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Abstract
Aims Plant species with thin roots and high root-
growth rate are thought to have greater root for-
aging precision than species with thick roots and

low root-growth rate. However, whether root mor-
phological traits (such as root diameter) are corre-
lated with foraging precision of roots and mycor-
rhizal fungi in heterogeneous nutrient environments
across tree species remains unclear.
Methods We examined 13 coexisting arbuscular mycor-
rhizal subtropical tree species, measured functional traits
of roots, leaves and mycorrhizal fungi and assessed
foraging precision of roots and mycorrhizal fungi in
response to different nutrient patches using an in situ
root-bag approach.
Results Thin-root species had greater specific root
length and root growth rate than thick-root species, but
they showed similar root and mycorrhizal hyphae for-
aging precisions. As root diameter increased, root for-
aging precision exhibited the U-shape patterns in the
nitrogen and phosphorus patches, but hyphal foraging
precision showed a slightly increasing trend only in the
nitrogen patch. Foraging precisions of roots and hyphae
were independent, and were not influenced by plant
traits across species.
Conclusions Our findings challenge the notion that
thin-root species with high root growth rate have
greater foraging precision, suggesting that root
morphological traits may not be correlated with
the variation in foraging strategies of roots and
mycorrhizal hyphae.
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Introduction

Phenotypic plasticity is thought to be a cornerstone of
plant adaptation to spatially and/or temporally heteroge-
neous environments (Valladares et al. 2007).
Specifically, foraging precision of roots and mycorrhizal
fungi can reflect plant strategies to acquire multiple soil
resources from heterogeneous environments (Chen et al.
2018a). For instance, plants can proliferate roots or
mycorrhizal hyphae to explore and acquire resources
from nutrient-rich soil patches (Hodge 2006), and spe-
cies with small root diameter were thought to have
higher root foraging precision in nutrient-rich patches
than thick-root species (Grime et al. 1986; Fitter 1994).
However, in addition to root diameter, different types of
nutrient patches in the natural environment and the
distinct plant demands for different nutrients can also
affect the degree of root response to a particular soil
patch (Hodge 2004; Mariotte et al. 2017). Thus, al-
though various studies have documented how roots
and hyphae respond to nutrient patches (Robinson
1994; Hodge 2004; Kembel and Cahill 2005; Hodge
and Fitter 2010; Li et al. 2018), it remains unclear (i)
whether we can predict root and mycorrhizal hyphae
foraging precisions using certain morphological root
traits, and (ii) how root and hyphal proliferation in
combination may shape the way plant forage for soil
nutrients across a range of plant species.

Generally, the variation in root diameter is strongly
constrained by plant phylogeny (Kong et al. 2014;
Valverde-Barrantes et al. 2017). There is evidence that
the species with a relatively small root diameter and
high specific root length, on average, have faster-
growing roots (Eissenstat 1991). Additionally, thin-
root species are efficient in nutrient foraging, therefore
they do not invest in arbuscular mycorrhizal (AM) fungi
as much as thick-root species (Bates and Lynch 2001;
Hodge 2004; Liu et al. 2015) that rely on the association
with AM to enhance exploration of soil volumes
(Comas et al. 2014; Eissenstat et al. 2015; Kong et al.
2016). These observations suggest that plant species
may have a tradeoff between proliferating roots vs.
supporting growth of mycorrhizal hyphae in response
to nutrient patches (Chen et al. 2016). In addition, recent
studies showed that root branching intensity and mycor-
rhizal colonization of thin-root species were more sen-
sitive to environmental properties than those of thick-
root species (Li et al. 2017; Wen et al. 2019). Together,
these studies suggest that foraging precision of roots

and/or mycorrhizal fungi across various species in het-
erogeneous nutrient environments may be influenced by
root diameter. A better understanding of how foraging
precision is regulated via proliferation of roots and
mycorrhizal fungi in response to heterogeneous nutrient
environments will deepen our knowledge of diverse
foraging strategies across different species, especially
in subtropical or tropical forests where root traits of tree
species vary widely (Chen et al. 2013).

The attributes of nutrient patches may influence pro-
liferation of root and mycorrhizal hyphae (Hodge and
Fitter 2010; Liu et al. 2015; Chen et al. 2018b).
However, few field studies have examined the responses
of roots and mycorrhizal hyphae simultaneously to
nutrient patches, especially with respect to different
nutrients. For instance, Drew (1975) found that barley
(Hordeum vulgare) plants proliferated roots in the
nutrient-rich patches of phosphate (P), ammonium and
nitrate (N), but not potassium (K), indicating that root
proliferation in nutrient patches was nutrient-specific.
Johnson et al. (2015) found that AM colonization and
hyphal density responded strongly to soil P but not to
soil N in the three grassland systems, indicating that the
AM fungi responses to nutrient-rich patches are context-
dependent. Therefore, understanding whether the re-
sponses of roots and mycorrhizal hyphae to nutrient
patches are complementary or independent, in a range
of coexisting species, can help us better characterize the
plant foraging strategies.

A plant intrinsic demand for nutrients is another
important driver regulating the response of plant roots
and mycorrhizal hyphae to nutrient patches (de Kroon
et al. 2009; McCleery et al. 2017). Though all plants
need to acquire the same essential nutrients, there is
large variation in root and leaf N and P concentration,
and thus N:P ratio in terrestrial plants, which can reflect
resource partitioning (Han et al. 2005; Zhao et al. 2016,
2018). Some tropical trees display clear preferences for
certain forms of soil P (Nasto et al. 2017). Leguminous
species generally do not proliferate roots in N-rich
patches (Li et al. 2014), possibly because they get am-
monium from their root association with N2-fixing bac-
teria (Cornwell et al. 2014), decreasing their demand for
soil N (Forde 2014). These differences in the nutrient
demand may drive the differences in roots and mycor-
rhizal hyphae responding to a specific nutrient.
Additionally, the generally consistent slopes of the rela-
tionship between respiration and nitrogen in leaves and
roots indicate that broad generalization about resource
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economics of leaves have parallels in roots (Reich et al.
2008). Therefore, the responses based on plant intrinsic
demands for specific nutrients may influence the forag-
ing precision of roots and mycorrhizal hyphae.

We experimentally examined root foraging of 13
dominant AM tree species in a subtropical forest, across
a wide range of root diameters (the most distal first two
order roots that are responsible for most of nutrient
uptake). Root and mycorrhizal proliferation were eval-
uated in different nutrient treatments using a root-bag
approach. The objectives of this study were to deter-
mine: 1) the degree of variation and the relationships of
roots, leaves and mycorrhizal hyphae traits among dif-
ferent tree species; 2) whether the foraging preci-
sion of roots and mycorrhizal hyphae can be pre-
dicted by the root and leaf traits; and 3) how tree
species and the types of nutrient patch (N, P or
NPK) influence foraging precision of roots and
mycorrhizal hyphae.

Materials and methods

Site and tree species description

The study was conducted in the Jiulianshan National
Nature Reserve (24°34′ N, 114°27′ E) in the southern
part of Jiangxi province, China. The mean annual tem-
perature at our study site is 16.4 °C, and mean annual
precipitation is 2156 mm. The soil is classified as clay
loam, medium acidic (pHwater = 4.8), and on average
contains 22 g kg−1 of total carbon and 1.7 g kg−1 of
total nitrogen (N), 12 mg kg−1 of available N (KCl-
extractable ammonium and nitrate), and 25 mg kg−1 of
available phosphorus (P, ammonium carbonate
extraction).

