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Abstract: Base cation transfer from stemflow is an important process for nutrient transfer and plays
a key role in maintaining the balance of soil nutrient pools. To research the differences of stemflow
chemistry in mixed plantations, we conducted a continuous field experiment in the rainy zone of
Western China from December 2016 to November 2017. Three representative mixed plantations,
including a conifer–broadleaved mixed plantation, a deciduous broadleaved mixed plantation and
a multispecies mixed plantation, were selected to investigate the concentration and flux
characteristics of K+, Na+, Ca2+ and Mg2+ in stemflow. The results showed that: (1) the K+, Na+, Ca2+
and Mg2+ fluxes ranged from 1.75 to 2.44 kg ha−1 year−1, 0.14 to 0.24 kg ha−1 year−1, 1.25 to 2.11 kg ha−1
year−1, and 0.40 to 0.60 kg ha−1 year−1 in these mixed plantations during the one-year observation,
and the annual or seasonal (i.e., rainy or dry season) base cation fluxes in the stemflow varied
slightly with the plantation types; (2) broadleaved trees had a higher average stemflow base cation
contribution rate and flux-based enrichment ratio than coniferous trees, and the enrichment ratios
showed a decreasing tendency with increasing trunk diameter; (3) the stemflow base cation
concentration was higher in the dry season, while flux was observed to be higher in the rainy season.
These results suggested that increasing the proportion of broadleaved species in mixed plantations
might improve soil nutrient content and benefit material cycling in subtropical forest ecosystems.
Keywords: stemflow; base cations; tree species composition; mixed plantation; subtropical forest

1. Introduction
Stemflow plays a fundamental role in maintaining forest productivity and regulating the
biogeochemical cycles of water and nutrients [1–3]. Although stemflow only occupies a small portion
of bulk precipitation compared to throughfall, it can enrich base cations and generate multiple
nutrient points in forest ecosystems (Figure 1) [2,4,5], and these nutrient ions existing in the nearstem soil can be directly absorbed and utilized by the vegetation [6]. They can also form complexes
with the litter layer or organic matter which are generally abundant in forest ecosystems and
indirectly supply nutrients to the vegetation. Besides, stemflow has strong effects on the
microhabitats around tree bases and the understory vegetation distribution patterns [7,8], soil
physicochemical properties, and soil fertility [9–12]. Therefore, understanding stemflow nutrient
transportation patterns will provide a scientific basis for sustainable forest management.
Mixed plantations with different tree species have generally been considered to behave better in
ecosystem functioning than monodominant plantations [13]. Different trees can create different
biogeochemical hotspots in forest ecosystems [14]. Firstly, tree species substantially affect stemflow
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chemistry [14]. Tree canopy changes with the seasons offers different available areas for deposition
interception and ionic exchange. Previous studies found that deciduous trees often had a high canopy
exchange of K+, Ca2+ and Mg2+, while coniferous trees always captured dry deposition effectively
[15,16]. However, it is not known how tree species impact stemflow chemistry in mixed plantations.
Secondly, tree bark can show different abilities to change stemflow chemistry, leading to interspecific
differences in stemflow. Levia and Herwitz [17] found that furrowed bark of northern red oak
(Quercus rubra) generated large stemflow solute inputs, and thinner bark was reported to be more
favorable to ionic exchange by André [18]. Additionally, tree diameter (which determines the
contacted area between the trunk and water) also impacts stemflow greatly, and trees with a large
diameter always produce high solute fluxes [18,19]. Based on this, stands composed of diverse species
may produce varied stemflow nutrient flux, thus leading to different stemflow chemistry among
mixed plantations, which is also important for nutrient cycling in the forest ecosystem. Furthermore,
the dynamics of base cations (K+, Na+, Ca2+ and Mg2+) in stemflow change due to seasonal precipitation
patterns and canopy morphology changes [17,20,21], but the actual processes remain unclear.
Therefore, we hypothesized that stemflow base cation flux varied among different mixed
plantations, especially in the rainy season. The stemflow chemistry of three representative mixed
plantations in the rainy zone of Western China was assessed to test our hypothesis by addressing the
following questions: (i) how do the annual/seasonal concentrations/fluxes of the base cations (K+, Na+,
Ca2+ and Mg2+) in stemflow vary among the mixed plantations? (ii) Do the base cations in stemflow
follow a seasonal trend between the rainy and dry season? (iii) How do tree species and diameter
classes affect the base cation flux in stemflow? Answers to these questions will provide a scientific
basis for forest management in subtropical regions and serve as a reference for the evaluation system
of mixed plantations.

