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Abstract The temporal variability of leaf ammonia (NH3)
emission potentials (the ratio of leaf tissue ammonium to pro-
ton concentration) and nitrogen (N) pools of six dominant
plant species were investigated at the Tieshanping (TSP) for-
ested catchment, southwest China. The results showed that the
NH3 emission potentials and N pools presented small varia-
tions among seasons, which were mainly controlled by plant
species and the leaf age. Also, high emission potential in one
species did not correspond to high tissue N content.
Specifically, the Chinese fir (Cunninghamia lanceolata) had
higher NH3 emission potential (mean: 46.2) but lower N con-
tent (mean: 1.6% of Dw). The leaf privet (Ligustrum quihoui
Carr.) was with the moderate emission potential (15) and the
highest N content (2.7% of Dw) on average, which for the
Masson pine (Pinus massoniana) were both low. Overall,
the emission potentials of the six species were too low
(<200) to build up a sufficiently high NH3 partial pressure in
the leaves. Therefore, the Masson pine dominant subtropical

forest at TSP acts as a sink for the atmospheric NH3, indicat-
ing that using the N flux in throughfall only may significantly
underestimate the N income of the ecosystem. The results are
informative for future modeling of plant-atmosphere NH3 ex-
change and estimating N budget in local or regional scales.

Keywords Ammonia . Emission potential . Temporal
variability . Nitrogen pool . Subtropical forests

Introduction

Forest canopies and forest ecosystems are considered to be
nitrogen (N) limitation and not N excess in pre-industrial
times (Rennenberg et al. 1998). However, due to the increase
use of fossil fuels and expansion in agriculture, many forests
in China are exposed to excessive amounts of N (Chen and
Mulder 2007). Ammonia (NH3) accounts for almost half of
the reactive N pollutants in the atmosphere with wide ecolog-
ical and environmental impacts, including eutrophication,
acidification, alteration of biodiversity, and global warming
(Allen et al. 2011; Beusen et al. 2008; Krupa 2003;
Stamenkovic et al. 2015; Sutton et al. 2008; Wang and
Schjoerring 2012). In China, the total NH3 emission was esti-
mated to be 13.6 Tg in 2000, 50% of which came from fertil-
izer applications and 38% from other agricultural sources. In
recent years, different values of NH3 emission estimation have
been reported with some uncertainties, e.g., 16.1 Tg by Dong
et al. (2010) and 9.8 Tg by Huang et al. (2012) in 2006.

Forest vegetation often acts as a sink for the atmosphericNH3

(Hansenetal.2013;Neiryncketal.2005).However,owingto the
existence of stomatal NH3 compensation point (χs) in plant
leaves, the exchange between the atmosphere and the canopies
is in fact bi-directional (Flechard et al. 2013). Episodes of NH3

emission may occur when the air concentration of NH3 goes
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below theχs (Geβler et al. 2000;NeirynckandCeulemans2008;
Zhang et al. 2010). Canopies exposed to high atmogenic N de-
position are more likely to emit NH3 (Wang et al. 2013).

In the absence ofχs, the ratio between ammonium (NH4
+) and

proton (H+) concentrationof leaf extracts is calculated to represent
the potential NH3 emission designatedΓ, although the parameter
isnotadirectmeasureof theNH3exchangebetweenplantsandthe
atmosphere (David et al. 2009; Mattsson and Schjoerring 2002;
Mattsson et al. 2009). Γ is temperature independent and dimen-
sionless, and therefore often more convenient to use than χs
(Nemitz et al. 2000a, b).Clear seasonal variations ofΓ for a beech
forest,withpeakvaluesatautumn,havebeen foundbyWangetal.
(2011)inDemark.TheΓvaluealtersacrossplantspeciessuchasin
managed grasslands (Mattsson et al. 2009) and in forests (Wang
etal.2013).Withinthecanopy,differenttissues(relatedtodifferent
growing stages) of the plant contribute differently to NH3 flux
potentials (Herrmann et al. 2009). The senescent and fallen leaves
are recognized as the strongest source, whereas green leavesmay
recaptureNH3 emitted in deeper layers of the canopy (David et al.
2009;Wang and Schjoerring 2012).

