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Summary

e Absorptive root traits show remarkable cross-species variation, but major root trait dimen-
sions across species have not been defined.

e We sampled first-order roots and measured 14 root traits for 96 angiosperm woody species
from subtropical China, including root diameter, specific root length, stele diameter, cortex
thickness, root vessel size and density, mycorrhizal colonization rate, root branching intensity,
tissue density, and concentrations of carbon and nitrogen ([N1).

e Root traits differed in the degree of variation and phylogenetic conservatism, but showed
predictable patterns of cross-trait coordination. Root diameter, cortex thickness and stele
diameter displayed high variation across species (coefficient of variation (CV) =0.51-0.69),
whereas the stele:root diameter ratio and [N] showed low variation (CV < 0.32). Root diame-
ter, cortex thickness and stele diameter showed a strong phylogenetic signal across species,
whereas root branching traits did not, and these two sets of traits were segregated onto two
nearly orthogonal (independent) principal component analysis (PCA) axes.

e Two major dimensions of root trait variation were found: a diameter-related dimension
potentially integrating root construction, maintenance, and persistence with mycorrhizal colo-
nization, and a branching architecture dimension expressing root plastic responses to the envi-
ronment. These two dimensions may offer a promising path for better understanding root

trait economics and root ecological strategies world-wide.

Introduction

Absorptive roots and their associated mycorrhizal fungi are
the primary organs for plant resource acquisition from soils
(Robinson etal., 2003), and play key roles in carbon (C) and
nutrient cycling as a consequence of their fast turnover and high
nutrient concentrations (Pregitzer eral., 2002; Xia ez al., 2010).
A limited number of studies have shown that absorptive roots
show large variation in their functional traits across species and
biomes (Pregitzer eral, 2002; Tjoelker etal, 2005; Roumet
et al., 2006; Withington ez al., 2006; Holdaway ez al., 2011). Elu-
cidating the patterns of, and factors controlling, these trait varia-
tions may provide critical insights into the geographical
distribution of plant communities and their adaptations to the
changing global environment.

Several general patterns of root trait variation have emerged
from previous studies. First, different traits show different
degrees of variation, with morphological and architectural
parameters (such as specific root length (SRL), root diameter,
and branching density or ratio) showing greater cross-species
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variation than chemical parameters (such as root nitrogen (N)
concentrations; Comas & FEissenstat, 2009; Chen et al, 2013).
This pattern suggests that the morphology and architecture of
absorptive roots can change markedly across species or across
environmental conditions, whereas concentrations of vital bio-
logical elements such as N may stay relatively constant (Li
etal., 2010). Secondly, root form seems to be related to criti-
cal aspects of root evolution and root function, such that
basal families from subtropical and tropical regions tend to
have greater root diameters, lower branching densities, and
higher mycorrhizal dependence (Baylis, 1975; St John, 1980;
Fitter, 2004; Comas etal, 2012). More recently, root mor-
phology has also been linked to root lifespan (McCormack
eral., 2012) and foraging strategies (e.g. degree of plasticity
in response to nutrient patches (Adams etal, 2013)). Thus,
root morphology and architecture may represent a major axis
along which the form and function of absorptive roots of dif-
ferent species vary. Consequently, major dimensions of root
trait axes represented by parameters of root form should exist,
yet no such dimensions have been clearly defined.
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The goal of this work was to quantify the range of variation for
key root morphological, anatomical and chemical traits and to
extract major dimensions of root trait variation if they emerged.
Specifically, we hypothesized that: (1) root morphological and
anatomical traits would form a major root trait axis because
marked cross-species variation in root morphology (Roumet
etal., 2006; Withington ez al., 2006; Comas & Eissenstat, 2009;
Holdaway ez al., 2011) and anatomy (Guo ez al., 2008) has previ-
ously been observed; (2) as absorptive roots are branching
structures (unlike leaves) (Pregitzer ez al., 2002; Xia et al., 2010),
how intensively first-order roots branch from a second-order root
may represent another dimension of root trait variation indicat-
ing to what degree first-order roots of different species proliferate
(Hodge, 2004) under average soil conditions for each species at a
given site; and (3) variation in root morphology and anatomy
should be closely related to mycorrhizal colonization rates in ar-
buscular mycorrhizal (AM) species because root diameter and
cortex area directly determine rates of mycorrhizal colonization
in AM species (Brundrett, 2002).