Figure 1. The formation of stemflow in forests.

2. Materials and Methods
2.1. Site Description
The study was conducted in the Monitoring Station for Eco-Environment in the rainy zone of
Western China (31°01′–31°01′ N, 103°34′–103°36′ E), which is located in Dujiangyan city at the western
edge of the Sichuan Basin (Figure 2). The mean annual precipitation at the study site is 1243 mm. The
rainy season ranges from May to October, and the dry season ranges from November to April [22].
The mean annual temperature is 15.2 °C, and the mean monthly temperature ranges from −1.4 °C
(January) to 31.6 °C (July). The soil is classified as ferralsol with old alluvial yellow loam according
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to the Chinese Soil Taxonomy (Cooperative Research Group on Chinese Soil Taxonomy 2001). The
concentrations of C, N and P in 0–20 cm soil samples were 15.76 g kg−1, 1.92 g kg−1 and 0.32 g kg−1,
respectively, and the soil pH in this region was 5.73 [23]. In the 1950s, the Forestry Department of
Sichuan University planted different mixed forests in this area, and the typical vegetation types
include Cryptomeria fortunei, Quercus acutissima, Phoebe zhennan, Camptotheca acuminate, etc. These
forests received little human disturbance in nearly 20 years. Most trees in the forest flower in
succession in approximately April and fruit from August to October.

Figure 2. Locations of the rainy zone of western China and the study site in Dujiangyan City, Sichuan
Province. The gray area represents the rainy zone of western China [24]. Three 15 m × 15 m plots were
chosen in the conifer–broadleaved mixed plantation (CB), deciduous broadleaved mixed plantation
(DB) and multispecies mixed plantation (MS), respectively.

2.2. Plot Design
Three plots (15 m × 15 m) were established in the following three plantations (gradient 10°–15°)
(Figure 2): a conifer–broadleaved mixed plantation (CB), a deciduous broadleaved mixed plantation
(DB) and a multispecies mixed plantation (MS). The species and tree diameter at breast height (DBH)
in the plots were investigated, and the trees were divided into 6 DBH classes at intervals of 10 cm
(10–20 cm, 20–30 cm, 30–40 cm, 40–50 cm, 50–60 cm and 60–70 cm) (Table 1). The total number of
trees in the plots in CB, DB and MS were 34, 30 and 42, respectively (Table 2).
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Table 1. Stand characteristics of the conifer–broadleaved mixed plantation (CB), deciduous broadleaved mixed plantation (DB) and multispecies mixed plantation (MS).
DBH = diameter at breast height.

Stand
Type

Altitude
(m)

Canopy
Density

Stand Density
(trees ha−1)

Smallest
DBH (cm)

Largest
DBH (cm)

Total Basal
Area (m2 ha−1)

CB

1009

0.75

504 ± 30

14.0

49.0

40.92 ± 6.34

DB

1027

0.85

444 ± 26

16.8

47.2

29.73 ± 4.87

MS

911

0.85

622 ± 44

10.1

61.8

47.23 ± 6.21

Tree Species
Composition
(proportion)
Cryptomeria fortune
(18%), Phoebe zhennan
(44%), Camptotheca
acuminate (38%)
Quercus acutissima
(70%), Phoebe zhennan
(7%), Camptotheca
acuminate (23%)
Cupressus funebris
(29%), Padus racemosa
(10%), Pterocarya
stenoptera (7%),
Michelia wilsonii
(10%), Cryptomeria
fortune (21%), Alnus
cremastogyne (4%),
Camptotheca acuminate
(19%)