For the high applications of N fertilizer, the Γ values of
grass or crops have drawn much attention (David et al.
2009; Mattsson and Schjoerring 1996; Mattsson et al. 2009;
Nemitz et al. 2000a; van Hove et al. 2002). In contrast, only
sporadic works were conducted in temperate forest areas with
a narrow range of plant species (Neirynck and Ceulemans
2008; Wang et al. 2011; 2013). Limited information is avail-
able on Γ values and N pools of plants in subtropical forests.
To the best of our knowledge, parameterization of bi-
directional NH3 exchange between forests and the atmosphere
is mainly based on datasets from temperate locations in north-
ern Europe, and there exists large uncertainties when applied
to tropical and subtropical areas (Massad et al. 2010).

Therefore, the primary objectives of this work are (1) to
investigate the seasonal variations of NH3 emission potentials
and N pools for six dominant plant species at the Tieshanping
forested catchment, southwest China; (2) to assess the effect
of different leaf ages on the NH3 emission potentials and N
pools within the canopies; and (3) to identify the subtropical
forest in this catchment acting as a sink or source for the
atmospheric NH3 preliminarily. These will be quite valuable
for modeling the plant-atmosphere NH3 exchange and esti-
mating N budget in local and regional scales, as well as
assessing the ecological and environmental functions of sub-
tropical forests on the reactive N pollutants.

Material and method

Site description

Tieshanping (TSP) (29°38′N, 106°41′E) is a 16.3-ha forested
catchment, located about 25 km northeast of Chongqing,

southwest China. It is typically subtropical monsoonal climate
with a mean annual temperature of 18.2 °C, and the total
annual rainfall is 1028 mm (3-year averages, 2001–2003).
The inorganic N deposition was 41 kg N ha−1 year−1, 61%
of which occurred in the form of ammonium (NH4

+-N) (Chen
and Mulder 2007). The soil type is a clay-rich loamy yellow
mountain soil classified as Haplic Acrisol (WRB 2006) devel-
oped from sandstone. The catchment is an evergreen
coniferous-broad-leaved mixed forest planted since the
1960s, dominated by Masson Pine (Pinus massoniana) and
some associated species such as Chinese fir (Cunninghamia
lanceolata), Camphor (Cinnamomum camphora), and
Schima (Schima superba Gardn. et Champ). Below the tall
arbor trees, well-developed understory of evergreen shrubs
exist (Chen and Mulder 2007; Zhu et al. 2013). The average
forest stand stocking in 2002 was about 1095 trees ha−1, and
the average height and mean diameter at breast height of
Masson pine (Kraft class 1–3) were 15.5 m and 193 mm,
respectively (Jiang and Zhang 2008; Wang et al. 2007).

The atmospheric concentration of NH3 was measured with
denuders in the forest according to Lun et al. (2003) and Nie
et al. (2010). The seasonal mean air concentrations of NH3

were 2.56, 2.89, 1.45, and 1.91 nmol mol−1 in spring, summer,
autumn, and winter, respectively.

Sample collection

In this study, six dominant plant species from the arbor layers
to the understory were investigated, i.e., the Masson pine
(Pine), Camphor, Chinese fir (Fir), Schima, Leaf privet
(Ligustrum quihoui Carr.), and Woodwardia (Woodwardia ja-
ponica (L. f.) Sm.). More information about the six species is
shown in Table 1. The leaf privet and Woodwardia were ab-
breviated as Privet and Fern hereafter, respectively.

