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Introduction

Nitrogen (N) is one of major elements li-
miting plant growth in terrestrial ecosys-
tems over the globe (LeBauer & Treseder
2008). Although numerous studies have
suggested inorganic NH," and NOj; are the
most important N sources for most plant
species, many species directly acquire or-
ganic N as amino acids from soil solution
(Jones et al. 2005, Nasholm et al. 2009,
Warren 2014). Uptake patterns of inorganic
and organic N may contribute to species
coexistence (McKane et al. 2002, Xu et al.
2011, Gao et al. 2014).

Substantial organic-N is stored in cold cli-
mates, limiting mineralization of soil orga-
nic matter. Such high-latitude and high-alti-

We explored inorganic and organic N uptake patterns by dominant tree species
in a subtropical plantation of southern China to improve understanding of
nitrogen (N) cycling in these forests. We labeled intact roots by brief "*N expo-
sures in field hydroponic experiments. Nine dominant tree species were exa-
mined to compare the effects of functional plant group (conifers versus broad-
leaves), mycorrhizal types, and forest successional stages on N uptake. All in-
vestigated species took up glycine at lower rates than other N forms, with
mean values of 2.55 + 0.36 ug N g' d.w. root h'. Nitrate uptake rates for all
species (average 5.81  0.35 pug N g d.w. root h'') were significantly lower
than ammonium (36.86 + 5.17 ug N g d.w. root h"). All investigated species
absorbed ammonium for more than 80% of total N uptake. Nitrate acquisition
by these species was about 14% of total N uptake, with only 6% for glycine.
Conifers showed significantly higher uptake rates of glycine, but lower uptake
of nitrate than broadleaves. Arbuscular mycorrhizal (AM) and ectomycorrhizal
(ECM) tree species showed significant difference in nitrate uptake, with higher
rates by AM tree species. Tree species at late-successional forest stages sho-
wed higher uptake rates of nitrate than those in earlier successional stages.
Our findings indicate that ammonium is the dominant N source and glycine is a
minor N source throughout forest succession.
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tude regions are often dominated by tun-
dra (Nordin et al. 2004), boreal (Finzi &
Berthrong 2005, Leduc & Rothstein 2010),
alpine (Xu et al. 2004) and temperate (Bar-
dgett et al. 2003, Warren 2006, Harrison et
al. 2007, Warren & Adams 2007, Warren
20093, 2009b) forests. Many studies of in-
organic and organic N uptake have been
done in these ecosystems.

Recent studies in subtropical and tropical
forests investigated N acquisition by tree
species (Schmidt & Stewart 1997, Schmidt
et al. 2003, Andersen & Turner 2013), sho-
wing dominant tree species in these re-
gions absorb organic N as intact amino
acids. Few such studies have been con-
ducted in subtropical forests. Subtropical
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forests are widely distributed in southern
China and occupy about 2.4x10° km?. In the
past decades, a large area of subtropical
forests has been modified by anthropo-
genic activities. Many plantations have
been established in these regions to sup-
port local economic development. Low N
availability in plantations can limit tree
growth and wood production. Therefore,
to clarify the N uptake pattern by domi-
nant tree species will be beneficial to the
management of these plantations through
improved supply of N forms. Additionally,
the importance of distinguishing plant N
sources has increased for better under-
standing the ecological consequences of N
uptake by plants (Britto & Kronzucker 2013,
Bloom 2015).

To investigate organic and inorganic N
uptake by subtropical trees, we selected a
subtropical plantation at the research sta-
tion of Qianyanzhou. Nine dominant tree
species (three conifers and six broadlea-
ves, i.e., Pinus massoniana, Pinus elliottii,
Schima superba, Magnolia officinalis, Cyclob-
alanopsis glauca, Machilus velutina, Cun-
ninghamia lanceolata, Michelia maudiae and
Cinnamomum camphora) were selected ba-
sed on their successional stages and my-
corrhizal types. Numerous studies have
suggested that plant functional group and
mycorrhizal type can affect root nutrient-
uptake functions (Marschner & Dell 1994,
Hooper & Vitousek 1997, Bonfante & Anca
2009, Li et al. 2011, Miransari 2011). There-
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Tab. 1 - The nine dominant tree species analyzed in subtropical plantations at the
Qianyanzhou research station. ECM refers to ectomycorrhiza while AM indicates

arbuscular mycorrhiza.

