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Chinese fir seedlings grow well in shrubland (including deciduous forest) soils without or less fertilizer
application, but they sometimes harbor disease and show symptoms of nitrogen deficiency in ploughed
(including several rotation of Chinese fir plantation) soils, where agricultural practice and clear-felling
reduce the abundance and diversity of mycorrhizal fungi, and lead to destruction of mycorrhizae. Based
on measurements of foliar 8'°N or foliar 8'°Ny,.s0y in seedlings collected from 33 nurseries, we com-

ie;l;wordls: ni pared the effect of an AM-mediated process on nitrogen resource use between shrubland and ploughed
Ngtristzu ar mycorrhiza soils. In mycorrhizal seedlings growing in shrubland soils, both foliar 8!°N and foliar 8'°N (fol-soil) were

significantly higher than those in ploughed soils, likely because of enhanced high 8'>N/NOs;~ absorption
through AM-mediated pathways. Those results showed that foliar 8'>N typically reflected the isotopic
signature of the source pools of N. We suggest that the dominant N form taken up by fir seedlings growing
in ploughed soils was NH4*-N rather than NOs;~-N, where colonized root epidermis play an important
role in exploiting soil N resource. However, the N form taken up by fir seedling growing in shrubland soils
was primarily NO; ~-N compared to NH4*-N, which is attributed to the high efficiency in an AM-mediated
process rather than the dominance of N species in the different habitats. It is conceivable that combined
colonized root epidermis with AM-mediated process may be more important than root epidermis alone
in exploiting different forms of N in nursery soils. Therefore, in low N and acidic ecosystems, species other
than the dominant N-NH4*, should be considered to satisfy the N demand for Chinese fir survival and
growth, while the efficiency of an AM-mediated process should be determined by soil abiotic conditions.
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Brundrett 2002; Chen et al. 2007). Intraradical structures include
vesicles, arbuscules, coils, and hyphae, and extraradical structures

Introduction

Chinese fir (Cunninghamia lanceolata (Lamb.) Hook) is able to
form both arbuscular mycorrhiza (AM) and ectomycorrhiza (EM).
One or two-year-seedlings are not colonized with EM, but only with
AM fungi (Piao and Liu 2011). Arbuscular mycorrhizal fungi can be
found in almost all habitats and climates (Barea et al. 1997), and
at different depths of soil (Michelsen and Rosendahl 1989). Arbus-
cular mycorrhizal fungi are an important component of agricultual
and natural ecosystems, as they form symbiotic associations with
more than 80% of vascular plants (Smith and Read 1997; Bainard
et al. 2011). The importance of AM fungi in enhancing host plant
growth is well known (Smith and Read 1997; Gosling et al. 2006),
and has been explained by the ability of fungal extraradical hyphae
to spread in soil and take up nutrients, such as P, Zn and N, which
are then translocated to the host plant roots (Smith and Read 1997;
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include extraradical hyphae and spores (Johnson et al. 2003). In the
AM symbiosis, nutrient movement begins with its uptake from the
soil matrix by the nutrient transporters located in the extraradical
hyphae, followed by its translocation to intraradical fungal struc-
tures and subsequent transfer to the colonized root (Ferrol et al.
2002; Bainard et al. 2011).

In an AM plant, there are two nutrient absorption pathway: one
is absorption directly at the soil-root interface through the root epi-
dermis and root hairs, the other is an AM-mediated pathway via AM
extraradical hyphae in soil (Smith et al. 2010). If extraradical struc-
tures are not connected with intraradical structures for nutrient
transfer between the symbionts, the mycorrhizal uptake pathway
does not function, and plant nutrients are absorbed directly through
either the root epidermis and root hairs (Smith et al. 2010). Our pre-
vious study shows that even where an AM-mediated process should
not establish, roots were colonized with AM fungi in seedlings
grown on ploughed soils (Piao and Liu 2011) where agricultural
practices and clear-felling had reduced the abundance and diversity
of mycorrhizal fungi (Brundrett 2009). The method of Trypan blue
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staining of roots is a good indicator of fungal establishment into
the root and of fungal colonization, but not of symbiotic efficiency
(Smith and Gianinazzi-Pearson 1990; Azcé6n et al. 2008), which is
defined as the ability of plants colonized with AM fungi to more
efficiently deliver N from soil through an AM-mediated absorption
pathway. McGonigle (1988) also found that total intraradical AM
colonization is a poor predictor of mutualistic functioning. There-
fore, more detailed measurements of intraradical and extraradical
structures might be useful for linking mycorrhizal structure and
function (Johnson et al. 2003). Extraradical hyphae that are devel-
oped in the soil are a major determinant of the efficiency of AM
fungi to take up nutrients since the hyphae are linked to plant
nutrition (Cornejo et al. 2007). However, the behaviour of extrarad-
ical hyphae can be adversely affected in some soil environments,
such as compacted soils, leading to reduced nutrient uptake, fungal
productivity and survival (Drew et al. 2003).

