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Abstract
Background and aims Growth, morphological traits, and
mycorrhizal colonization of fine roots show high degree
of plasticity in response to changes in nutrient availabil-
ity, causing shifts in root nutrient-foraging strategy. How-
ever, little is known about how this plasticity associated
with root branching orders respond to atmospheric nitro-
gen (N) deposition in subtropical coniferous forests.
Methods We used soil block sampling method to exam-
ine the responses of six key root functional parameters
(including three morphological traits (specific root
length (SRL), root tissue density (RTD), and root diam-
eter), two growth indices (total root length (TRL) and
biomass) on an areal basis across five root orders, and
ectomycorrhizal (EM) tip colonization) to different

doses and species of N addition in a slash pine (Pinus
elliottii) plantation in subtropical China.
Results TRL, root biomass in all root orders, and EM tip
colonization increased significantly with N addition.
However, SRL, RTD, and root diameter did not change
in any root orders. In comparison to low doses of N
input, high doses of N input exerted greater effects on
lower-order roots. In regard to species of N added,
stronger responses in lower-order roots were observed
under ammonium-based than nitrated-based N input.
Foliar P content was significantly decreased and stoi-
chiometric N:P ratio was markedly increased in re-
sponse to high dose of ammonium-based N input.
Conclusions Fine root growth and EM tip colonization
displayed higher degree of plasticity thanmorphological
traits in response to N addition. The plastic responses
were not root-order dependent, but dependent on both N
dose and species, especially for ephemeral lower-order
roots that are mostly like to be the main nutrient acqui-
sition structures. Our results imply that while N limita-
tion was alleviated by exogenous N input, P limitation
may persist or even be exacerbated, thus causing an
increase of absorptive root length, biomass, and depen-
dence on ectomycorrhizae for nutrient acquisition in
subtropical slash pine plantation forests.
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Introduction

Fine roots and associated mycorrhizal fungi are the
primary structures for resource uptake in plants,
and have evolved various types of plasticity in
resource foraging (e.g., morphological, physiologi-
cal, and mycorrhizal plasticity) in response to di-
verse environmental conditions (Hodge 2006; Meier
and Leuschner 2008). For instance, plants may
adjust and optimize resource foraging strategy by
modifying fine root growth (total root length (TRL)
and biomass) (Ostonen et al. 2011), morphological
traits (e.g., individual root length, root diameter,
specific root length (SRL), root tissue density
(RTD)) (Wang et al. 2013) and/or physiological
traits (nutrient uptake kinetics and nutrient trans-
port) (Mou et al. 2013). In addition, through the
symbiotic association between roots and fungi, my-
corrhizae expand the capacity of plants to explore
for mineral nutrients, especially immobile nutrients
(e.g., phosphorus (P), copper, and zinc) by enlarg-
ing the volume of soil for uptake, accelerating the
movement of P into mycorrhizal hyphae, and in-
creasing the solubility of soil P (Bolan 1991;
Bünemann et al. 2010). Whereas these plasticities
in plant roots are generally well-recognized, our
specific knowledge on how fine root functional
parameters (growth, morphological traits, and my-
corrhizal colonization) respond to nitrogen (N) de-
position remains rudimentary (Ostonen et al. 2011).

Fine root functional parameters respond different-
ly to changes in availability and form of soil nutri-
ents due to anthropogenic N deposition or experi-
mental nutrient addition (Lima et al. 2010; Wang
et al. 2013; Leuschner et al. 2013). It has been
observed that plants may increase fine root growth
and/or improve resource foraging efficiency through
mycorrhizal symbiosis, when soil nutrients are defi-
cient (Lõhmus et al. 2006; Ostonen et al. 2011).
Thus, fine root biomass and length may decrease
when soil nutrients become abundant (Wang et al.
2013). Additionally, fine root parameters are often
differentially responsive to different forms (e.g.,
NO3

− versus NH4
+) and types of nutrients (e.g., N

versus P) (Linkohr et al. 2002; Lima et al. 2010).
Several lines of evidence have indicated that NH4

+

mainly triggers the initiation of fine roots (e.g., root
number and density), whereas NO3

− is prone to
stimulate the elongation of fine roots (Zhang and

Forde 1998; Lima et al. 2010). Likewise, a meta-
analysis of mycorrhizal responses to nutrient fertili-
zation indicates that mycorrhizal colonization rates
were negatively related to P availability, but the
response to N availability was inconsistent (Treseder
2004).