For each species, twoplants at the similargrowing statuswere
chosen and labeled. Three small twigs (30–40 cm long, base
canopies) were cut off from each of the pre-labeled plant, and
then collected the leaves or needles excluding the petioles along
the leaf edge. The air temperature and the relative humiditywere
recorded for two times on the sampling day, i.e., at the beginning
and at the end of the sample process (lasting for about 2 h). The
averageofair temperaturesandthemeanrelativehumiditywithin
each of the sampling process are shown in Fig. 1, as well as the
monthlymean temperature and the total precipitation during the
experiment period (from June 2014 toMay 2015).

All the leaves or needles were gently washed with distilled
water and divided into two sub-samples. One sub-sample was
frozen in liquid nitrogen immediately and thereafter stored in a
refrigerator (−80 °C) before determination of the leaf tissue chlo-
rophyll concentration, NH4

+ concentration, and pH. The second
sub-sample was dried for analyzing the relative water content,
total nitrogen content (TN), and total carbon content (TC) of
leaves or needles.
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Experimental design

Two trials were designed to investigate the seasonal variations
of NH3 emission potentials and N pools for the six dominant
plant species (trial 1) and to understand the effect of leaf age
on the NH3 emission potentials and N pools (trial 2).

Trial 1: variations among seasons and species

Trial 1 and trial 2 were conducted from June 2014 to April
2015 (between 9:00 am and 15:00 pm). In each season, at least
three times of sampling were set up, and the sample intervals
were half a month. Mature leaves or needles (fully developed
green leaves or needles) of the six species were collected from
the pre-labeled plants. Leaves or needles from the same plant
were pooled into one sample.

Trial 2: variations among different leaf ages

Leaves or needles with different ages of the Schima, Camphor,
Fir, and Pine were chosen as the experimental materials in this
trial. Specifically, the leaves or needles were divided into four
ages, including new green leaves (just budding or developing
light green leaves, if present), mature leaves, senescent leaves
(attached leaveswithvisual symptomsof senescence, if present),
and fallen leaves (senescent or dead detached leaves). The fallen
leaveswere collected by nylon nets fixed under the labeled trees.
For each leaf age, leaves or needles from the same labeled tree
were mixed into one sample.

Sample analysis

Frozen leaf or needle materials were extracted and thoroughly
grounded in a cooled mortar by 10 mM formic acid for bulk
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Fig. 1 The monthly mean
temperature and the monthly total
precipitation during the
experiment period (from
June 2014 to May 2015) (a), as
well as the averages of air
temperature and the mean relative
humidity during each of the
sampling process (lasting for
about 2 h) (b)

Table 1 Basic information about
the six experimental plant species Plant species Latin name Leaf habits Stand structure

Masson pine Pinus massoniana Evergreen conifer Macrophanerophytes

Camphor Cinnamomum camphora Evergreen broad-leaved Macrophanerophytes

Chinese fir Cunninghamia lanceolata Evergreen conifer Mesophanerophytes

Schima Schima superba Gardn. et Champ. Evergreen broad-leaved Mesophanerophytes

Leaf privet Ligustrum quihoui Carr. Semi-evergreen broad-leaved Shrub

Woodwardia Woodwardia japonica (L. f.) Sm. Evergreen Pteridophyte

Notes: The Leaf privet is a deciduous or semi-evergreen plant, and at the Tieshanping catchment, it shows the
characteristics of semi-evergreen plant
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tissue NH4
+ concentration and by distilled water for bulk tis-

sue proton activity (H+ = 10−pH) (leaf to water ratio, 1:10).
Thereafter, the suspensions were centrifuged for 10 min
(10,000g, 4 °C), and the supernatants were collected and fil-
tered (using 0.45 μm syringe filter) for analysis. Details of the
analytical procedures can be obtained from Mattsson et al.
(2009) and Wang et al. (2011). The NH4

+ concentration was
analyzed by a continuous flow-injection analyzer (San++,
Skalar, The Netherlands). The tissue pH was determined by
a pH meter (PHB-4).