At this site, we selected 13 co-occurring and the most
abundant AM tree species representing a wide range of
fine root diameters, including 11 woody angiosperm
species (Acer fabri, Schima superba, Choerospondias
axillaris, Liquidambar formosana, Elaeocarpus
glabripetalus, Alniphyllum fortunei, Cinnamomum
porrectum, Cinnamomum austrosinense, Machilus
oculodracontis, Manglietia yuyuanensis and Neolitsea
phanerophlebia) and two woody gymnosperm species
(Cunninghamia lanceolata and Taxus chinensis). All
chosen trees were mature, canopy dominant or codom-
inant, had healthy appearance and 17.5 ± 2.2 cm diam-
eter at breast height (1.3 m from the ground).

Experimental design and nutrient addition study

This experiment was carried out during the 2013 grow-
ing season (March to September) using a root-bag tech-
nique (Comas and Eissenstat 2004). A ca. 5-mm diam-
eter and 25-cm-long woody root of an identified tree
was inserted into a root bag made from polyester fabric
(30 cm long and 30 cm wide, with perforations of c.
0.5 mm). To ensure that future absorptive roots arising
from this woody root represent new growth, all lateral
fine roots were trimmed off before woody root was
enclosed in the bag. In most cases, root pruning was
minimal. The bag was then filled with 3 kg of sieved
homogenized forest soil with different fertilizer treat-
ments to simulate nutrient patchy environments, and
then covered with the original litter layer and watered.

For each species, there were four treatments: 1) unfer-
tilized control; 2) N-patch (+N, 0.06 g N kg−1 dried soil,
in the form of slow-release urea); 3) P-patch (+P; 0.14 g P
kg−1 dried soil, in the form of NaH2PO4); and 4) NPK-
patch (+NPK; 0.06 g N, 0.03 g P and 0.05 g K kg−1 dried
soil, in the form of Osmocote 19–6-12 slow-release com-
pound fertilizer; Scotts-Sierra Horticultural Products
Company, Marysville, WA, USA). The amount of fertil-
izer was four times the ‘available’ soil background N (for
N- and NPK-fertilizer) or P (for P-fertilizer treatment)
concentration on the site, which has been shown to effec-
tively induce root proliferation (Adams et al. 2013). Four
different nutrient addition treatments were assigned to an
individual tree for all of the selected species, with four
replicate trees per species. In total, there were 52 treat-
ments (13 species × 4 nutrient additions) in 4 replicates.

Harvest and measurements

All root bags were harvested approximately 6 months
after the initial placement. Intact bags were immediately
placed in an icebox and transported to the laboratory. All
regenerative root samples were then gently washed with
running water and divided into different orders following
the root-order classification approach suggested by
Pregitzer et al. (2002). Following the dissection, samples
from each root order were scanned on an Epson
Expression 10,000 XL desktop scanner (resolution 400
dpi). Root images were analyzed using WinRHIZO soft-
ware (Regent Instruments, Quebec, Canada) to obtain the
average root diameter, and volume and total length of
each root order. Here, the first two root orders were
considered to be absorptive roots (McCormack et al.

Plant Soil (2019) 442:97–112 99



2015) and were compared across species for root traits
and AM colonization (Table 1). Root length growth rate
for a given species under different nutrient addition treat-
ments was expressed as the average absorptive root
length proliferation of each root bag for the duration of
the experiment.

Subsamples of all absorptive roots were cut into 1-cm
segments, cleared with 10% (w/v) KOH at 90 °C for
15 min and stained with 0.05% (w/v) acid fuchsin for
quantification of mycorrhizal colonization at ×200 mag-
nification (Leica DM 2500; Leica Mikrosysteme
Vertrieb GmbH, Bensheim, Germany) using the line-
intersect method (McGonigle et al. 1990). Extraradical
hyphae were extracted from fresh soil in each root bag
using the membrane filter technique (Jakobsen et al.
1992): the blended suspensions composed of 4 g fresh
soil, 100 mL deionized water and 12 mL sodium
hexametaphosphate were shaken for 30 s and left to rest
for 30min; the supernatant was poured through a 38-μm
sieve to retain hyphae, and the hyphae were washed into
a flask with 200 mL deionized water; the flasks were
shaken for 5 s, and 2 mL mixture was pipetted onto 25-
mm-diameter, 1.2-μm Millipore filters. The filters were
covered with 1% (w/v) acid fuchsin for 5 min and

observed at ×200 magnification (Nikon 80i; Nikon,
Tokyo, Japan) using the line-intersect method
(McGonigle et al. 1990). Other root subsamples were
oven-dried at 60 °C for 48 h and weighed for calculating
specific root length (SRL, root length per unit root
dry mass for each root order). The root tissue
density was calculated as the ratio of root dry
mass to its volume. Dried roots were then ground
to fine powder, and root N concentration was deter-
mined using an elemental analyzer (Vario EL Cube,
Elementar, Hanau, Germany).

For each species, mature and sun-exposed leaves were
collected from the top-third of the tree canopy. Leaf
thickness was measured immediately after sampling
using digital calipers (SMCTW Company, Shanghai,
China), avoiding the leaf major veins. Leaf samples were
oven-dried at 65 °C for 48 h until constant weight for
calculating specific leaf area (SLA, the leaf total area
divided by its dry mass). Leaf tissue density was calcu-
lated from leaf thickness and SLA. The oven-dried leaf
samples were ground to fine power. Leaf N concentration
was determined using the same approach as for root N
measurement. Leaf P concentration was determined by
an ICP-MS analyzer (Elan DRC-e, PerkinElmer, USA)

Table 1 Abbreviations and descriptions of traits of roots, leaves and mycorrhizal fungi

Traits Abbreviation Units Description

Roots

Root diameter RD mm Average diameter of first two order roots combined

Specific root length SRL m g−1 Length per unit dry mass of first two order roots combined

Root tissue density RTD g cm−3 Mass per unit root volume of first two order roots combined

Root nitrogen concentration Root N g kg−1 Average root nitrogen concentration of first two root orders
per root bag

Root length growth rate RLGR cm day−1 Total length of absorptive roots (first two order roots)
produced d−1 (standardized per root bag)

Leaves

Leaf thickness LT mm Leaf thickness

Specific leaf area SLA cm2 g−1 Leaf area/leaf dry mass

Leaf tissue density LTD g cm−3 Mass per unit leaf volume

Leaf nitrogen concentration Leaf N g kg−1 Leaf nitrogen concentration

Leaf phosphorus concentration Leaf P g kg−1 Leaf phosphorus concentration

Leaf nitrogen-to-phosphorus
concentration ratio

Leaf N/P Leaf nitrogen-to-phosphorus concentration ratio

Mycorrhizal fungi

Hyphal length density HLD m g−1 Extramatrical hyphal length per unit soil dry weight in a
root bag

Arbuscular mycorrhizal colonization AMC % Percentage of absorptive root length colonized by arbuscules,
hyphae, vesicles or coils
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after digestion with sulfuric acid and 30% v/v H2O2

mixture with the volume ratio 5:8 (Johnson and Ulrich
1959; Li et al. 2014).