Anthropogenic N deposition has doubled the in-
put of reactive N (Galloway et al. 2008) which is
quantitatively and functionally the most important
nutrient for plants and microbes (Noguchi et al.
2013). However, as N deposition rate persistently
exceeds N demand of plants and microbes, ‘N satu-
ration’ may occur with a suite of negative effects,
such as soil acidification, loss of soil cations, and
shift from N to P limitation or further P and N co-
limitation (Aber et al. 1989; Matson et al. 1999;
Braun et al. 2010; Cairney 2011), all of which will
influence the fine root deployment, growth, and
traits associated with nutrient foraging. Research
on the responses of fine root growth, morphological
traits, and mycorrhizal colonization to N addition
has long been focused on N-limited forests, whereas
to our knowledge such responses of the fine roots
remain lacking or unclear for tropical and subtropi-
cal forests where plant growth may be limited by
other nutrients (e.g., P and potassium). Given the
escalated N deposition in tropical and subtropical
zones, knowing about how fine root growth and
traits intimately related to nutrient-foraging respond
to N deposition in these forests will provide signif-
icant insights into mechanisms underlying adapta-
tion of plants to changing environment.

In the present study, we investigated the key root
morphological traits (root diameter, SRL, and RTD),
root growth (TRL and root biomass), and EM tip colo-
nization of slash pine (Pinus elliottii) plantation in sub-
tropical China. Recent progress on root branching struc-
tures revealed that the hierarchical fine root system
could be further partitioned into two modules (Xia
et al. 2010). Lower-order roots encompassing the most
distal two or three orders are functionally responsible for
absorption of resources, lignified higher-order roots are
primarily endowed with transport and structural func-
tions (Guo et al. 2008, 2013; Rewald et al. 2011).
Hence, all root parameters in this study were quantified
based on the root branching criteria proposed by
Pregitzer et al. (2002) to reduce the structural complex-
ity within fine root system. In an effort to simulate
chronic atmospheric wet N deposition, different doses
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and species of inorganic N fertilizers were applied on
May 2012. We hypothesized that: (i) fine root
growth, morphological traits, and EM tip coloniza-
tion would respond differentially to N addition since
they generally show different degrees of plasticity or
phylogenetic conservatism in response to changes in
soil nutrient availability; and (ii) the responses of fine
root parameters to N addition would be both depen-
dent on the dose and species of N added, since plants
are commonly preferential for inorganic N species
and responsive to doses of N added in terms of
demand.

Materials and methods

Site description and experimental design

In November 2011, the chronic N-fertilization experi-
ment was conducted in a 28-year-old slash pine
(P. elliottii) plantation at Qianyanzhou (QYZ) Experi-
mental Station of Red Soil and Hilly Land, Chinese
Academy of Sciences (CAS), Jiangxi province, south
China (26°44′29.1″ N, 115°03′29.2″ E, 102 m a.s.l.).
The study area has a subtropical monsoon climate with
mean annual temperature and precipitation of 17.9 °C
and 1475 mm, respectively (Wen et al. 2010). Stand
density at the study site is ca. 833 stems ha−1. Mean
diameter at breast height (DBH) and mean height of the
trees are 20.9 cm and 17.5 m, respectively. Referring to
US soil taxonomy, the soil weathered from red sand-
stone and mud stone is classified to Typical Dystrudepts
Udepts Inceptisols. The zonal vegetation was restored
from 1985 by planting slash pine (P. elliottii), Masson
pine (P. massoniana) and Chinese fir (Cunninghamia
lanceolata). The understory vegetation is dominated by
Woodwardia japonica, Loropetalum chinense, and
Dicranopteris dichotoma (Wang et al. 2012).

Briefly, a randomized complete block design with
three replicates was employed. Each block was divided
into five 20×20 m plots with the buffer zone between
any two plots more than 10 m. The slope angle was
consistently less than 15°.Within each block, one plot at
random served as control receiving ambient N deposi-
tion (approximately 10 kg N ha−1 yr−1) (Zhan et al.
2014), and the remaining four plots received ambient
N deposition plus randomly assigned chronic atmo-
spheric N deposition (40 vs. 120 kg N ha−1 yr−1 NH4Cl
and 40 vs. 120 kg N ha−1 yr−1 NaNO3, respectively.).

