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Abstract Dissolved organic carbon (DOC) and dissolved or-
ganic nitrogen (DON) contribute significantly to C and N
cycling in forest ecosystems. Little information is available
on the variations in the DOC and DON concentrations and
depositions in bulk and stand precipitation within forests
along an altitudinal gradient. To determine the temporal vari-
ations in the DOC and DON concentrations and depositions in
different forests and the spatial variations along the elevation
gradient, the DOC and DON concentrations and depositions
were measured in bulk precipitation, throughfall, and
stemflow within three forest types, i.e., broadleaf forest
(BLF), broadleaf-coniferous forest (BCF), and coniferous for-
est (CF), during the wet season (May to October) on Gongga
Mountain, China, in 2015. The concentrations of bulk precip-
itation in BLF, BCF, and CF were 3.92, 4.04, and 2.65 mg L,
respectively, for DOC and were 0.38, 0.26, and 0.29 mg L,
respectively, for DON. BCF had the highest DOC deposition
both in bulk precipitation (45.12 kg ha ') and stand precipita-
tion (98.52 kg ha '), whereas the highest DON deposition was
in BLF (3.62 kg ha ' bulk precipitation and 4.11 kg ha ' stand
precipitation) during the study period. The meteorological
conditions of precipitation and air temperature significantly
influenced the dissolved organic matter (DOM) depositions
along the elevation gradient. The leaf area index did not show
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any correlation with DOM depositions during the growing
season.
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Introduction

In forest ecosystems, water is the transporting media and sol-
vent of nutrients, and therefore, nutrient cycles are closely
related to hydrological cycles (Battin et al. 2009). Although
inorganic matter is a major contributor to the nutrient pool in
some forests (Izquieta-Rojano et al. 2016), dissolved organic
matter (DOM) composed of dissolved organic carbon (DOC)
and nitrogen (DON) plays a significant role in biogeochemical
cycling in forest ecosystems (Kindler et al. 2011). The quan-
tity and quality of atmospheric DOM depositions show obvi-
ous changes when they go through the canopy to the forest
floor and provide potential direct N sources for plants (Neff
et al. 2003) or an indirect source of CO, emission to the at-
mosphere (Cole et al. 2007).

The DOC and DON concentrations and the fluxes of bulk
precipitation vary across different regions and land use types.
The concentrations reported in the existing literature range
from 0.3 to 4.7 mg L' of DOC and 0 to 0.29 mg L' of
DON in bulk precipitation over forest catchments (Van Stan
2012). Pan et al. (2010) studied 10 various sites in northern
China and found that the DOC concentrations and deposition
fluxes ranged from 2.4 to 3.9 mg L' and from 14 to
27 kg ha ' year ', respectively. The DOC and DON found
in precipitation are likely from biogenic sources, e.g., biogenic
emission from vegetation (Siudek et al. 2015), forest fires or
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dust (Willey et al. 2000), and anthropogenic activities (Avery
et al. 2013).

The chemical composition and deposition fluxes of stand
precipitation, including throughfall and stemflow, tend to be
related to atmospheric deposition. In most cases, because of
the flushing of dry deposition on the leaves or stems, the DOC
concentrations of stand precipitation are often an order of mag-
nitude higher than those of precipitation. Conversely, forest can-
opies are likely to retain N in areas with low N deposition
(Duchesne and Houle 2006). Moreover, different stand types
with varied inter-canopy structure and morphology (e.g., bark
types, leaf shapes, and crown form) lead to differences in stand
precipitation chemistry and deposition (Bischoff et al. 2015;
Izquieta-Rojano et al. 2016). Previous researchers found higher
DOC and DON concentrations in stand precipitation within co-
niferous forests compared to those in deciduous forests due to the
more intensive leaching of DOC and DON from a dense canopy
(Inamdar and Mitchell 2007). Additionally, DOM concentrations
and fluxes are linked to meteorological conditions such as
precipitation amount and temperature. For example, Schmidt
et al. (2010) found that the DOM fluxes were positively related
to the bulk precipitation fluxes, and Wu et al. (2009) observed
positive correlation between DOM concentrations in throughfall
and air temperature.

The relationship between the nutrient cycle and the hydro-
logical cycle has been studied in many previous investiga-
tions, especially wet and dry deposition. However, there are
still many gaps. First, most of the studies focus on either the
DOC or DON concentrations or fluxes (Izquieta-Rojano et al.
2016; Siudek et al. 2015). Although DOC and DON have
different patterns of change in the hydrological cycle of forest
ecosystems (Michalzik et al. 2001), the stoichiometry of car-
bon and nitrogen in the forest biochemical cycle has been
reported in many studies. For example, the ratios of C/N tend
to be a possible indicator for the N saturation of forest ecosys-
tems (Wu et al. 2009). Furthermore, most of the previous
research focused on the large-volume contributors (bulk pre-
cipitation and throughfall) and ignored the stemflow in the
study of the nutrient cycle, which can lead to an underestima-
tion of the nutrient pools or fluxes. Generally, although the
amount of stemflow is much lower than throughfall, stemflow
is highly chemically enriched water and a considerable and
preferential transport to the subsurface water flux (Germer
et al. 2010; Van Stan and Levia 2010). In addition, different
forest types showed various dynamics of the DOC or DON
concentrations and fluxes, and controversy still exists regard-
ing the effect that vegetation canopy has on both the quantity
and quality of DOC and DON (Michalzik et al. 2001).
Nevertheless, few studies have focused on a comparison of
the DOC or DON concentrations and fluxes in different forest
types or on the identification of dominant factors controlling
the variation of DOM depositions, particularly along the
mountain altitude with several vegetation zones.
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Gongga Mountain is located at the eastern border of the
Tibetan Plateau. The eastern slope of Mt. Gongga is charac-
terized by a high mountain and a deep valley with a complete
vertical vegetation zone, which is an ideal area to investigate
the variations in DOM concentrations and fluxes and the dy-
namic patterns in different forest types. This study measured
the DOC and DON concentrations and depositions of bulk
precipitation, throughfall, and stemflow during the wet season
in eight plots along a 1700-m altitudinal forest gradient that
included three forest types: broadleaf forest (BLF), broadleaf
and coniferous forest (BCF), and coniferous forest (CF).
Consequently, the purposes of this work are (1) to quantify
the DOC and DON concentrations and depositions of bulk
precipitation and stand precipitation in three different forest
types and (2) to identify the main factors influencing the var-
iations in DOM depositions along the altitudinal forest
gradient.