T - R Functional Mycorrhizal Successional
ree species ID Family

group type stages
Pinus massoniana PMA Pinaceae Coniferous ECM Early
Pinus elliottii PEL Pinaceae Coniferous ECM Early
Schima superba SSU  Theaceae Broad-leaved AM Intermediate
Magnolia officinalis MOF Magnoliaceae Broad-leaved AM Late
Cyclobalanopsis glauca CGL Fagaceae Broad-leaved ECM Late
Machilus velutina MVE Lauraceae Broad-leaved AM Late
Cunninghamia CLA Taxodiaceae Coniferous ECM Late
lanceolata
Michelia maudiae MMA Magnoliaceae Broad-leaved AM Late
Cinnamomum CCA Lauraceae Broad-leaved AM Late

camphora

fore, we hypothesized that broadleaves
preferentially absorb nitrate, whereas
more ammonium and glycine is adsorbed
by conifers. Additionally, we hypothesized
that ectomycorrhizal (ECM) tree species
have stronger capacity to take up organic
and inorganic N than arbuscular mycor-
rhizal (AM) tree species. Generally, nitrate
dominates early successional soils, while
ammonium becomes the major N form at
later stages (Britto & Kronzucker 2013). We
hypothesized that pioneer tree species
preferentially utilize nitrate, while tree
species in later successional stages utilize
more ammonium and dissolved amino
acids. To test these hypotheses, we con-
ducted a short-term ®N labeling experi-
ment in subtropical plantations.

Materials and methods

Study site

This study was conducted in a plantation
at the Qianyanzhou Ecological Experimen-
tal Station (26° 44' N, 115° 04' E, 102 m
a.s.l.), Jiangxi Province of southern China.
The site is characterized by a typical sub-
tropical climate. The mean annual air tem-
perature was 17.9 °C (Wen et al. 2006),
while mean annual precipitation was 1542
mm, with a dry period from July to August
(Wang et al. 2011). The region is dominated
by subtropical evergreen broad-leaved fo-

rests. Before 1983, the native forests were
nearly completely cleared, leading to se-
rious soil erosion and land degradation.
Subsequently, several large projects of re-
forestation and sustainable land use pro-
jects were initiated to improve ecosystem
structure and function as well as local eco-
nomic development. With the establish-
ment of these plantations, secondary fo-
rests have also developed. Soils are red
soils, classified as aliudic cambosols and
derived from sandstone, sandy conglome-
rate, mudstone and alluvium (SITCAS
1989). Soils have total N concentrations
less than 0.1% (Ma et al. 2014).

Field hydroponic experimental design

In these plantations, nine dominant tree
species (Pinus massoniana Lamb., Pinus el-
liottii Engelm., Schima superba Gard., Mag-
nolia officinalis Rehd. et Wils., Cyclobala-
nopsis glauca (Thunb.) Oerst., Machilus
velutina Champ. ex Benth., Cunninghamia
lanceolata (Lamb.) Hook, Michelia maudiae
Dunn. and Cinnamomum camphora (L.)
Presl.) were selected to examine their in
situ N uptake by roots. They were divided
into different functional groups: conifers
versus broadleaves, ectomycorrhizal (ECM)
versus arbuscular mycorrhizal (AM) trees
or early versus late successional species
(Tab. 1). The general characteristics of the
9 tree species were described in Tab. 2.

To examine their N uptake, a mixture of
ammonium, nitrate and glycine was used.
Glycine was used as an organic N source,
because it is a common low-molecular-
weight amino acid in soils (Lipson & Nas-
holm 2001). Three labeling solutions and
one controlled solution were used. Each
solution contained equal parts of ammo-
nium, nitrate and glycine (33 umol N L for
each N form) to provide a “choice” of dif-
ferent N sources. Each labeling solution
only contained one of the three tracers: 10
atom% K"NO;, 10 atom% (*NH,),SO, and 99
atom?% ®N-glycine, while the other two
were not labeled with ®N. This allowed to
discern N uptake patterns of the chemical
forms of N among the species. In addition,
a solution containing all three N chemical
forms without labelled ®N tracer was used
as control to examine natural variation in
0"N values among the species. In addition
to N, uptake solutions contained 10 mg L"
of ampicillin to minimize microbial activity
and avoid the decomposition of the amino
acid and 0.2 mM Cadl, to maintain the func-
tion of roots (Warren & Adams 2007).