To test these hypotheses, we measured 14 root traits for the
first-order roots, including root morphology, architecture,
anatomy, chemistry and mycorrhizal colonization, across 96
angiosperm woody species (with >70% being trees) from tropical
and subtropical forests in China. We chose the first root branch
order as our sampling unit because this branch order has been
identified as the most important absorptive root tissue which
shows only primary development and does not undergo secondary
growth at any point in the root life history, and has the most rapid
turnover and highest metabolic activity in all tree species examined
to date (Pregitzer ez al., 2002; Guo et al., 2008; Valenzuela-Estra-
da eral., 2008; Xia ez al., 2010). Thus, this study focused on cross-
species trait variations for the first-order roots only (but to assess
branching pattern, we also used second-order roots), and differed
from previous root trait studies that used the entire fine-root pool
(all roots <1 or 2 mm) as the sampling unit. We also constrained
our sampling to subtropical and tropical woody angiosperms
because this functional group contains species with comparable
anatomical structures but encompasses diverse phylogenetic
lineages, allowing us to obtain a better understanding of trait
correlations and economics from a phylogenetically informed
perspective (Comas ez al., 2012; Chen et al., 2013).

Materials and Methods

Study site and root collection

A total of 96 angiosperm woody species were selected from tropi-
cal and subtropical forests in southern China. We sampled several
key clades of common species such as magnoliids, fabids, and
lamiids. Details of these sites and information on the species sam-
pled are presented in Supporting Information Tables S1 and S2.
Root samples were collected in July and August 2010 following
the procedure described in Guo ez al. (2008). For each species, at
least three mature plants were chosen. Surface soil (0—20 cm) at
the base of the trees was carefully excavated to expose the main
lateral roots. Root branches with intact terminal branch orders
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were cut and samples of the branches including > 5 g of total
fresh biomass of first-order roots (to allow sufficient biomass for
measuring  biomass-related  chemical and morphological
parameters) were collected. Subsamples of the roots from each
tree were gently washed in deionized water to remove soil adher-
ing to roots. These samples were immediately put into plastic
tubes filled with formalin-aceto-alcohol (FAA) solution (90 ml of
50% ethanol, 5 ml of 100% glacial acetic acid and 5 ml of 37%
methanol) for later anatomical measurements. The remaining
samples were transported in plastic bags in a cooler to the labora-
tory and frozen at —20°C until subsequent morphological and

chemical analyses.

Root trait measurements

More than five intact root branches were taken for morphologic
measurement. Here we focused on the most distal roots, or the
first-order roots (Pregitzer et al., 2002). The first-order roots can
be classified into pioneer and fibrous roots, but only the latter,
which are primarily responsible for water and nutrient uptake
(Zadworny & Eissenstat, 2011), were included in our analysis.
Root diameter and length were determined using a x40 stereo-
microscope with an ocular micrometer (£ 0.025 mm). Root
tissue density (RTD) was calculated as the ratio of root dry mass
to its volume assuming that a root was a cylinder. Specific root
length (SRL) was calculated as the root length divided by its dry
mass. The root branching ratio was calculated as the number of
first-order roots divided by the number of second-order roots (as
previously reported in Chen et al., 2013). We also calculated root
branching intensity as the number of first-order roots per centi-
meter of second-order roots to allow for comparisons with the lit-
erature (such as Comas & Eissenstat, 2009). Subsamples of roots
in each species were cleaned and oven-dried at 60°C for 24 h and
were ground to fine powder, and their C and N concentrations
were determined using an elemental analyzer (Vario EL Cube;
Elementar, Hanau, Germany).

For root anatomical indices, we randomly chose 20 first-order
root segments from intact branches composed of the first three
branch orders, which were fixed in the field in FAA solution for
each species, with these segments coming from individual roots
of all three tree individuals. The anatomical procedure is often a
trial-and-error process and we could not guarantee that all seg-
ments would be successfully sectioned and imaged; thus, we often
chose > 20 segments and randomly chose 20 from all successful
segments for our anatomical trait estimation. These root seg-
ments were quickly immersed in a sequence of alcohol solutions
for dehydration before being embedded in paraffin (Guo eral,
2008). In the region of maturation as commonly defined in the
literature, roots were cut into sections 8 pim thick. These sections
were then stained with safranine-fast green, with the cortex stain-
ing green and the stele staining red, and were then photographed
using a compound microscope (Axioscop 20; Carl Zeiss, Jena,
Germany). The anatomical structures were measured using
ImMAGE] (NIH Image, Bethesda, MD, USA), including traits such
as root diameter, vessel diameter, stele diameter and cortex thick-
ness. The ratio of stele diameter to root diameter was then
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calculated. As there were many vessels in a root segment, vessel
diameter was expressed as the average across all vessels (Fan ez al.,
2012). Vessel density was calculated as the number of vessels per
unit stele cross-sectional area (Long ez al., 2013).