Proportion of
Coniferous
Tree Species
18%

0%

50%

Diameter Classes
Composition
(proportion)
10–20 cm (12%), 20–
30 cm (38%), 30–40
cm (26%), 40–50 cm
(24%)
10–20 cm (13%), 20–
30 cm (54%), 30–40
cm (20%), 40–50 cm
(13%)

10–20 cm (21%), 20–
30 cm (41%), 30–40
cm (24%), 40–50 cm
(7%), 50–60 cm
(5%), 60–70 cm (2%)
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Table 2. Quantities of total trees and species fitted with stemflow collectors in each diameter class in the three mixed plantations.
Stand
Type

CB

DB

MS

Total trees in the plots
Tree species and quantities (brackets) in
each diameter class
P. zhennan: 10–20 cm (4), 20–30 cm (8), 30–
40 cm (3);
C. acuminate: 20–30 cm (2), 30–40 cm (4), 40–
50 cm (7);
C. fortune: 20–30 cm (3), 30–40cm (2), 40–50
cm (1).
C. acuminate: 10–20 cm (1), 20–30 cm (3), 30–
40 cm (1), 40–50 cm (2);
Q. acutissima: 10–20 cm (3), 20–30 cm (11),
30–40 cm (5), 40–50 cm (2);
P. zhennan: 20–30 cm (2).
A. cremastogyne: 10–20 cm (1), 40–50 cm (1);
C. acuminate: 20–30 cm (4), 30–40 cm (1), 40–
50 cm (2), 50–60 cm (1);
C. fortune: 10–20 cm (3), 20–30 cm (2), 30–40
cm (4);
C. funebris: 20–30 cm (8), 30–40 cm (4);
M. wilsonii: 10–20 cm (1), 20–30 cm (2), 30–
40 cm (1);
P. racemose: 10–20 cm (4);
P. stenoptera: 20–30 cm (1), 50–60 cm (1), 60–
70 cm (1).

Total
Quantity

34

30

42

Total trees sampled in the plots
Tree species and quantities (brackets) in
each diameter class
P. zhennan: 10–20 cm (3), 20–30 cm (3), 30–
40 cm (3);
C. acuminate: 20–30 cm (2), 30–40 cm (3),
40–50 cm (3),
C. fortune: 20–30 cm (3), 30–40cm (2), 40–50
cm (1)
C. acuminate: 10–20 cm (1), 20–30 cm (3),
30–40 cm (1), 40–50 cm (2);
Q. acutissima: 10–20 cm (3), 20–30 cm (3),
30–40 cm (3), 40–50 cm (2);
P. zhennan: 20–30 cm (2).
A. cremastogyne: 10–20 cm (1), 40–50 cm (1);
C. acuminate: 20–30 cm (3), 30–40 cm (1),
40–50 cm (2), 50–60 cm (1);
C. fortune: 10–20 cm (3), 20–30 cm (2), 30–40
cm (3);
C. funebris: 20–30 cm (3), 30–40 cm (3);
M. wilsonii: 10–20 cm (1), 20–30 cm (2), 30–
40 cm (1);
P. racemose: 10–20 cm (3);
P. stenoptera: 20–30 cm (1), 50–60 cm (1),
60–70 cm (1).