Data analysis

To meet the assumption of normality, all original
data were log10-transformed before analyses. To
accomplish our first goal, we calculated the mean
values and standard error of root and leaf traits,
AM colonization and extramatrical hyphal length
density across 13 species in unfertilized control
and different nutrient treatments. Moreover, one-
way ANOVA was performed to test the difference
of each trait across 13 species in each treatment
separately, and when appropriate, post hoc means
comparisons were made using Tukey HSD tests in
SPSS 23.0 (SPSS Inc., Chicago, IL, USA).
Additionally, for each plant and mycorrhizal fungal
trait, we calculated its mean value, minimum,
maximum and coefficient of variation averaged
across all tree species in unfertilized control. We
also tested the phylogenic conservativism in func-
tional traits of roots, leaves and mycorrhizal fungi
and calculated Blomberg’s K statistic using the R
3.4.3 statistical platform (R Development Core
Team 2014) and the packages plantlist (Zhang
2017), ade4 (Dray and Dufour 2004), adephylo
(Jombart and Dray 2010), ape (Paradis et al. 2004),
picante (Kembel et al. 2010), phytools (Revell 2012)
and vegan (Oksanen et al. 2008). A larger K value
indicates a greater phylogenetic conservativism for the
given trait. In addition, pairwise trait relationships
were calculated using Pearson’s correlations with
and without phylogenetically-independent contrasts
(PICs). In order to test whether the absorptive root
diameter across species had an effect on root
length growth rate under all nutrient treatments,
we used linear regression to examine the relation-
ship between them. The slopes of the linear re-
gressions under all nutrient treatments were com-
pared with the R package smart (Higdon et al.
2004). Furthermore, we tested the influence of tree
species and nutrient treatments on functional traits of
roots and mycorrhizal fungi using two-way factorial
ANOVA. Post hoc Tukey HSD tests were performed
to determine significant differences.

To accomplish our second goal, we calculated forag-
ing precision (FP) of roots as the percentage of increase

in different nutrient addition patches (+N, +P or + NPK)
compared with unfertilized control (Chen et al. 2016).

FProots %ð Þ ¼ 100� Root lengthpatch�Root lengthcontrolÞ=Root lengthcontrol
�

Similarly, we also calculated foraging precision of
extramatrical hyphae and AM colonization using the
same approach as for root foraging precision. To test
whether each trait influenced foraging precision of
roots, extramatrical hyphae and AM colonization
under different nutrient patches, we analyzed the
relationship between each trait and foraging preci-
sion using Pearson’s correlations. In addition, we
analyzed whether and how root diameter influenced
the change in foraging precision of roots and mycorrhi-
zal hyphae in different nutrient patches using regression
analysis.

To accomplish our third goal, we analyzed the
change in foraging precision of roots and mycorrhizal
hyphae among different tree species in different nutrient
patches. Also, we tested the influence of tree species and
nutrient treatments on foraging precision of roots and
mycorrhizal hyphae using two-way factorial ANOVA.
Post hoc Tukey HSD tests were performed to determine
significant differences.

Results

Variations and correlations between plant traits
and mycorrhizal colonization across species

There were significant differences in plant traits and
mycorrhizal colonization across 13 species in the unfer-
tilized control (Table 2; Fig. 1). We also found large
variation in root morphological traits (e.g. root diameter
and specific root length) and root length growth rate
across species in the unfertilized control (Table S2). For
instance, the mean diameter of the first two root orders
exhibited 4.5-fold difference between the smallest di-
ameter of 0.19 mm in Acer fabri and the largest of
0.86 mm in Taxus chinensis, with an overall coefficient
of variation (CV) of 48% (P < 0.001, Tables 2 and S2).
Specific root length (SRL) exhibited almost 16-fold
difference with the CV of 78% (P < 0.001, Tables 2
and S2). Root length growth rate exhibited a 12-fold
difference with the CVof 61% (P < 0.001, Tables 2 and
S2). Moreover, significant differences in root traits and
mycorrhizal colonization across 13 AM tree species
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persisted in the nutrient addition treatments (Table S1).
Although there were significant differences in root and
leaf N concentrations and leaf morphological traits
across species in the unfertilized control (P < 0.001,
Table 2), their CVs were smaller than those of root
morphological traits (Table S2). Extramatrical hyphal
length density and AM colonization exhibited a signif-
icant difference across species in the unfertilized control
as well as the nutrient treatments (P < 0.001, Tables 2
and S1). In addition, root diameter and SRL were phy-
logenetically conserved as indicated by the high
Blomberg’s K values (Table S3). Nutrient addition treat-
ments had no significant effect on SRL (Table S4). The
root diameter responded to nutrient patches in some
species more than others (species × treatment interac-
tion, P ≤ 0.05). Taxus chinensis was the only species
with the root diameter significantly different between
the unfertilized control and the nutrient addition treat-
ments, especially in the P-patch (22% decrease; Tables 2
and S1; Fig. S1).

Across 13 species in the unfertilized control, root
diameter was negatively correlated with SRL (r =
−0.99, P < 0.01, Table 3) and root tissue density (r =
−0.60, P = 0.03), but SRL was not significantly corre-
lated with root tissue density (r = 0.45, P = 0.12). Root
length growth rate was negatively correlated with root
diameter (r = −0.62, P = 0.02) and positively correlated
with SRL (r = 0.62, P = 0.02). However, after removing
the influence of phylogeny via phylogenetically-
independent contrasts, almost all of these correlations
among root traits disappeared (Table 3). Furthermore,
root length growth rate across all species decreased
linearly with an increase in root diameter in dif-
ferent nutrient treatments (Fig. 2). Additionally,
AM colonization was positively correlated with
root diameter (r = 0.77, P = 0.002) and negatively
correlated with SRL (r = −0.76, P = 0.003) (Table 3),
and these correlations also disappeared after re-
mov ing the i n f l uence o f phy logeny v i a
phylogenetically-independent contrasts (Table 3).
However, extramatrical hyphal length density had
no correlation with root traits regardless of wheth-
er phylogeny was considered or not.

Leaves displayed a correlation between morphologi-
cal and chemical traits (Table 3). For instance, leaf
thickness was negatively correlated with leaf tissue den-
sity (r = −0.59, P = 0.04), and specific leaf area (SLA)
was positively correlated with leaf N concentration (r =
0.72, P = 0.01). Also, leaf N and P concentrations were

highly positively correlated across species (r = 0.66,
P = 0.02). Moreover, these correlations among leaf traits
were maintained after removing the influence of phy-
logeny via phylogenetically-independent contrasts
(Table 3).