Methods
Site description

The study plots were located in the eastern slope of Gongga
Mountain (29° 20'-30° 20" N, 101° 30'-102° 15’ E). Mt.
Gongga is located on the transitional zone of the eastern mon-
soon subtropics and the frigid area of the Tibetan Plateau in
China. The eastern slope of Mt. Gongga has a relative height
difference of 6400 m within a 29-km horizontal distance, which
results in the distribution of seven altitudinal vegetation zones
along the slope. The forest zone includes broad-leaved evergreen
forests, broad-leaved deciduous forest, mixed coniferous and
broad-leaved forest, and coniferous forest. Because of the ame-
nable habitat, most of the forests have multiple canopy layers.
There are two long-term monitoring meteorological stations at
1600 and 3000 m a.s.l. The mean annual temperature (MAT) and
mean annual precipitation (MAP) are 12.7 °C and 1050.3 mm at
1600 m a.s.l. (from 1992 to 2010) and 4.2 °C and 1947.4 mm at
3000 m a.s.l. (from 1988 to 2010), respectively. The wet season
is from May to October, in which the precipitation accounts for
86.9% at 1600 m and 79.7% at 3000 m of the yearly total (Wu
et al. 2013).

The study plots selected in this study are at 2000-3700 m
a.s.l. and include BLF, BCF, CF; details of the plots are shown
in Table 1.

Sampling and chemical analysis

There are six meteorological stations from 1600 m a.s.1. to the
forest line (3665 m a.s.l.). The bulk precipitation amounts
were recorded in these stations. In those sampling plots with-
out recorded data, the bulk precipitation amounts were inter-
polated according to the linear relationship between the
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Table 1  Meteorology, geographic features, and vegetation of sampling sites
Plot Elevation (ma.s.l.) AT®(°C) PR? (mm) Dominant vegetation LA
Broadleaf forest (BLF)
Pl 2017 9.35 1104.5 Toxicodendron vernicifluum (Stokes) F.A. Barkley, Salix babylonica L., Fraxinus 3.40+0.93
chinensis
P2 2291 8.09 1280.8 Lithocarpus cleistocarpus, Acer L., Cercidiphyllum japonicum Sieb. Et Zucc., 439 +0.74
Cinnamomum camphora (L.) Presl.
P3 2455 7.33 1360.6 Acer L., Betula albo-sinensis Burk, Cercidiphyllum japonicum Sieb. Et Zucc. 449+1.01
Broadleaf-coniferous forest (BCF)
P4 2759 5.93 1508.6 Picea brachytyla (Franch.) Pritz., Abies fabri (Mast.) Craib, Betula albo-sinensis Burk, 3.45+0.75
Acer L.
PS5 3000 491 1625.8 Abies fabri (Mast.) Craib, Picea brachytyla (Franch.) Pritz., Populus purdomii Rehd., 4.31 £ 1.41
Betula albo-sinensis Burk
Coniferous forest (CF)
P6 3326 3.57 1178.8 Abies fabri (Mast.) Craib, Rhododendron simsii Planch., Sorbus pohuashanensis 422 +1.20
P7 3567 2.56 1405.7 Abies fabri (Mast.) Craib, Rhododendron simsii Planch. 3.20+0.57
P8 3665 2.15 1367.6 Abies fabri (Mast.) Craib, Rhododendron simsii Planch. 3.63 £0.58

AT mean annual temperature, PR annual precipitation

Data in P2, P4, P5, P6, and P7 were from the nearest meteorological stations. Data in P1, P3, and P8 were interpolated using a linear equation according

to the elevation gradient
°LAI data are shown as the mean + SD

rainfall amount and elevation. Five bulk precipitation collec-
tors (20 cm in diameter) were installed in each plot at a height
of 0.5 m above the ground in an open field. To avoid contam-
ination by litter fall or insects, a nylon mesh was placed in the
collectors. Throughfall was sampled with 25 collectors (the
same type as the bulk precipitation collectors) that were dis-
tributed systematically in each plot and partially buried to
keep the samples cool. The volume in each collector was
determined, and all of the samples were then mixed into one
subsample for each plot. Five trees were selected according to
the species and size class structure. A tube (2.5 cm in diame-
ter) was attached to the selected trees around the circumfer-
ence of the trunk from diameter at breast height (DBH) and
connected to a 5-L sampler. The gaps between the tube and
trunk were sealed with silicone sealant. All of the volumes
were measured, and subsamples were taken from all of the
samplers at each sampling event. The subsamples in each plot
were bulked together with subsample volumes weighted to
tree diameters. All of the collectors were cleaned after sam-
pling using deionized water.