Frozen materials were extracted by 96% (v/v) alcohol for
analysis of tissue chlorophyll concentration (both chlorophylls
a and b) by an ultraviolet-visible spectrophotometer (UV-
5100) (Zou 2000). The relative water content (% of Fw) was
obtained through drying fresh leaves or needles for 48 h at
70 °C. After that, the dried leaves or needles were grounded
and analyzed for leaf TN and TC contents (% of Dw) using an
element analyzer (Vario EL III, Elementar Analysen systeme
GmbH, Germany).

The calculation of NH3 emission potential

NH3 emission potential (Γ) was determined by using the leaf
tissue NH4

+ and H+ concentration (Mattsson and Schjoerring
2003; Wang et al. 2011) according to the equation:

Γ ¼ NH4
þ½ �

Hþ½ �

where [NH4
+] and [H+] are the NH4

+ concentration and the
proton activity ([H+] = 10−pH) in the leaf extracts, respectively.

Data analysis

Data were computed and analyzed by Microsoft Excel 2013
and SPSS 17.0 with significant differences at p < 0.05 (one-
way ANOVA, LSD) unless otherwise stated. Pearson’s corre-
lation analysis was used to gain the correlations between leaf
NH3 emission potentials, N pools, and the effecting factors.
Figures in the paper were drawn by Sigma plot 10.0 and
Origin 8.0.

Results

Eight parameters were referred to, i.e., the leaf tissue NH4
+

concentration, pH, Γ, N content, the ratio of TC to TN (C/N
ratio), the concentration of chlorophyll (Chl (a + b)), the ratio
of chlorophyll a to chlorophyll b (Chl a/b), and the relative
water content. The leaf tissue NH4

+ concentration and N con-
tent represent the N status of plants, and Γ value is a simple
indicator to assess plants’ ability or potential to emit NH3 to
the atmosphere. The bigger the Γ is, the more possibility of

gaseous NH3 release from the plants to the air. The Chl (a + b)
and Chl a/b ratio are useful indicators of the physiological
activity and the degree of senescence. When the leaves
senesce, the values of Chl (a + b) and Chl a/b ratio may
sharply decline.

Variations among seasons and plant species

Leaf tissue NH4
+ concentration, pH, and NH3 emission

potential

The average leaf tissue NH4
+ concentrations of the six species

presented small seasonal variations, which were 89.2, 101.6,
85.5, and 103.7 μM in spring (March to April), summer (June
to August), autumn (September to October), and winter
(December to January), respectively (Fig. 2a). For the plants
Schima, Camphor, Fern, and Fir, the tissue pH (Fig. 2b) in
spring and winter (average: 5.1) was generally higher than that
in summer and autumn (average: 4.9). Consequently, the
mean Γ value of these species showed a slight increase in
spring (20.1) and winter (32.0), corresponding to 10.1 and
15.3 in summer and autumn, respectively (Fig. 2c).

The variations of tissue NH4
+ concentration and pH among

species were both significant. The Fir needles had the largest
NH4

+ concentration (mostly >200 μM), and nearly one order
of magnitude higher than that in Schima and Camphor leaves.
The average tissue NH4

+ concentrations of Schima, Camphor,
Fern, Privet, and Pine ranged from 17.7 to 49.0 μM, differ-
ences among which were insignificant (Fig. 2a). The tissue pH
of Schima and Pine was normally less than 4.6 (Fig. 2b) and
clearly lower than that in the leaves or needles of the other four
species (mostly >5). During spring, the average tissue pH in
the Fir needles occupied 92.4 and 87.9% of that in the Fern
and Privet leaves, during summer which accounted for 97.1
and 84.0% of that in the Fern and Privet leaves, respectively.

Clear variability of Γ was observed among species
(Fig. 2c). Generally, the Fir needles had the largest Γ values
(mostly >30) and significantly larger than those for the other
five species. The Fern and the Privet were often the second
and the third in Γ values (about 20 and 15, respectively), the
differences between which were normally significant. The
Schima and the Pine leaves or needles mostly had small and
comparable Γ values (<2).