The effects of plant traits on the foraging precision
of roots and mycorrhizal hyphae

The results of Pearson’s correlation showed that root
traits such as root diameter, SRL, root tissue density and
root N concentration, and leaf traits such as leaf thick-
ness, SLA, leaf tissue density and leaf N or P concen-
tration were not related to root and extramatrical hyphal
foraging precisions and AM colonization in the three
types of nutrient patches (Table S5). However, foraging
precision of roots and extramatrical hyphae still could be
influenced by root diameter (Figs. 3 and S2). As root
diameter increased, root foraging precision exhibited the
U-shape patterns (Fig. S2a, R2 = 0.19, P = 0.02) espe-
cially in the N- and P-patches (Fig. 3a, R2 = 0.61, P =
0.009 in N-patch, R2 = 0.69, P = 0.003 in P-patch),
whereas extramatrical hyphal foraging precision slightly
increased (Fig. S2b, R2 = 0.09, P = 0.07), mainly in the
N-patch (Fig. 3b, R2 = 0.27, P = 0.07).

Foraging precision of roots and mycorrhizal hyphae
in response to nutrient patches

We observed that absorptive root foraging precision was
significantly affected by tree species, nutrient types and
their interaction (all P < 0.001, Fig. 4a). Three tree spe-
cies (Schima superba, Cunninghamia lanceolata and
Taxus chinensis) showed a positive response in all nu-
t r i en t pa tches . By cont ras t , seven spec ies
(Choerospondias axillaris, Liquidambar formosana,
Elaeocarpus glabripetalus, Alniphyllum fortune,
Machilus oculodracontis, Manglietia yuyuanensis and
Neolitsea phanerophlebia) showed relatively low sensi-
tivity to nutrient patches. Unexpectedly, root foraging
precision of five species (Choerospondias axillaris,
Cinnamomum porrectum, Machilus oculodracontis,
Manglietia yuyuanensis and Neolitsea phanerophlebia)
was suppressed in the P-patch.

Extramatrical hyphal foraging precision and AM col-
onization plasticity were significantly influenced by
species, nutrient types and their interaction (P < 0.001,
Figs. 4b and S3). For extramatrical hyphal foraging
precision, two tree species (Acer fabri and Neolitsea
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phanerophlebia) showed a positive response in all nu-
trient patches (Fig. 4b), whereas Cinnamomum
porrectum was suppressed in all three types of nutrient
patches. Schima superba was suppressed in the N- and
NPK-patches. Elaeocarpus glabripetalus and Taxus
chinensis were suppressed in the P- and NPK-patches.
Two tree species (Cinnamomum austrosinense and
Cunninghamia lanceolata) were suppressed in the
NPK-patch.

For AM colonization plasticity, five species showed a
negative response in all nutrient patches (Fig. S3). In
contrast, four species (Elaeocarpus glabripetalus,
Cinnamomum porrectum, Cinnamomum austrosinense
and Machilus oculodracontis) exhibited a positive re-
sponse in the P-patch, and two species (Alniphyllum
fortune andCinnamomum austrosinense) showed a pos-
itive response in the N-patch.

The foraging precision of roots and extramatrical
hyphae across species in different nutrient addition treat-
ments were not related significantly (Fig. 5). Moreover,
this independent tendency was also found between AM

colonization plasticity and foraging precision of roots
(Fig. S4a) or extramatrical hyphae (Fig. S4b).

Discussion

Root traits and plant growth strategy

Our results showed that recently-evolved species with
thinner roots had higher specific root length and root
length growth rate than ancient species with thicker roots
(Table 3; Figs. 1 and 2). These findings, together with
previous studies in other systems (Comas and Eissenstat
2004; McCormack et al. 2012), partially support the idea
of the ‘fast-or-slow’ plant growth strategies (Reich 2014).
Thin-root species adopt the ‘fast strategy’ with fast pro-
liferation (Eissenstat et al. 2015) and quick root turnover
(McCormack et al. 2012) as their resource acquisition
strategy, whereas thick-root species adopt the ‘slow strat-
egy’ with slow proliferation and long root lifespan as a
resource conservation strategy. The fast root length
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growth rate of thin-root species may allow plants to
rapidly recolonize soil after disturbance (Eissenstat et al.
2015). In contrast, thick-root species appear to have
relatively low capacity to forage soil resource in the
heterogeneous nutrient-rich patches, but these species
can still acquire nutrients in the stable nutrient patches
because of a long root lifespan (McCormack et al. 2012).

Despite root diameter and root length growth rate
significantly negatively correlating across 13 coexisting
species, neither of these root traits was correlated with

root N concentration (Table 3). This suggests that mor-
phological and chemical traits are decoupled at the root
system level, which is different to the results of the leaf
economics spectrum (Wright et al. 2004; Bergmann
et al. 2017). This is likely due to leaf traits being more
phylogenetically constrained than root traits, as shown
by Laughlin (2014) and Kramer-Walter et al. (2016).
Moreover, roots may display a broader array of possible
trait combinations than foliar tissues in order to maxi-
mize functional gains and minimize the construction

Table 3 Coefficients of Pearson’s correlation with original data (lower-left part) and phylogenetically-independent contrasts (upper-right
part) among functional traits of absorptive fine roots, leaves and mycorrhizal fungi across 13 tree species under unfertilized treatment.

RD SRL RTD Root N RLGR LT SLA LTD Leaf N Leaf P Leaf N/P HLD AMC

RD −0.70* −0.12 0.54 0.09 0.15 0.51 −0.48 0.79** 0.78** −0.56 −0.56 0.32

SRL −0.99** −0.27 −0.12 −0.12 −0.49 0.01 0.59* −0.61* −0.33 0.12 0.53 0.01

RTD −0.60* 0.45 −0.69* −0.21 0.57 −0.65* −0.24 −0.11 −0.43 0.38 −0.41 −0.75*

Root N 0.18 −0.09 −0.51 −0.20 −0.11 0.70* −0.30 0.69* 0.88** −0.79** −0.21 0.41

RLGR −0.62* 0.62* 0.27 −0.31 −0.39 0.26 0.27 −0.11 −0.11 0.27 0.33 0.53

LT 0.30 −0.31 −0.15 −0.15 −0.09 −0.49 −0.83** 0.33 0.11 −0.23 −0.69* −0.82**

SLA 0.02 0.02 −0.25 0.32 0.04 −0.49 −0.08 0.50 0.71* −0.57 0.00 0.67*

LTD −0.33 0.30 0.40 −0.16 0.06 −0.59* −0.42 −0.68* −0.55 0.59* 0.77** 0.49

Leaf N 0.41 −0.37 −0.40 0.47 −0.27 −0.22 0.72** −0.45 0.89** −0.60* −0.51 0.07

Leaf P 0.65* −0.53 −0.83** 0.43 −0.33 −0.04 0.43 −0.36 0.66* −0.84** −0.47 0.26

Leaf N/P −0.60* 0.50 0.82** −0.50 0.46 −0.12 −0.35 0.47 −0.39 −0.77** 0.64* −0.04
HLD 0.44 −0.41 −0.36 0.02 −0.38 −0.26 0.02 0.25 0.29 0.25 −0.15 0.45

AMC 0.77** −0.76** −0.49 0.01 −0.24 −0.06 0.19 −0.11 0.40 0.56 −0.27 0.48

Significant correlations are in bold

*, P ≤ 0.05; **, P < 0.01. See Table 1 for abbreviations of traits
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Fig. 2 The relationship of root
diameter and root length growth
rate across 13 arbuscular
mycorrhizal tree species in four
treatments (unfertilized control;
+N, N-patch; +P, P-patch; +NPK,
NPK-patch). Error bars represent
± SE of the mean. Differences
among the slopes of the regres-
sion lines were not significant. *,
P ≤ 0.05; **, P < 0.01
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and maintenance costs (Donovan et al. 2011). On one
side, roots are typically associated with mycorrhizal
communities (Brundrett 2002) in which the fungal part-
nerships allow plants to acquire nutrients without nec-
essarily adjusting root morphology (Kong et al. 2017).
On the other side, roots are always exposed to more
complex abiotic and biotic environments than leaves
(Weemstra et al. 2016).