All of the samples were taken from May to the end of October
2015. The volumes of throughfall and stemflow were measured
manually three times a month with a measuring cylinder from
June to September and twice a month in May and October be-
cause the precipitation amount was low. After volumes measur-
ing, samples in precipitation, throughall, and stemflow collectors
were mixed separately into three subsamples. In total, 48 sub-
samples were taken in each plot over the study period.

The samples were kept in coolers during transport and then
filtered with a filter membrane (0.45 pm) in laboratory. The
samples were stored at 4 °C in the dark and were analyzed

within 48 h of collection. The concentrations of DOC and total
dissolved nitrogen (TDN) were analyzed using a liquid carbon
and nitrogen analyzer (Elementar, Vario TOC, Germany). The
concentrations of ammonium (N-NH,") and nitrate (N-NO5")
were determined using a continuous flow analyzer (Seal,
AA3, Germany).

The leaf area index (LAI) was measured using a canopy
analyzer (LI-COR, LAI-2200, USA) every month in each plot
from May to October.

Data analysis

The amounts of throughfall were converted to rainfall depth
for comparison with the bulk precipitation using the following
equation:

4v
T,=—"
" JonD?

where 7 is the throughfall depth (mm), V'is the water vol-
ume in each throughfall collector (mL), and D is the diameter
of collector (cm).

The stemflow of individual trees were scaled to the entire
plot according to the following equation (McJannet et al.
2007):

Vs X B,
»= B,
1%
-
77104
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where V), is the volume of entire plot (mL), B,, is the basal area
of plot (cm?), B, is the basal area of the sample tree (cm?), Sris
the stemflow depth (mm), and A is the plot area (mz).

The DON concentrations of the water samples were calcu-
lated according to the following equation:

Cron = Cron—(Cn-nmat + Cnno3-)

where Croy is the TON concentration (mg Lfl), Crpn 1s the
TDN concentration (mg L"), Cnnpias s the concentration of
N-NH,* (mg L), and Cynos- is the N-NOs~ concentration
(mg L.

The deposition of DOM was calculated by multiplying the
water volume by the corresponding DOM concentration of the
sample. The monthly fluxes of DOM in each plot were calcu-
lated as the sum of each sampling DOM deposition over the
whole month. The monthly mean concentrations of DOM
were the monthly fluxes divided by the total water amount
in 1 month. The stand deposition was the sum of throughfall
and stemflow depositions. The monthly DOM bulk deposi-
tions and stand depositions were used to identify the relation-
ship to monthly precipitation amount, air temperature, and
LAL

To identify the effects of canopy types on the DOM depo-
sition transported to the forest floor, the enrichment ratio was
determined with the following equation:

D,
—— x 100%

R—D
=D,

where R is the enrichment ratio of DOM deposition, Dy, is the
deposition of bulk precipitation, and Dy is the deposition of
stand precipitation.

Repeated analysis of variation (ANOVA) was used to com-
pare the DOM concentrations and depositions between bulk
precipitation and stand precipitation under the three forest
types. Repeated ANOVA was also used to identify the differ-
ences in the enrichment ratio among the three forest types. To
identify the dominant factors in variations of DOM deposi-
tions along the elevation gradient, multiple regression analysis
was applied. Principal component analysis (PCA) was used to
quantify the contributions of meteorological factors (mainly
the precipitation and air temperature) and LAI to the DOM
deposition in the three forests. All of the statistical analyses
were conducted using SPSS 20 software.

Results
Monthly variations of DOC and DON concentrations
The temporal variations of DOC and DON concentrations are

shown in Fig. 1. There was no detectable difference in the
DOC concentration between the bulk precipitation in BLF
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and that in BCF (p = 0.781). However, the DOC concentra-
tions of throughfall in BCF were consistently higher than
those in BLF. The DOC concentrations of stemflow in BCF
were the highest and were lowest in BLF during the study
period. Regarding DON concentrations, there were no detect-
able differences in bulk precipitation and in stemflow among
the three stand types (p > 0.05 for each). The DON concen-
trations of throughfall in BLF were higher than those of the
other two forest types.

Significant variations were found between the DOM con-
centrations of bulk precipitation and stand precipitation.
Compared with the DOC concentrations of bulk precipitation,
the DOC concentrations of both throughfall and stemflow
were extremely high in each stand type. Similar results were
shown for the DON concentrations between bulk precipitation
and stand precipitation, although no detectable differences
were found between bulk precipitation and throughfall in CF
(p =0.333).

Throughout the study period, the mean DOC concentra-
tions were highest both in bulk precipitation and stand precip-
itation in BCF (Table 2). Although the mean DOC concentra-
tion of bulk precipitation in BLF was higher than that in CF,
the mean stand concentrations were lower in BLF than in CF.
The highest mean DON concentrations of bulk precipitation
and throughfall were in BLF, and the highest mean DON
concentration of stemflow was in BCF.

Monthly variations of DOC and DON depositions

DOC depositions in bulk precipitation in CF were the lowest,
but the lowest DOC depositions in stand precipitation during
the study period were in BLF. However, there were no detect-
able differences in DOC depositions between the bulk precip-
itation of BLF and BCF (p = 0.179) or the stand precipitation
of BCF and CF (p = 0.111). For the DON bulk depositions, no
statistically significant differences were found between BLF
and BCF (p =0.168) or between BCF and CF (p =0.895). The
same patterns were found in stand depositions.