Total
Quantity

23

20

33
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2.3. Stemflow and Rainfall Collection
To evaluate stand stemflow accurately, we randomly selected three trees of the same species in
each diameter class to measure and sample the stemflow, and the trees with fewer than three
individuals were all selected to measure stemflow. The total number of trees fitted with stemflow
collectors in the plots in CB, DB and MS were 23, 20 and 33, respectively (Table 2). The stemflow of
the remaining trees in the plots was averaged from trees of the same species in each diameter class.
The trunks of the selected trees were equipped with flexible tubes that were cut longitudinally
and wrapped around the tree trunks at a height of 1.3 m. The tubes and tree trunks were fixed tightly
with iron nails, and silicone sealant was applied to seal the nail and plug nail head gaps [25]. The end
of each tubing was connected to a 15 L polyethylene bucket through the lid, and the lid and tubing
gaps were sealed with silicone sealant to minimize the interference from dry deposition.
Early precipitation monitoring suggested that it was insufficient to collect stemflow when the
precipitation amount was less than 10 mm. Hence, stemflow samples were immediately collected
during December 2016 to November 2017 after every rainfall event that reached 10 mm, and the
collection was taken every 15 days if it did not reach 10 mm after several rainfall events. We used a
weather station (HOBO U30-NRC, Onset Computer Corporation, Bourne, MA, USA) to record
precipitation. Meanwhile, three man-made rainfall collectors (a 17.5cm diameter plastic bucket
connected to a 5 L plastic bucket) were also installed in the open area to sample rainfall water.
However, there were 5 rainstorms that led to overflowing stemflow and underestimated volumes.
There was a significant linear relationship between rainfall and stemflow volume. Thus, we fit a curve
equation of precipitation and stemflow (mm) to estimate the unanticipated cases (Table 3) and
calculate the base cation fluxes during rainstorm events.
All stemflow samples were weighed at study site, collected (250 mL) and transported to the
laboratory for chemical analysis. The water samples were filtered through 0.45 μm membranes
(Jiangsu Green Union Science Instrument Co., Jiangsu, China) and used for chemical analysis as soon
as possible. The concentrations of K+, Na+, Ca2+ and Mg2+ were measured using an atomic absorption
spectrophotometer (AA-7000, SHIMADZU, Kyoto, Japan).
Table 3. Curve equation of precipitation and stemflow volume (mm) in plantations (n = 34).

Stand Type
CB
DB
MS

Curve Equation
Y = 0.0066x − 0.021
Y = 0.0047x − 0.0423
Y = 0.0053x + 0.0361

R2
0.598
0.623
0.480

p value
0.000
0.000
0.000

Bold values indicate the effects of precipitation volume on the stemflow volume are significant (p < 0.05).

2.4. Data Calculations and Statistical Analyses
The average stemflow base cation contribution rates of trees were used to evaluate the tree
contribution to the forest for every tree species or diameter class. Stemflow enrichment ratios
standardize stemflow base cation inputs per unit area and indicate how relevant stemflow can be for
forest nutrient cycling compared to open areas. The stemflow volume of plot i (VSF,i, mm), base cation
fluxes of stemflow in the plantations (FluxSF, kg ha−1), and average base cation contribution rates of
the tree species or diameter classes (I, %) to stand stemflow and stemflow enrichment ratios (E) [26]
were calculated as follows:
VSF,i = Vt,i/Si
FluxSF = (

 （C
n

i=1

）× VSF, i×0.01)/n

SF , i

(1)
(2)

I = (Fluxs/Fluxt) × 100%/q

(3)

E = (Ci × Vi)/(Cp × P × B)