Chlorophyll

The mean Chl (a + b) concentrations were 1.2, 1.4, 1.3, and
0.93 mg g−1 Fw in spring, summer, autumn, and winter, re-
spectively (Fig. 3a). The Chl a/b ratios of the six species dur-
ing the four seasons were in the ranges of 1.4–2.2, 1.3–2.1,
1.3–2.4, and 1.3–2.3, respectively (Fig. 3b).

Both the variations of Chl (a + b) concentration and Chl a/b
ratio among plant species were obvious. The mean Chl (a + b)
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concentrations of the six species could be divided into four
classes, and the Fern leaves (the first class) had the largest Chl
(a + b), i.e., 1.6 mg g−1 Fw. The second class contained the
Schima and Privet, both having the concentrations of

1.3 mg g−1 Fw. The third class included Camphor and Fir
(1.1 mg g−1 Fw on average). Pine was the last class with the
concentration of 0.67 mg g−1 Fw. Differences between the last
class and the other three ones and between the first and the

 Notes: The values are means (n = 2), and the error bars represent standard errors. 
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third class were both significant. The averages Chl a/b of the
six species were in the range of 1.4–2.3, and the Privet leaves
had the highest ratio, which was significantly higher than that
in the Schima. The Chl a/b ratios in the other four species were
in moderate and comparable.

N content and C/N ratio

Theaverageof tissueNcontentsfor thesixplantspecieswere2.1,
2.0, 1.9, and 2.1%ofDw in spring, summer, autumn, andwinter,

respectively (Fig. 4a). The averageC/N ratios of the six plants in
autumn andwinterwere 8.2 and 7.4% lower than those in spring
and 5.7 and 4.9% lower than summer (Fig. 4b).

Variations of tissue N content and C/N ratio were mostly
significant among species, and the Fern and the Privet leaves
had higher N content on average (2.4 and 2.7% of Dw, respec-
tively) (Fig. 4a). Contrarily, the Fir and the Pine needles had
lower mean N contents, i.e., 1.6 and 1.5% of Dw, respectively.
The Schima and the Camphor leaves had themoderate meanN
contents, i.e., 1.7 and 2.3%, respectively. Correspondingly, the

Notes: The values are means (n = 2), and the error bars represent standard errors. 
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C/N ratios of the leaf tissue were higher in the Fir and Pine
(mostly >30), lower in the Fern and Privet (mostly <20)
(Fig. 4b), yet moderate in the Schima and Camphor.

Effects of leaf age on NH3 emission potential, N content,
and C/N ratio

NH3 emission potential

Γ values of the Schima, Camphor, Fir, and Pine trees with
different leaf ages are shown in Fig. 5. The average Γ values
for fallen leaves or needles of the Schima, Camphor, and Pine
were 149, 807, and 86.1% higher than the corresponding ma-
ture parts (Fig. 5a, b, d). The new green leaves or needles
sometimes had lower Γ than those at the mature stage, but this
pattern was not consistent. The mean Γ values (46.2) in the
mature Fir needles were significantly higher than those in the
new green, the senescent, and the fallen parts (Fig. 5c), which
in the later three were comparable and without significant
differences, i.e., 0.41, 6.7, and 4.1, respectively.

N content and C/N ratio

The average N contents of the fall leaves or needles of the
Schima, Camphor, and Pine were 1.1, 1.8, and 1.1% of Dw,
respectively, and clearly lower than those in the mature parts
(1.7, 2.3, and 1.5%, respectively) (Fig. 6a, b, d). The new
green Camphor leaves had the highest N content among the
three ages, i.e., 2.6% on average (Fig. 6b).