Mycorrhizal colonization was determined by carefully examin-
ing root anatomical structures. The appearance of coils (or arbus-
cules) in cortical cells indicated colonization by AM fungi
(Brundrett, 2004). Ectomycorrhizal (EM) fungi were identified
by visual observation of the fungal sheath or Hartig net. The rate
of mycorrhizal colonization (MC) was calculated as the number
of roots colonized by mycorrhizal fungi divided by the total num-
ber of roots examined for a species (Guo ez al., 2008).

The construction of plant phylogeny

Plant genomic DNA of each species was extracted from leaves,
which were collected at the same time as the roots were sampled
(Table S3). We determined rbel and matK sequences
(chloroplast gene fragments) for each species (Table S4). After
model selection using IMODELTEST (Posada, 2008), a phyloge-
netic tree was constructed using neighbor joining (NJ), maxi-
mum likelihood (ML), and Bayesian approaches, respectively. In
the phylogenetic analyses, tree branch length was set to be pro-
portional to the difference in divergence time between neighbor
clades. Divergence time was estimated using BEAST 1.7.1 (Drum-
mond et al., 2012) with fossil calibration points (Table S5) from
Magall6an & Sanderson (2005) and Magallén & Castillo (2009).
Detailed information can be found in Methods S1.

Data analysis

For each root trait, we calculated its mean value, minimum, max-
imum and coefficient of variation (CV). Pairwise trait relation-
ships were assessed using Pearson’s correlations in spss 11.3
(SPSS Inc., Chicago, IL, USA). In addition, linear regressions
were used to examine the relationship between root diameter
versus cortex thickness and between root diameter versus stele
diameter. The slopes of the two regressions were compared using
standardized major axis (SMA) in SMART (version 2.0; Falster
etal., 2006). For AM species, piece-regression was performed to
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assess the relationship between root diameter and mycorrhizal
colonization. We chose the piece-wise regression for two reasons:
first, in our previous work (Chen eral, 2013) we found that
many root morphological traits changed nonlinearly across
clades; and secondly, we detected statistical break-points in analy-
sis post hoc, and we chose the break-points with the best fi; thus,
the exact location of the break-point chosen may vary with
changes in data points. Multiple trait relationships were analyzed
by principal component analysis (PCA) in cANOCO software for
Windows 4.5 (Microcomputer Power, Ithaca, NY, USA).

To quantify the influence of evolutionary history on each trait,
Blomberg’s K statistic (Blomberg ez al., 2003) was calculated in
the R 3.0.0 statistical platform (R Development Core Team,
2013) with the R package picante. A larger K value indicates
greater phylogenetic conservatism for a trait. We also performed
Aboubheif’s test (Abouheif, 1999; Pavoine et al., 2008) for detect-
ing phylogenetic signal using the R package adephylo. In addition,
trait relationships were analyzed after correcting for shared evolu-
tionary histories (phylogenic independent contrasts (PICs)) using
the R package picante.

Results

Range of variation in different root traits

Across the 96 species, there was 14-fold variation in first-order
root diameter, ranging from a minimum of 72.59 um in
Macaranga sampsonii to a maximum of 1009.63 um in
Endospermum chinense (Fig. 1), with an overall CV% of 58.4%.
Species in basal angiosperm families such as Magnoliaceae and
Lauraceae generally had first-order roots with large root diameter
(Fig. 1). A similar range of variation was found for cortex thick-
ness and stele diameter; cortex thickness had a CV of 69.1% and
stele diameter a CV% of 51.1%. By contrast, the variation in the
ratio between stele diameter and root diameter was low (23.4%;
Table 1). Also, the variation in vessel diameter (36.3%) was
much smaller than that in vessel density (67.6%). The CV of root
[N] (31.9%) was lower than that of other traits except for root
[C] (9.8%). SRL had the largest cross-species variation
(CV =68.5%) among morphological traits.