(4)
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where VSF,i (mm) and Vt,i (L) are stemflow volumes in plot i; Si (m2) and n are the plot area and tree
quantity, respectively; CSF,i (mg L−1) is the base cation concentration of stemflow in plot i; Fluxs (g ha−1)
is the base cation flux in stemflow for a specific tree species or diameter class; Fluxt (g ha−1) is the total
stemflow base cation flux of all trees in the three plots; q is the tree quantity of the corresponding
Fluxs; Ci is the base cation concentration in the stemflow of trees (mg L−1); Vi is the stemflow volume
(L); Cp is the base cation concentration of the gross precipitation (mg L−1); P is the depth of gross
precipitation (mm); and B is the trunk basal area (m2). In order to ensure repeatability, the enrichment
ratios and average base cation contribution rates were calculated only for the tree species and
diameter classes with more than three individuals in the stand plots.
The differences in base cation concentration and flux among plantations were tested by one-way
analysis of variance (ANOVA) followed by Duncan’s multiple range test. We also used ANOVA to
determine whether the effects of diameter and species on base cation enrichment and contribution
ratios in the three plantations were significant. Besides, as there were only two studied tree species
in the DB plantation, we conducted student’s t-test to identify the differences instead. To observe
seasonal changes in the stemflow base cations in the three plantations, student’s t-test was performed
to assess the differences in concentration and flux between the rainy and dry season. All statistical
tests were considered significant at the p < 0.05 level and performed by using the Software Statistical
Package for the Social Sciences (SPSS) version 20.0 (IBM SPSS Statistics Inc, Chicago, IL, USA).
3. Results
3.1. Base Cation Concentrations in Stemflow
The annual average concentration of all the base cations (K+, Na+, Ca2+ and Mg2+) in rainfall was
significantly lower (p < 0.05) than those in the stemflow. The annual average K+ concentration in the
stemflow in the DB was significantly higher (p < 0.05) than that in the CB and MS (Figure 3). The
concentrations of Na+ and Ca2+ varied slightly with plantation type. The lowest concentration of Mg2+
in the stemflow was observed in the MS (Figure 3). The seasonal base cation concentrations in the
stemflow among the plantations were similar to the variation in the annual average concentrations.
As expected, concentrations of all the base cations in the stemflow in the rainy season were
significantly lower than those in the dry season (except for K+ and Na+ in the DB and Na+ in the MS)
(Figure 4).

Figure 3. Dynamics of base cation concentration in the stemflow during the rainy and dry season in
the rainy zone of western China. Gray shadow represents the rainy season. OA = base cation
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concentration in the rainfall; CB, DB and MS = stemflow base cation concentration in the plantations.
The bar charts represent the annual average concentration (mg L−1) of rainwater of corresponding
colors. Different lower case letters are significant differences of rainwater base cation concentration
among different areas as evaluated by ANOVA followed by Duncan’s multiple range test.

Figure 4. Seasonal concentrations of base cations in the stemflow during the rainy and dry season.
Different capital letters are significant differences between dry and rainy season stemflow base cation
concentration as evaluated by student’s t-test. Different lower case letters are significant differences
in stemflow base cation concentration among different stands during the same season as evaluated
by ANOVA followed by Duncan’s multiple range test.

3.2. Base Cation Fluxes in the Stemflow
The annual fluxes of all the base cations in the rainfall were significantly higher (p < 0.05) than
those in the stemflow. The annual fluxes of K+, Na+, Ca2+ and Mg2+ in the rainfall reached 25.45 kg ha−1
year−1, 21.63 kg ha−1 year−1, 102.04 kg ha−1 year−1, and 3.93 kg ha−1 year−1, respectively. No significant
differences in annual base cation flux in stemflow were detected among different plantations (Figure
5). Additionally, no significant differences were observed among plantations in either dry or rainy
seasons (Figure 6). The annual flux of K+, Na+, Ca2+ and Mg2+ in the stemflow ranged from 1.75 to 2.44
kg ha−1 year−1, 0.14 to 0.24 kg ha−1 year−1, 1.25 to 2.11 kg ha−1 year−1, and 0.40 to 0.60 kg ha−1 year−1 in
the plantations. The base cation fluxes in the stemflow in the rainy season were relatively higher than
those in the dry season (except Mg2+ in the MS), and K+ and Na+ of stemflow in the DB showed
significant variations (p < 0.05) (Figure 6). The inputs of K+, Na+, Ca2+ and Mg2+ in stemflow in the
rainy season accounted for 57%–74%, 62%–69%, 62%–66% and 49%–55% of the annual flux,
respectively.
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Figure 5. Dynamics of base cation flux in the stemflow during the rainy and dry season in the rainy
zone of western China. Gray shadow represents the rainy season. OA = base cation flux in the rainfall;
CB, DB and MS = stemflow base cation flux in the plantations. The bar charts represent the annual
input (kg−1 ha−1 year−1) of the rainwater of corresponding colors. Different lower case letters are
significant differences in rainwater base cation flux among different areas as evaluated by ANOVA
followed by Duncan’s multiple range test.