The labelling was performed at 9:00 am
in July 2013. Soil temperature was about 26
°C. Five trees of similar size were randomly
selected in each tree species. Four pairs of
fine roots with diameter less than 2 mm
(weight ranged from 0.05 to 0.20 g for a
fine root; length was about 15 cm for every
root) were dug out diagonally along the
stem base for each tree. Each treatment
had 10 replicates. After rinsing with water,
they were immersed into the labeling solu-
tion in 15 ml centrifuge tubes, individually.
After 2 hours, they were excised, washed
with 50 mM Kdl, and then rinsed with H,O.
All root materials were dried at 70 °C for 48
h to measure dry mass. Dried roots were
ground into fine power and weighted into
tin capsules for measurements of N con-
tent and “N/“N ratios by continuous-flow
isotope ratio mass spectrometry coupled
with an elemental analyzer (EA 1110 — CE
Instruments, Milan, Italy) and a ConFlo II
device connected to IRMS (Finnigan MAT
253, Bremen, Germany).

Calculations and statistics
N calculations were based on ®*N atom

Tab. 2 - General characteristics of the nine dominant tree species analyzed in the Qianyanzhou forest ecosystem. Values are pre-

sented as mean = SE of five replicates.

Tree species Me_an Mean diarpeter Water NO;'-I\! NH[-N
tree height (m)  at breast height (cm) content (%) (mg kg') (mg kg')

Pinus massoniana 11.36 £ 0.80 21.06 + 1.86 11.87 + 1.34 0.89+0.28 4.87 £ 0.44
Pinus elliottii 15.48 + 0.21 26.52 + 0.84 9.86 + 0.47 0.41 + 0.07 6.41 +1.30
Schima superba 19.90 + 1.22 19.54 + 1.58 14.12 £ 1.96 1.92 £ 0.12 14.60 + 3.37
Magnolia officinalis 11.20 £ 0.70 16.54 + 0.92 19.47 + 0.06 0.75 + 0.06 18.93 + 1.98
Cyclobalanopsis glauca 10.00 + 0.57 15.00 + 1.23 12.60 + 2.62 1.97 + 0.56 21.74 + 6.40
Machilus velutina 5.30 £ 0.14 4.89+0.15 4.17 £+ 1.20 1.29 £+ 0.24 6.61 +1.65
Cunninghamia lanceolata 20.56 + 0.56 25.82 + 0.85 13.24 £ 0.95 2.48 + 0.43 6.94 +1.20
Michelia maudiae 8.92 + 0.41 12.00 + 1.03 9.18 £ 0.26 1.09 £ 0.11 15.40 £ 1.11
Cinnamomum camphora 10.56 + 0.65 19.16 + 1.66 15.62 + 0.88 1.24 + 0.64 16.10 + 3.21
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percent excess (APE), calculated as the dif-
ference between ®N treated and control a : 7 Nitrate

plants. N uptake rates (ug N g" d.w. root B Glvci
B LS ycine a
h™") were calculated multiplying APE by dry N
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root biomass and its N content and divided ©oa
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the labeling hours. The contribution of successsional successional SticEessiomal

each N form was calculated by dividing its species species species a

uptake rate by the total uptake of three N
forms.

Differences in uptake rates for three N
forms among tree species were analyzed
using a one-way analysis of variance
(ANOVA). Two-way ANOVA was used to
examine the effects of N forms and tree
species on N uptake rates. Statistical calcu-
lations were performed with the statistical
software package SPSS® ver. 18 (SPSS Inc.,
Chicago, IL, USA). Least significant diffe-
rence (LSD) was used to compare the b
mean values as post-hoc test. All diffe-

AN

o
1
V]

N
o
1

-
o
1

(=2
(o
o

>
1 S
-
wn
)
1
o
[F 9
o
c
(1}
w
]
1Y)
c
A
v
v
o)
o
o0
2
()
I
=]
v
)
15
()
L.

Nitrogen uptake rate (ug N g d.w. root h™)
w
o

rences were tested at the P<o0.05 level. 0

Standard errors (SE) of means are pre- PMA PEL SSU MOF CGL MVE CLA MMA CCA
sented in the figures as a variability para- Species

meter.

Results

Fig. 1 - Uptake rates of glycine, ammonium and nitrate by nine dominant tree species
in a subtropical plantation. Values are presented as mean + SE of ten replicates. Diffe-
rent letters above the bars indicates significant difference in nitrogen uptake bet-
ween nitrogen forms for each species (P<0.05). Labels of tree species are the same as
in Tab. 1.