Although AM fungi have been shown to take up and trans-
fer significant amounts of N to plants (Fitter et al. 2011), reports
about fungal effects on plant N status are controversial (Blanke
et al. 2011). For example, AM fungi have little capacity to enhance
plant uptake of mobile ions such as NO3~ because these ions
move rapidly in soils (Tinker and Nye 2000; Tu et al. 2006). The-
oretically, NO3~ in soils could be extracted by a nonmycorrhizal
root system assuming high fine-root density. Thus mycorrhizas
would add little advantage to NO3;~ uptake (Tinker and Nye 2000;
He et al. 2005). However, a number of studies show that AM
fungi can take up a wide range of inorganic and organic sources.
For example, AM fungi have the ability to acquire N from soil
(Requena et al. 2003; Cavagnaro et al. 2012), under vitro condi-
tions (Govindarajulu et al. 2005). Therefore, their importance in
plant N nutrition has not been fully appreciated until recently
(Read and Perez-Moreno 2003).

Several studies have shown that mycorrhizal fungi deliver iso-
topically depleted N to plants (Hobbie et al. 2000). However, AM
fungi deliver less of this isotopically depleted N than EM fungi
(Michelsen et al. 1998), AM fungal fractionation against '°N during
uptake and translocation is, therefore, probably small (Michelsen
and Sprent 1994). Moreover, both NO3~ and NH4* can move to fun-
gal extraradical hyphae, where it is converted into arginine, and
then transferred to the intraradial structure, where it is broken
down to release NH4* for transfer to host plant roots (Tian et al.
2010) where NH4* is immediately assimilated, so that there would
be no difference in 81°N between foliage and roots. Therefore, the
forms of N (NO3~, NH4* or organic N) taken up by plants will
infuence the tissue N isotopic composition (Bustamante et al.,2004)
in both a root epidermis absorption pathway and an AM-mediated
absorption pathway. The products of both nitrification and deni-
trification processes become relatively lighter, or less enriched in
I5N, while the substrates from which they were formed become
heavier or more enriched in 1°N because of fractionation against
I5N (Templer et al. 2007). Accordingly, in the reaction leading to
nitrification the 31°N values of soil NO3~ are generally isotopically
lighter than that of NH4* (Miller and Bowman 2002; Dijkstra et al.
2006), while greater denitrification would lead to an enrichment
of the 15N isotope and higher 81°N values for a substrate of NO3~
(Kahmen et al. 2008; Stewart et al. 2011). Averill and Finzi (2011)
reported that foliar 8!°N and foliar 8!°N (fol-soil)—the difference
in 81°N between foliage and soils—increase with increasing ele-
vation, and that organic forms of N with higher 81°N than that of
inorganic N become the dominant source of N taken up by conifer-
ous tree species with increasing elevation. Thus, they suggest that
variations in foliar §1°N between sites or among tree species reflect
differences in organic vs. inorganic N uptake rather than fractiona-
tion by EM fungi, because foliar 81°N typically reflects the isotopic
signature of the source pools of N (Averill and Finzi 2011). In the
denitrification process, light '¥NOs~ does preferentially convert to

N gas, which would be lost and thus, would lead to 1>NO5~ enrich-
ment in residual nitrate (Perakis et al. 2011). Both nitrification and
denitrification rates should be very low in well-drained acid forest
soils (Compton et al. 2007). Chinese fir normally grows on acid and
moist soils under N-limited conditions; moreover, plant species
with a preference for NH4*-N grow in acid soils (Tabuchi et al. 2007).
But the forms of N preferred by fir seedlings remain unknown. The
contributions of soil N forms to plant N can be studied by deter-
mining several parameters such as foliar 81N (fol-soil) (Amundson
et al. 2003; Kahmen et al. 2008; Averill and Finzi 2011), or the
enrichment ¢ factor (8'°N in topsoil — 8!°N in leaves) (Pértl et al.
2007), which indicates the deviation of plant from soil N sources
(Kahmen et al. 2008). The foliar 8'°N (fol-soil) values are signifi-
cantly positively correlated with NO3 ~-N/NH4*-N uptake ratios for
most plants (Kahmen et al. 2008), but for some plants the values are
negatively correlated with these ratio (Miller and Bowman 2002;
Falkengren-Grerup et al. 2004), the correlation depends on whether
or not 8'°>N/NO3~-N is higher than 31°N/NH4*-N (Kahmen et al.
2008).