Species with thick root diameter tended to have high
leaf P concentration (Table 3). This result may be due to
species with thicker roots relying more on arbuscular
mycorrhizal fungi (Fitter and Merryweather 1992) that
are effective in acquiring soil P (Baylis 1975), when
sharing the same environment with species that have
thinner roots. However, whether the negative correlation
between root diameter and leaf P concentration is a

general pattern across other biological systems remains
to be investigated further.

Root proliferation in response to nutrient patches

We found diverse root foraging precision across species,
regardless of nutrient types (Fig. 4a): as root diameter
increased, root foraging precision initially decreased and
then slightly increased (Fig. S2a). These findings do not
support the general notion that thin-root species with
higher growth rate have higher root foraging precision
than thick-root species (Chen et al. 2016). Although root
foraging precision and root diameter as well as the
growth rate were considered phylogenically conserved
(Kembel and Cahill 2005; Valverde-Barrantes et al.
2017), our results suggested that the relationship
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Fig. 3 The relationship of (a)
root foraging precision and (b)
extramatrical hyphal foraging
precision with the mean diameter
of the first two root orders across
13 arbuscular mycorrhizal tree
species in different nutrient
patches (+N, N-patch; +P,
P-patch; +NPK, NPK-patch).
Foraging precision of roots or
extramatrical hyphae was calcu-
lated as a percentage increase in
the nutrient patches compared
with the unfertilized control. The
data for individual nutrient patch
treatments across all species were
used in the regression analysis

106 Plant Soil (2019) 442:97–112



between root diameter and foraging precision was
complex.

For a given species, contrasting foraging precision
responses were found in different nutrient patches (Fig.
4a). For instance, root foraging precision of
Cinnamomum porrectum was positive in the N- and
NPK-patches but negative in the P-patch. This finding
may has been caused by the varied nutrient requirements
of plant species, as the plant demand for specific nutrients
can regulate the local root responses (Forde 2014).
Additionally, the resource-driven niche partitioning may

occur among the coexisting species. For example,
Ceulemans et al. (2017) found that some European grass
species prefer to acquire soil inorganic P, but other spe-
cies prefer to acquire organic P. Similarly, there was also a
significant difference in the absorption of different N
forms among species in the tropical forest (Andersen
et al. 2017). The preference of plant species for different
nutrient forms may determine the responses of root sys-
tems to specific nutrient patches across species. In addi-
tion, species with high respiration tend to have high leaf
N and root N concentrations (Reich et al. 2008),
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Fig. 4 Foraging precision of (a) roots and (b) extramatrical hy-
phae in different nutrient patches (+N, N-patch; +P, P-patch;
+NPK, NPK-patch) for 13 arbuscular mycorrhizal tree species
(see Table 2 for abbreviations of tree species). Values are means
± standard error (n = 4). The mean diameter in different treatments

of each species is listed below the species name. The influence of
both factors (species and nutrient addition treatments) on foraging
precision was tested using two-way ANOVA. **, P < 0.01; ***,
P < 0.001
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indicating that these species may adopt a fast-growth
strategy and have high demand for nutrients. However,
across all tree species in the present study, leaf nutrient
concentrations (N and P) were not related to root foraging
precision in different nutrient patches (Table S5), indicat-
ing a potential decoupling between nutrient acquisition
strategies by roots and nutrient transport to above-ground
organs. Also, Kramer-Walter et al. (2016) showed that
the root traits are multidimensional in contrast to the leaf
traits, suggesting that plants may have different adapta-
tion to nutrient limitations above- and below-ground.
Together, the integration of nutrient-specific and
species-specific responses can generate a diversity of root
foraging precision responses (Li et al. 2014), which may
underpin species co-existence (Adler et al. 2013).

The foraging precision of mycorrhizal hyphae
responding to nutrient patches

Root diameter had a marginally significant correlation
with extramatrical hyphal foraging precision (P = 0.07,
Fig. S2b) and none with AM colonization plasticity
(Fig. S2c) in nutrient patches across all tree species
studied. This finding suggests that predicting foraging
precision of mycorrhizal hyphae to local environmental
heterogeneity using a single root morphological trait is
unreliable. Other factors, including supplies of soil
available nutrients and the plant nutrient demands, also
can influence foraging precision of extramatrical hyphae
and AM colonization (Smith and Read 2008).
Additionally, the interaction of nutrient treatments

and plant species would influence extramatrical hyphal
foraging precision and AM colonization plasticity (Figs.
4b and S3).

Root foraging precision was not associated with
extramatrical hyphal foraging precision and AM colo-
nization plasticity among species in all types of nutrient
patches (Figs. 5 and S4a). Chen et al. (2016) also found
no correlation between foraging precision of roots and
AM hyphae, and suggested that AM trees rely more on
their root proliferation than hyphae to respond to
nutrient-rich patches. However, this explanation is rath-
er speculative because roots of tree species studied here
exhibited more complex foraging precision than hyphae
(Fig. 3). A deeper reason for the independence of for-
aging precision of roots and mycorrhizal hyphae may be
that plants cannot fully control their symbiotic relation-
ship (van der Heijden et al. 2015). For example, some
mycorrhizal fungi can colonize plant roots in the high-
nutrient environments, and even cause a reduction in
plant growth (Johnson 2010). Abiotic stress may have
effects on AM fungi that are independent of the effects
on the host plant (Millar and Bennett 2016). A recent
study also demonstrated that AM fungal morphological
traits cannot predict host plant growth, suggesting evo-
lutionary asymmetry in plant-mycorrhizal symbiosis
and a high degree of independence between mycorrhizal
traits and plant performance (Koch et al. 2017).

The turnover of roots and hyphae in nutrient patches,
albeit not measured in this study, may also be a reason
for independence of foraging precision of roots and
mycorrhizal hyphae. For instance, some plant species
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across 13 arbuscular mycorrhizal
tree species in different nutrient
patches (+N, N-patch; +P,
P-patch; +NPK, NPK-patch)
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increased the rates of initiating new roots as well as the
rates of root death in the fertilized patches, together
resulting in no root proliferation (Gross et al. 1993),
whereas other species increased root proliferation in
the nutrient-rich patches (Pregitzer et al. 1993). These
findings suggest profound differences in plasticity of
root lifespan across plant species, which may explain
species-specific differences in root foraging precision in
the nutrient-rich patches. On the other hand, Staddon
et al. (2003) found that a large proportion of extraradical
mycorrhizal hyphae turned over in 5 to 6 days, but the
AM hyphal turnover could depend on the changes in the
soil environment, which may explain species-specific
and nutrient-specific alterations in mycorrhizal hyphae
foraging precision.

