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Forest canopies create a high spatial variability of both canopy interception (Ei) and acid deposition. However,
spatial characteristics of these hydrochemical fluxes along a slope gradient in forest watersheds remain unclear.
Here we monitored bulk precipitation (BP), throughfall (TF), stemflow (SF), and associated nitrate (NO3−) and
sulfate (SO42−) in an upper slope plot (UP) and a lower slope plot (LP) in a subtropical broadleaved forest,
Southeast China. Results showed that annual rates of TF, SF and Ei to BP in UP were 85.2%, 2.6%, and 12.2%,
respectively. Corresponding values in LP were 88.6%, 2.2%, and 9.2%. There were no significant differences
among these rainfall partitioning components between UP and LP. Additionally, annual volume weighted mean
concentrations of NO3−-N in TF and SF were significantly lower than in BP, whereas no significant differences
were found for SO42−-S among BP, TF and SF. Unlike annual TF NO3−-N fluxes were similar in UP and LP,
annual TF SO42−-S fluxes significantly increased along the UP to LP. Net TF + SF (NTF) fluxes were negative for
NO3−-N and SO42−-S at the two slope plots, illustrating retained/uptake in the canopy. Dormant season NTF S
fluxes were close to zero, indicating that dry deposition does not appear to play a major role, whereas exchange
with foliage surfaces should be the dominant factor controlling the spatial patterns of TF N and S fluxes in the
watershed. This study can contribute to the evaluation of watershed-scale water and acidifying input into the soil
during canopy passage, and further consequent effects on forest ecosystems.
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1. Introduction
Nitrate (NO3−) and sulfate (SO42−) are main ion components in
acid deposition (Galloway et al., 2004; Lu et al., 2011; Yu et al., 2019).
The elevated deposition of NO3− and SO42− has exerted detrimental
effects on the structures and functions of forest ecosystems, such as soil
acidification, biodiversity loss, nutrient imbalances, and carbon accumulation (e.g., Fang et al., 2011; Lu et al., 2014; Osaka et al., 2016;
Tian et al., 2018). During passing through forest canopies, bulk precipitation (BP) is partitioned into throughfall (TF), stemflow (SF) and
canopy interception (Ei). The brief interaction of BP with a forest canopy can emerge a high spatial variability of both rainwater and solute
(e.g., NO3− and SO42−) deposition (e.g., Beier et al., 1993;
Zimmermann et al., 2008; Siegert et al., 2016), which is strongly determined by species assemblage, stand structural parameters, and meteorological conditions (e.g., Crockford and Richardson, 2000; Levia
and Frost, 2006; De Schrijver et al., 2007; Sun et al., 2017). The alteration of chemical composition of TF and SF compared to BP is caused

by canopy captured dry deposition (e.g., particles, gases, or cloud
droplets prior to rainfall event, being washed off during the event),
canopy exchange processes (e.g., retained/uptake or leaching) and also
transformation (e.g., biological nitrification) (e.g., Knops et al., 1996;
Ignatova and Dambrine, 2000; De Schrijver et al., 2007; Guerrieri et al.,
2015). An understanding of the spatial patterns of rainfall partitioning
and associated NO3− and SO42− fluxes is thus crucial to assess the
spatial distribution of water and acidifying input into the soil, and
further the consequent effects on hydrological, biogeochemical, and
ecological cycling in forest ecosystems.
There is a large body of scientific work examining the hydrochemical characteristics and spatial variability of TF and SF at tree levels (Beier et al., 1993; Zhang et al., 2019; Fathizadeh et al., 2020), in
pure and/or mixed stands (Berger et al., 2008; Zimmermann et al.,
2008; Legout et al., 2016; Salehi et al., 2016), along an urbanization
gradient (Fang et al., 2011; Rao et al., 2013; Ponette-González et al.,
2017), and in different land-use types (Dezzeo and Chacon, 2006;
Macinnis-Ng et al., 2012) for different tree species around the world.
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For example, an urban-suburban-rural gradient study found that TF
NO3−-N fluxes increased along a suburban to urban to rural gradient in
tropical and subtropical forests (Fang et al., 2011). Salehi et al. (2016)
reported that TF NO3−-N fluxes were higher in the mixed stand (Fagus
orientalis Lipsky, Carpinus betulus L. and Acer velutinum Boiss) than in
the pure stand of Oriental beech (F. orientalis). Zhang et al. (2019)
found TF SO42− fluxes were higher at the gap edge than in the closed
canopy especially near the trunk in a subalpine spruce (Picea asperata
Mast.) plantation. Additionally, TF and SF chemistry (esp. NO3− and
SO42−) are strongly influenced by tree species through different
scavenging of atmospheric dry deposition and canopy exchanges (De
Schrijver et al., 2007; Legout et al., 2016). Compared to deciduous
forests, coniferous canopies tend to enhance acid deposition through
more efficiently scavenge dry deposition of NO3− and SO42− (De
Schrijver et al., 2007). Despite these important findings in previous
studies, there is a paucity of data depicting how these hydrochemical
fluxes via TF and SF vary along slope gradients within forest watershed,
although it may have important implications for sampling strategy and
interpretation of average deposition fluxes to forest floor in forest watershed.
The deliveries of TF and SF fluxes are affected by site characteristics
(e.g., elevation, slope and aspect) within the watershed, which directly
influence microclimate, deposition velocity, and soil fertility across
topographic gradients (Rodrigo et al., 2003; Hofhansl et al., 2011,
2012; Macinnis-Ng et al., 2012; Siegert et al., 2016). Site located at
higher elevations may be capable of generating greater TF amount and
enhanced dry deposition, especially those above the average cloud base
(Holder, 2004). Hofhansl et al. (2011) found dry deposition was increased at the ridge forest compared to at the ravine site in a tropical
lowland rainforest. Slope and aspect are main controls of species
composition that led to differences in TF amount. Siegert et al. (2016)
found TF amount was significantly lower on the steepest plot than on
the moderately sloping plots in a temperate deciduous forest. If TF and
SF fluxes vary along a slope, the effect of site characteristics will likely
make scaling in a forest watershed more complicated and increase the
uncertainties in evaluating the internal processes and cycling in forest
ecosystems. Nevertheless, the hydrochemical characteristics and spatial
patterns of rainfall partitioning and associated NO3− and SO42− fluxes
at different slope positions within a watershed has not received much
attention and remains unclear.
Tropical and subtropical forests are more vulnerable to atmospheric
deposition compared to temperate forests, because they are strongly
weathered with low base cations soils and poorly buffered against acid
deposition (Bruijnzeel, 1991; Fang et al., 2011; Homeier et al., 2012).
Until now, comparable data are still needed for the effect of acid deposition on tropical and subtropical forests (Fang et al., 2008; Hofhansl
et al., 2011; Lu et al., 2014; Yu et al., 2018). Additionally, China is one
of the three regions with the highest nitrogen deposition in the world,
particularly in Southern China (Du et al., 2014; Yu et al., 2019), acid
deposition leads to significant acidification for tropical and subtropical
forests (Lu et al., 2014). Therefore, we conducted TF and SF measurements in upper and lower slope plots in a subtropical montane forest,
Southeast China. We hypothesized that the upper slope plot would
exhibit increased fluxes of NO3− and SO42− in TF and SF as result of
higher dry deposition. Therefore, the aims of the present study were to
(1) quantify and compare the differences in rainfall partitioning and
associated NO3− and SO42− fluxes at the two slope positions, and (2)
examine the effects of site morphological characteristics and seasonality
on these hydrochemical fluxes.