Like our previous study (Piao and Liu 2011), we divided the
samples (collected at January 2008, 2009 and 2010) into two
groups: the first included soils from land under deciduous forest,
shrub/grassland (6 sites) and one rotation plantations (11 sites)
prepared by slash burning (named shrubland). The second group
represented soils from plantations with more than two rotations
(8 sites) and ploughed soils, mainly paddy soils (8 sites) (named
plough). Although the pathways for N transfer to the plant are sub-
ject to debate (Chalot et al. 2006), there is increasing evidence that
AM fungi can preferentially assimilate immobile NH4*, but not the
highly diffusible NO3~ (Chalot et al. 2006; Veresoglou et al., 2012).
Previously, a lower effectiveness of extraradical hyphae in NO3~-
N transfer was attributed to the high mobility of NO3~. The aim
of this study was to provide some information to show that fir
seedlings colonized with AM fungi can take up NO3~, and trans-
fer it to the host plant roots through an AM-mediated pathway. In
this paper we assumed that foliar 81°N typically reflected the iso-
topic signature of the source pools of N (Averill and Finzi 2011),
and AM fungi did not appear to deliver isotopically depleted N to
plants (Michelsen et al. 1998). Accordingly, foliar 81°N and foliar
315N (fol-soil) values could provide useful benchmarks for com-
parisons of different forms of N delivery in fir seedlings through
two absorption pathways. We hypotheses that if an AM-mediated
process does not exist, nutrients would be directly absorbed at the
soil-root interface through the root epidermis and root hairs, which
should occur in ploughed soils. If an AM-mediated process does
exist, nutrients should be absorbed through an AM-mediated path-
way via AM extraradical hyphae in soil, which is likely to occur
in shrubland soils. We also expect differences in the species of N
absorbed by seedlings in shrubland and ploughed soils.

Materials and methods
Research site

The study area was located in a transitional zone between the
lowland and hills in the mountainous terrain of Guizhou Province
of southwest China. Elevations ranged from 280 m to 1510 m above
sea level. Regional mean annual air temperatures decreased with
altitude, and ranged from 18.4-14.3°C. Most parts of Guizhou
Province have total annual precipitation of >1100 mm (Piao and
Liu 2011). Sampling sites were located in sandstone areas except
for one site, and the latitude and longitude ranged from 25°59’E
to 26°69’E and from 105°25'N to 109°14'N, respectively. The dis-
tribution of soil types varies with elevations with yellowish-red
soils (Ultisols) found at altitudes below 600 m above sea level,
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and yellow soils (Ultisols) at altitudes between 600 and 1500 m
(Piao et al. 2001; Piao and Liu 2011). Site selection aimed to cap-
ture a significant range of the variability in soil associated with
land use histories. Accordingly, 33 nurseries distributed widely in
Guizhou Province were chosen as the sampling sites. Soil sam-
ples were taken from O to 25cm depth to provide an indication
of available nutrients with more than ten replicated plots for each
soil sample. Seedlings were collected in early January of 2008
(12 samples), 2009 (12 samples) and 2010 (9 samples). The total
biomass of each seedling was measured at ground height, and
was subsequently separated into leaves, stems and roots. Nurs-
eries growing fir seedlings varied in size from about 100 m2 to
around 1000 m2. Chemical fertilizers (15% N, 8% K,0 and 15% P,05)
were added to the soil surface in all 33 nurseries before sowing
seeds. The soil was ploughed to a depth of 25 cm in early spring.
Thus, variation in soil 8'°N values with depth should not affect
315N values in the seedlings. Generally, the farmers sow seeds in
February, and remove weeds at regular intervals. The nurseries
on the shrub/grassland sites and some of the one-rotation plan-
tation sites did not receive fertilizer additions of urea, but those on
ploughed soils and those with >2-rotations had urea added once or
twice during one growing period.