1000
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400 -

Root diameter (um)

200 -
Fig. 1 Root diameter of first-order roots

ranked in ascending order of 96 woody
species in tropical and subtropical forests in
southern China.
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Table 1 Summary of the 14 first-order root traits for 96 subtropical woody species in southern China
Root trait (abbreviation) Units Mean Median Min’ Max? CV%3
Root diameter (Diam) pum 342.82 281.85 72.59 1009.63 58.4
Cortex thickness (Cortex) pum 218.65 169.70 26.13 674.81 69.1
Stele diameter (Stele) um 80.42 69.29 24.07 257.78 51.1
Stele to root diameter ratio (Stele : Diam) 0.25 0.25 0.13 0.51 23.4
Root length (Length) mm 11.27 11.20 3.33 33.95 42.8
Root tissue density (RTD) gem ™3 0.35 0.33 0.13 0.72 38.2
Specific root length (SRL) mg™’ 56.19 45.29 4.42 169.91 68.5
Root carbon concentration (C) mg g*1 466.8 463.8 3234 590.1 9.8
Root nitrogen concentration (N) mgg’ 19.38 19.61 5.55 44.62 31.9
Root branching ratio (BrRatio) 2.87 2.54 1.21 10.10 473
Branching intensity (Brintensity) cm™’ 1.49 1.22 0.44 7.37 67.1
Vessel density (VesDens) mm~—2 4508.89 3841.06 1095.33 18683.67 67.6
Vessel diameter (VesDiam) um 5.53 5.32 1.94 9.56 36.3
Mycorrhizal colonization (MC) % 62.76 64.10 7.50 100.00 40.4

TMin, the minimum value of the trait across the 96 species.
2Max, the maximum value of the trait across the 96 species.
3CV %, the coefficient of variation.

Influence of plant phylogeny on root traits

Phylogenetic trees constructed by three different methods (NJ,
ML and Bayes) had similar topologies. Of the 14 root traits
examined, 12 traits were phylogenetically conservative as indi-
cated by Blomberg’s K values (Table 2), the index that assesses
the amount of phylogenetic signal in a biological trait to allow
comparisons of different traits across different phylogenetic trees
for the purpose of discovering possible general patterns of relative
evolutionary lability across trait types (Blomberg ez al., 2003). K
values of diameter-related traits except vessel density were all sig-
nificant and from high to low values were: root diameter
(K=0.397), cortex thickness (K= 0.307), SRL (K=0.176), stele
diameter (K=0.175), MC (K=0.131), and ratio of stele to root
(K=0.054). RTD (K=0.114) and root [N]
(K=0.107) showed intermediate phylogenetic signals, while nei-

diameter

ther the root branching ratio nor vessel density showed a signifi-
cant phylogenetical signal (7> 0.05). For vessel traits, only vessel

Table 2 Blomberg's K values for 14 root traits

Root traits Blomberg's K P

Root diameter 0.397 0.001
Cortex thickness 0.307 0.001
Specific root length 0.176 0.001
Stele diameter 0.175 0.001
Mycorrhizal colonization rate 0.131 0.001
Root tissue density 0.114 0.001
Root length 0.112 0.001
Root nitrogen concentration 0.107 0.001
Vessel diameter 0.070 0.002
Branching intensity 0.055 0.045
Root carbon concentration 0.054 0.046
Stele to root diameter ratio 0.054 0.033
Root branching ratio 0.046 0.108
Vessel density 0.045 0.078

The significance level was set at 0.05.
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diameter showed a relatively strong phylogenetic signal
(K=0.070; P<0.01). We also analyzed the effect of phylogeny
on root traits using Abouheif’s test (Fig. S1), and found similar
results.