Figure 6. Seasonal fluxes of base cations in the stemflow during the rainy and dry season. Different
capital letters are significant differences in dry and rainy season stemflow base cation flux as
evaluated by student’s t-test. Different lower case letters are significant differences of stemflow base
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cation flux among different stands during the same season as evaluated by ANOVA followed by
Duncan’s multiple range test.

3.3. The Contribution and Enrichment Effects of the Afforestation Trees
In the CB, Phoebe zhennan had the highest average contribution rate and enrichment ratio of all
the base cations (K+, Na+, Ca2+ and Mg2+) in the stemflow, followed by Camptotheca acuminate, and
Cryptomeria fortunei had the lowest. C. acuminata had significantly higher (p < 0.05) average
contribution rates of K+, Ca2+ and Mg2+ in the stemflow but a lower enrichment ratio of Mg2+ than
Quercus acutissima in the DB. In the MS, all the average base cation contributions of C. fortune and
Cupressus funebris were significantly lower (p < 0.05) than those of the other tree species, and the
enrichment ratios were also lower. These results indicate that the average base cation contribution
rates and flux-based enrichment ratios in the stemflow in broadleaved trees (i.e., Padus racemosa,
Pterocarya stenoptera, Michelia wilsonii, C. acuminate, Q. acutissima, and P. zhennan) were higher than
those in coniferous trees (i.e., C. funebris and C. fortunei) (Figure 7). Moreover, tree diameter had
significant effects (p < 0.05) on the tree contributions of base cations in the stemflow but varied
inconsistently in the three mixed plantations. However, the enrichment ratios showed a decreasing
tendency with increasing trunk diameter (Figure 8).

Figure 7. Average base cation contribution rates and enrichment ratios of different tree species in the
stemflow in mixed plantations. Different lower case letters are significant differences in the average
contribution rate or enrichment ratio among different tree species in the CB or MS as evaluated by
ANOVA followed by Duncan’s multiple range test, and those between tree species in the DB were
evaluated by student’s t-test.
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Figure 8. Average base cation contribution rates and enrichment ratios of trees with different DBH
classes in the stemflow in mixed plantations. Different lower case letters are significant differences of
average contribution rate or enrichment ratio among trees with different diameter classes in the
plantations as evaluated by ANOVA followed by Duncan’s multiple range test.