Laboratory analysis

Plant samples for laboratory analysis were dried for 48 h at
60°C and ground with a mortar and pestle. Total C and N were
determined with a CHNS autoanalyzer (PE 2400-11). Plant P was
digested using nitric-perchloric acid digestion and analyzed by the
vanadomolybdate colorimetric method. Olsen extractable phos-
phorus (Olsen P) was measured with 0.5M NaHCOs3 (adjusted to
pH 8.5 with NaOH) (Olsen et al., 1954). Total soil P was deter-
mined after combustion of 1g soil for 2h at 550°C followed by
digestion with 6 M HCl (Graetz et al. 1999). NH4*-N was measured
by the phenate method after extraction with 2 M KCI (Ghosh and
Kashyap 2003).NO3; ~-N was measured with 0.5 M K,SO4 extractant
(Kooijman and Hedends 2009) followed by the phenol disulfonic
acid method. Nitrification potentials were determined using the
method of Fortuna et al. (2003). Briefly, 15 g soil was placed in a
250 ml flask that contained 100 ml of a mixture of 1.5mM NHy4",
and 1 mM PO,43-, then incubated on an orbital shaker at 180 rpm for
24 h at 25°C. The generated nitrate was measured using the phenol
disulfonic acid method. The samples of Chinese fir seedlings were
sent to the laboratory of China Agricultural University and exam-
ined for mycorrhizal colonization following the method of Gai et al.
(2006). Briefly, after clearing the roots with 10% KOH, they were
acidified in lactic acid, and stained with Trypan blue, to be subse-
quently examined for their level of colonization under a compound
microscope. For soluble sugar determination, 0.25¢g of air-dried
material was extracted four times with distilled water at 75°C,
modified from the method of Chinnasamy and Bal (2003) whereby
water was used instead of 80% of ethanol and the water temper-
ate was 75°C rather than boiling. After each extraction, samples
were filtered (Whatman No 42 filter paper), and the filtrates were
used to determine soluble sugar colorimetrically through anthrone
reaction (Piao and Liu 2011). N isotope was measured using a
Euro EA 3000 elemental analyzer interfaced with an IsoPrime iso-
tope ratio mass spectrometer (Elementar Analysensysteme GmbH
GER). The N, generated from the combustion was purified in a
gas chromatographic column (Erovector S.p.A. Milano ITA.) and
passed directly to the inlet of a gas isotope ratio mass spectrom-
eter (IRMS, Isoprime Ltd. UK). C isotopes were measured using a
mass spectrometer. CO, generated in the combustion tubes was
separated by cryogenic distillation, collected in break seal test
tubes and analyzed on a mass spectrometer (MAT 252). The ratio
of heavy to light isotopes in the sample material (Rg;mple) was

measured using mass spectrometry as the deviation from the iso-
topic ratio of a standards (Rgindard); Where R denotes the ratio of
stable C (13C/12C) or N (1°N/14N) isotopes, expressed in & nota-
tion; for example for C: 813C (%o) = (Rsample/Rstandara — 1) x 1000;
for N: 815N (%o) =(Rsample/Rstandard — 1) x 1000; where, Rsample and
Rstandard are the 13C:12C ratios for C, or >N:14N ratios for N of the
sample and the standard, respectively. The V-PDB (313C=0%,) and
atmospheric N (81°N = 0%.) serve as international standards for sta-
ble Cand N, respectively. The 8'°N values of extractable NH4*-N and
NO3~-N in 8 of the 33 soil samples were determined in duplicate
after pretreatment with 2 M KCl using the method of Stephan and
Kavanagh (2009). Briefly, the soil solution extracted with 2 M KCI
(containing ca. 50 pgN) was poured into a 250 ml polypropylene
specimen cup with a tight-fitting polypropylene snap lid. First, MgO
was added to dissociate NH4*, which diffused into an acid trap on a
quartz fiber filter disk. Next, Devarda’s alloy and MgO were added
to diffuse NO3~ as NH3 gas, which dissolved into the acid trap. After
freeze-drying the disk, the 1°N of NH4*-N or NO3; ~-N was analysed
using isotope ratio mass spectrometer (IRMS). The precision of the
analyses was £0.2%. for 81°N, and +0.1%. for 813C, respectively.

Statistical analyses

Student’s t-tests were used to determine statistical differences
between mean values of nutrient concentrations in plants growing
in ploughed and shrubland soils. Pearson correlation coefficients
were performed to assess relationships between each plant tissue
and soil parameters, and linear regression to assess relationships
between leaf N or N:P ratio and 31°N. For all statistical tests, differ-
ences were considered signification at the P<0.05 level.

Results
Colonization with mycorrhizae

All of the collected Chinese fir seedlings were colonized by AM
fungi, but not by EM fungi. Colonization levels with AM fungi var-
ied significantly from <10% to 80%, with no differences between
shrubland and ploughed soils. According to field investigations, all
of the Chinese fir seedlings grown on shrubland soils harboured
neither root rot nor any above ground diseases, however, some of
the seedlings grown on ploughed soils did. However, the cause of
the disease and the N deficiency symptoms remains unclear.