Apart from the turnover of roots and mycorrhizal
hyphae, non-mycorrhizal fungi (as an alternative strate-
gy for absorbing soil nutrients) may also obscure the
relationships between foraging precisions of roots and
mycorrhizal hyphae. Recent studies have reported that
non-mycorrhizal fungi can promote plant P acquisition
bymineralizing P or transferring P in the form of soluble
orthophosphate (Richardson and Simpson 2011;
Almario et al. 2017). Indeed, diverse non-
mycorrhizal fungi associated with roots were found
to potentially interact with mycorrhizal fungi (e.g.
AM fungi) positively or negatively (Toju et al.
2016; Toju and Sato 2018).

Our results showed that foraging precisions of hy-
phae and AM colonization in the nutrient patches across
plant species were not related (Fig. S4b). The asynchro-
nism of responses between these two mycorrhizal traits
is also found across maize genotypes along a P gradient
(Chu et al. 2013) and under various temperatures
(Gavito and Olsson 2003). Mycorrhizal fungal species
and genotypes can differ substantially in the morpho-
logical traits (Hazard and Johnson 2018) and capacity to
capture nutrients (Smith and Read 2008), whereas plant
species have some influence over selecting suitable
mycorrhizal species according to relative resource abun-
dance in soil and the plant intrinsic demand (Werner and
Kiers 2015). These findings suggest that multiple my-
corrhizal traits may need to be considered in character-
izing plant foraging strategies.

In our study, a lack of correlation between foraging
precision of roots and mycorrhizal fungi appeared to
suggest that these two types of nutrient acquisition were
relatively independent. A combination of multiple inde-
pendent traits from multiple organs may result in a

specific adaptation or growth strategy for each species
(Laughlin 2014). Moreover, plant differences in the root
and mycorrhizal fungi responses to heterogeneous en-
vironments may reduce species competition and thus
promote species coexistence and community stability.

Conclusions

We found a diversity of root and mycorrhizal fungi forag-
ing strategies across species exploring nutrient-rich
patches, and there was also large variation in foraging
precision of roots and mycorrhizal hyphae in response to
different nutrient patches for a given species (fromnegative
to positive). Moreover, foraging precision of roots and
mycorrhizal hyphae in different nutrient patches was inde-
pendent, generating diversity of plant foraging strategies in
the heterogeneous nutritional environments. In addition,
thick-root species with slow root growth showed sim-
ilar root foraging precision as thin-root species
with fast root growth regardless of the nutrient
patches. This finding challenges the idea that
thin-root species are more sensitive to environmen-
tal heterogeneity than thick-root species. We thus
suggest that root morphological traits alone (such
as root diameter) are unlikely to fully characterize
the diversity of plant foraging strategies across
species. Future studies should define the foraging
strategy of plant species by integrating morphologi-
cal and physiological traits of roots and mycorrhizal
fungi.

Acknowledgements We thank Dali Guo and Angela Hodge for
the valuable ideas and comments regarding earlier versions of the
manuscript. This research was supported by the National Natural
Science Foundation of China (grant no. 31700382 and
41571130041).

Authors’ contributions B.L. and H.L. conceived the study,
analyzed the data and wrote the first draft; Z.R. contributed to data
analysis and interpretation and manuscript writing; L.L., J.T. and
M.L. participated in the writing of the manuscript. All authors
contributed critically to the drafts and gave the final approval for
publication.

References

Adams TS, Mccormack ML, Eissenstat DM (2013) Foraging
strategies in trees of different root morphology: the role of
root lifespan. Tree Physiol 33:940–948

Plant Soil (2019) 442:97–112 109



Adler PB, Fajardo A, Kleinhesselink AR, Kraft NJB (2013) Trait-
based tests of coexistence mechanisms. Ecol Lett 16:1294–
1306

Almario J, Jeena G,Wunder J, LangenG, Zuccaro A, CouplandG,
Bucher M (2017) Root-associated fungal microbiota of
nonmycorrhizal Arabis alpina and its contribution to plant
phosphorus nutrition. Proc Natl Acad Sci 114:E9403–E9412

Andersen KM, Mayor JR, Turner BL (2017) Plasticity in nitrogen
uptake among plant species with contrasting nutrient acqui-
sition strategies in a tropical forest. Ecology 98:1388–1398

Bates TR, Lynch JP (2001) Root hairs confer a competitive ad-
vantage under low phosphorus availability. Plant Soil 236:
243–250

Baylis G (1975) The magnolioid mycorrhiza and mycotrophy in
root systems derived from it. In: Sanders F, Mosse B, Tinker
P (eds) Endomycorrhizas (pp 373–389). New York, NY,
USA. Academic Press, London, UK

Bergmann J, Ryo M, Prati D, Hempel S, Rillig MC (2017) Root
traits are more than analogues of leaf traits: the case for
diaspore mass. New Phytol 216:1130–1139

Brundrett MC (2002) Coevolution of roots and mycorrhizas of
land plants. New Phytol 154:275–304

Ceulemans T, Bodé S, Bollyn J, Harpole S, Coorevits K, Peeters
G, van Acker K, Smolders E, Boeckx P, Honnay O (2017)
Phosphorus resource partitioning shapes phosphorus acqui-
sition and plant species abundance in grasslands. Nat plants
3:16224

Chen W, Zeng H, Eissenstat DM, Guo D (2013) Variation of first-
order root traits across climatic gradients and evolutionary
trends in geological time. Glob Ecol Biogeogr 22:846–856

Chen W, Koide RT, Adams TS, DeForest JL, Cheng L, Eissenstat
DM (2016) Root morphology and mycorrhizal symbioses
together shape nutrient foraging strategies of temperate trees.
Proc Natl Acad Sci 113:8741–8746

Chen W, Koide RT, Eissenstat DM (2018a) Nutrient foraging by
mycorrhizas: from species functional traits to ecosystem
processes. Funct Ecol 32:858–869

Chen W, Koide RT, Eissenstat DM (2018b) Root morphology and
mycorrhizal type strongly influence root production in nutri-
ent hot spots of mixed forests. J Ecol 106:148–156

Chu Q, Wang XX, Yang Y, Chen F, Zhang F, Feng G (2013)
Mycorrhizal responsiveness of maize (Zea mays L.) geno-
types as related to releasing date and available P content in
soil. Mycorrhiza 23:497–505

Comas LH, Eissenstat DM (2004) Linking fine root traits to
maximum potential growth rate among 11 mature temperate
tree species. Funct Ecol 18:388–397

Comas LH, Callahan HS, Midford PE (2014) Patterns in root traits
of woody species hosting arbuscular and ectomycorrhizas:
implications for the evolution of belowground strategies.
Ecology and Evolution 4:2979–2990

Cornwell WK, Westoby M, Falster DS, FitzJohn RG, O'Meara
BC, Pennell MW, McGlinn DJ, Eastman JM, Moles AT,
Reich PB, Tank DC, Wright IJ, Aarssen L, Beaulieu JM,
Kooyman RM, Leishman MR, Miller ET, Niinemets Ü,
Oleksyn J, Ordonez A, Royer DL, Smith SA, Stevens PF,
Warman L, Wilf P, Zanne AE (2014) Functional distinctive-
ness of major plant lineages. J Ecol 102:345–356

de Kroon H, Visser EJW, Huber H et al (2009) A modular concept
of plant foraging behaviour: the interplay between local

responses and systemic control. Plant Cell Environ 32:704–
712

Donovan LA, Maherali H, Caruso CM, Huber H, de Kroon H
(2011) The evolution of the worldwide leaf economics spec-
trum. Trends Ecol Evol 26:88–95