Fertilizers were fully dissolved in 30 L tap water and
evenly sprayed in N addition plots once per month. The
control plots were supplied with equivalent amount of
tap water to reduce the influence of additional water
input. The N addition started on May 1st, 2012 and
proceeded at a month interval on non-rainy days.

Root sampling, processing and dissection

In late September 2013, P. elliottii roots were excavated
referring to the approach in Guo et al. (2004). In order to
obtain intact fine root segments, three locations within
each plot were randomly chosen and then 30 cm
(length)×20 cm (width)×10 cm (depth) soil blocks were
cut using a machete after clearing away floor litters and
gently removed using a shovel. The harvested soil
blocks (nine for each treatment) were immediately
placed in a plastic bag with ice as a cooler and
transported to the laboratory within hours and frozen
for subsequent processing.

In the laboratory, the soil blocks were gently loos-
ened by hands to separate roots from the soil. P. elliottii
roots are easily distinguished from neighbor roots (Latin
names for neighbor species are shown in Table S1 of
online resource 1), due to their distinct appearance (e.g.,
dark-red epidermis of woody roots, dichotomously
branched distal roots, and frequently ectomycorrhizal
tips). Once separated, large intact P. elliottii roots were
carefully removed using fine forceps and placed in
deionized water (1 °C) to clean off the adhering soil
and organic matter particles. To avoid the underestimate
of root growth, the remainder of each soil block was
sieved (2 mm) to recover residual root segments and
neighbor roots. In this study, P. elliottii roots recycled in
the process above were few (less than 5 % of total
biomass) and consistently higher-order roots (e.g., the
4th and 5th orders), which had abscised from the root
system they lived on during the sampling. Therefore,
their branching order could only be designated through
a diameter comparison with order-determined roots.

In this study, dead roots were excluded based on a
suite of characteristics including color, resilience, and
toughness. The clean alive intact roots were hierarchi-
cally dissected into branch orders by fine forceps fol-
lowing the protocol described by Pregitzer et al. (2002).
The most distal roots were defined as the first order
roots, two first order roots derived from the second order
roots, etc. Although some of soil blocks included the
sixth- or even higher-order roots, only the first five
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orders were taken into account in root parameter analy-
sis to guarantee data consistency.

Root morphology, growth and EM tip colonization
assessment

The order-specific roots were scanned at a resolution of
400 dpi (Epson Expression 10000XL scanner), and
background impurities were removed from each image
using Adobe Photoshop version 8.0 LE (Adobe Sys-
tems). TRL and root morphological traits were quanti-
fied by analyzing scanned images with WinRHIZO
Arabidopsis version 2012b (Regents Instruments Inc.,
Quebec Canada). Once scanned, roots were oven-dried
(60 °C, for 48 h) and weighed. TRL and average diam-
eter were automatically calculated and biomass-related
parameters (i.e., SRL and RTD) were calculated by
dividing root biomass by root length and root volume,
respectively.

Additional P. elliottii roots consisting of the first five
branch orders were sampled in each plot for the assess-
ment of EM tip colonization (i.e., the 1st order). Soil and
organic particles were gently removed by forceps in
deionized water (1 °C), and instantly fixed in formalin-
acetic acid-alcohol (FAA). For each sample, root tips
(about 100–150) were randomly excised from the dif-
ferent parts of the root systems. The number of root tips
colonized by fungi were viewed and determined under a
dissecting microscope at 20×magnification based on
the macroscopic features, such as presence of yellow-
brown to golden-brown swollen mantle. The EM tip
colonization rate was calculated as: EM tip colonization
(%)=EM root tips×100/(EM root tips+vital non-EM
root tips) (Danielsen et al. 2013; Teste et al. 2014).