Soil and Chinese fir tissue parameters

Variations in soil pH were very narrow, ranging from 4.08
to 4.96 in shrubland soils, and from 4.18 to 5.44 in ploughed
soils with one exception of 6.89. The mean soil pH in shrub-
land soils, however, were significantly lower that in ploughed
soils (Table 1). On average, the concentrations of exchangeable Ca
and Mg (0.38+0.31mgg~! and 0.043 +0.021 mgg~') in shrubland
soils were lower, but not significantly, than that (0.71+0.66 mg g~!
and 0.11 +£0.16 mgg~!) in ploughed soils, respectively. The average
concentration of soil organic C (33.8+1.1mgg-!) in shrub-
land soils was relatively, but not significantly, higher than that
(28.1+£0.9mgg™1) in ploughed soils. The average ratio of soil C:N
(13.3£2.6) in shrubland soils was similar to that (12.1+2.6) in
ploughed soils. The nitrification potential (4.0+5.4ugg™! day~1)
ranged from 0.1 pugg~! day~! to 209 wgg~! day~! in shrubland
soils, and that (3.2+2.3 ugg~! day~!) observed in ploughed soils
ranged from 05pugg! day! to 52pngg-! day!. Extractable
NH4*-N varied between 7.9 ngg~! and 40.8 ugg-! in shrubland
soils except for one outlying value of 118.6 ugg~! and between
2.4ngg! and 96.2 pgg! in ploughed soils. Extractable NO3~-N
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Table 1

The mean + SD (standard deviation in parentheses) values for soil pH, total N, P and Olsen P, C:N ratio, 3'°N, and extractable NH4*-N and NO3~-N concentrations. Significant
differences between shrubland and ploughed soils were determined using student’s t-test. Soils were collected from 33 fir nurseries distributed across the Guizhou Province
of Southwest China. The shrub groups in the table include shrub/grassland, deciduous forest and one-rotation plantation soils; while the plough group included ploughed

and >2 rotation plantation soils.

pH (H,0) 315N (%)  Total N(mgg1) Total P (mgg™') Olsen P (mgg1) C:N ratio (mass) NH4*-N (pgg!) NO;~-N (pgg)
ShrubN=17  4.44(025) 48(1.1)  24(07) 0.52 (0.30) 0.025 (0.01) 13.3(2.6) 28.2 (26.0) 9.3(8.0)
PloughN=16  4.91(0.64) 43(1.1)  2.4(08) 0.71 (0.29) 0.038 (0.018) 12.1(2.6) 35.3 (26.4) 56(1.3)
t-test P<0.01 NS NS NS P<0.05 NS NS NS

NS: no significance.

Table 2

The mean + SD (standard deviation in parentheses) values of foliar and root N and P concentration, N:P ratio, 8'5N and foliar 8'°N (fol-soil) or root §'°N (root-soil). Significant
differences between two groups of shrubland and ploughed soils were calculated using student’s t-test. The soils were collected from 33 fir nurseries distributed across the
Guizhou Province of Southwest China. Shrub groups in the table include shrub/grassland, deciduous forest and one-rotation plantation sites; plough group included ploughed
and >2 rotation plantation sites. The significant differences for the mean values of foliar '>N and foliar 8'>N (fol-soil) between two groups of shrubland and ploughed sites
were tested using an analysis of variance (ANOVA). The results were: P=0.001 for foliar §'>N and P=0.009 for foliar 8'°N (fol-soil).

Tissue Foliage Root
N(mgg') P(mgg') N:P(mass) &N (%) Fol-soil8"°N (%) N(mgg') P(mgg') N:P(mass) &N (%) Root-soil 3'°N (%o)
ShrubN=17  204(3.8) 1.4(03) 143(20) 47(1.7) -0.07(2.0) 8.5(2.1) 0.8(0.2) 10.6(3.0) 51(14) 03(1.7)
PloughN=16 18.5(49) 1.8(0.5) 10.6(22)  23(1.7) -1.9(1.7) 8.7(3.5) 1.2(0.4) 7.8 (4.9) 2.8(1.5)  -1.4(15)
t-test NS P<0.05 P<0.001 P<0.001  P<0.01 NS P<0.01 NS P<0.001  P<0.01
NS: no significance.
ranged from 4.5 pgg~! to 37.4 pgg-! in shrubland soils, and from 10
39ugg ! to7.6 ugg ! in ploughed soils. OPlough @ Shrub
No significant differences in biomass (from ground height) s F ®
between seedlings grown on shrubland soils (37.4+9.2cm, n=17) g o
and ploughed soils (37.7 +£10.3 cm, n=16) were found. The aver- E) 6k C’ Y
age concentration of foliar N, which ranged from 10.1mgg~! 2 w
to 27.8mgg-! in shrubland soils, was higher, although not sig- . o
nificantly so, compared to concentrations found in ploughed g ar LA () ()
soils, ranging from 8.8mgg-! to 25.0mgg-! (Table 2). How- S o 9)
ever, the average concentration of leaf P ranging from 0.9mgg! 2 r 0 °®
to 2.1mgg-! in shrubland soils was significantly lower than % =0 304
in ploughed soils where the values ranged from 0.8mgg-! to 0 L Q0 L I |
2.9mgg-1 (Table 2). Foliar N:P, which varied between 11.6 to 19.3 0 5 10 15 20 25

(mass) in shrubland soils, was significantly higher than the foliar
N:P values found for ploughed soils, where N:P ranged from 5.9
to 13.8 (mass; Table 2). Foliar N increased with increasing soil N
(r2=0.18, P<0.05, n=33). Foliar P was significantly correlated with
total soil P (r2=0.176, P<0.05, n=33) but not with Olsen P. Foliar
sugar (82 +38mgg!) in shrubland soils was significantly lower
(116 +34mgg-1)in ploughed soils (P<0.05, n=33), and root sugar
(54+23mgg') in shrubland soils was also significantly lower
(68 +£26mgg~1) than root sugar in ploughed soils (P<0.05, n=33).

