et al. 2018; Zhang
et al. 2018; Zhu et al. 2018). Notably, however, 60% of broad-
leaf EcM species observations were within the order Fagales,
and 90% of the conifers in our data set were EcM. Thus, the
effect of mycorrhizal association on fine root decomposition
rates is confounded with broader order-based plant traits com-
mon to Fagales and Pinales. Our data set is biased towards
temperate regions (Fig. S1), where these orders are most com-
mon. A recent meta-analysis of leaf litter showed that, in tem-
perate zones, leaves of EcM plants decompose slower than
leaves of AM plants, but this difference was not found in tropi-
cal or subtropical ecosystems (Keller & Phillips 2018); however,
that data set was subject to similar phylogenetic biases as the
data we present here. Further research is needed to disentangle
the confounding effects of plant phylogeny, climate and mycor-
rhizal type on fine root decomposition.
The chemical drivers of fine root decomposition (i.e. N, P,

lignin) observed in our study parallel the findings of previous
work relating leaf economic strategy to afterlife effects on leaf
decomposition (Cornwell et al. 2008). However, the plant func-
tional groups which best predict fine root decomposition in our

study are not the same as the groups that predict leaves. For
instance, woodiness (i.e. woody vs. herbaceous plants) does not
consistently predict leaf decomposition rate (Cornwell et al.
2008), but is a strong predictor of fine root decomposition in
our data set. Similarly, while deciduousness is a strong predic-
tor of leaf decomposition (Cornwell et al. 2008), it does not
consistently predict root decomposition in our data set, which
is perhaps not surprising since deciduousness is an inherent leaf
trait that does not correlate with fine root longevity (Withing-
ton et al. 2006; McCormack et al. 2015b). It is important to
note that above-ground and below-ground acquisition strate-
gies are not completely unrelated, as rapid C acquisition strate-
gies above ground often necessitate faster acquisition of below-
ground resources (Reich 2014). Leaf and root litter decomposi-
tion are indeed often correlated within sites (Birouste et al.
2012; Freschet et al. 2013), though this is not always the case
(e.g. Hobbie et al. 2010; Ma et al. 2016; Sun et al. 2018), and
additional factors need to be taken into account to understand
variation between fine root and leaf decomposition across
scales.
Our analysis represents considerable progress towards syn-

thesising effects on fineroot decomposition of fine root litter
traits analysed at the species and functional group level, but
current data limitations leave important questions to be
addressed. For example, functional differences between
absorptive and transport fine roots cause them to differ in
nutrient concentration, structural development and other
traits (McCormack et al. 2015a; Beidler & Pritchard 2017).
The most distal, first-order roots often decompose more
slowly than higher order fine roots (Goebel et al. 2011; Sun
et al. 2013), which are likely an effect of differences in
chemical composition (e.g. concentrations of condensed tan-
nins or non-structural carbohydrates; Sun et al. 2018). First-
order roots represent only a small proportion of the total
fine root biomass in the studies we have synthesised here,
but given their short lifespans, they may be disproportion-
ately important to ecosystem C and nutrient cycling (Guo
et al. 2008). In addition to combining higher and lower root
orders, most decomposition studies are based on roots har-
vested live, which have not been subjected to nutrient
resorption and other developmental changes during senes-
cence. Any differences between live-harvested and naturally
senesced roots (e.g. nutrient chemistry, microbial colonisa-
tion) which affect decomposition rates, therefore, represent a
consistent and unaddressed bias in the literature. Moreover,
there remains a dearth of long-term studies (> 3 years) of
root decomposition (Fig. S2), which are needed to charac-
terise the residence times of more recalcitrant fractions in
root tissues. For instance, a 6-year study of root-tip decom-
position showed that among 35 tree species, EcM species
decomposed more slowly than AM species at first, but this
pattern reversed after 2 years of decomposition (Sun et al.
2018). Furthermore, the effects of fine root N concentra-
tions on decomposition can change from positive in the
early stages to negative in later stages of decomposition
(Berg 2014). These findings highlight the need for long-term
decomposition studies by root order to accurately describe
the influence of traits and mycorrhizal type on fine root
decomposition.
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Finally, there is also a need to standardise methods in future
studies. Here, we were able to account for broad variation in
annual climate in our analysis, but in regions experiencing
strong seasonality, initial decomposition rates will be influ-
enced by the season in which the incubations were started.
This issue could be partially remedied by reporting mass loss
estimates based on degree days as well as calendar days in
future studies (Aulen et al. 2012). Fine root decomposition
rates also vary with the depth at which litterbags are deployed
in the soil (de Mello et al. 2007; Sariyildiz 2015), though we
suspect that this source of variation is low relative to the other
factors influencing decomposition (Hicks Pries et al. 2013;
Solly et al. 2015). As fine root distribution within the soil var-
ies among ecosystems, it would be good practice to deploy lit-
terbags in the zone of maximum fine root density.
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