Soil and needle foliage sampling and chemical analyses

The sieved (2 mm sieve) root-free soil from three soil
blocks in each plot was evenly mixed as one composite
sample (approximately 200 g). Approximately 30 g sub-
sample was dried in an oven at 105 °C to determine the
soil water content, and approximately 13–15 g soil was
used for the extraction (2 mol L−1 KCl, 50 ml) of
mineral soil N (NH4

+-N and NO3
−-N). The concentra-

tions of NH4
+ and NO3

− were determined with a Flow
Auto Analyzer (Bran Luebbe, Germany). Soil pH was
measured at a soil: water ratio of 1:2.5 (w/v). Air-dried
soil (10 g) was added to deionized water (25 ml, 1 °C)
and shaken together for 1 min. The pH was determined

after 30 min with a pH meter (Mettler Toledo,
Switzerland).

In late September 2013, we randomly selected three
healthy P. elliottii trees within the center of each plot and
collected their current-year needles using a tall tree
trimmer with a bamboo pole. These three foliage sam-
ples were evenly mixed to yield one composite sample
(approximately 300 g). Fresh needle foliage samples
were first sterilized (105 °C, for 30 min), and then
oven-dried (60 °C, for 48 h) to a constant weight. All
the samples were ground using a Restch MM400 mixer
mill (Retsch GmbH, Haan, Germany) prior to determin-
ing the content of C and N using a Vario MAX elemen-
tal analyzer (Elementar, Germany), and the content of P
using continuous-flow autoanalyzer (Autoanalyzer 3,
Bran and Luebbe, Germany).

Statistical analyses

All statistical analyses were performed using the SPSS
software version 18.0. Two-way ANOVA was used to
test effects of N dose, N species, and their interactions
on fine root growth and morphological traits across root
orders and EM tip colonization. One-way ANOVAwas
used to test treatment effects on soil chemical properties
and foliar C, N, and P contents. Where required, data
were arctan-transformed or log10-transformed to meet
assumptions of normality and homogeneity of variance.
Significant differences between means were compared
using Tukey’s test. Linear regression analysis was car-
ried out to determine the relationships between fine root
growth (TRL and root biomass), EM tip colonization
and foliar chemistry (N and P contents and stoichiomet-
ric N:P ratio). All statistical graphics were drawn using
SigmaPlot software version 12.0.

Results

Variations of fine root functional parameters in control
plots

The key root functional parameters of P. elliottii in the
control plots varied markedly among root orders. TRL
declined with increasing root order, ranging from
103.7 m m−2 in the first order to 8.0 m m−2 in the fifth
order (Table 1). Root biomass increased irregularly with
ascending root order, with the lowest value occurring in
the second order and the highest value occurring in the
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fifth order (Table 1). SRLwas negatively correlatedwith
root order and sharply decreased from 48.2 m g−1 in the
first order to 2.4 m g−1 in the fifth order (Table 1). The
first and second order roots had similar mean diameter,
and beyond the second order mean diameter increased
significantly with root order. RTD of the first two root
orders were significantly lower than those of third to
fifth root orders with the minimum and maximum of
0.26 g cm−3 in the second order to 0.33 g cm−3 in the
fifth order, respectively. Root tips colonized by EM
fungi accounted for 71 % of the total root tips (Table 1).

Responses of fine root functional parameters
to exogenous N addition

Fine root growth, morphological traits, and EM tip
colonization responded differentially to exogenous N
addition (Fig. 1). Root biomass, TRL in all root orders,
and EM tip colonization were significantly increased by
N addition (Fig. 1). However, SRL, RTD, and root
diameter remain unchanged in any root orders (data
not shown). Specifically, the average biomass of the
lower-order roots (the first three orders) and higher-
order roots (the 4th and 5th orders) in N addition plots
were 1.5-fold and 1.2-fold higher than those in control
plots (Fig. 1a and d). The average TRL of the lower-
order roots and higher-order roots in N addition plots
were 1.3-fold and 1.6-fold higher than those in control
plots (Fig. 1b and e). EM tip colonization was signifi-
cantly increased on average by 12 % in response to
exogenous N addition (Fig. 1c and f).