Contrary to the N distribution during different leaf age, the
fallen leaves or needles of the Schima, Camphor, and Pine

(Fig. 7a, b, d) had the largest mean C/N ratios (39.9), which
were 47.0 and 53.7% larger than those in the mature and the
new green parts, respectively. The difference between the new
green and the mature leaves or needles of these species was
negligible, and the lowest C/N ratio (15.5) was observed in the
new green leaves of Camphor during spring (Fig. 7b). The
variations of N content and C/N ratio among different Fir
needle ages were small (Figs. 6c and 7c).

Discussion

In this study, temporal variations ofΓ values and N pools were
assessed for the six dominant plant species grown in a sub-
tropical forested catchment, southwest China. Meanwhile, the
effects of leaf age on them were also investigated.
Consequently, we could identify the source or sink functions
of plant canopies on the atmogenic NH3 at the catchment
preliminarily.

The Γ values for the mature leaves or needles of the six
plant species ranged from 0.12 to 90.5 in this study (Fig. 2c),
which were far smaller than those observed in grass or crop
species (Mattsson and Schjoerring 2003; Sutton et al. 2001),
and yet comparable to those recorded in temperate forests, i.e.,
20–120 for Douglas fir (Pseudotsuga menziesii (Mirb.)
Franco) and 10–40 for Scots pine (Pinus sylvestris L.) needles
(Wang et al. 2013). In the present study, the tissue NH4

+ con-
centration and N content of the six species showed small sea-
sonal variations (Figs. 2a and 4a). The Γ value of the Schima,
Camphor, Fern, and Fir during spring and summer presented a
little increase with a slight rise of tissue pH in these two
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seasons (Fig. 2b, c). However, compared to the clear variabil-
ity of Γ value among different leaf ages and plant species, this
limited increase seemed negligible. In comparison with the
deciduous, the evergreen species tended to retain much more
foliage N within plants and therefore presented smaller sea-
sonal fluctuation in N pools (Wang et al. 2013). These could
be used to explain the unclear variations of foliage Γ values
and N pools among seasons in this study, because the six
species were all evergreen (Table 1). In addition, the fluctua-
tions of air temperature in temperate forests throughout the
whole year reported by Wang et al. (2013) were more than
25 °C with minus temperature in winter. Contrarily, in a sub-
tropical forest in this study, the difference in air temperature
between the hottest sampling day and the coldest was 13.7 °C
with a minimum temperature of about 10 °C (Fig. 1b). We
supposed that this range of temperatures was not low enough
to lead to leaf senescence since small fluctuations of chloro-
phyll concentration and ratio in time scales were observed in
the present study (Fig. 3 and Fig. S4c, d), which may probably
result in the small variability of Γ values and N pools among
seasons. Other possible explanation for the small temporal
variability of foliage Γ values and N pools might be the low
forest health status at the TSP catchment, especially the high
defoliation percentage and mortality of Masson pine, which
may in turn lead to the low transformation rate of N nutrients
within the plants (Li et al. 2014; Wang et al. 2007).

As mentioned above, the variability of Γ values of mature
leaves or needles between different plant species in this study
was clear in all seasons (Fig. 2c), whereas this differences
were not linked to the air concentrations of NH3 which

fluctuated in a small range during the experiment (1.91–
2.89 nmol mol−1) at the TSP catchment. The significant var-
iability inΓ values may affect by a range of species-dependent
physiological processes involved in N uptake and N turnover
in the leaves, which also reflect the foliage N status and the
distribution of these two parameters across the plant species.
In the present study, higher Γ value in one species did not
correspond to higher N content, and Pearson’s correlation
analysis showed that leaf tissue NH4

+ concentration and N
content were negatively correlated (r = −0.16, p = 0.005).
This suggested that the N content in leaf could not be used
to assess the plants’ potential to emit NH3 at TSP, and a similar
conclusion was obtained in an intensively managed grassland
by Van Hove et al. (2002).