81°N values in the plant tissue and soil

Extractable NH4*-N was negatively and significantly correlated
with foliar N (r2=0.215, P<0.01, n=33). Foliar N:P was positively
and significantly correlated with foliar 1°N (12 =0.304, P<0.001,
n=33; Fig. 1). Foliar 31°N in seedlings from shrubland soils (1.5%.
~ 8.4%.) was significantly higher than in seedlings from ploughed
soils (0.4-6.2%.) (P<0.001, n=33). Root 8'°N in seedlings from
shrubland soils (3.3-9.2%.) was also higher than what was observed
for ploughed soils (0.5-6.1%.) (P<0.001, n=33; Table 2). Root
315N and foliar 81°N values were both positively, but not signifi-
cantly, correlated with soil §1°N. Extractable NH4*-N/NO3s~-N was
negatively and significantly correlated with foliar N:P (2 =0.227,
P<0.01, n=33).

Foliar §1°N (fol-soil) and root 3!°N (root-soil) were not always
negative (Fig. 2a and b). Foliar 8'°N was mostly greater than the
same values in the corresponding soils except for 8 out of the 17
samples in shrubland soils, while bulk soil 31°N values were mostly

Foliar N:p ratio (mass)

Fig. 1. Foliar 8'°N as affected by foliar N:P ratio (mass). The samples were collected
from 33 fir nurseries distributed across the Guizhou Province of Southwest China.
Shrub groups in the legend include shrub/grassland, deciduous forest and one-
rotation plantation sites; plough group included ploughe and >2 rotation plantation
sites.

greater than those in corresponding plant foliage except for 3 out
of the 16 samples in ploughed soils. Root 31°N (root-soil) was posi-
tively and significantly correlated with foliar N:P (Fig. 2a), and foliar
315N (fol-soil) was also positively and significantly correlated with
foliar N:P (Fig. 2b).

Extractable NO3~-N was positively correlated with foliar N and
315N, and significantly with root 81°N (r2=0.180, P<0.05, n=33).
Extractable NO3~-N/NH4*-N was positively correlated with foliar
315N (r2=0.167, P<0.05, n=33, Fig. 3a), and foliar 8!°N (fol-soil)
(r?=0.303, P<0.001, n=33, Fig. 3b). The average 3!°N of NH4*-N in
extraction solutions minus the average soil 81°N was —4.9 + 3.6%,
while the average >N of NO3 ~-N in extraction solutions minus the
average soil 81°N was +6.5 & 6.3%. in the 8 soil samples. The value
of 81°N/NO3~-N was lower than that of 31°N/NH,4*-N in one of the
ploughed soils, which was located at high elevation (1477 m).
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Foliar N:p ratio (mass)
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Discussion
Effect of abiotic condition on AM-mediated process

There was no significant relationship between AM coloniza-
tion levels and nutrient acquisitions in fir seedlings grown on
either shrubland or ploughed soils. However, there was less sugar
in tissues in shrubland soils compared to tissue sugar values in
ploughed soils, which was similar to our previous results obtained
from 24 samples collected January 2008 and 2009 (Piao and Liu
2011). In that study, the average concentration of sugar in foliage
(82+38mgg1) in shrubland soils was significantly lower than
that in ploughed soils (116+34mgg-'). A key feature of AM-
mediated process is the transfer of photosynthate from host plant
to the AM fungal hyphae (Zhu and Miller 2003; Richardson et al.
2009; Piao and Liu 2011). For example, there is significantly less
sucrose in both shoots and roots of summer wheat with AM fungus
compared with summer wheat without AM fungus (Hawkins and
George 2001). This study confirms that aboveground-belowground
feedback loops play a fundamental role in controlling the inter-
action between Chinese fir seedlings and AM fungi, and that the
lower concentrations of foliar and root sugar in shrubland soils
compared to ploughed soils imply that more sugar are transferred
to the AM fungi-mediated processes in the former than in the lat-
ter soils (Piao and Liu 2011). The actual sugar status of the root is
generally low in mycorrhizal plant root, therefore does not neces-
sarily reflect the degree to which sugar is available to the fungus
(Hawkins and George 2001). Thus, it is clear that the capacity for
the metabolic activity of a bi-directional nutrient transfer in an AM-
mediated process should depend on soil conditions (Piao and Liu
2011), and should be a key fact in controlling survival and growth
of Chinese fir. However, the interactions between abiotic and biotic
are complex and must be site dependent (Karst et al. 2011).