The monthly variations in the DOC and DON depositions
in various stand types are shown in Fig. 2. The DOC deposi-
tions in stand precipitation were significantly higher than
those in bulk precipitation in each stand. Conversely, there
were no detectable differences in DON depositions between
bulk precipitation and stand precipitation (p > 0.05 for each).
The DOC enrichment ratios were varied in different forest
types, but different DON enrichment ratios were not found
among the three stand types (p > 0.05 for each).

During the sampling period, the DOC depositions of stand
precipitation were consistently higher than those of bulk pre-
cipitation (Table 2). The enrichment ratios of DOC deposi-
tions were CF > BCF > BLF. Conversely, the enrichment
ratios of DON depositions were CF < BCF < BLF.
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Impact factors on variations of DOC and DON depositions

The DOM depositions did not show any regular trend along
the elevation gradient (p > 0.05), except for stand DON depo-
sitions (Fig. 3). The DOC depositions both in bulk precipita-
tion and stand precipitation increased from the lowest eleva-
tion to reach the highest value in P4 (2759 m a.s.l.) and then
showed a declining trend at higher elevation. However, there

was a slightly decreasing tendency in DON depositions from
P1 (2017 m a.s.l.) to the tree line (3665 m a.s.l.).

According to the multiple regression analysis (Table 3),
LAI did not show any correlation with DOM depositions ei-
ther in bulk precipitation or stand precipitation (p > 0.05).
However, the meteorological factors of both precipitation
amount and air temperature were significantly correlated with
the DOM depositions. Specifically, the relationships between

Table2 DOC and DON mean concentrations and depositions (May to October 2015) in bulk precipitation and stand precipitation in three forest types

Concentration (mg LY Deposition (kg ha ') Enrichment rate (%) DOC/DON
ratio
DOC DON DOC DON DOC DON
Broadleaf forest 44.06 13.54
Bulk precipitation 3.92+1.04 0.38 £ 0.03 36.56 + 8.64 3.62+0.35 10.01
Throughfall 10.23 £0.70 0.81+0.14 51.54 £8.01 4.06+0.43
Stemflow 61.09 +33.00 2.66+1.34 1.13£0.13 0.05+0.01
Total below canopy 52.67 £ 8.05 4.11 £043 12.82
Broadleaf and coniferous forest 118.35 3.62
Bulk precipitation 4.04+0.90 0.26 £0.01 45.12 £8.51 2.76 £0.09 16.35
Throughfall 1521 £4.79 048 +0.21 95.89 £29.35 2.82+1.01
Stemflow 165.75 +95.44 3.19+2.58 2.63+2.28 0.04 +£0.03
Total below canopy 98.52 +27.07 2.86+0.98 34.45
Coniferous forest 255.47 —12.01
Bulk precipitation 2.65+0.40 0.29+0.14 23.04 +£5.29 2.83+1.12 8.14
Throughfall 12.77 £ 0.57 0.35+0.07 80.52 £15.21 245+0.6
Stemflow 85.11 £16.54 248 +£0.35 1.38+0.35 0.04 £ 0.02
Total below canopy 81.90 £+ 14.87 249 +1.01 32.89

DOM concentrations and deposition data are shown as the mean = SD
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precipitation amount and DOC depositions (p < 0.01) were
more significant than those between air temperature and DOC
depositions both in bulk precipitation and stand precipitation,
whereas a more significant correlation was shown for DON
deposition and air temperature with stand precipitation
(p < 0.01). The combination of precipitation and air tempera-
ture could explain 93.58, 90.57, and 94.05% of the DOM
deposition in BLF, BCF, and CF, respectively, based on the
principal component analysis, which meant that the LAI only
contributed a small portion to the DOM deposition in the three
forests.

Discussion

Variations in DOC and DON concentrations
and depositions

The average DOC concentrations of bulk precipitation in the
study area were 3.92, 4.04, and 2.65 mg L 'in BLF, BCF, and
CF, respectively, which were within the range of the values
reported in other studies. However, these values were higher
than those in Flanders, where the mean DOC concentrations
were about 2.1 and 2.3 mg L' in deciduous forests and co-
niferous forests, respectively (Verstracten et al. 2014). The
mean DOC concentrations in deciduous forests and conifer-
ous forests of Canada were higher than those in our research
area (Pelster et al. 2009). The high DOM concentrations in
bulk precipitation were due to increasing water fluxes with
large sources of potential DOM (Izquieta-Rojano et al.
2016). One of main sources of DOM is from anthropogenic

@ Springer

activities. According to previous studies, combustion process-
es can contribute approximately 20—30% of the DOC found in
atmospheric water (Avery et al. 2006). Siudek et al. (2015)
compared the DOC concentrations in urban and forest sites in
central Poland and found the causes of the seasonal patterns of
DOC. The combination of natural and anthropogenic activi-
ties influenced the DOC concentrations in atmosphere during
the warm season, whereas the anthropogenic activities (e.g.,
wood burning, coal combustion) controlled the increased
DOC concentration during the cold season.

The average DOC concentrations in throughfall were at the
high end of the range for the corresponding forest types. The
DOM in throughfall was the combination of washing off or
interception deposition on the canopy surface, leaf uptake, or
assimilation by epiphytes and microorganisms. The dry or-
ganic matter on the canopy surface would be one of the major
sources of throughfall deposition. Although the east slope of
Mt. Gongga is rich in green vegetation, there are intensive
anthropological activities such as vehicle emissions and con-
struction work in this area. As a result, the DOM concentra-
tions and deposition rates were closely correlated to the inten-
sion of anthropological pollution. Studies have reported that
the throughfall in coniferous forest contains higher DOC con-
centrations than that in deciduous forest, suggesting that the
stand types also affect the DOM concentrations and deposi-
tion rates. Different structures (e.g., LAI, density of the cano-
py, and the inclination of the branches) result in different in-
terception abilities. A longer intention time tends to enhance
the DOM concentration by flushing. Conversely, dense cano-
py also increases the interception amount, leading to a de-
crease in the throughfall amount. Therefore, it was difficult
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to determine the positive or negative effects of different forests
on DOM depositions in stand precipitation by comparing the
DOM deposition rates in various forest types.