In general, the responses of root biomass, TRL, and
EM tip colonization to N addition were dependent both

on N dose and on N species (Table 2). Irrespective of N
doses (40 vs. 120 kg N ha−1 yr−1) added, ammonium-
based N input exerted larger effects on the biomass,
TRL, and EM tip colonization than nitrate-based N
input (Table 2; Fig. 1a-c). A significant difference be-
tween ammonium- and nitrate- based N input was ob-
served in the biomass and TRL of the lower-order roots
(Fig. 1a and b). Regardless of N species (NH4Cl vs.
NaNO3) applied, high doses of N addition exerted stron-
ger effects on the root biomass, TRL, and EM tip
colonization than low doses of N addition (Table 2;
Fig. 1d-f). A significant difference between low- and
high-doses of N addition was observed in the biomass
and TRL of the lower-order roots as well as in the EM
tip colonization (Fig. 1d-f).

Responses of soil and foliar chemistry to N addition

After 1.5 years of N addition, soil NH4
+ was significant-

ly increased by 67.2 % in response to high dose of
NH4Cl addition, and slightly increased by remaining
three N addition treatments (Fig. 2a). Soil NO3

− was
significantly increased by high doses of N addition
(Fig. 2b) and was on average 3.5-fold higher than that
of control (2.38 mg kg−1). Soil pH was significantly
decreased on average by 0.4 units in response to N
addition, except the high dose of NaNO3 input (Fig. 2c).

Foliar N content was significantly increased by low
doses of N addition (Fig. 2d), increasing on average by
1.5 mg g−1, but was only slightly increased under high
doses of N addition. Conversely, a significant decrease
in foliar P content was observed due to high dose of
NH4Cl input (Fig. 2e), which was decreased by

Table 1 Key root parameters associated with nutrient foraging of Pinus elliottii at 0–10 cm soil depth in control plots

Root order TRL (m m−2) Biomass (g m−2) SRL (m g−1) Diameter (mm) RTD (g cm−3) EM tip colonization (%)

1st 103.7a

(17.4)
2.2b

(0.4)
48.2a

(3.0)
0.31d

(0.01)
0.28b

(0.00)
71 %

2nd 53.0b

(4.2)
1.3b

(0.1)
39.6b

(0.2)
0.34cd

(0.01)
0.26b

(0.01)
—

3rd 39.7bc

(5.4)
1.8b

(0.4)
23.1c

(1.6)
0.42c

(0.02)
0.31a

(0.01)
—

4th 14.3cd

(1.5)
1.4b

(0.1)
10.0d

(0.8)
0.62b

(0.02)
0.33a

(0.00)
—

5th 8.0d

(0.8)
3.4a

(0.5)
2.4e

(0.3)
1.26a

(0.06)
0.33a

(0.01)
—

TRL is total root length; SRL specific root length; RTD root tissue density. Data are expressed as means±standard error in parentheses.
Different superscript letters within each column represent significant differences (p<0.05) among root orders. Dashes indicate unmeasured
parameters
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Fig. 1 Effects of N species (a, b, and c respectively) and doses (d,
e, and f respectively) on root biomass, TRL across five root orders
and on EM tip colonization. Data are expressed as means±

standard error (n=3, p<0.05). Different letters represent statistical
significances among treatments

Table 2 Effects of N dose, N species, and their interactions on TRL, root biomass, SRL, root diameter, and RTD for five root orders and on
EM tip colonization

Root order Sources of variation TRL Biomass SRL Diameter RTD EM tip colonization
F (p) F (p) F (p) F (p) F (p) F (p)

1st N dose 9.60 (0.001) 10.08 (0.001) 0.60 (0.56) 0.05 (0.95) 1.46 (0.26) 20.43 (<0.001)

N species 12.55 (<0.001) 11.43 (0.001) 0.11 (0.893) 0.09 (0.91) 0.76 (0.48) 12.18 (<0.001)

N dose×N species 5.48 (0.005) 4.00 (0.02) 0.54 (0.71) 0.05 (0.99) 1.72 (0.19) 6.24 (0.002)

2nd N dose 31.73 (<0.001) 35.53 (<0.001) 0.56 (0.58) 0.20 (0.82) 2.20 (0.14) —

N species 32.86 (<0.001) 32.73 (<0.001) 1.77 (0.20) 0.06 (0.94) 3.43 (0.06) —

N dose×N species 13.90 (<0.001) 13.41 (<0.001) 0.46 (0.77) 0.20 (0.94) 1.31 (0.30) —