Leaf senescence represents the final stage of leaf develop-
ment and is characterized by the transition from nutrient as-
similation to nutrient remobilization (Masclaux et al. 2000).
NH4

+ is re-assimilated into amino acids when exported from
the senescing leaves and may also be lost through leaching or
volatilization of gaseous NH3 (Schjoerring and Mattsson
2001). During senescent, the massive release of NH3 was
synchronized with protein and chlorophyll degradation
(Mattsson and Schjoerring 1997; Schjoerring et al. 1998). In
this study, both the Γ value and N content varied among dif-
ferent leaf ages (Figs. 5 and 6), and the new green leaves or
needles of Schima, Camphor, and Pine normally had lower Γ.
Furthermore, the Γ values in the fallen leaves or needles of
these species were generally higher than those at the mature
period, which were in line with the findings in senescent
ryegrass leaves reported by Mattsson and Schjoerring (2003)
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in a laboratory experiment and by Wang and Schjoerring
(2012) in a field study. Meanwhile, the tissue Chl (a + b)
concentration and the Ch a/b ratio in senescent and fallen
leaves or needles declined clearly (Fig. S3), which probably
lead to the accumulation of NH4

+ in those tissues, especially
for the Camphor trees (Fig. S1b). Additionally, it was the high
pH in fallen leaves or needles that mainly resulted in the highΓ
in these aged tissues (Fig. S2). Wang et al. (2013) observed an
increase of tissue NH4

+ concentration, but a decrease of tissue
pH thus terminally resulted in the decline of Γ during senes-
cence of the beech leaves. Moreover, it was possible that the
decline of chloroplastic glutamine synthetase activity in aged
leaves also contributed to the increase of Γ in these tissues
(Duan et al. 2012; Mattsson and Schjoerring 1997). Notably,
the Γ of the mature Fir needles was generally the highest
among the four ages (Fig. 5c), and the high NH4

+ concentra-
tion (Fig. S1c) in the mature parts was the main reason. Small
variability of tissue N content in the Fir among different ages
was observed (Fig. 6c), implying that the senescence-induced
N remobilization within this species was not obvious.

Increases in Γ value may reduce the capacity of forests to
act as sinks for the atmogenic NH3 or even give rise to a
release of gaseous NH3 from plants to the surrounding atmo-
sphere (Wang et al. 2013). The Γ values of the green leaves
were about 2600 in an intensively managed grassland (David
et al. 2009) and around 2200 in a non-fertilized grassland
(Kruit et al. 2007). Wang and Schjoerring (2012) suggested
that the senescent grass leaves in all cases had much higher Γ
than the green plant tissues (<3000). And in these ranges of Γ
value, green leaves are clearly sinks for the atmogenic NH3

(David et al. 2009; Herrmann et al. 2009). However, the big-
gest Γ in our study was never exceeded 200, which for the
Masson pine needles was less than 2 (Figs. 2c and 5). This
relatively low Γ suggested the difficulty of NH3 emitting from
the plants, because the values were too small to build up suf-
ficiently high NH3 partial pressures in the leaves or needles.
With respect to the vast planting areas of the six species at the
TSP catchment (Wang et al. 2007), the Masson pine dominant
subtropical forest there, was not likely to be a mainly
atmogenic NH3 source. Moreover, Massad et al. (2010)
established a clearly exponential relationship between the leaf
tissue NH4

+ and the stomatal NH3 emission potential (the ratio
of apoplastic NH4

+ to H+ concentration). According to this
correlation, the average of the stomatal compensation point
(χs) of Masson pine needles in the present study was estimat-
ed, i.e., 0.38 nmol mol−1, which was much lower than the
seasonal mean concentrations of the atmospheric NH3 mea-
sured at TSP. Additionally, by applying the single-layer resis-
tance model (Massad et al. 2010; Nemitz et al. 2000b;
Schrader et al. 2016), the stomatal conductance reported by
Zhang (2013) and the leaf area index of Masson pine at the
TSP catchment (Wang 2012), we can estimate the NH3 uptake
flux through the stomata (the model details are shown in the