Tree species and N forms as well as their
interactions significantly affected N uptake
by roots (Tab. 2). All nine tree species took
up glycine at lowest rate as compared to
other N forms, with mean values about
2.55 * 0.36 ug N g' d.w. root h" (Fig. 1).
Among tree species, P. elliottii showed the
highest uptake rate for glycine, while C
glauca took up glycine at lowest rate, with
significant difference in uptake rates bet-
ween some tree species (Fig. 1). Uptake
rates of nitrate for all nine tree species
ranged from 4.30 + 0.50 to 7.55 + 0.33 ug N
g' d.w. root h”, higher than glycine uptake
(ranging from 1.92 + 0.14 to 7.01 = 1.47 pg N
g" d.w. root h™) but lower than ammonium
uptake (varying from 22.10 £ 1.60 t0 56.56 +
5.90 pug N g" d.w. root h™). Pinus elliottii had
the highest uptake rate for ammonium,
while C. glauca showed the lowest uptake
rates for ammonium (Fig. 1). C— Glycine

All species showed a preferential uptake = i‘“‘“e ,
for ammonium which accounted for more 04 rmomum
than 80% of total uptake for three N forms
(Fig. 2). The contribution of nitrate uptake
to all nine tree species was estimated to be
about 15% of total uptake of three N forms,
with the lowest value for P. elliottii (Fig. 2). Fig. 2 - The proportional contribution of nitrate, glycine and ammonium to total nitro-
The contribution of glycine uptake to P.  gen uptake by trees in a subtropical plantation. Values are presented as mean + SE of
massoniana and P. elliottii was similar to  ten replicates. Labels of tree species are the same as in Tab. 1.
that of nitrate uptake. Thus, the overall
pattern of uptake from the three N sources
was: glycine < nitrate < ammonium (Fig. 2).

Conifers showed significantly higher up-  Tab. 3 - Two-way analysis of variance (ANOVA) testing the effects of tree species and
take rates for glycine but lower uptakerate N forms on N uptake by plants in a subtropical plantation. P values for significant
for nitrate than broadleaves (Tab. 3, Fig. 3).  effects and interactions are reported.

AM and ECM tree species showed signifi-

' =N 3
= 1= S
L L L

to total N uptake (%)

Contribution of inorganic and organic N
3
<

PMA PEL SSU MOF CGL MVE CLA MMA CCA
Species

cant difference in nitrate uptake, with hi- Factors Mean df F P values
gher rates for AM tree species (Fig. 4). Tree Square

species from early successional stage sho- Tree species 6.927 8 5.930 <0.001
wed stronger capacity to take up ammo- N forms 217.064 2 185.829 <0.001
nium and glycine than those from later suc- free species N forms 3.848 16 3.295 <0.001
cessional stage, with significant differences Error 1.168 243

in glycine uptake between those groups.

iForest 9: 253-258 255



o)
1 S
-
(%]
(V)
1
(o]
L.
o
c
(]
w
()
v
=
9
v
w
(]
()
o0
k)
[a4]
I
whd
w
v
15
]
L.

Li C et al. - iForest 9: 253-258

Fig. 3 - Uptake of 50
ammonium,
nitrate and glycine = Nitrate
by broadleaves T 40 -
and conifers. Dif- =
ferent lower-case 2
letters above the =, 4 |
bars indicates sig- %
nificant difference >
between broad- 2
leaved and conife- g:, b
rous tree species £
(P<0.05). £
& 10 + "
z b W
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Fig. 4 - Uptake of 50
ammonium,
nitrate and glycine
by ectomycorrhizal
(ECM) and arbus-
cular mycorrhizal
(AM) trees. Diffe-
rent lower-case
letters above the
bars indicates sig-
nificant difference
between ECM and
AM tree species
(P<0.05).
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Fig. 5 - Uptake of 50
ammonium, nitra-
te and glycine by
trees in early and
late successional
stages. Different
lower-case letters
above the bars
indicates signifi-
cant difference
between tree
species in early
and late succes-
sional stages
(P<0.05).
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By comparison, tree species at late succes-
sional stage showed higher uptake rates
for nitrate than early successional species

(Fig. 5).