The mean DOM concentrations in stemflow were higher
than those of bulk precipitation and throughfall among the
three stands. Generally, bark surface morphologies have a
significant influence on the DOM concentrations in stemflow
(Van Stan et al. 2011). The larger surface area in rough bark
species means longer hydrological retention times for washing
off the dry matter attached to the stem and exchanging ions
(Germer et al. 2007). The DOM deposition rates in stemflow
are related not only to the DOM concentrations but also to the
stemflow amount. The stemflows were usually calculated as a
depth equivalent per unit of projected area, but this method did
not consider how the stemflow is input into the soil. Stemflow
only infiltrates at the soil surface around the stem base and is
not evenly redistributed below the canopy. Thus, if it was
considered as the depth equivalent per unit basal area, the
stemflow amount would be considerably enhanced (Van
Stan 2012).

elevation (m)

The winter depositions were not measured in this study
because of the difficulty in accessing some sampling plots.
This will definitely underestimate the annual flux, although
the rainfall amount in the wet season was approximately 80%
of annual rainfall. Previous studies have noted the seasonal
pattern of DOC and DON concentrations and fluxes in stand
precipitation (Izquieta-Rojano et al. 2016; Pelster et al. 2009).
In most cases, the DOC fluxes were greater during the active
growing season than in the dormant season. The increased
canopy area extends the retention time for chemical washoff
and exchange during the active season. The warmer climate
also provides more suitable conditions for microbial activity.
Draaijers et al. (1997) also found an increased DOC concen-
tration in coniferous forest, suggesting that additional sources
of DOC such as weak organic acids, rather than dry deposi-
tion, occurred in the forest canopy. The seasonal changes of
DOC were stronger than those of DON (Inamdar and Mitchell
2007; Michalzik et al. 2001), and there was no consistent
conclusion on the seasonal pattern of DON concentration
and flux. Pelster et al. (2009) did not find significant

Table 3 Significance of multiple

regression analysis between DOC DON
DOM depositions and
precipitation (P), air temperature Bulk deposition Stand deposition Bulk deposition Stand deposition
(T), and LAI along the elevation
gradient P 0.006%* 0.000%* 0.001%* 0.015*
T 0.019* 0.031* 0.008%#* 0.002%#*
LAI 0.233 0.470 0.144 0.107

#p < 0.05, *%p < 0.01
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differences in the DON concentrations in various seasons,
whereas Morris et al. (2003) reported that the DON concen-
trations in winter were close to zero.

Influence of overstory vegetation on DOM depositions

The vegetation cover influences the quantity of DOM deposi-
tions from the atmosphere to the forest floor. Most previous
studies illustrated that the DOC depositions in stand precipi-
tation were several times higher than those in bulk precipita-
tion (Pelster et al. 2009; Schmidt et al. 2010; Verstraeten et al.
2014). We observed similar results in different forest types,
and coniferous forest showed the strongest enrichment effect
to DOC deposition. During the warm season, the broadleaf
forest had a higher LAI and interception capacity because of
a larger biodiversity and more multiple canopies. Compared
with broadleaf forest, coniferous forest intercepted less rain-
fall. Thus, the stand precipitation amount was higher than that
of other stand types and leached more DOC to forest floor
through flushing organic matter from leaves and stems be-
cause the DOC deposition rates were positively correlated
with precipitation amount. The strong enriched capacity of
DOC in the three stands implies that the study area forest
catchment was C-rich. In contrast, weaker enrichment effects
of DON were shown in the present study. Many studies have
reported the retention of N in the canopy through absorption
onto the foliage/stem surface, leaf uptake, or assimilation by
epiphytes and microorganisms (Krupa 2003; Lovett 1994;
Wilson 1992). Pelster et al. (2009) implied that the forest
canopy tended to uptake inorganic nitrogen due to the incon-
sistent effect of vegetation cover on the different N composi-
tions. However, abundant epiphytes exist in coniferous forest,
so a portion of DON would possibly be assimilated, which
suggests that coniferous forest is N-limited to epiphytes in this
area.

Conversely, vegetation canopies also affect the quality of
DOM depositions in stand precipitation. The changes observed
in the C/N ratios from bulk precipitation to stand precipitation
were similar to those found in a study conducted in Canada
(Pelster et al. 2009). The C/N ratios would not change during
the process of washing dry organic matter off the stems and
foliage; the increasing C/N suggested that C and N sources were
being assimilated or increasing in canopies or that different
sources of organic matter other than atmospheric deposition were
added to the stand precipitation. This is consistent with our find-
ing that the enrichment effects of DOC are stronger than DON.
Moreover, Draaijers et al. (1997) found that organic acids were
leached from foliage. Plant species with smoother bark tend to
have lower aromaticity because of the shorter hydrologic resi-
dence time that weakens the dissolution of aromatic organic
compounds from bark surfaces (Guggenberger et al. 1994). In
stands where the washoff compounds contain significant por-
tions of biodegradable hydrophilic neutral carbohydrates, the

@ Springer

DOC content will change rapidly as microbial metabolism oc-
curs (Helms et al. 2008; Michalzik et al. 2001). In addition, the
contribution of DOM to total dissolved matter increases, accord-
ing to previous researchers. Pelster et al. (2009) found that inor-
ganic nitrogen was the major contributor to the nitrogen sources
in bulk deposition but that the DON accounted for just 28% of N
in bulk deposition; however, the percentage of organic nitrogen
in total nitrogen varied from 41 to 54% in throughfall in various
forests.