Supporting material). The fluxes were ranging in 0.4–2.3 kg
NH3-N ha−1 year−1, accounting for 1.5–8.5% of NH4

+-N de-
position at TSP (27.2 kg N ha−1 year−1, yearly average of data
from 2012 to 2014, unpublished). These indicate that using
the N flux in throughfall only leads to a significant underesti-
mation of total N input in this ecosystem. However, using the
values of the stomatal conductance measured by Zhang
(2013) leads to some uncertainty on the estimation of the
stomatal flux owing to the differences in plant-growing status.
Researches should be conducted in future to determine more
accurate stomatal conductance at the TSP catchment.

Also, the absorption of gaseous NH3 through leaf cuticles
was quite possible with respect to the much precipitation, the
high air humidity (mostly >75%) (Fig. 1), and the high relative
water content of the leaves or needles in this study (range:
54.9–86.3% in mature tissues). When the relative air humidity
is higher than 70%, gaseous NH3 may deposit to the leaf
surface efficiently (Kruit et al. 2008; van Hove et al. 1989).
From these point of views, the present local N budget based
on throughfall input only is quite problematic. The gaseous
NH3 uptake through leaf stomata or cuticles contributes large-
ly to the reactive N input at the TSP catchment.

However, the estimation of plants’ functioning on the
atmogenicNH3throughΓvalueswaspreliminaryandwithsome
degree of uncertainties. Some researchers suggested that the fo-
liageΓvalue cannot beused as a tool to predict thepotentialNH3

exchange of beech leaves, because the fluctuations of Γ did not
match the NH3 exchange patterns through the chamber method
(Wang et al. 2011). However, David et al. (2009) had found a
clear relationship between χs (estimated from bulk tissue NH4

+

and bulk pH) andNH3 fluxes (chambermethod),who suggested
that the bulk extraction methods were sufficient to identify the
main sources and sinkswithin thegrass canopies. Furthermore, a
seriesof researches reported that thebulk tissueNH4

+, apoplastic
NH4

+, and the χs were significantly correlated (Hill et al. 2002;
Massad et al. 2010; Mattsson and Schjoerring 2002; Mattsson
et al. 2009), and positive correlation was also observed between
the apoplastic pHand the bulkNH4

+ concentration (Loubet et al.
2002). Additionally, the dynamic chamber technique itself may
overestimate the NH3 exchange between the plants and the at-
mosphere, and it was hard to separate the foliage NH3 emission
from those emitted by litter leaves or soils (Hill et al. 2001;
Mattsson et al. 2009). Therefore, the foliage Γ have proven to
be a promising and convenient indicator to identify the potential
source or sink of subtropical forest for the atmogenic NH3 at the
TSP catchment when the χs or fluxmeasurements are absent.

Conclusions

Variations of leaf tissue NH4
+ concentrations and pH among

species resulted in very different NH3 emission potentials. The
Fir andFern leaves or needles hadhighNH3emissionpotentials,
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which for the Pine and Schima were quite low. Higher potential
NH3 emission did not coincide with higher tissue N content in
plants. Specifically, theFir andPineneedles had relatively lowN
contents, which in the Privet and Fern leaves were higher. Small
seasonal variability in NH3 emission potentials andN pools was
observed. Generally, fallen leaves or needles had larger NH3

emission potentials compared to those at the mature stage.
However, the absolute values of NH3 emission potential of the
six species were all too low to build up a sufficiently high NH3

partial pressure in the leaves or needles. Therefore, the Masson
pine dominant subtropical evergreen forest at theTSPcatchment
functions as a sink for the atmosphericNH3, indicating that using
theNflux in the throughfallonly tostandfor thewhole reactiveN
input leads to anunderestimation, thereby affects the accuracyof
Nbudget in thisecosystem.This isquitevaluablewhenmodeling
the leaf-atmosphereNH3 exchange in forests, andwhen estimat-
ing catchment or regional scales N budget.
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