Southeast China (27°33′−27°54′N, 117°27′−117°5′E; 450 m a.s.l.).
This reserve is about 50 km south of Nanping city and about 260 km
southeast of the capital city Fuzhou. The reserve has a humid warm
subtropical monsoon climate, featuring abundant precipitation and full
sunshine. The mean annual temperature between 1995 and 2014 at the
nearest Wuyishan national weather station was 14.2 °C and the annual
mean relative humidity was 83.5%. The mean annual precipitation was
2583 mm with a distant seasonal pattern, > 60% falling from later
April to August. Leaf emergence starts in May with the growing season
lasting through October when senescence starts. The dormant season is
categorized as November through April. The topography is highly
heterogeneous with slopes ranging from 15° to 35°. The soil is lateritic
red earth formed from sandstone.
Two study plots, an upper slope plot (UP) and a lower slope plot
(LP), were randomly established in the watershed for study. Distance
between UP and LP was approximately 185 m apart. The two plots were
located on a south-facing slope with a slope of approximate 30°. Plots
were set up in triplicate as squares of 10 × 20 m, separated by a distance of approximately 10 m. The dominated evergreen and deciduous
broadleaved tree species were Castanopsis carlesii, Castanopsis faberi,
Castanopsis eyrei, Castanopsis fordii, Symplocos congesta, Symplocos sumuntia, and Elaeocarpus japonicas. Inside these plots all trees were inventoried to determine the stand structure variables and species level
between 2.0 and 10 cm diameter at breast height (DBH) and above
10 cm DBH (Table 1). Stem density (stems ha−1) and basal area
(m2 ha−1) were estimated by individual numbers and DBH in the plots.
Plant area index was determined from the total vertical canopy projection area divided by the plot area. Fisher’s alpha index was calculated as an indicator of species diversity by the number of species and
the number of individuals in those species with an open Javascript
program
(http://groundvegetationdb-web.com/ground_veg/home/
diversity_index).
2.2. Sample collection and analysis
BP, TF and SF were measured and sampled from November 2014 to
November 2015. Three collectors, consisting of a 29-cm-diameter
funnel connected to a 20-L polyethylene bottle, were used for sampling
BP. These collectors were placed at a clearing site with an area of
780 m2 located approximately ~300 m away from the two slope plots.
The water volumes in the three collectors were measured manually
using a graduated cylinder, and then combined to provide a composited
sample at rainfall event sampling. The funnels and bottles were rinsed
with deionized water after each collection.
TF and SF were sampled in the triplicate plots in UP and LP. Three
Table 1
Stand structural characteristics for different diameter at breast height (DBH)
classes in the upper slope plot (UP) and the lower slope plot (LP).
Characteristics
Stem density (stems ha

−1

)

Basal area (m2 ha−1)
Tree height (m)
DBH (cm)
Plant area index (m2 m−2)
Total species

2. Materials and methods

Total individuals

2.1. Study site

Fisher's alpha

The study site is located within a watershed (7.8 ha) in National
Nature Reserve Wuyi Mountains in the north part of Fujian Province,