Dray S, Dufour AB (2004) The ade4 package: implementing the
duality diagram for ecologists. J Stat Softw 22:1–20

Drew MC (1975) Comparison of the effects of a localised supply
of phosphate, nitrate, ammonium and potassium on the
growth of the seminal root system, and the shoot, in barley.
New Phytol 75:479–490

Eissenstat DM (1991) On the relationship between specific root
length and the rate of root proliferation: a field study using
citrus rootstocks. New Phytol 118:63–68

Eissenstat DM, Kucharski JM, Zadworny M, Adams TS, Koide
RT (2015) Linking root traits to nutrient foraging in
arbuscular mycorrhizal trees in a temperate forest. New
Phytol 208:114–124

Fitter AH (1994) Architecture and biomass allocation as compo-
nents of the plastic response of root systems to soil heteroge-
neity. In: Caldwell MM, Pearcy RW (eds) Exploitation of
environmental heterogeneity by plants. Academic Press,
New York, NY, USA, pp 305–323

Fitter AH, Merryweather JW (1992) Why are some plants more
mycorrhizal than others? An ecological enquiry. In: Read DJ,
Lewis DH, Fitter AH, Alexander I (eds) Mycorrhizas in
ecosystems. CAB International, Wallingford, UK, pp 26–36

Forde BG (2014) Nitrogen signalling pathways shaping root sys-
tem architecture: an update. Curr Opin Plant Biol 21:30–36

Gavito ME, Olsson PA (2003) Allocation of plant carbon to
foraging and storage in arbuscular mycorrhizal fungi.
FEMS Microbiol Ecol 45:181–187

Grime JP, Crick JC, Rincon JE (1986) The ecological significance
of plasticity. Symp Soc Exp Biol 40:5–29

Gross KL, Peters A, Pregitzer KS (1993) Fine root growth and
demographic responses to nutrient patches in four oldfield
plant species. Oecologia 95:61–64

Han WX, Fang JY, Guo DL, Zhang Y (2005) Leaf nitrogen and
phosphorus stoichiometry across 753 terrestrial plant species
in China. New Phytol 168:377–385

Hazard C, Johnson D (2018) Does genotypic and species diversity
of mycorrhizal plants and fungi affect ecosystem function?
New Phytol 220:1122–1128. https://doi.org/10.1111
/nph.15010

Higdon SJU, Devost D, Higdon JL, Brandl BR, Houck JR, Hall P,
Barry D, Charmandaris V, Smith JDT, Sloan GC, Green J
(2004) The SMART data analysis package for the infrared
Spectrograph1 on the Spitzer space Telescope2. Publ Astron
Soc Pac 116:975–984

Hodge A (2004) The plastic plant: root responses to heterogeneous
supplies of nutrients. New Phytol 162:9–24

Hodge A (2006) Plastic plants and patchy soils. J Exp Bot 57:401–
411

Hodge A, Fitter AH (2010) Substantial nitrogen acquisition by
arbuscular mycorrhizal fungi from organic material has im-
plications for N cycling. Proc Natl Acad Sci 107:13754–
13759

Jakobsen I, Abbott LK, Robson AD (1992) External hyphae of
vesicular arbuscular mycorrhizal fungi associated with
Trifolium subterraneum L. 2. Hyphal transport of 32P over
defined distances. New Phytol 120:509–516

110 Plant Soil (2019) 442:97–112

https://doi.org/10.1111/nph.15010
https://doi.org/10.1111/nph.15010


Johnson NC (2010) Resource stoichiometry elucidates the struc-
ture and function of arbuscular mycorrhizas across scales.
New Phytol 185:631–647

Johnson CM, Ulrich A (1959) Analytical methods for use in plant
analysis. University of California, Agricultural Experiment
Station, Berkeley 766:25–78

Johnson NC, Wilson GW, Wilson JA, Miller RM, Bowker MA
(2015) Mycorrhizal phenotypes and the law of the minimum.
New Phytol 205:1473–1484

Jombart T, Dray S (2010) Adephylo: exploratory analyses for the
phylogenetic comparative method. Bioinformatics 26:1907–
1909

Kembel SW, Cahill JJF (2005) Plant phenotypic plasticity below-
ground: a phylogenetic perspective on root foraging trade-
offs. Am Nat 166:216–230

Kembel SW, Cowan PD, Helmus MR, Cornwell WK, Morlon H,
Ackerly DD, Blomberg SP,Webb CO (2010) Picante: R tools
for integrating phylogenies and ecology. Bioinformatics 26:
1463–1464

Koch AM, Antunes PM, Maherali H, Hart MM, Klironomos JN
(2017) Evolutionary asymmetry in the arbuscular mycorrhi-
zal symbiosis: conservatism in fungal morphology does not
predict host plant growth. New Phytol 214:1330–1337

Kong DL,Ma CE, Zhang Q, Li L, Chen X, Zeng H, Guo D (2014)
Leading dimensions in absorptive root trait variation across
96 subtropical forest species. New Phytol 203:863–872

Kong DL, Wang JJ, Kardol P, Wu HF, Zeng H, Deng XB, Deng Y
(2016) Economic strategies of plant absorptive roots vary
with root diameter. Biogeosciences 13:415–424

Kong DL, Wang JJ, Zeng H, Liu M, Miao Y, Wu H, Kardol P
(2017) The nutrient absorption–transportation hypothesis:
optimizing structural traits in absorptive roots. New Phytol
213:1569–1572

Kramer-Walter KR, Bellingham PJ, Millar TR, Smissen RD,
Richardson SJ, Laughlin DC (2016) Root traits are multidi-
mensional: specific root length is independent from root
tissue density and the plant economic spectrum. J Ecol 104:
1299–1310

Laughlin DC (2014) The intrinsic dimensionality of plant traits
and its relevance to community assembly. J Ecol 102:186–
193

Li HB, Ma QH, Li HG, Zhang F, Rengel Z, Shen J (2014) Root
morphological responses to localized nutrient supply differ
among crop species with contrasting root traits. Plant Soil
376:151–163

Li HB, Liu BT, McCormack ML et al (2017) Diverse below-
ground resource strategies underlie plant species coexistence
and spatial distribution in three grasslands along a precipita-
tion gradient. New Phytol 216:1140–1150

Li HB, Zhang DS, Wang XX, Li HG, Rengel Z, Shen JB (2018)
Competition between zea mays, genotypes with different root
morphological and physiological traits is dependent on phos-
phorus forms and supply patterns. Plant Soil 434:125–137.
https://doi.org/10.1007/s11104-018-3616-7

Liu BT, Li HB, Zhu B, Koide RT, Eissenstat DM, Guo D (2015)
Complementarity in nutrient foraging strategies of absorptive
fine roots and arbuscular mycorrhizal fungi across 14
coexisting subtropical tree species. New Phytol 208:125–136