The slight differences in soil organic C concentrations
between shrubland (33.8+1.1mgg™!, n=16) and ploughed soils
(28.1+£0.9mgg™1, n=17), between soil organic matter 8!3C val-
ues between in shrubland (—24.4+1.5%.,, n=16) and ploughed
soils (—24.2+1.3%, n=17), and exchangeable Ca concentra-
tions in shrubland (0.38+0.31mgg™!, n=16) and ploughed soils
(0.71+£0.66mgg~!, n=17) seem to indicate that a more recalci-
trant organic C and N accumulated in ploughed soils. The §13C
values of bulk soil organic C seem to be determined by the '3C
content of microbial biomass in the long-term (Piao et al. 2006).
Because some enzymes, particularly the phosphatases, may origi-
nate from roots or associated mycorrhizae (Nannipieri et al. 2002),
AM fungi have a role in maintaining plant diversity in natural com-
munities, contribute to organic matter cycling (Theuerl and Buscot
2010),and have a strong capacity to mobilize both N and P absorbed
by host plants. However, AM fungi are obligate symbionts, and or
their growth and activity, they depend on the supply of C com-
pounds by the photosynthates of host plants (Ferrol et al. 2002;
Smith et al. 2010). In addition, AM fungi are always searching for
a new, uninfected root tip at the appropriate stage of develop-
ment. The infection process lasts for a relatively short period of
time, and AM infections are apparently transient. For example, AM-
colonized roots of Populus had shorter life spans than uncolonized
roots (Pregitzer et al., 2002). Therefore, it is apparent that destroyed
hyphal network and reduced AM fungal populations through soil
disturbance and high levels of compaction (Drew et al. 2006 ) are the
main factors controlling establishment of an AM-mediated process
in plant-soil systems.

Nitrogen preferences in Chinese fir seedlings

It appears that plant preferences for NO3~ or NH4* uptake are
associated with the prevailing inorganic N form in the natural
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habitat (Brix et al. 2002). The dominant inorganic soil N form here
was NHy4*, except for 3 out of 33 sites. Elevated NH4* levels do occur
predominantly in agricultural regions (Yoshida and Allen 2001),
which are confirmed by our results, especially in the 8 paddy soils.
It was therefore expected that the seedling preferences would be for
NH4* in both shrubland and ploughed soils. However, the decrease
in NH4* concentrations or NH4*/NO3 ™ ratios in the relatively low-
pH shrubland soils compared to ploughed soils, was reflected in a
small though not significant increase in nitrification. This seems
contrary to the common belief that nitrification decreases with
decreasing soil pH (Falkengren-Grerup et al. 1998). In addition, the
concentrations of both NH4* and NO3~ were only measured once
during the study period. Different species of AM fungi can show
preferential uptake of NO3~-N or NH4*-N (Johansen et al. 1993),
but the actual contribution of this fungal-mediated NO3~ uptake
is unknown (Hawkins and George 2001). It is difficult to distin-
guish the N form absorbed by fir seedlings in shrubland soils with
high efficiency via the AM-mediated process, from the one taken
up directionally by fir root epidermis under low efficiency via the
AM-mediated process.

Responses of foliar 81°N to N preferences

Generally, the highest values of soil 8!°N are found under
agriculture and the lowest values under forestry, but there is a con-
tinuum and there is some overlap among all types of landuse (Norra
et al. 2005). In this study, there were no differences in soil 81°N
between shrubland and ploughed soils despite the greater addi-
tion of fertilizer to the ploughed soils. Lobe et al. (2005) noted that,
even after 98 years of arable cropping, bulk soil 31°N values do not
change. Any decreases in 8!°N values caused by mineral fertilizer
N inputs and 8'°N changes in the whole soil pool are solely driven
by microbial processes (Bol et al. 2008). The 8N values of soil
NO;~ were generally isotopically lighter than 81°N values of NH4*
because of fractionation against 1°N taking place during nitrifica-
tion (Miller and Bowman 2002; Dijkstra et al. 2006; Kahmen et al.
2008). Choi et al. (2005) reported that increasing foliar 8!°N val-
ues with increasing foliar N concentrations supports the hypothesis
that increasing the contribution of >N-enriched N, particularly in
the NH,4* pool, compared to foliar N concentrations leads to >N-
enrichment of foliar N, and concluded that NH4*-N is preferentially
assimilated by conifers.