DBH class

UP

LP

2–10 cm
> 10 cm
2–10 cm
> 10 cm
2–10 cm
> 10 cm
2–10 cm
> 10 cm
2–10 cm
> 10 cm
2–10 cm
> 10 cm
2–10 cm
> 10 cm
2–10 cm
> 10 cm

4067 ± 273
1250 ± 180
7.2 ± 0.3
51.7 ± 9.4
6.1 ± 0.5
12.1 ± 0.7
4.1 ± 0.1
19.5 ± 0.1
2.3 ± 0.5
2.9 ± 0.7
31 ± 2
9 ± 1
81 ± 5
25 ± 4
18.6 ± 3.0
5.1 ± 0.2

3617 ± 573
650 ± 115
8.5 ± 1.2
23.6 ± 3.0
6.4 ± 0.2
12.9 ± 0.4
4.6 ± 0.2
19.1 ± 1.3
2.5 ± 0.7
1.5 ± 0.3
28 ± 3
9 ± 1
72 ± 11
13 ± 2
17.0 ± 1.4
17.9 ± 8.4

Values are presented as the means ± 1 standard error (n = 3).
2
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TF collectors, consisting of a 26-cm-diameter funnel connected to 15-L
polyethylene bottle, were randomly placed in each plot. These collectors were fixed at 1.5 m height aboveground. Each bottle was covered
by aluminium paper, and each funnel had a ping-pong ball as a plastic
float, to prevent contamination by coarse debris and water evaporation
during and between sampling intervals. During the study period, approximately 10% samples were lost due to litterfall and funnel clogging.
The water volumes in the collectors were measured using a graduated
cylinder on an event basis and pooled in the field to a single composited
sample per plot. After each sampling, the funnels and bottles were
thoroughly rinsed with distilled water.
In addition, SF was sampled in three trees in each repetitive plot in
UP and LP. The sampled trees consisted of the dominant tree species in
the study site with a mean DBH of 21.6 cm (13.4–33.6 cm). The sampled tree was equipped with a flexible tubing around the trunk at about
1.3 m height, with a draining hole connected to a 80-L bucket. The
tubing was stapled to the tree trunk and silicone sealant was applied
sealing the collar to the trunk to avoid SF losses. The collectors were
bulk in proportion to the collected volume into a single composited
sample per plot, and were cleaned with deionized water after each
collection. The water volume accumulated by each sampled tree was
measured from each plot. The SF water depth (mm) was computed
using the following equation (Hanchi and Rapp, 1997):
n

SF =
i=1

Vn × m
A × 10 4

comparisons were tested using Tukey’s HSD when significant differences between means were detected. Differences in stand structure
variables, concentration and fluxes between UP and LP among seasons
were tested by one-way ANOVA with Tukey’s HSD. Statistically significant differences were set at p values < 0.05 unless otherwise
stated.
3. Results
3.1. Vegetation characteristics and canopy water balance in UP and LP
Analysis of species compositions showed that forest types differed
significantly (p < 0.05) in species diversity for tree species above
10 cm DBH (Fisher’s alpha: 5.1 ± 0.2 in UP and 17.9 ± 8.4 in LP) but
between 2.0 and 10 cm DBH did not (Fisher’s alpha: 18.6 ± 3.0 in UP
and 17.0 ± 1.4 in LP) (Table 1). Tree height, DBH and plant area index
were not significantly different at the two slope plots between 2 and
10 cm DBH and above 10 cm (Table 1; Fig. 1 a and b). Stem density and
basal area were significantly higher (p < 0.05) in UP compared to LP
above 10 cm, but did not differ significantly between 2 and 10 cm
(Table 1; Fig. 1c).
Rainfall partitioning into TF, SF and Ei in UP and LP are shown at
annual- and season- (growing and dormant) scales in Table 2. The annual amount of BP was 2623.7 mm obtained from a total of 21 rainfall
events ranging from 10.6 mm to 287.7 mm. Event-based TF and SF in
UP and LP increased linearly with BP with an R2 values of 0.99 and
0.84, respectively, by the least-squares method (Fig. 2). Rainfall was
highly seasonal with most of the rain falling during the growing season
(1950 mm, 74.3% of BP), while dormant season rainfall was 673.7 mm,
accounting for 25.7% of BP (Table 2). The annual TF amount was
2235.7 ± 58.0 mm (85.2 ± 2.2% of BP) and 2323.1 ± 78.7 mm
(88.6 ± 3.0% of BP) in UP and LP, respectively. The annual SF amount
was 68.3 ± 3.1 mm (2.6 ± 0.1% of BP) and 58.4 ± 10.5 mm
(2.2 ± 0.4% of BP), and the annual Ei amount was 319.7 ± 59.4 mm
(12.2 ± 2.3% of BP) and 242.2 ± 31.9 mm (9.2 ± 1.2% of BP) in UP
and LP, respectively. One-way ANOVA showed no statistically significant differences (p > 0.05) in TF, SF and Ei amount at the annual-,
growing season- and dormant season-scales between slope positions,
respectively (Table 2).