4. Discussion
Inconsistent with our hypothesis that stemflow base cation flux varied significantly among
different mixed plantations, we found that the annual and seasonal base cation (K+, Na+, Ca2+ and
Mg2+) flux in stemflow varied slightly with stand type. The base cation flux from stemflow in the
three mixed plantations were relatively higher in the rainy season than in the dry season, which
agreed with our hypothesis. Moreover, we also found that the stemflow base cation contribution rate
and flux-based enrichment ratio in broadleaved trees were higher than those in coniferous trees, and
they varied greatly with trunk diameter.
The annual fluxes of K+, Na+, Ca2+ and Mg2+ in stemflow respectively ranged from 1.75 to 2.44 kg
ha−1 year−1, 0.14 to 0.24 kg ha−1 year−1, 1.25 to 2.11 kg ha−1 year−1, and 0.40 to 0.60 kg ha−1 year−1 in our
studied mixed plantations. However, studies conducted in other regions showed different results,
which range from 1.1 to 14.5 kg ha−1 year−1, 0.06 to 0.9 kg ha−1 year−1, 0.3 to 6.0 kg ha−1 year−1 and 0.1 to
1.7 kg ha−1 year−1 for K+, Na+, Ca2+ and Mg2+, respectively [27–29]. By comparison, our annual K+, Na+
and Mg2+ fluxes were relatively lower, and the Ca2+ flux was higher than that in the other studies. The
differences in stemflow base cation flux were attributed to many factors, such as geographic location,
atmospheric environment, stand density, soil properties and tree species composition [14,30,31]. High
atmospheric deposition in the rainy zone of western China [32] increased base cation deposition into
stemflow, especially for Ca2+, whose wet deposition reached 102 kg ha−1 year−1 in our study. Because
of the active mobility of K+ [33], high deposition of Ca2+, K+ and Ca2+ in the stemflow were more
abundant than Na+ and Mg2+.
Our results indicated that the annual and seasonal fluxes of base cations in stemflow were not
significantly different in the three mixed plantations. However, significant differences in the base
cation flux of stemflow were found among the trees in the stands. Both the average contribution rate
and stemflow enrichment ratio of C. funebris and C. fortunei were lower than those of other species in
the CB and MS, indicating coniferous trees were not good at enriching base cations and furthermore

Forests 2019, 10, 1101

12 of 15

contribute less to stands. This could be attributed to the differences in bark morphology. The thick,
fibrous bark of C. funebris and C. fortunei favors water storage that impedes stemflow generation and
ion transportation [17,34]; thick bark did not allow stemflow to access the inner bark and limited ionic
exchange between the stemflow and trunk [18,35]. Thus, less stemflow base cation flux was produced
by coniferous trees, while the thinner bark of P. zhennan and M. wilsonii were more conductive to this.
Secondly, the furrowed bark of C. acuminata, Q. acutissima and P. stenoptera had a drainage function,
which was better at stemflow nutrient transportation than C. funebris and C. fortunei. The similar bark
morphology of northern red oak (Q. rubra) also produced larger stemflow solute inputs in the study
of Levia and Herwitz [17]. Furthermore, the differences in stemflow nutrient inputs among the tree
species were partly attributable to the nutrient status [36]. Needle species had a lower ability than the
fresh foliage of broadleaved species to concentrate Ca2+, Mg2+ and K+ [37], thus the base cations status
of coniferous trees may be lower than that of broadleaved trees, which limits the leachate producing
stemflow solutes. These findings suggested that stemflow solutes of tree species were decided by the
trunk more than the leaves.
For diameter classes, trees did not express a consistent trend of average contribution rate of
stemflow base cation in the three mixed plantations. However, larger class size trees and palms
produced higher solute flux in stemflow in an Amazonian rainforest [19]. The difference was that we
used mixed species in this research while the results in the Amazonian rainforest were carried out on
the same species. As we showed above, tree species had a significant impact on stemflow chemical
fluxes, which may disturb the regularity of the tree diameters on the base cation contribution. It
suggested that tree species may exert a more influential effect than tree diameter. The stemflow
enrichment of small-diameter trees tended to be higher than that of large-diameter trees. This was
similar to the result found by Schooling et al. [38] for urban park trees in British Columbia, Canada,
reporting smaller trees (<20 cm DBH) had larger flux-based enrichment ratios than larger trees. These
findings indicate that small-diameter trees contribute more stemflow base cations to stand stemflow
per hectare, and they also promote a more favorable condition for the growth of small-diameter trees
when competing with large-diameter trees. This phenomenon could be largely attributed to the small
basal area, as the enrichment ratio was calculated by the unit area.
The proportions of coniferous trees in the DB, CB and MS were 0%, 18% and 50%, respectively.
C. funebris and C. fortunei accounted for 50% of the MS, while the contribution rate of base cation
fluxes in the stemflow was only 9–18%. However, the large proportion of coniferous trees in the MS
did not lower the base cation fluxes in the stand stemflow compared with the results in the DB and
CB. This finding may result from the higher stand density in the MS which had more stemflow
chemical input points to enhance the fluxes. Understandably, the increasing effect of the higher stand
density and decreasing effect of the major inefficient stemflow solute producers balanced the base
cation flux in the stand stemflow. In the CB, the large proportion of evergreen broadleaved trees,
mainly P. zhennan (44%), neutralized the impact of coniferous trees and improved the fluxes. Briefly,
two opposite effects determined the difference between the forests. Neary and Gizyn [39] suggested
that K+ primarily leached from the canopy during senescence and from the tree trunk primarily
during the dormant stage. DB with a coniferous tree proportion of 0% was advantageous in both
ways. Nevertheless, the DB had the highest stemflow concentration of K+ (Figure 3) but the lowest
stemflow volume (Figure 9) and did not express obviously higher ionic fluxes. Moreover, the
concentrations of Na+ and Ca2+ in the stemflow varied slightly with stand type. Mg2+ was marginally
significant (Figures 3 and 4), while the stemflow volume among the different stand types was
insignificant (Figure 9). Thus, the fluxes did not vary greatly with stand type. Additionally, the
difference in interspecific stemflow solute fluxes at the stand scale was also narrowed due to the
spread of tree stemflow in the stand.
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Figure 9. Annual and seasonal stemflow volume in the three mixed plantations. Different capital
letters show significant differences of stemflow volume among different stands as evaluated by
ANOVA followed by Duncan’s multiple range test.