Main factors of the variations in DOM depositions
along the elevation gradient

The meteorological conditions, such as precipitation amount
and air temperature, have a more significant influence on
DOM depositions than the LAI along the altitudinal forest
gradient. The LAI, which is the ratio of projected leaf area to
the floor area per unit, could be used as an index to forest
structures. Although the forest zone in our study included
three forest types, the LAI did not show any detectable differ-
ences in various forest types along the elevation gradient on
Mt. Gongga (p > 0.05). In previous studies, coniferous forests
had larger LAI than broadleaf forests. In contrast, the mean
LAI in coniferous forests (3.68) was lower than that in broad-
leaf forests (4.09) in our study area. Multiple canopy layers are
common on Mt. Gongga in both coniferous and broadleaf
forests. However, coniferous forests consist of simple tree
species (Abies fabri (Mast.) Craib and Rhododendron simsii
Planch.), and the upper layer canopy is low density. Moreover,
our study focused on the growing season when the broad-
leaved species were in their highest LAI period, so a larger
LAI occurred in the broadleaf forests. Generally, a larger LAI
means a higher canopy density. Denser canopy can intercept
more precipitation and will decrease the stand precipitation,
although the intention time will increase in denser canopy and
result in higher DOM concentrations. Because of the complex
effects of dense canopy, LAI showed little influence on the
variation of DOM deposition in our study area. But we could
not deny the contribution of forest structure to the DOM
depositions.

Meteorological factors showed strongly increasing or de-
creasing trends along the elevation gradient on Mt. Gongga.
The intensity of DOM depositions is related to the water vol-
ume and DOM concentrations. The stand precipitation vol-
ume is significantly correlated to the bulk precipitation, so
higher precipitation amounts indicate greater bulk precipita-
tion and stand precipitation. Many studies have found that
large bulk precipitation volumes result in high DOM deposi-
tions (Schmidt et al. 2010). However, large precipitation vol-
umes also enhance the dilution effect of the DOM concentra-
tions, leading to low DOM depositions. The positive relation-
ship between the precipitation volume and DOM depositions
means that the effect of water fluxes on DOM depositions is
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stronger than the dilution effect. In that case, a larger precip-
itation volume will result in higher DOM depositions in our
study area. Air temperature also has an influence on the DOM
depositions, especially on the DON depositions in bulk and
stand precipitation. Organic nitrogen will transform to ammo-
nia, nitrate, or nitrite through ammoniation and nitrification by
bacteria. The changing meteorological conditions (tempera-
ture and humidity) will alter the ammoniation and nitrification
abilities of the bacteria. Thus, DON depositions are strongly
correlated to the temperature and bulk precipitation.

Conclusions

DOC and DON concentration and deposition showed differ-
ent variations in broadleaf forest, broadleaf-coniferous forest,
and coniferous forest. Overstory vegetation influenced DOC
and DON concentration and deposition from the atmosphere
to the forest floor which was related to the throughfall and
stemflow. Different dynamic patterns in DOC and DON con-
centration and deposition were found during the study period.
Specifically, all the three forests showed positive enrichment
rates of DOC, while the enrichment rate of DON was negative
in coniferous forest, suggesting that the study area was C-rich.
Regarding the impact factors to the atmosphere and stand
deposition, it is complicated to trace the completed processes
of DOM, taking into consideration of the source, the route of
transmission, and the interaction with plants. However, in a
certain small catchment having large water amount, the trans-
portation of DOM was mainly by physical processes (washing
out, interception, retention, etc.). Consequently, the dominant
factors controlling the variations of DOM deposition were the
meteorological conditions rather than forest structure in our
research.

Acknowledgements This study was supported by the National Natural
Science Foundation of China (41340013 and 41401044), the Chinese
Academy of Sciences Key Research Project for Frontier Science
(QYZDJ-SSW-DQCO006), and by the CAS/SAFEA International
Partnership Program for Creative Research Teams (KZZD-EW-TZ-06).
We also thank Dr. Fei Ran and Dr. Ruiying Chang for their help to revise
our manuscript.

References

Avery GB, Biswas KF, Mead R, Southwell M, Willey JD, Kieber RJ,
Mullaugh KM (2013) Carbon isotopic characterization of hydropho-
bic dissolved organic carbon in rainwater. Atmos Environ 68:230—
234. doi:10.1016/j.atmosenv.2012.11.054

Avery GB, Willey JD, Kieber RJ (2006) Carbon isotopic characterization
of dissolved organic carbon in rainwater: terrestrial and marine in-
fluences. Atmos Environ 40:7539-7545. doi:10.1016/j.atmosenv.
2006.07.014

Battin TJ, Luyssaert S, Kaplan LA, Aufdenkampe AK, Richter A,
Tranvik LJ (2009) The boundless carbon cycle. Nat Geosci 2:598—
600. doi:10.1038/ngeo618

Bischoft' S, Schwarz MT, Siemens J, Thieme L, Wilcke W, Michalzik B
(2015) Properties of dissolved and total organic matter in
throughfall, stemflow and forest floor leachate of central European
forests. Biogeosciences 12:2695-2706. doi:10.5194/bg-12-2695-
2015