(1)

where Vn is the average volume (ml) from sampled trees in a certain
DBH class, A is the plot area (m2), n is the number of DBH classes, and m
is number of trees belonging to a certain DBH class in the plot (Fig. 1a).
250-ml subsamples of BP, TF, and SF were taken to the laboratory
and refrigerated at 4 °C. Within 48 h of collection, the samples were
filtered through a 0.45-μm non-phosphorus filter and then measured by
ion chromatography to determine the concentrations (mg L−1) of NO3−
and SO42−. Volume-weighted mean (VWM) was used to express mean
concentrations of NO3− and SO42− in BP, TF and SF of individual
events (Zimmermann et al., 2008; Hofhansl et al., 2012):
i

VWM =

i

Ci Vi /
n= 1

Vi
n= 1

(2)

where Ci and Vi are the concentration and volume at collector i for a
given event.
The event-based fluxes of NO3− and SO42− were calculated by
multiplying VWM ion concentrations with the corresponding water
volumes of BP, TF and SF. Yearly and seasonal deposition fluxes
(kg ha−1) were obtained as the product of these VWM concentrations
and the corresponding annual/seasonal water volume. Net TF + SF flux
(NTF) integrated dry deposition and canopy exchange processes and
was also calculated by subtracting the fluxes of TF and SF from BP.
Additionally, a rainfall event was defined as a period > 2 mm of
gross rainfall. Two subsequent events were isolated by 24 h of dry
period. Canopy interception (Ei) during and after a rainfall event was
then calculated using the water balance of rainfall partitioning
(Crockford and Richardson, 2000; Sun et al., 2015):

Ei = TF + SF

BP

3.2. Concentrations of NO3− and SO42− in BP, TF and SF
Annual VWM concentrations of NO3−-N in TF and SF were similar
at the two slope plots, and were significantly lower than in BP
(p < 0.001) (Table 3). The NO3−-N concentrations in these hydrochemical fluxes exhibited clear seasonal trends (Fig. 3a). The BP NO3−N concentrations was two-fold higher in the dormant season
(1.21 mg L−1) than in the growing season (0.59 mg L−1) (Table 4).
Slope position had a significant effect on TF NO3−-N concentration in
the dormant season (p < 0.05) (Table 4). Dormant season TF NO3−-N
concentration was significantly lower in UP (0.52 ± 0.05 mg L−1)
than in LP (0.79 ± 0.05 mg L−1). Season (p < 0.001) and slope by
season (p < 0.01) also had a significant effect in the linear mixed
model. Dormant season TF NO3−-N concentration was more than twofold higher in UP and four-fold higher in LP compared to the growing
season (Table 4). In addition, the SF NO3−-N concentrations differed
significantly between seasons (p < 0.01). Dormant season SF NO3−-N
concentration was more than two-fold higher compared to the growing
season at the two slope plots, while there was no slope effect or slope by
season interaction (Table 4).
Unlike NO3−-N, although annual VWM concentrations of SO42−-S
in BP was slightly higher than in TF and SF in both UP and LP, there
were no significant differences among them (Table 3). The SO42−-S
concentrations in these hydrochemical fluxes also exhibited clear seasonal trends (Fig. 3b). The BP SO42−-S concentration was higher in the
dormant season (1.42 mg L−1) than in the growing season

(3)

2.3. Statistical analysis
All statistical analyses were conducted in R 3.6.3 (R Core Team,
2020). Linear mixed models using the nlme package (Pinheiro et al.,
2020) were used to analyze the effect of slope (i.e., UP and LP), season
(i.e., growing and dormant), and slope by season interaction on the
concentrations of NO3− and SO42− in TF and SF, in addition to the
fluxes of water, NO3− and SO42− in TF, SF and NTF. Slope and season
were fixed factors while subplot location was a random factor. Post hoc
3
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Fig. 1. Distribution of vegetation characteristics for stem diameter at breast height (DBH) (a), tree height (b), and basal area (c) presented for the respective stem
DBH classes in the upper slope plot (UP) and the lower slope plot (LP). Note that the number at the top of each bar in (a) denotes the number of trees used for the
stemflow measurements in each DBH class. Vertical bars represent the standard error of the mean (n = 3). Plot details as in Table 1.

3.3. Fluxes of NO3− and SO42− in BP, TF and SF

(0.84 mg L−1) (Table 4). Season (p < 0.01) had significant effects on
TF and SF SO42−-S concentrations. During the dormant season, TF and
SF SO42−-S concentrations were more than two-fold higher (except for
SF in UP, 1.8-fold) than during the growing season in UP and LP.
However, slope or slope by season had no significant effects (Table 4).

The UP and LP received similar fluxes of TF NO3−-N deposition with
6.31 ± 0.63 and 7.90 ± 0.91 kg ha−1 yr−1, respectively, which were
significantly lower than in BP (20.17 kg ha−1 yr−1) (Table 3; Fig. 4a).