Trait correlations

Several root anatomical parameters strongly covaried with root
diameter (Table 3). Specifically, cortex thickness and stele diame-
ter both increased linearly with root diameter (R*=0.98 and
R =0.85, respectively; P-values <0.001; Fig. 2), with the slope
for cortex thickness much steeper than that for stele diameter
(P<0.01 in SMA analysis). These patterns were particularly
strong for AM species (Fig. S2). In addition, the ratio between
stele diameter and root diameter was negatively correlated with
root diameter (Table 3). For the root vessel-related parameters,
vessel diameter was positively correlated but vessel density was
negatively correlated with root diameter. Root diameter was also
strongly correlated with morphological traits such as SRL and
RTD but weakly correlated with branching intensity and unre-
lated to root branching ratio (Table 3). Root [N] was significantly
but weakly (R=0.22) correlated with root diameter. Across all
species, the MC rate was positively and strongly correlated with
both root diameter and cortex thickness (Table 3). Across 96 spe-
cies, 83 species were colonized by AM fungi, eight by EM fungi
and five by other types of fungus (Table S2). For these AM spe-
cies, piece-wise regression for MC and root diameter showed a
much lower slope when root diameter was >463.5 um
(R*=0.62; P<0.001; Fig. 3). Correlations were similar when
using original data and PICs (Table 3).

Multivariate ordination

The PCA using original trait data showed that the first two trait
axes accounted for 48.3% and 12.1% of total variation, respec-
tively (Fig. 4a), with diameter-related parameters scoring high on
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hierarchical structural complexity has hindered our understand-
ing of absorptive root trait variation because it is very difficult to
identify which roots are truly absorptive and what unit is func-
tionally identical for cross-species trait comparisons (Guo et al.,
2008; Xia et al., 2010). Here we focused on the first-order (on a
stream-based ordering system) roots, which are the most distal
and metabolically active component of the woody root system
(Pregitzer et al., 2002; Xia et al., 2010). The choice of this branch
order allows us to better understand cross-species root trait varia-
tion. Our results clearly suggest that the 14 root traits we mea-
sured showed different degrees of variation and were segregated
in two major trait dimensions.

The first dimension was dominated by root diameter-related
traits, including root diameter, cortex thickness, stele diameter,
vessel diameter, and MC (Fig. 4a), all of which were highly corre-
lated with each other (with all Pearson’s correlation coefficients
>0.62; Table 3). The second dimension, largely independent of
the first dimension (i.e. forming an orthogonal axis to the first
axis; Fig. 4a), was dominated by the root branching ratio and
branching intensity, the two parameters that were ecither weakly
correlated (in the case of branching intensity, all correlation coef-
ficients <0.40 with the exception of the correlation with root
length) or not correlated (in the case of branching ratio) to all
parameters on the first axis (Table 3). The identification of these
two dimensions supported our first two hypotheses. These two
largely independent dimensions represent two important aspects
of the adaptation of roots to their environment and offer new,
fundamental understanding of root functioning in resource for-
aging and acquisition, and root trait evolution.

New Phytologist (2014) 203: 863-872
www.newphytologist.com

New
Phytologist

The first dimension, or diameter-related dimension, describes
the coordinated variation among root diameter, cortex thickness,
stele diameter, and MC rate. The degree of coordination among
these traits is very high, such that thick roots always have thicker
cortex and stele, particularly in angiosperms, which show large var-
iation in diameter (Fig. 2), and higher MC rates (Fig. 3). The tight
linkage among root diameter, cortex thickness and stele diameter
(Fig. 2) should be particularly useful for predicting how the root
cortex and stele would vary with root diameter across other angio-
sperms species. Moreover, these size-related root traits are among
the most variable traits we measured here (all with a CV >50%;
Table 1); they are also phylogenetically conservative (Table 2),
showing limited convergence (Fig. S1). Clearly, variation in diam-
eter, the associated anatomical structure, and the degree of myco-
trophy is the most significant way in which the firsc-order roots of
different subtropical tree species in China are differentiated.

Variation of root diameter-related traits across species may rep-
resent distinct strategies of root construction, maintenance, and
persistence. First, species with thicker first-order roots devote
more C and nutrients per unit area (or length) to root construc-
tion. This type of species (termed ‘magnoid type’ by Baylis
(1975)) may seem less efficient in producing root surface area.
However, the loss of surface area resulting from this thick root
strategy can be compensated by increased MC (Fig. 3), and con-
sequently increased density of extramatrical hyphae (although
this has yet to be verified). Thus, species with thick first-order
roots may have no less total surface area per unit root mycorrhizal
biomass in comparison with species with thin roots. Also, given
the large cortex space conferred by thick roots (Fig. 2), the associ-
ation between mycorrhizal fungi and thick roots may be particu-
larly strong (Brundrett, 2002), contributing to the relative
evolutionary conservatism of both root diameter and MC rate
(Table 2), particularly in ancestral families (e.g. close clustering
of Magnoliaceae species in Figs 4b, S3).