Cole JJ, Prairie YT, Caraco NF et al (2007) Plumbing the global carbon
cycle: integrating inland waters into the terrestrial carbon budget.
Ecosystems 10:171-184. doi:10.1007/s10021-006-9013-8

Draaijers GPJ, Erisman JW, VanLeeuwen NFM et al (1997) The impact
of canopy exchange on differences observed between atmospheric
deposition and throughfall fluxes. Atmos Environ 31:387-397. doi:
10.1016/S1352-2310(96)00164-1

Duchesne L, Houle D (2006) Base cation cycling in a pristine watershed
of the Canadian boreal forest. Biogeochemistry 78:195-216. doi:10.
1007/510533-005-4174-7

Germer S, Neill C, Krusche AV, Gouveia SCN, Elsenbeer H (2007)
Seasonal and within-event dynamics of rainfall and throughfall
chemistry in an open tropical rainforest in Rondonia, Brazil.
Biogeochemistry 86:155—174. doi:10.1007/s10533-007-9152-9

Germer S, Werther L, Elsenbeer H (2010) Have we underestimated
stemflow? Lessons from an open tropical rainforest. J Hydrol 395:
169-179. doi:10.1016/j.jhydrol.2010.10.022

Guggenberger G, Zech W, Schulten HR (1994) Formation and mobiliza-
tion pathways of dissolved organic-matter—evidence from chemi-
cal structural studies of organic-matter fractions in acid forest floor
solutions. Org Geochem 21:51-66. doi:10.1016/0146-6380(94)
90087-6

Helms JR, Stubbins A, Ritchie JD, Minor EC, Kieber DJ, Mopper K
(2008) Absorption spectral slopes and slope ratios as indicators of
molecular weight, source, and photobleaching of chromophoric dis-
solved organic matter. Limnol Oceanogr 53:955-969. doi:10.4319/
10.2008.53.3.0955

Inamdar SP, Mitchell MJ (2007) Storm event exports of dissolved organic
nitrogen (DON) across multiple catchments in a glaciated forested
watershed. J Geophys Res Biogeosci 112. doi:10.1029/
2006jg000309

Izquieta-Rojano S, Garcia-Gomez H, Aguillaume L et al (2016)
Throughfall and bulk deposition of dissolved organic nitrogen to
holm oak forests in the Iberian Peninsula: flux estimation and iden-
tification of potential sources. Environ Pollut 210:104—112. doi:10.
1016/j.envpol.2015.12.002

Kindler R, Siemens J, Kaiser K et al (2011) Dissolved carbon leaching
from soil is a crucial component of the net ecosystem carbon bal-
ance. Glob Chang Biol 17:1167-1185. doi:10.1111/j.1365-2486.
2010.02282.x

Krupa SV (2003) Effects of atmospheric ammonia (NH3) on terrestrial
vegetation: a review. Environ Pollut 124:179-221. doi:10.1016/
S0269-7491(02)00434-7

Lovett GM (1994) Atmospheric deposition of nutrients and pollutants in
North America—an ecological perspective. Ecol Appl 4:629-650.
doi:10.2307/1941997

McJannet D, Wallace J, Reddell P (2007) Precipitation interception in
Australian tropical rainforests: I. Measurement of stemflow,
throughfall and cloud interception. Hydrol Process 21:1692—-1702.
doi:10.1002/hyp.6347

Michalzik B, Kalbitz K, Park JH, Solinger S, Matzner E (2001) Fluxes
and concentrations of dissolved organic carbon and nitrogen—a
synthesis for temperate forests. Biogeochemistry 52:173-205. doi:
10.1023/A:1006441620810

Morris DM, Gordon AG, Gordon A (2003) Patterns of canopy intercep-
tion and throughfall along a topographic sequence for black spruce
dominated forest ecosystems in northwestern Ontario. Can J For Res
33:1046-1060. doi:10.1139/x03-027

@ Springer


http://dx.doi.org/10.1016/j.atmosenv.2012.11.054
http://dx.doi.org/10.1016/j.atmosenv.2006.07.014
http://dx.doi.org/10.1016/j.atmosenv.2006.07.014
http://dx.doi.org/10.1038/ngeo618
http://dx.doi.org/10.5194/bg-12-2695-2015
http://dx.doi.org/10.5194/bg-12-2695-2015
http://dx.doi.org/10.1007/s10021-006-9013-8
http://dx.doi.org/10.1016/S1352-2310(96)00164-1
http://dx.doi.org/10.1007/s10533-005-4174-7
http://dx.doi.org/10.1007/s10533-005-4174-7
http://dx.doi.org/10.1007/s10533-007-9152-9
http://dx.doi.org/10.1016/j.jhydrol.2010.10.022
http://dx.doi.org/10.1016/0146-6380(94)90087-6
http://dx.doi.org/10.1016/0146-6380(94)90087-6
http://dx.doi.org/10.4319/lo.2008.53.3.0955
http://dx.doi.org/10.4319/lo.2008.53.3.0955
http://dx.doi.org/10.1029/2006jg000309
http://dx.doi.org/10.1029/2006jg000309
http://dx.doi.org/10.1016/j.envpol.2015.12.002
http://dx.doi.org/10.1016/j.envpol.2015.12.002
http://dx.doi.org/10.1111/j.1365-2486.2010.02282.x
http://dx.doi.org/10.1111/j.1365-2486.2010.02282.x
http://dx.doi.org/10.1016/S0269-7491(02)00434-7
http://dx.doi.org/10.1016/S0269-7491(02)00434-7
http://dx.doi.org/10.2307/1941997
http://dx.doi.org/10.1002/hyp.6347
http://dx.doi.org/10.1023/A:1006441620810
http://dx.doi.org/10.1139/x03-027