Table 2
Rainfall partitioning into throughfall (TF), stemflow (SF) and canopy interception (Ei), and rate of those to bulk precipitation (BP) at the annual-, growing season- and
dormant season-scales in the upper slope plot (UP) and the lower slope plot (LP).
Annual

UP

LP

BP
TF
SF
Ei
BP
TF
SF
Ei

Growing-season

Dormant-season

mm

%

mm

%

mm

%

2623.7
2235.7 ± 58.0
68.3 ± 3.1
319.7 ± 59.4
2623.7
2323.1 ± 78.7
58.4 ± 10.5
242.2 ± 31.9

–
85.2 ± 2.2
2.6 ± 0.1
12.2 ± 2.3
–
88.6 ± 3.0
2.2 ± 0.4
9.2 ± 1.2

1950.0
1676.2 ± 39.7
46.4 ± 1.8
227.4 ± 39.0
1950.0
1743.2 ± 43.6
39.3 ± 8.5
167.5 ± 25.0

–
86.0 ± 2.0
2.4 ± 0.1
11.7 ± 2.0
–
89.4 ± 2.2
2.0 ± 0.4
8.6 ± 1.3

673.7
559.5 ± 24.5
21.8 ± 1.8
92.3 ± 26.3
673.7
579.9 ± 35.4
19.1 ± 2.0
74.7 ± 6.0

–
83.1 ± 3.6
3.2 ± 0.3
13.7 ± 3.9
–
86.1 ± 5.3
2.8 ± 0.3
11.1 ± 0.9

Values are presented as the means ± 1 standard error (n = 3).
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Fig. 2. The relationships between bulk precipitation (BP) and throughfall (TF) (a and b),
stemflow (SF) (c and d) in the upper slope plot
(UP) and the lower slope plot (LP), respectively.
Closed and open circles indicated data in UP and
LP. Vertical bars represent the standard error of
the mean (n = 3). The regression lines were
determined from the least-squares method.

season NTF fluxes was significantly lower in UP than in LP (Table 4;
Fig. 5a).
Annual TF SO42−-S fluxes significantly (p < 0.001) increased along
the
UP
(17.18
±
0.47
kg
ha−1
yr−1)
to
LP
(22.51 ± 1.16 kg ha−1 yr−1), which were significantly (p < 0.001)
lower than in BP (26.50 kg ha−1 yr−1) (Table 3; Fig. 4b). Slope
(p < 0.05) and season (p < 0.05) had significant effects on TF SO42−S fluxes, but there was no slope by season interaction (Table 4; Fig. 4b).
Growing season TF SO42−-S fluxes were significantly lower in UP than
in LP. The annual SF SO42−-S fluxes were also very small with
0.58 ± 0.02 kg ha−1 yr−1 in UP and 0.45 ± 0.16 kg ha−1 yr−1 in LP
(Table 3), and did not differ between slopes or between seasons, in
addition to no slope by season interaction (Table 4; Fig. 4b). Furthermore,
the
annual
NTF
SO42−-S
fluxes
in
UP
were
−8.74 ± 0.49 kg ha−1 yr−1 and was significantly lower than in LP
(-3.55 ± 1.27 kg ha−1 yr−1) (Table 3; Fig. 5b). Slope (p < 0.01) and
season (p < 0.05) had significant effects on NTF SO42−-S fluxes.
Growing season NTF SO42−-S fluxes (-6.47 ± 0.60 kg ha−1 yr−1 in UP
and −3.45 ± 0.90 kg ha−1 yr−1 in LP) was significantly lower than in
the dormant season (-1.90 ± 1.13 kg ha−1 yr−1 in UP and
0.17 ± 0.26 kg ha−1 yr−1 in LP) at the two slope plots, especially in
LP, dormant season NTF flux was close to zero (Table 4; Fig. 5b).

Table 3
Annual volume weighted mean concentrations and fluxes of nitrate (NO3−) and
sulfate (SO42−) in bulk precipitation (BP), throughfall (TF) and stemflow (SF),
in addition to net throughfall fluxes (NTF, NTF = TF + SF - BP) in the upper
slope plot (UP) and the lower slope plot (LP).
NO3−-N

SO42−-S

mg L−1
BP
TFUP
TFLP
SFUP
SFLP
NTFUP
NTFLP

0.77a
0.28 ±
0.34 ±
0.29 ±
0.34 ±

0.03b
0.03b
0.02b
0.09b

kg ha−1 yr−1

mg L−1

20.17a
6.31 ±
7.90 ±
0.20 ±
0.16 ±
−13.66
−11.10

1.01a
0.75 ±
0.94 ±
0.85 ±
0.84 ±

0.63b
0.91b
0.02c
0.03c
± 0.65A
± 0.93A

kg ha−1 yr−1
0.04a
0.05a
0.05a
0.14a

26.50a
17.18 ± 0.47b
22.51 ± 1.16c
0.58 ± 0.02d
0.45 ± 0.16d
−8.74 ± 0.49A
−3.55 ± 1.27B

Values are presented as the means ± 1 standard error (n = 3). Different letters
indicate significant differences in hydrochemical fluxes among slope plots
(p < 0.05).