Secondly, species with magnoid-type roots should have higher
[N] as a consequence of their larger proportion of cortex because
the majority (>70%) of root N is in the cortex (D. L. Guo,
unpublished; Fig. 2). Indeed, we found a positive yet weak corre-
lation between root diameter and root [N] (Table 3), a finding
similar to that of Holdaway ez 4/ (2011). Thus, it would be inter-
esting to determine in the future if root respiration also relates
positively to root diameter for first-order roots across a large
number of species as a result of the relatively close link between
[N] and root maintenance respiration (Reich ez al., 2008; but see
Bouma ezal., 2001, in which citrus (Citrus paradisi Macf.) had a
root diameter twice as great as that of apple (Malus domestica
Borkh.), yet the two species had similar root respiration rates). It
should be noted that MC is high in most species studied here, so
that maintenance respiration would have to be quantified for
roots and mycorrhizal fungi at the same time. If AM species gen-
erally tend to have low hyphal biomass within the root, as sug-
gested by Ouimette ezal. (2013), then mycorrhizal respiration
may mainly originate from extrametrical hyphae. Therefore, we
would need a better understanding of both the standing biomass
and turnover of extramatrical hyphae or, better, a direct measure-
ment of hyphal respiration. Hyphae can turn over on weekly
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time-scales (Hernandez & Allen, 2013) but roots usually turn
over on annual time-scales (Withington ez al., 2006; McCormack
etal., 2012). The maintenance costs incurred by hyphae may be
reduced if plants produce and maintain hyphae only when nutri-
ent and water uptake rates are high. Hyphal turnover of different
species should be a profitable avenue of future research in under-
standing root—fungal trait economics.

Thirdly, compared with the thin-root strategy, the apparent dis-
advantage of building thick roots with less root surface area per
unit biomass may be further compensated by living longer, and by
having better chemical defense and thus less tissue loss as a result of
herbivory. It is possible that the total return of nutrient and water
uptake may be the same relative to root lifespan between thin- and
thick-root species. In fact, there may be two distinct strategies of
nutrient uptake for species of different root morphologies: the fast
strategy, or high uptake rate over a short lifespan (which corre-
sponds to small root diameter), and the slow strategy, or low
uptake rate over a long lifespan (which corresponds to a thick root
diameter; Eissenstat efal., 2000; Bouma eral., 2001), although
other strategies may also exist. If the positive correlation between
root diameter and root lifespan found in McCormack ez al. (2012)
is broadly true, then we may finally be able to link root morphol-
ogy and chemistry with root lifespan in a trait economics frame-
work analogous to the leaf mass per area lifespan relationship
reported for leaf economics traits (Wright ez al., 2004).

The second dimension, represented by branching intensity and
branching ratio, may be critical for nutrient foraging in the soil.
Root branching is a key trait determining root plastic responses
to nutrient patches. Many studies have shown that roots branch
extensively into nutrient-rich patches (so-called morphological
plasticity; Drew & Saker, 1975, 1978; Pregitzer et al., 1993; and
reviewed by Hodge, 2004). This local proliferation and enhanced
nutrient uptake in diverse natural ecosystems may be critical for
species competition (Jackson & Caldwell, 1989; Jackson ezal.,
1990; Robinson ezal., 1999). In our study, branching intensity
(the number of first-order roots per cm of second-order roots)
ranged from 0.44 to 7.37 first-order roots per centimeter of sec-
ond-order roots, with an overall CV of 67.1% (Table 1). The
wide variation in branching intensity across species may be an
indicator of large inter-specific and inter-individual differences
(although the inter-individual differences were not as strong as
the inter-specific differences; Table S2) in the plasticity of the
absorptive root system, sensitivity to patchy and pulsed nutrient
supply, and competitive capacity. For example, species with a
high branching intensity may be capable of rapid proliferation
into nutrient and water patches, conferring on them a competi-
tive advantage in relatively nutrient-poor environments.