In this study, foliar §1°N values in shrubland soils were signif-
icantly higher than those in ploughed soils, and increases in foliar
815N did significantly respond to increasing foliar N:P (12 =0.304,
P<0.001,n=33).Both foliar N concentrations and foliar §1>N values
significantly decreased by increasing extractable NH4* concen-
trations, but the changes in soil NO3~ were minimal, ranging
from 4.1pgg! to 8.2ngg ! except for two samples. Hence,
the occurrence of a positive correlation between leaf 8'°N and
NO3;~-N/NH4*-N, and a negative one between leaf 31°N and NH,*-
N/NO3~-N, was mainly determined by changes in extractable
NH4*-N concentrations. Several studies have shown that NO3~
can become enriched in !°N, in contrast to NH4* in ecosystems
during denitrification (Falkengren-Grerup et al. 2004; Houlton
et al. 2007; Portl et al. 2007; Kahmen et al. 2008). There is
some evidence for the effects of denitrification on the changes of
815N/NOs~ in soils: soil water 8'°N/NOs~ is highly enriched rela-
tive to mineral soil 81°N at low NO3;~ concentrations and becomes
progressively depleted at higher NO3~ concentrations, to a max-
imum of 4.2%. relative to mineral soil N (Perakis et al. 2011).
In our case, the 81°N of NO3;~-N were higher than the 8'°N of
NH4*-N and the bulk soil 81°N in 7 of the 8 sampled soils, which
was consistent with the results of Perakis et al. (2011). Therefore,
we concluded that the lower foliar 8'°N values should respond
to soil NH4* with lower 8'°N for the ploughed soils, while the

higher foliar 8!°N should respond to soil NO3~ with higher 815N
for the shrubland soils. Hence, it is reasonable to assume that
the switch from NH4*-N in ploughed soils to NO3~-N in shrub-
land soils as the N form taken up by fir seedlings was associated
with a change from a low to a high efficiency AM-mediated pro-
cess.

Responses of foliar 81N (fol-soil) to N preferences

In general, plant 81°N are lower than those of soils (Amundson
et al. 2003; Norra et al. 2005), but foliar 81°N (fol-soil) range
from positive to negative (Bol et al. 2002). Within a site, foliar
815N (fol-soil) increase with increasing NO3~/NH,4* uptake ratios
(Kahmen et al. 2008), although Miller and Bowman (2002) and
Falkengren-Grerup et al. (2004) reported that plant 81°N decrease
with increasing NO3~/NH4* uptake ratios. Within an ecosystem,
when NO3~ is 1°N depleted compared with NH4*, plants should
become depleted with increasing NO3;~/NH4* uptake, but when
NO;~ is enriched in >N compared to NH4*, plants should become
enriched with increasing NO3~/NH4* uptake (Kahmen et al. 2008).
These contrasting results suggest that the results of >N enrichment
with NH4* or NO3~ can vary significantly between ecosystems,
depending on the nature of the N cycle. In this study, foliar §1°N
(fol-soil) increased by increasing extractable NO3; ~-N/NH4*-N. This
aligns with the findings of Kahmen et al. (2008), where all foliar
315N (fol-soil) were negative under a significant nutrient gradient.
However, as discussed above, the significant correlation between
foliar 81°N (fol-soil) and NO3~-N/NH4*-N was due to extractable
NH4*-N concentrations rather than to higher soil NO3~ concentra-
tions (as shrubland soils did not differ significantly from ploughed
soils). It is apparent that higher foliar 8'°N and foliar 8N (fol-
soil) in shrubland soils were determined by the amount of NO3~
taken up by seedlings, which suggested that a high efficiency AM-
mediated process should play a more important role in exploiting
NO3~. By contrast, lower foliar §1°N and foliar §1°N (fol-soil) in
ploughed soils was determined mainly by the level of NH4* taken
up by seedlings, where colonized root epidermis should play a more
important role in exploiting NH4* in soils with a low efficiency AM-
mediated process. In addition, AM fungi can also take up organic N
source from the soils (Tian et al. 2010). The 3'°N values of most
individual amino acids are depleted compared to the bulk soil (Bol
et al. 2002). Moreover, amino acids and other soil organic N com-
pounds presumably are >N-depleted, similar to plant litter, and
hence, EM plants with high uptake of these N forms have low foliar
315N (Michelsen et al. 1998). It is apparent that organic N with low
315N should not respond to high foliar 81°N in fir seedlings grown
on shrubland soils. However, Averill and Finzi (2011) reported that
organic forms of N taken up by coniferous tree species, which are
EM species, have higher 81°N values than those of inorganic N. But
this was not true in the soils in our investigation since they had
higher 81°N/NO3~ values compared to the bulk soil due to den-
itrification. Chinese fir can also be colonized by EM fungi after
transplanting seedlings. At present, there is a dearth of informa-
tionregarding the variability of mycorrhizal colonization in Chinese
fir grown in nurseries and plantations, therefore, more intensive
sampling is required.
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