The TF NO3−-N fluxes did not differ significantly between slopes
(p = 0.14) or between seasons (p = 0.06), but there was slope by
season interaction (p < 0.01) (Table 4; Fig. 4a). Dormant season TF
NO3−-N fluxes were significantly lower in UP than in LP, but growing
season differences between the two slopes were not significant. The
annual
SF
NO3−-N
fluxes
were
very
small
with
0.20 ± 0.02 kg ha−1 yr−1 in UP and 0.16 ± 0.03 kg ha−1 yr−1 in LP
(Table 3), and did not differ significantly (p > 0.05) between slopes or
between seasons, in addition to no slope by season interaction (Table 4;
Fig. 4a). Furthermore, the annual NTF NO3−-N fluxes were similar and
negative in UP (-13.66 ± 0.65 kg ha−1 yr−1) and LP
(-11.10 ± 0.93 kg ha−1 yr−1) (Table 3; Fig. 5a). Season (p < 0.001)
and season by slope (p < 0.01) had significant effects on NTF NO3−-N
fluxes. Growing season NTF NO3−-N fluxes was significantly lower than
in the dormant season at the two slope plots, particularly dormant

4. Discussion
4.1. Slope position effects on rainfall partitioning
While the spatial variability of rainfall partitioning is frequently
reported at tree and plot scales, studies that examine its spatial patterns
at watershed scale are far less common. We thus examined how rainfall
partitioning into TF, SF and Ei along a slope differed in a subtropical
evergreen broadleaf forested watershed. Annual Ei rate was
12.2 ± 2.3% in UP and 9.2 ± 3.8% in LP (Table 2), which are in the
5

Journal of Hydrology 591 (2020) 125584

X. Lu, et al.

Fig. 3. Seasonal variation in concentrations of nitrate (NO3−) (a), sulfate (SO42−) (b), and amount (c) of bulk precipitation (BP), throughfall (TF) and stemflow (SF)
in the upper slope plot (UP) and the lower slope plot (LP) from November 2014 to November 2015. Vertical bars represent the standard error of the mean (n = 3).
Note that TF and SF amount in (c) represented means of UP and LP.

lower range (7.6–28.8%) presented in the study by Miralles et al.
(2010) for evergreen broadleaf forest in field observations. However,
there was no statistically significant difference in Ei at the two slope
plots. This is mainly attributed to no significant difference in plant area
index between UP and LP (Table 1), which is a strongly determinant
factor of Ei (Crockford and Richardson, 2000; Levia and Frost, 2006;
Sun et al., 2015). Our finding implies that the Ei observation in one
interception study plot could be representative of the forest watershed,
but the Ei values are somewhat variable (Manfroi et al., 2006). Manfroi
et al. (2006) compared spatial variations of three-year Ei in a 100-m2
fixed subplot with that estimated in a 4-ha plot of a lowland evergreen
tropical forest. They found that both the 4-ha plot and the fixed subplot
Ei values (8.5% and 12.0%, respectively) were considered to be reliable
estimates, and the Ei values in the 4-ha plot ranged from 5% to 13%
with 95% confidence limits, which encompass the Ei values reported in
previous case studies in natural lowland tropical forests.
In addition, less TF amount and more SF amount in UP than in LP
(Table 2) are mainly ascribed to greater stem density and higher stem
basal area in UP (Table 1), but they did not significantly differ between
the two slope plots. TF and SF are the two hydrological components
responsible for the transfer of water and solutes from tree canopies to
forest floor (Levia and Frost, 2006; Levia and Germer, 2015). TF is a
dominant component of rainfall partitioning (Sun et al., 2017), and
annual TF rate were 85.2% in UP and 88.6% in LP in the present study

(Table 2). These values were comparable to those (84.4–85.5%) in
subtropical forest sites of South China (Fang et al., 2008). Annual TF
rate was significantly negatively correlated with stand density, canopy
cover and basal area (Aboal et al., 2000; Molina and del Campo, 2012;
Sun et al., 2017). A multiple regression model with input of these
commonly stand-structural parameters was developed to estimate TF in
a temperate coniferous plantation (Sun et al., 2017), which provides
potential uses in evaluating the spatial TF patterns at watershed scale
and exploiting similar models for other forest ecosystems (e.g., subtropical forests). SF represented a small fraction of hydrological input to
forest floor, and annual SF rate was 2.6% in UP and 2.2% in LP in this
study (Table 2). These values agrees with those (1.0–3.9%) found in the
subtropical forest sites of South China (Fang et al., 2009) and are in
range (usually 1–10%) of other tropical or subtropical forests (Hofhansl
et al., 2012). So far SF has been ignored or underrepresented in studies
of hydrological and ecological significances in forests, even though it
constitutes a highly spatially localized input of water and nutrients near
tree stems (Hofhansl et al., 2012; Levia and Germer, 2015). Future
studies should examine the dynamic interplay between SF and stand
structures and develop the relationships among them, combining with
estimation of TF with commonly forest inventories as mentioned above,
to deepen a better and more accurate understanding of spatial variations in rainfall partitioning in the larger context of watershed hydrology and biogeochemistry.
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Table 4
Volume weighted mean concentrations and fluxes of nitrate (NO3−) and sulfate (SO42−) of bulk precipitation (BP), throughfall (TF) and stemflow (SF), in addition to
net throughfall fluxes (NTF, NTF = TF + SF − BP) at the growing season- and dormant season-scales in the upper slope plot (UP) and the lower slope plot (LP).
Season

BP
Growing-season
Dormant-season
TF
Growing-season
Dormant-season
F-values
Season
Slope
Season*Slope
SF
Growing-season
Dormant-season
F-values
Season
Slope
Season*Slope
NTF
Growing-season
Dormant-season
F-values
Season
Slope
Season*Slope