In addition to branching intensity, we also used branching
ratio as a measure of root architecture. Branching ratio is the
number of first-order roots per second-order root without consid-
ering the length of the second-order roots. This parameter ranged
from 1.2 to 10, with an overall variation of 47%, also suggesting
quite large variability across species (Table 1). Moreover, in con-
trast to some degree of correlation between branching intensity
and root diameter (which was driven by the correlation of both
parameters to root length), branching ratio was unrelated to root
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diameter in Pearson’s correlation with both original data and
PIC data (Table 3), suggesting that this trait can vary indepen-
dently of root diameter-related indices (Fig. 4a).

Both branching intensity and branching ratio had small Blom-
berg’s K values and showed weak phylogenetic conservatism
(Table 2), suggesting the strong influence of environmental fac-
tors (possibly soil nutrient and water conditions) on root branch-
ing. Holdaway ezal (2011) found that branching intensity,
defined as the number of tips divided by the total length of the
first two to three branch orders, was negatively correlated with
soil available phosphorus (P) and N across species and sites, sug-
gesting that higher branching intensity may be required at low-
fertility sites.

Mechanisms underlying major trait dimensions

The two major dimensions of root traits reported may be
explained by several underlying mechanisms. From a biophysical
perspective, absorptive roots composed of the first two to three
branch orders can only vary in two major ways: the thickness of
an individual root segment, and the branching intensity, because
any root branch can do only one thing: occupy and divide a soil
volume of limited size. As root diameter is strongly related to root
length (Table 3 in this study; Chen ez al., 2013), thick first-order
roots are also longer, and thick-root species should occupy the
same area with much less dense roots than thin-root species. Also,
the space between individual roots on a root branch may be thor-
oughly exploited by extramatrical hyphae (Fig. S4).

From an ecological perspective, species differ in growth rates,
competitive ability and dominance in natural ecosystems, and
variation in root form may contribute to the competitive abilities
of different species. In the cold-desert plant community of the
Great Basin in the USA, the invader species Agropyron
desertorum, also a superior competitor in the system, had greater
rooting densities, which was mainly attributable to having thin-
ner roots rather than having higher root biomass (Eissenstat &
Caldwell, 1988a,b). In addition, the ability to branch out in
nutrient patches can be important for competition (Robinson
etal., 1999), and there are only a few ways in which root prolifer-
ation can be achieved: producing many lateral roots (probably
the most likely strategy for species with thin and densely
branched roots; Johnson ezal., 2008), many root hairs (which
also seems to occur mostly in thin-root and less mycotrophic spe-
cies (Baylis, 1975)), or abundant mycorrhizal hyphae (the most
likely strategy for species with thick and sparsely branched roots).

From an evolutionary perspective, a trend of decreasing root
diameter and increasing root branching from more primitive spe-
cies to more modern species has been observed (Baylis, 1975; Fit-
ter, 1991; Comas eral., 2012; Chen eral., 2013). Baylis (1975)
reported that modern plants with ‘magnolioid’ roots, that is,
thick, sparsely branched root systems, are associated with the
primitive family Magnoliaceae, and this was supported by our
data (Fig. 1). Also, more modern families are associated with thin
first-order roots (Comas & Eissenstat, 2009; Comas ez al., 2012;
Chen etal., 2013). This thinning trend in first-order root form
appears to coincide with an increasingly drier global environment
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and local habitats since the mid-Cretaceous (Comas et al., 2012;
Chen et al., 2013). Thus, selection pressures such as water supply
patterns may be instrumental in creating the large differences in
root form among species of different lineages and for maintaining
these differences in the present environment. Additionally,
between the two main clades in the phylogenetic tree, we
observed contrasting values for PC1 based on Abouheif’s metric,
and for traits such as root diameter, stele diameter and cortex
thickness (Fig. S1). These contrasting patterns across different
phylogenetic clades may provide a basis for inferring how differ-
ent angiosperm groups altered their functional traits during spe-
cies divergence and evolution.

Future directions: testing hypotheses related to root trait
dimensions

Our studies clearly point to a number of testable hypotheses for
the future. First, root lifespan, a critical but difficult-to-measure
root trait, may be hypothesized to be positively related to root
diameter. As already discussed, compared with building thin
roots, building thick roots of the same length would carry higher
construction costs, leading to a lower nutrient uptake rate per unit
time per unit biomass, and thus a longer root lifespan may be nec-
essary for a net gain of nutrients equal to that of thin roots. One
caveat in testing this hypothesis is that the lifespan—root diameter
relationship may be mediated by other plant traits such as plant
growth rate and wood (tissue) density (McCormack ez al., 2012).