10400

Environ Sci Pollut Res (2017) 24:10391-10400

Neff JC, Chapin FS, Vitousek PM (2003) Breaks in the cycle: dissolved
organic nitrogen in terrestrial ecosystems. Front Ecol Environ 1:
205-211. doi:10.1890/1540-9295(2003)001[0205:Bitcdo]2.0.Co;2

Pan YP, Wang YS, Xin JY, Tang GQ, Song T, Wang YH, Li XR, Wu FK
(2010) Study on dissolved organic carbon in precipitation in
Northern China. Atmos Environ 44:2350-2357. doi:10.1016/].
atmosenv.2010.03.033

Pelster DE, Kolka RK, Prepas EE (2009) Overstory vegetation influence
nitrogen and dissolved organic carbon flux from the atmosphere to
the forest floor: Boreal Plain, Canada. Forest Ecol Manag 259:210—
219. doi:10.1016/j.foreco.2009.10.017

Schmidt BHM, Wang CP, Chang SC, Matzner E (2010) High precipita-
tion causes large fluxes of dissolved organic carbon and nitrogen in a
subtropical montane Chamaecyparis forest in Taiwan.
Biogeochemistry 101:243-256. doi:10.1007/s10533-010-9470-1

Siudek P, Frankowski M, Siepak J (2015) Seasonal variations of dis-
solved organic carbon in precipitation over urban and forest sites
in central Poland. Environ Sci Pollut R 22:11087-11096. doi:10.
1007/s11356-015-4356-3

Van Stan JT (2012) Controls and dynamics of canopy-derived dissolved
organic matter from co-dominant broadleaved deciduous canopies
to the soil of a temperate catchment in the northeastern United
States. Dissertation, University of Delaware

Van Stan JT, Levia DF (2010) Inter- and intraspecific variation of
stemflow production from Fagus grandifolia Ehrh. (American
beech) and Liriodendron tulipifera L. (yellow poplar) in relation to

@ Springer

bark microrelief in the eastern United States. Ecohydrology 3:11—
19. doi:10.1002/ec0.83

Van Stan JT, Siegert CM, Levia DF Jr, Scheick CE (2011) Effects of
wind-driven rainfall on stemflow generation between codominant
tree species with differing crown characteristics. Agric For
Meteorol 151:1277-1286. doi:10.1016/j.agrformet.2011.05.008

Verstraeten A, De Vos B, Neirynck J, Roskams P, Hens M (2014) Impact
of air-borne or canopy-derived dissolved organic carbon (DOC) on
forest soil solution DOC in Flanders, Belgium. Atmos Environ 83:
155-165. doi:10.1016/j.atmosenv.2013.10.058

Willey JD, Kieber RJ, Eyman MS, Avery GB (2000) Rainwater dissolved
organic carbon: concentrations and global flux. Global Biogeochem
Cy 14:139-148. doi:10.1029/1999gb900036

Wilson EJ (1992) Foliar uptake and release of inorganic nitrogen-
compounds in Pinus-Sylvestris L and Picea-Abies (L) Karst. New
Phytol 120:407-416. doi:10.1111/j.1469-8137.1992.tb01081.x

Wu Y, Clarke N, Mulder J (2009) Dissolved organic nitrogen concentra-
tions and ratios of dissolved organic carbon to dissolved organic
nitrogen in throughfall and soil waters in Norway spruce and scots
pine forest stands throughout Norway. Water Air Soil Pollut 210:
171-186. doi:10.1007/s11270-009-0239-x

Wu YH, Li W, Zhou J, Cao Y (2013) Temperature and precipitation
variations at two meteorological stations on eastern slope of
Gongga Mountain, SW China in the past two decades. J Mt Sci-
Engl 10:370-377. doi:10.1007/s11629-013-2328-y


http://dx.doi.org/10.1890/1540-9295(2003)001%5B0205:Bitcdo%5D2.0.Co;2
http://dx.doi.org/10.1016/j.atmosenv.2010.03.033
http://dx.doi.org/10.1016/j.atmosenv.2010.03.033
http://dx.doi.org/10.1016/j.foreco.2009.10.017
http://dx.doi.org/10.1007/s10533-010-9470-1
http://dx.doi.org/10.1007/s11356-015-4356-3
http://dx.doi.org/10.1007/s11356-015-4356-3
http://dx.doi.org/10.1002/eco.83
http://dx.doi.org/10.1016/j.agrformet.2011.05.008
http://dx.doi.org/10.1016/j.atmosenv.2013.10.058
http://dx.doi.org/10.1029/1999gb900036
http://dx.doi.org/10.1111/j.1469-8137.1992.tb01081.x
http://dx.doi.org/10.1007/s11270-009-0239-x
http://dx.doi.org/10.1007/s11629-013-2328-y

	Precipitation...
	Abstract
	Introduction
	Methods
	Site description
	Sampling and chemical analysis
	Data analysis

	Results
	Monthly variations of DOC and DON concentrations
	Monthly variations of DOC and DON depositions
	Impact factors on variations of DOC and DON depositions

	Discussion
	Variations in DOC and DON concentrations and depositions
	Influence of overstory vegetation on DOM depositions
	Main factors of the variations in DOM depositions along the elevation gradient

	Conclusions
	References