Slope

UP
LP
UP
LP

UP
LP
UP
LP

NO3−-N

SO42−-S

mg L−1

kg ha−1 season−1

mg L−1

kg ha−1 season−1

0.59
1.21

11.44
8.13

0.84
1.42

16.35
9.59

0.20
0.19
0.52
0.79

±
±
±
±

0.03
0.01
0.05
0.05

3.43
3.49
2.92
4.59

±
±
±
±

470.73***
7.70*
44.33**

7.00
3.42
55.41**

0.21
0.27
0.49
0.51

0.10
0.08
0.11
0.08

±
±
±
±

0.02
0.08
0.03
0.15

33.68**
0.12
0.24

±
±
±
±

0.43
0.24
0.30
0.36

−7.90
−7.86
−5.11
−3.47

±
±
±
±

0.03
0.04
0.21
0.16

41.86**
3.19
0.48
0.01
0.02
0.01
0.02

1.41
0.00
0.21

UP
LP
UP
LP

0.55
0.70
1.33
1.66

0.68
0.59
1.26
1.43

±
±
±
±

43.24**
0.05
1.45
±
±
±
±

0.45
0.26
0.31
0.36

1053.74***
3.08
52.10**

9.56 ± 0.61
12.69 ± 0.82
7.42 ± 1.14
9.52 ± 0.32
11.49*
11.15*
0.42

0.08
0.10
0.06
0.28

0.32
0.22
0.27
0.24

±
±
±
±

0.04
0.08
0.02
0.07

0.79
0.09
0.82
−6.47 ± 0.60
−3.45 ± 0.90
−1.90 ± 1.13
0.17 ± 0.26
26.58**
10.30*
0.36

Values are presented as the means ± 1 standard error (n = 3). F-values are based on a linear mixed model. *, p < 0.05; **, p < 0.01; ***, p < 0.001.
Fig. 4. Nitrate-N (NO3−-N) (a) and sulfate-S
(SO42−-S) (b) fluxes of bulk precipitation (BP) and
throughfall (TF) at the annual-, growing seasonand dormant season-scales in the upper slope plot
(UP) and the lower slope plot (LP). Vertical bars
represent the standard error of the mean (n = 3).
Different lowercase letters indicate significant
(p < 0.05) differences among slope plots and different capital letters indicate significant (p < 0.05)
differences among seasons. Note that stemflow
fluxes are not shown because of small values, and
the differences are not significant among plots and
seasons (see Table 3).
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Fig. 5. Net throughfall (TF) plus stemflow (SF) nitrate-N (NO3−-N) (a) and
sulfate-S (SO42−-S) (b) fluxes at the
annual-, growing season- and dormant
season-scales in the upper slope plot
(UP) and the lower slope plot (LP).
Vertical bars represent the standard
error of the mean (n = 3). Different
letters indicate significant differences
among slopes plots (p < 0.05).
Positive values indicate net N and S
input to the forest soil and negative
values indicate net N and S uptake by
the canopy.

4.2. Seasonality effects on NO3− and SO42− concentrations

fluxes were larger during the growing season, suggesting that the
amount of rainwater is an overriding factor and a main source in TF and
SF NO3−-N and SO42−-S deposition fluxes (Levia and Frost, 2006).
Analysis of slope position effects showed that both TF NO3−-N and
SO42−-S fluxes were slightly or significantly lower in UP than in LP, but
SF NO3−-N and SO42−-S fluxes were quite similar between the slopes at
the annual- and season-scales (Table 4; Fig. 4). These differences are
mainly ascribed to differences in wash-off of particles and dissolution of
aerosols that have accumulated on canopy surfaces between events and
canopy exchange that includes leaching of internal material from plant
tissues and leaf surfaces, and active uptake of ions in rainfall by leaves
or epiphytic flora (Hofhansl et al., 2011; Salehi et al., 2016; Siegert
et al., 2017), rather than to differences in TF and SF amounts between
slope plots (Table 2). Site characteristics (e.g., elevation, slope and
aspect) are greatly related to altitude and exposure to wind, rainfall,
aerosols, influencing microclimate and deposition velocity (Hofhansl
et al., 2011). We found increased dry deposition to UP where NTF of
sodium (1.25 ± 0.23 kg ha−1 yr−1) was higher than in LP
(0.72 ± 0.17 kg ha−1 yr−1) (Sun et al., submitted for publication), but
the TF NO3−-N and SO42−-S fluxes in UP were lower than in LP
(Table 4; Fig. 4). These indicate that exchange with foliage surfaces
should be the dominant factor controlling the spatial patterns of TF
NO3− and SO42− fluxes in the watershed in the present study. For
NO3− and SO42−, dry deposition is generally the main contributing
source of TF deposition and is primarily from industrial and transportation fossil fuel combustion. The study was conducted in the absence of
any major anthropogenic or oceanic sources nearby. The fact that NTF S
fluxes in UP and LP were very close to zero, (Fig. 5b), also indicating
that dry deposition does not appear to play a major role in this study
area. On the contrary, at the pollution exposed site, the contribution of
washout scavenging processes and dry deposition is higher than at the
remote site (Chiwa et al., 2003; Rodrigo et al., 2003). For example,
Chiwa et al. (2003) reported the fluxes of NO3− and SO42− in TF and SF
were higher at the mountain-facing slope (i.e., away from the urban
areas) than at the urban-facing slope (i.e., near the traffic roads and
urban areas) in Japanese pine forests in western Japan. Therefore, our
findings have important implications for evaluation of the external and
internal cycling of N and S in forest ecosystems, and highlight the need
for additional consideration of pollution condition on the effect of site
characteristics on TF and SF hydrochemistry along topographic positions within a watershed.
Annual TF + SF NO3−-N and SO42−-S fluxes in the present study
are in the low range of values reported for China’s forest sites (NO3−-N:
0.81–55.74 with mean of 10.19 ± 1.75 kg ha−1 (n = 43); SO42−-S:
0.20–240.03 with mean of 70.64 ± 9.93 kg ha−1 (n = 40); Du, 2018),
as a consequence of N and S emission reduction measures and economic
transformation. The SO2 emissions have been successfully curbed in
China (Lu et al., 2011), but the role of atmospheric NO3− deposition is
continuously enhanced and is increasingly important now and into