Secondly, hypotheses linking root diameter with strategies of
nutrient uptake can be tested so that the functional significance of
root trait variation can be better understood. For example, slow
and fast strategies were found to be associated with a long and a
short root lifespan, respectively, and root lifespan was negatively
associated with root diameter (Eissenstat e /., 2000). Determin-
ing whether these patterns are general is a high-priority goal for
future research. Moreover, how mycorrhizal fungi are involved in
the lifespan—root diameter relationship deserves attention in light
of our observation that the MC rate increased with root diameter
and then leveled off at a root diameter of ¢. 470 um (Fig. 3). Does
this suggest that we may assume a constant level of colonization
for species with coarser roots (e.g. first-order root diameter
> 470 pm) and that the root lifespan of these species is less plastic
because of the lack of substantial changes in mycorrhizal
colonization rate, thus a lack of mycorrhizal influence on root
lifespan.

Last but not least, a better understanding of the root—mycor-
rhizal association needs to be achieved. The present finding that
thick roots had higher colonization rates confirms earlier work on
British flora (Peat & Fitter, 1993), suggesting that this is a com-
mon pattern. Yet we still lack mechanistic understanding and elu-
cidation of the functional significance of this pattern. For
example, does a high MC rate in thick roots serve mainly nutrient
uptake functions, or alternatively other key functions such as
defense? It has been shown that the root MC rate may be nega-
tively correlated to extramatrical hyphae production (fig. 2a,b in
Maherali & Klironomos, 2007). In addition, Resendes ez al.
(2008) found that mycorrhizal colonization and nonmycorrhizal
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fungal colonization were mutually exclusive in the first 25d of
root life, suggesting that mycorrhizal fungi may be an important
factor preventing nonmycorrhizal fungi from colonizing roots.
The relationship between root form and fungal identity/abun-
dance may be an area of great importance for both theoretical
and practical endeavors, as recognized by Newsham ez al. (1995).

As a consequence of the lack of knowledge of the broad-scale
patterns of root trait variation, we still lack consensus on which
root traits to choose in a root trait study. Our results and those of
previous root trait studies (e.g. Pregitzer eral, 2002; Tjoelker
eral., 2005; Roumet ez al., 2006; Withington ez al., 2006; Hold-
away et al., 2011) suggest that root morphology, anatomy, and
chemistry are the basic parameters in any root trait study. These
traits have several features: they are relatively easy to measure,
having clear functional significance at the individual root and
whole-plant levels, and have been linked to ecosystem-scale
belowground processes, such as root production, mortality and
decomposition, and to aboveground traits. Our study also sug-
gests that consideration of anatomy may be essential for a better
understanding of the linkage between root form and function. In
future studies, root lifespan and nutrient uptake rates are urgently
needed for broad comparisons and more comprehensive under-
standing of root functional traits.

Conclusions

By measuring 14 root traits on 96 species of diverse phylogeny,
we found two leading dimensions of trait variation: a diameter-
related dimension that may integrate root construction, and pos-
sibly maintenance and persistence, with MC, and a branching
density dimension that may express differences in root plastic
responses to environment. Knowledge of these two readily mea-
sured dimensions offers a promising path for understanding root
trait economics and root ecological strategies.

The patterns and arguments presented here are only a peek
into the tremendous diversity of root traits and strategies. Pro-
gress in recent decades supports a view that roots are complex
structures and play a multifaceted role in plant functioning and
ecosystem processes. Roots are at the same time structures of
nutrient acquisition (Pregitzer efal, 2002) and active resource
foraging (Kembel & Cahill, 2005), hosts and organizers of mutu-
alistic and nonmutualistic microbial communities (Brundrett,
2002), circuit breakers of the plant hydraulic system (Hacke &
Sauter, 1996; Johnson eral, 2012), stations of signaling and
below—aboveground communication (Bais ez al., 2006; Parniske,
2008), and ‘weapons’ against competitors (Dybzinski eral.,
2011), to name just a few. Extraordinary structural diversity and
plasticity in root form and function are needed to achieve the
complex role that absorptive roots play, and our study represents
a small but promising step toward a full understanding of this
highly intriguing and critical plant organ.
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