3rd N dose 25.52 (<0.001) 19.81 (<0.001) 0.23 (0.80) 0.09 (0.92) 0.75 (0.49) —

N species 26.15 (<0.001) 18. 81 (<0.001) 0.30 (0.75) 0.05 (0.96) 0.97 (0.40) —

N dose×N species 7. 78 (0.001) 5.65 (0.004) 0.27 (0.90) 0.20 (0.93) 0.38 (0.82) —

4th N dose 57.87 (<0.001) 14.31 (<0.001) 1.11 (0.35) 0.05 (0.95) 0.89 (0.36) —

N species 56.87 (<0.001) 13.57 (<0.001) 1.33 (0.29) 0.11 (0.90) 1.63 (0.22) —

N dose×N species 14.67 (<0.001) 3.83 (0.02) 0.49 (0.74) 0.75 (0.57) 1.09 (0.43) —

5th N dose 13.25 (<0.001) 9.12 (0.002) 0.06 (0.94) 0.30 (0.74) 1.38 (0.28) —

N species 13.37 (<0.001) 9.26 (0.002) 0.20 (0.82) 0.70 (0.51) 2.56 (0.11) —

N dose×N species 3.35 (0.03) 2.36 (0.09) 0.07 (0.99) 0. 29 (0.88) 0.68 (0.61) —
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0.18 mg g−1. However, no significant difference was
observed between the control and the remaining N
treatments. The foliar stoichiometric N:P ratio was sig-
nificantly increased by high dose of NH4Cl addition
(Fig. 2f). However, the other three N treatments contrib-
uted slightly to the change in foliar N:P ratios. The foliar
stoichiometric N:P ratios among all treatments ranged
from 14 (control) to 23 (high dose of NH4Cl).

Relationships between root parameters and foliar
chemistry

Fine root growth and EM tip colonization presented
inconsistent relations with foliar N, P and stoichiometric
N:P ratio. Specifically, no significant correlations were
observed between the foliar N content and any of the
parameters (TRL, root biomass, and EM tip coloniza-
tion) (Fig. 3a, d and g). However, these parameters were
negatively related to the foliar P content (Fig. 3b, e and
h), and positively related to the stoichiometric N:P ratio
(Fig. 3c, f and i).

Discussion

Plastic responses of fine root functional parameters to N
addition

Different fine root parameters showed differential re-
sponses to exogenous N addition (Fig. 1). The signifi-
cant responses observed in TRL, root biomass, and EM
tip colonization (Fig. 1) may indicate their intimate
relations with nutrient acquisition (Lõhmus et al. 2006)
and confirm previous studies on the extensive (increased
root growth) or intensive foraging strategies (enhanced
mycorrhizal symbiosis) (Helmisaari et al. 2009;
Ostonen et al. 2011). The varying plastic response of
fine root parameters may also imply their contrasting
phylogenetic conservatism (Comas et al. 2002; Comas
and Eissenstat 2004; Adams et al. 2013). Kong et al.
(2014) has shown that root diameter and RTD have
greater Blomberg’s K values (an index assessing the
phylogenetical conservativeness of different biological
traits) (Blomberg et al. 2003) among 14 root functional
traits, implying that they are phylogenetically

Fig. 2 Effects of N fertilization on soil (NH4
+-N, NO3

−-N, and pH) and foliar (N, P content and stoichiometric N:P ratio) chemistry. Data are
expressed as means±standard error (n=3, p<0.05). Different letters represent statistical significances among different treatments
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conservative within species and poorly plastic in re-
sponse to changing soil environment. SRL is considered
to be indicative of interspecific differences in environ-
mental change response (Ostonen et al. 2007), but it
may be less responsive to N addition within species
(George et al. 1997; Mei et al. 2010). Our results
showed that SRL did not change with N addition (data
not shown). This concurs with the recent study of

Tobner et al. (2013) who reported that SRL did not vary
with changing soil conditions. Despite of strongly plas-
tic responses in TRL and biomass, we found that they
co-varied significantly with respect to root order
(Fig. S1), which may be responsible for the lack of
response in SRL. Furthermore, SRL is inherently co-
determined by root diameter and RTD based on the
equation deduced in Ostonen et al. (2007). Thus, the

Fig. 3 Relationships between foliar chemistry (N, P contents and
stoichiometric N:P ratio) and fine root parameters (TRL, root
biomass, and EM tip colonization) significantly responsive to N

addition among all the treatments (p<0.05). Data for TRL and
biomass were means of the absorptive roots (i.e., the first three root
orders)

Plant Soil



conservatism in root diameter and RTD may provide an
alternative explanation for the absent response in SRL.