Discussion

We investigated inorganic and organic N
acquisition patterns by nine dominant tree
species in a subtropical plantation using
short-term ®N labeling. These dominant
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trees showed similar uptake rates of nitra-
te to those trees in subtropical rainforests,
but 3 times uptake of glycine and ammo-
nium (Schmidt & Stewart 1997). Our esti-
mated uptake rates of all three N forms
were similar to those of temperate and
sub-alpine trees (Warren 2009a, 2009b).
Our results demonstrated that investigated
dominant subtropical tree species prefe-
rentially take up ammonium, contributing

about 80% of total N uptake by these domi-
nant trees. This may relate to ammonium
dominance of this soil solution (Tab. 2 -
Kou et al. 2015). Additionally, this study
used hydroponic solution, in which micro-
bial competition and adsorption of NH,
ions by soil minerals are excluded. NH,* dif-
fusion is relatively faster, with higher con-
centrations, in the uptake solution than in
soils. These factors could increase ammo-
nium uptake by roots of these subtropical
trees.

Nonetheless, such N uptake patterns
here provide a basis for understanding eco-
logical consequences of N uptake by world-
wide subtropical trees. In the rhizosphere,
microorganisms strongly compete for N
with roots (Kuzyakov & Xu 2013). The
strong dependence on ammonium of all
investigated trees indicates that they could
strongly compete for ammonium in soil
solution. However, these dominant trees
grow together very well. This suggests that
rapid mineralization may provide enough
ammonium for these trees; otherwise the
other N sources may be not accounted in
this study. Additionally, subtropical soils
are generally characterized by low pH.
Numerous factors such as acidic atmosphe-
ric deposition and N transformations have
been suggested to cause soil acidification
(Van Breemen et al. 1983). Ammonium up-
take by roots also has potential to decrea-
se pH in the rhizosphere (Nye 1981). This
indicates that the preference for ammo-
nium by these dominant trees could lead to
the substantial decrease in soil pH during
forest succession. However, this still needs
further investigations for understanding
the ecological consequences (e.g., soil aci-
dification as well as tree coexistence) of
the preference for ammonium by world-
wide subtropical trees.

Both broadleaves and conifers preferen-
tially take up ammonium and glycine (Fig.
3), but broadleaves show higher nitrate
uptake than conifers. Therefore, our first
hypothesis is partly supported. This indica-
tes substantial difference in root physiolo-
gy between broadleaves and conifers, but
underlying mechanisms should be investi-
gated for a better understanding of N up-
take by roots.

Numerous studies have suggested that
mycorrhiza can enhance N uptake by roots
(Alexander 2007, Smith & Read 2008).
Although many studies have explored how
ECM or AM affect N uptake by roots (Geor-
ge et al. 1995, Read & Perez-Moreno 2003,
Finlay 2005, Hodge & Fitter 2010, Miransari
2011, Veresoglou et al. 2012), few studies
have been conducted to compare N uptake
by mycorrhiza. Here we observed that ECM
tree species did not show stronger capa-
city to take up ammonium and glycine than
AM tree species, while AM tree species
acquire nitrate faster than ECM tree spe-
cies (Fig. 4). These results are contrary to
our second hypothesis. These species are
known for mycorrhizal infection patterns,
but we did not measure infection in this

iForest 9: 253-258



study. Therefore, our results represent a
conservative speculation on effects of ECM
or AM on N uptake by trees. Nitrogen-labe-
ling of trees with demonstrated AM or
ECM infections should be conducted.

Although it has been suggested that pio-
neer species acquire more nitrate while
later successional species take up more
ammonium (Britto & Kronzucker 2013), we
did not observe this pattern in this study.
Contrary to our hypothesis, tree species in
both early and late stages utilize more
ammonium and glycine (Fig. 5). However,
late tree species showed higher uptake of
nitrate and lower uptake of glycine than
pioneer tree species. A possible explana-
tion is that these plantations are part of
secondary succession, developing on pre-
existing soils, where ammonium is the
dominant N form (Tab. 2 - Kou et al. 2015).

In summary, ammonium is the major N
source for these investigated nine subtro-
pical tree species and nitrate is also impor-
tant for these trees except for Pinus spe-
cies. Glycine was selected as organic N in
this experiment and was not preferred by
any species, but subtropical soils contain
other dissolved amino acids which may be
significant N sources for trees. Future in-
vestigation should consider other amino
acids for a better understanding of N cy-
cling in subtropical forests. As these results
were measured using field hydroponic
experiment, microenvironments around
roots (e.g., microbial competition and in-
teractions among roots) were changed.
This could change N-uptake patterns. To
improve knowledge of N uptake by tree
species, in situ N uptake should be investi-
gated including mycorrhizal status, micro-
bial competition, soil N forms availability,
seasons, and developmental stages of
trees.
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