Seasonal variations in base cation concentration and flux were observed in the studied
plantations. The results showed that higher concentrations of stemflow base cations were observed
in the dry season. Greater dry season stemflow base cation concentration may be partly attributed to
increasing deposition accumulated during long antecedent dry periods, and a small amount of
rainfall adequately coming in contact with the trunk [2,20]. However, the rainy season shortened the
contact time and was more effectively diluted due to the increased precipitation intensity and
frequency [33,40]. Relatively higher base cation fluxes in the stemflow were found in the rainy season,
this is attributable to large water volumes in the rainy season. Water volume is the foremost factor in
deposition rates [41,42], and the wet deposition of K+, Na+ and Ca2+ in the rainy season accounted for
71–79% (data not displayed) of the annual wet deposition, contributing more to stemflow. In
addition, based on early observations of the flora in China, most trees flower and fruit in the studied
forest during the rainy season, which may attract more animals (e.g., birds, pollinators and insects)
during this period. Animal activity increases the production of excrement and damages leaves and
fruits, and these nutrients are likely to be washed off into the soil by rainwater [20]. Even so, K+ and
Na+ showed a significant difference in seasons only in the DB. This may be explained by the fact that
deciduous forests reduce canopy surface area in the dry season, intercepting less dry deposition due
to leaf abscission. The higher base cation inputs in the rainy season suggested the driving effect of
bulk precipitation on the forest nutrient cycle, and abundant precipitation could provide nutrients
for forest growth during this period.
5. Conclusions
We conclude that both the annual and seasonal base cation flux varied slightly in the three mixed
plantations, while the annual average concentrations of K+ and Mg2+ were significantly different
among the plantations. The base cation concentrations in stemflow were generally high in the dry
season, but relatively abundant fluxes were input to the stands in the rainy season. The flux of
concentrated base cations to the near-stem soil via stemflow in the mixed plantations was apparently
different. Both the average contribution rates and enrichment ratios of the broadleaved trees were
higher than those of the coniferous trees in our study, which were not good at enriching stemflow
base cations and had lower nutrient input capacity, but this still needs to be extensively studied in
more coniferous species. Small-diameter class trees could enrich more stemflow base cations than
large-diameter class trees per hectare. These findings suggested that increasing the proportion of
broadleaved species in mixed plantations might improve soil nutrient content and benefit material
cycling in subtropical forest ecosystems.
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