Higher-order roots structurally supportive of lower-
order roots were also responsive to exogenous N addi-
tion (Fig. 1). Lower-order non-woody roots rather than
lignified higher-order roots have been shown to be the
short-lived modular structures that are probably mainly
responsible for resource uptake in plants (Xia et al.
2010). Thus, the simultaneous increases in higher-
order roots and lower-order roots (Fig. 1) inevitably
cause an increase of the cost (carbohydrate) of invest-
ment into roots according to the theory of cost-benefit
analysis (Eissenstat and Yanai 1997). However, we
found abundant understory species at the site
(Table S1) where niche overlapping may occur. This
may be largely responsible for the increase in higher-
order roots. Interspecies competition generally reduces
the total amount of roots that plants deploy in a given
size of soil volume (Casper and Jackson 1997; Goldberg
et al. 1999). Moreover, avoidance strategy has been
suggested to be the most common behavioral type of
plants in response to neighbor cues (Dudley and File
2007; Cahill and McNickle 2011). Therefore, as a patch
was occupied or depleted, higher-order roots may pen-
etrate more deeply or expand more extensively in the
soil to develop lower-order roots for nutrient foraging
and meanwhile provide a persistently physical support
(Pregitzer et al. 2002; Callaway et al. 2003).

Contrasting effects of varying doses and species of N
addition

Fine root growth and EM tip colonization in our study
responded differently to varying species of N addition
(Table 2; Fig. 1). Plants have preferences for inorganic
N species both in the field (Nordin et al. 2001; Kahmen
et al. 2008) and pot experiments (Falkengren-Grerup
1995; Nicodemus et al. 2008). Our finding showed that
the effect of ammonium-based N on lower-order root
growth is greater than that of nitrate-based N input
(p<0.001, Table 2; Fig. 1a-c). This may be related to
the fact that higher energy expenditure would be re-
quired to assimilate NO3

− than NH4
+ (Hageman 1980).

Another explanation may be the particular N-retention
mechanisms in acidic forest soils in southern China.
Zhang et al. (2013) reported that NO3

− could be effi-
ciently immobilized into organic N pool in the acidic
soil. Consequently, fine root would respond strongly to
ammonium-based N input, as nitrate-based N supply

failed to meet the demand of the plants for N. Addition-
ally, NH4

+ is less mobile in the soil than NO3
− which is

labile to leach with high precipitation in this region
(Clarke and Barley 1968). Hence, the difference in
capacity of ion mobility may contribute to the differen-
tial responses of fine root to ammonium- and nitrate-
based N added.

Supporting our second hypothesis, responses of fine
root growth and EM tip colonization to N addition are
dependent upon the dose of N supplied (Table 2; Fig. 1).
We found that lower-order root parameters were more
responsive to high doses of N input (120 kg N ha−1 yr−1)
than to low doses of N input (40 kg N ha−1 yr−1)
(p<0.001, Table 2; Fig. 1d-f). Our result is similar to
the observations of Wang et al. (2013) that absorptive
root traits responded more strongly to higher dose of N
addition (90 kg N ha−1 yr−1 input of urea). This implies
that lower-order root parameters in N-limited forests
would change more strongly under high doses of N
addition or as N addition exceeds a threshold. In our
study, we did not exclude the role of N uptake by
understorey neighbor plants and N immobilization by
soil microorganisms that may hinder N acquisition by
the slash pine trees, weaken the sensing of plant to
exogenous N, and subsequently only relatively less
carbon (C) be allocated into roots (Hermans et al.
2006). In addition, the efficient immobilization of
NO3

− may similarly explain the relatively weak re-
sponse to low dose of nitrate-based N supply.