Mariotte P, Canarini A, Dijkstra FA (2017) Stoichiometric N:P
flexibility and mycorrhizal symbiosis favour plant resistance
against drought. J Ecol 105:958–967

McCleery WT, Mohd-Radzman NA, Grieneisen VA (2017) Root
branching plasticity: collective decision-making results from
local and global signalling. Curr Opin Cell Biol 44:51–58

McCormack ML, Adams TS, Smithwick EAH, Eissenstat DM
(2012) Predicting fine root lifespan from plant functional
traits in temperate trees. New Phytol 195:823–831

McCormack ML, Dickie IA, Eissenstat DM et al (2015)
Redefining fine roots improves understanding of below-
ground contributions to terrestrial biosphere processes. New
Phytol 207:505–518

McGonigle TP, Miller MH, Evans DG et al (1990) A new method
which gives an objective measure of colonization of roots by
vesicular—arbuscular mycorrhizal fungi. New Phytol 115:
495–501

Millar NS, Bennett AE (2016) Stressed out symbiotes: hypotheses
for the influence of abiotic stress on arbuscular mycorrhizal
fungi. Oecologia 182:625–641

Nasto MK, Osborne BB, Lekberg Y, Asner GP, Balzotti CS,
Porder S, Taylor PG, Townsend AR, Cleveland CC (2017)
Nutrient acquisition, soil phosphorus partitioning and com-
petition among trees in a lowland tropical rain forest. New
Phytol 214:1506–1517

Oksanen J, Kindt R, Legendre P, et al (2008) Vegan: community
ecology package. R package version 1.15

Paradis E, Claude J, Strimmer K (2004) APE: analysis of phylo-
genetics and evolution in R language. Bioinformatics 20:
289–290

Pregitzer KS, Hendrick RL, Fogel R (1993) The demography of
fine roots in response to patches of water and nitrogen. New
Phytol 125:575–580

Pregitzer KS, DeForest JL, Burton AJ et al (2002) Fine root
architecture of nine north American trees. Ecol Monogr 72:
293–309

RDevelopment Core Team (2014) R: a language and environment
for statistical computing. Vienna, Austria: R Foundation for
Statistical Computing. http://cran.r-project.org/. Accessed 12
June 2019

Reich PB (2014) The world-wide ‘fast–slow’ plant economics
spectrum: a traits manifesto. J Ecol 102:275–301

Reich PB, Tjoelker MG, Pregitzer KS, Wright IJ, Oleksyn J,
Machado JL (2008) Scaling of respiration to nitrogen in
leaves, stems and roots of higher land plants. Ecol Lett 11:
793–801

Revell LJ (2012) Phytools: an R package for phylogenetic com-
parative biology (and other things). Methods Ecol Evol 3:
217–223

Richardson AE, Simpson RJ (2011) Soil microorganisms mediat-
ing phosphorus availability: update onmicrobial phosphorus.
Plant Physiol 156:989–996

Robinson D (1994) The responses of plants to non-uniform sup-
plies of nutrients. New Phytol 127:635–674

Smith SE, Read DJ (2008) Mycorrhizal Symbiosis, 3rd edn.
Elsevier, London, UK

Staddon PL, Ramsey CB, Ostle N, Ineson P, Fitter AH (2003)
Rapid turnover of hyphae of mycorrhizal fungi determined
by AMS microanalysis of 14C. Science 300:1138–1140

Toju H, Sato H (2018) Root-associated fungi shared between
arbuscular mycorrhizal and ectomycorrhizal conifers in a
temperate forest. Front Microbiol 9:433

Plant Soil (2019) 442:97–112 111

https://doi.org/10.1007/s11104-018-3616-7
http://cran.r-project.org/


Toju H, Yamamoto S, Tanabe AS, Hayakawa T, Ishii HS (2016)
Network modules and hubs in plant-root fungal biomes. J R
Soc Interface 13:20151097

Valladares F, Gianoli E, Gómez JM (2007) Ecological limits to
plant phenotypic plasticity. New Phytol 176:749–763

Valverde-Barrantes OJ, Freschet GT, Roumet C, Blackwood CB
(2017) A worldview of root traits: the influence of ancestry,
growth form, climate and mycorrhizal association on the
functional trait variation of fine-root tissues in seed plants.
New Phytol 215:1562–1573

van der Heijden MGA, Martin FM, Selosse M-A, Sanders IR
(2015) Mycorrhizal ecology and evolution: the past, the
present, and the future. New Phytol 205:1406–1423

Weemstra M, Mommer L, Visser EJW, Ruijven J, Kuyper TW,
Mohren GMJ, Sterck FJ (2016) Towards a multidimensional
root trait framework: a tree root review. New Phytol 211:
1159–1169

Wen Z, Li H, Shen Q, Tang X, Xiong C, Li H, Pang J, Ryan MH,
Lambers H, Shen J (2019) Trade-offs among root morphol-
ogy, exudation and mycorrhizal symbioses for phosphorus-
acquisition strategies of 16 crop species. New Phytol.
https://doi.org/10.1111/nph.15833

Werner GD, Kiers ET (2015) Partner selection in the mycorrhizal
mutualism. New Phytol 205:1437–1442

Wright IJ, Reich PB,WestobyM, Ackerly DD, Baruch Z, Bongers
F, Cavender-Bares J, Chapin T, Cornelissen JHC, Diemer M,
Flexas J, Garnier E, Groom PK, Gulias J, Hikosaka K,
Lamont BB, Lee T, Lee W, Lusk C, Midgley JJ, Navas
ML, Niinemets Ü, Oleksyn J, Osada N, Poorter H, Poot P,
Prior L, Pyankov VI, Roumet C, Thomas SC, Tjoelker MG,
Veneklaas EJ, Villar R (2004) The worldwide leaf economics
spectrum. Nature 428:821–827

Zhang JL (2017) Plantlist: looking up the status of plant scientific
names based on the plant list database. R package version
0.3.0

Zhao N, Yu GR, He NP, Wang Q, Guo D, Zhang X, Wang R, Xu
Z, Jiao C, Li N, Jia Y (2016) Coordinated pattern of multi-
element variability in leaves and roots across Chinese forest
biomes. Glob Ecol Biogeogr 25:359–367

Zhao N, Liu HM, Wang QF, Wang R, Xu Z, Jiao C, Zhu J, Yu G,
He N (2018) Root elemental composition in chinese forests:
implications for biogeochemical niche differentiation. Funct
Ecol 32:40–49

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional
affiliations.

112 Plant Soil (2019) 442:97–112

https://doi.org/10.1111/nph.15833

	Roots and arbuscular mycorrhizal fungi are independent in nutrient foraging across subtropical tree species
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Materials and methods
	Site and tree species description
	Experimental design and nutrient addition study
	Harvest and measurements
	Data analysis

	Results
	Variations and correlations between plant traits and mycorrhizal colonization across species
	The effects of plant traits on the foraging precision of roots and mycorrhizal hyphae
	Foraging precision of roots and mycorrhizal hyphae in response to nutrient patches

	Discussion
	Root traits and plant growth strategy
	Root proliferation in response to nutrient patches
	The foraging precision of mycorrhizal hyphae responding to nutrient patches

	Conclusions
	References