The comparison of annual VWM concentrations revealed to be significantly lower for NO3−-N in TF and SF than in BP, whereas it showed
no significant differences for SO42−-S among BP, TF and SF (Table 3).
Concentrations of NO3−-N and SO42−-S in the present study are within
the range of those measured at forest sites across China (NO3−-N:
0.04–2.81 with a mean 0.63 ± 0.09 mg L−1 for BP and 0.06–4.55 with
mean 1.05 ± 0.17 mg L−1 for TF (n = 43); SO42−-S: 0.07–12.27 with
mean 3.24 ± 0.46 mg L−1 for BP and 0.04–24.26 with mean of
5.50 ± 0.87 mg L−1 for TF (n = 40); Du, 2018). Indeed, SF NO3−-N
and SO42−-S concentrations are reported much less and are slightly
lower compared to BP, which may to a greater extent be ascribed to
microbial immobilization within the crown or capture by epiphytic lichens (e.g., Chiwa et al., 2003; Rodrigo et al., 2003; Liu et al., 2004),
reflecting uptake processes rather than dry deposition in this study site
(see Section 4.3 for details).
Both NO3−-N and SO42−-S concentrations exhibited similar seasonality in TF and SF with those in BP (Fig. 3). Seasonally, dormant
season NO3−-N and SO42−-S were more concentrated in these rainfall
partitioning components than in growing season (Table 4; Fig. 3a and
b). During the growing season, canopy uptake of N and S occurs when
phyllosphere mosses, lichens, and microorganisms remove N and S
from TF and SF solutions (Knops et al., 1996; Rodrigo et al., 2003;
Siegert et al., 2017), while during the dormant season, phyllosphere
activity is dormant so canopy fluxes are relatively enriched with N and
S through leaching (Ignatova and Dambrine, 2000). Besides, the increased roughness of leafless canopies aides in scavenging N and S dry
deposition from these increased emissions from combustion of fossil
fuel for heating purposes (Du et al., 2014) that is washed out in less and
small rainfall events before the sampling in the dormant season. In this
study, dormant season BP amount only accounted for 25% of annual BP
amount with more small rainfall events (Table 2; Fig. 3c). Small rainfall
events usually have higher solutes concentrations because leaching and
washing of canopies are larger at the beginning of a storm, whereas
larger rainfall events may result in dilution of solutes (Osaka et al.,
2016). Biological nitrification in forest canopies may also result in TF
NO3−-N concentrations higher during the dormant season under high N
deposition. Guerrieri et al. (2015) combined multiple isotope tracers
and quantified for the first time the large fraction (17–59%) of TF
NO3−, which derived from nitrification occurring in tree canopies at
Scots pine and beech stands under high N deposition in the United
Kingdom. These reasons may cause seasonality remarkable effects on
NO3− and SO42− concentrations in these interception components.
4.3. Slope position effects on NO3− and SO42− fluxes
Despite higher concentrations of NO3−-N and SO42−-S in TF and SF
during the dormant season, these hydrochemical NO3−-N and SO42−-S
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future, although Chinese N deposition tend towards levelling or declining (Yu et al., 2019). Additionally, annual NTF values were negative
for NO3−-N and SO42−-S at both slope plots (Fig. 5). This result illustrates that there is retained or taken up by the foliage or by the epiphytic flora in the studied site, meaning atmospheric N and S deposition
fluxes were reduced through canopy passage into forest floor. Similar
results were reported in earlier literatures (e.g., Ignatova and
Dambrine, 2000; Dezzeo and Chacon, 2006; Sparks, 2009; PonetteGonzález et al., 2017; Su et al., 2019). Conversely, a number of observations have also reported positive annual NTF NO3−-N and SO42−S values, meaning atmospheric N and S deposition fluxes were enhanced passing through canopy into forest floor (e.g., Berger et al.,
2008; Du et al., 2014; Zhang et al., 2019). It is thus important to note
that TF (+SF) fluxes are not a reliable measure of atmospheric N and S
deposition because of canopy exchange processes (i.e., uptake and
leaching), but are used to measure N and S flux to forest floor, which
are also pointed out by previous studies (e.g., Sparks, 2009; Du et al.,
2014). Canopy modification effects are site specific and vary in space
and time. It remains to be discriminated what dominant factors and
processes occurring within the canopy influence the direction and
magnitude of NTF fluxes among different forest sites. Such examinations are crucial to assess the consequent impacts on spatial patterns of
water and soil acidification at regional and global scales, and to facilitate both forest management and better understanding of the structure
and function of forest ecosystems responding to recent patterns of environmental changes.
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