Driving factors for the increased TRL, root biomass,
and EM tip colonization

Root biomass and TRL were significantly increased in
response to N addition (Fig. 1a, b, d and e), and this
finding seems to be related to low P at our study site.
Our result is not consistent with the findings of Wang
et al. (2013) who reported that N addition significantly
reduced the TRL and root biomass in an N-limited
forest. Literature has reported that deficiency of nutri-
ents (e.g., N and P) generally results in an accumulation
of carbohydrates in roots (Hermans et al. 2006). Thus,
the decrease of C allocation to belowground observed
by Wang et al. (2013) may be due to the ameliorated N
limitation to plant growth after three years of N addition
and due to sufficient P supply from soil. Stoichiometric
ratios have proved useful to investigate shift in nutrient
limitation, especially N and P (Koerselman and
Meuleman 1996; Güsewell and Koerselman 2002;
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Wang and Moore 2014). The plantation in our study is
originally limited by N and P at vegetation level
(Fig. S2) based on the foliar N:P ratio threshold values
suggested by Güsewell (2004). However, the foliar N:P
ratio was significantly increased by high dose of NH4Cl
addition (approaching to 25) and slightly increased by
the remaining three N treatments (Fig. 2f). Moreover,
we noticed that at soil level, soil inorganic N was also
significantly or slightly increased by exogenous N input
(Fig. 2a and b), which may in parallel indicate allevia-
tion of N limitation and persistent or aggravated P
limitation in P. elliottii plantation.

Mycorrhizal symbiosis provides an effective path-
way by which plants can acclimate themselves to P-
deficient environments (Plassard and Dell 2010). As N
limitationwas alleviated in our study, the increase in EM
tip colonization might be primarily triggered by P lim-
itation (Fig. 1c and f). This agrees with the meta-
analysis results from Treseder (2004) in which mycor-
rhizal colonization rate was negatively related to P
availability. Increased mycorrhizal colonization may fa-
cilitate P. elliottii more than non-mycorrhizal plants and
soil free microorganisms in competition for nutrients,
especially immobile P (Bünemann et al. 2010;
Kuzyakov and Xu 2013). On the other hand, the inten-
sified mycorrhizal dependence may also imply the pos-
sibility that P. elliottii per se has poor ability to acquire
sufficient nutrients in presence of nutrient competition.

Although P limitation may drive fine root growth and
EM tip colonization, the foliar P content was not in-
creased (Fig. 2e) and the foliar N:P ratio remained
relatively constant, except the value under high dose of
NH4Cl input (Fig. 2d). This indicates that plants may
maintain low nutrient contents in photosynthetically
active tissues and constant nutrient ratios to adapt to
low nutrient availability and to keep stoichiometric ho-
meostasis (Wang and Moore 2014). The decreased P
content and increased N:P ratio in high dose of NH4Cl
addition plots may be associated with decreased soil pH
(Fig. 2c), which may accelerate the fixation of labile
inorganic P and thus aggravate soil P limitation (Matson
et al. 1999; Gradowski and Thomas 2006).We observed
no significant correlations between the foliar N content
and any of the parameters (TRL, root biomass, and EM
tip colonization), which were significantly responsive to
N addition (Fig. 3a, d and g). However, these parameters
were negatively related to the foliar P content (Fig. 3b, e
and h), and positively related to the stoichiometric N:P
ratio (Fig. 3c, f and i). Hence, the plastic responses in

root biomass, TRL, and EM tip colonization in our study
may be to a great extent driven by the persistent or
aggravated P limitation as N limitation to plant growth
was alleviated by exogenous N input.

Conclusions

The present study shows that fine root growth and EM
tip colonization respond more strongly to N addition
than fine root morphological traits in a P. elliottii (slash
pine) plantation in subtropical China, indicating their
stronger plasticity and foraging capacity for nutrients.
Lower-order root responded differently to doses and
species of N added, which is likely ascribed to plant N
uptake preference. Since N deposition is still escalating,
increased absorptive root length, root biomass, and/or
dependence on ectomycorrhiza for nutrient foraging are
appreciably helpful for growth of EM species. Despite
alleviation of N limitation, the persistent or aggravated P
limitation might strongly affect the responses of fine
root parameters to N addition. In this study, we did not
directly test the P effects on fine root growth, morpho-
logical traits, and EM tip colonization of P. elliottii, but
based on the foliar P content, stoichiometric N:P ratio
and soil chemical properties. Further studies are there-
fore needed in future to combine N with P additions to
verify our observations and to quantify the role that
dominating EM fungi plays in adjusting nutrient-
foraging strategy of the slash pine plantation.
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