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Abstract
In order to understand the effect of submergence on nutrient release of the reforested tree leaves and assess the environmental risk
of leaf decomposition under submergence, the mass loss and nutrient release rates of three reforestation tree species, Taxodium
ascendens Brongn, Taxodium distichum (L.) Rich., and Salix matsudana Koidz., at different elevation in the hydro-fluctuation
zone of the Three Gorges Dam Reservoir (TGDR) region were tested in situ. Results showed that the initial macroelement
contents of the leaves of the three tree species varied among different elevations due to different submergence stresses. All foliar
mass loss rates of the three tree species at 165 m a.s.l. were significantly higher than that at 175 m a.s.l. (except that of S.
matsudana at 165 m a.s.l.), after 179 days of incubation commenced September 20. After 138 days of incubation commenced
October 5, the foliar mass loss rates of the three tree species at 170 m a.s.l. were significantly higher than that at 175 m a.s.l.
Moreover, the leaf mass loss rates of S. matsudana were higher than the other two species when compared at the same elevation
of the same incubation period. In addition, foliar release rates of N and Ca in T. ascendens, C, N, and Ca in T. distichum as well as
Ca in S. matsudana at 165 m a.s.l. after 179 days of incubation and at 170 m a.s.l. after 138 days of incubation were significantly
higher than that at 175 m a.s.l., respectively. Leaf mass loss rates of T. ascendens were significantly correlated with its initial leaf
K, Ca, and Mg contents. In contrast, leaf mass loss rates of T. distichum had significant correlations with the initial leaf P and K
contents, as well as C/P and N/P ratios. However, the mass loss rates of S. matsudana significantly correlatedwith initial leaf N, P,
and Ca contents and C/N, C/P, and N/P ratios. Foliar nutrient release rates, especially the foliar release of C, N, and P of the three
tree species, had significant correlations with initial leaf C/P and N/P ratios. Our results suggested that submergence facilitated the
decomposition and nutrient release rates of the leaves of the three woody species, especially the broad leaves of S. matsudana,
whichmay potentially cause secondary pollution to the water body of the TGDR. Thus, we suggested that a sustainable harvest of
leaves of the reforested forest stands prior to submergence should be considered in the hydro-fluctuation zone so as to protect the
water quality of the TGDR.
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Introduction

Riparian plants are important component of river ecosystems,
which can affect water quality by intercepting and absorbing

nutrients of the surface runoff during exposure (Jordan et al.
1993; Daniels and Gilliam 1996; Dosskey et al. 2010; Peng et
al. 2014) and by releasing nutrients of the decomposed plants
during submergence (Wang et al. 2012a). The alterations of ex-
posure and submergence of the hydro-fluctuation zone often
make the riparian plants become the sink or source of the nutri-
ents (e.g., carbon, nitrogen, and phosphorus), which may cause
water quality degradation or even eutrophication of the reservoir.

This is especially the case in the Three Gorges Dam
Reservoir (TGDR). The great water level change of the TGDR
has formed a large area of hydro-fluctuation zone (Ye et al.
2011; Ma et al. 2012), which has an annual 30-meter of water
level fluctuation from 145 m above sea level (a.s.l.) to
175 m a.s.l. and a 350 km2 drawdown zone in summer
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(Willison et al. 2013). This artificial water regime has brought
about a significant change in eco-environment of the TGDR
(Zhang and Lou 2011). Research has shown that the number
of intense algal blooms increased significantly in its tributary
backwaters (Liu et al. 2012). Eutrophication in the tributary
backwater of the TGDR increased more than two times and
became a prominent environmental threat during the time period
from 2007 to 2010 (Xu et al. 2013) when compared to that
during early years of the impoundment. Moreover, because the
artificial hydrological regime of the TGDR also leads to a long-
term periodic deep submergence to this hydro-fluctuation zone,
most riparian plants cannot endure these great water level chang-
es and die gradually (Wang et al. 2012b). Consequently, death of
the intolerant riparian plants of the TGDR causes the eco-
environment degradation of this region seriously and thus the
function decline of the riparian ecosystem correspondingly
(Langer et al. 2008), which significantly threatens the safety
operation of the TGDR. Former studies have shown that riparian
vegetation restoration is an important measure in improving and
protecting the eco-environment of the hydro-fluctuation zone of
the TGDR (Ye et al. 2012; Peng et al. 2014). Currently, there is
quite some promising revegetation available in the hydro-
fluctuation zone of the TGDR (Willison et al. 2013; Ye et al.
2012). However, when more and more restored vegetation is
being established, little attention has been paid to leaf decompo-
sition and nutrient releasing of those restored vegetation during
submergence (Kröger et al. 2007), which may both directly and
indirectly lead to water eutrophication of the TGDR.

Taxodium distichum, Taxodium ascendens, and Salix
matsudana, three deciduous tree species with strong flooding
resistance ability (Li et al. 2010; Yang et al. 2014; Zhang et al.
2015), have already been extensively used in vegetation resto-
ration of the upper portion (165 to 175 m a.s.l.) of the hydro-
fluctuation zone of the TGDR and survived very well in this
region (Wang et al. 2016a). Although these plants have high
flooding endurance abilities, their leaves will shed and rot inev-
itably under long-term deep submergence. As investigation on
water environment of the TGDR showed that water quality deg-
radation has been of the main environmental concern in the
TGDR currently (Fu et al. 2010; Huang et al. 2016; Ren et al.
2016), massive nutrients, such as N and P, released by decom-
position of the leaves of reforested trees in the hydro-fluctuation
zone of the TGDR area, may have become a crucial source to
deteriorate its water quality (Wang et al. 2012a; Yuan et al.
2013). Thereby, if these tree species are continuously planted
in the upper portion (all of which performing not well if planted
under 165 m a.s.l.) of the hydro-fluctuation zone of the TGDR,
large amount of nutrients potentially released by their leaf de-
composition may aggravate the deterioration of water quality.
Therefore, estimating the nutrient release of the three dominant
tree species will have a great influence on prediction of water
quality deterioration in the TGDR. However, the nutrient release
characteristics of these tree species are still not known.

Previous studies have observed that chemical nature and
nutritional quality of leaves are important factors controlling
breakdown rates of leaves in streams (Alvim et al. 2015). The
leaves with low contents of structural macromolecules (lignin
and cellulose) and defense compounds (polyphenols and tan-
nins) as well as with high concentrations of nitrogen and phos-
phorus are more susceptible to microbial colonization, thus
leading to a higher decomposition rate (Kalburtji et al. 1999;
Das et al. 2008; Zhang et al. 2014; Alvim et al. 2015; van
Diepen et al. 2016). In addition, broad, soft, or green leaves
have faster breakdown rate than coniferous, tough, or senes-
cence leaves (Fonte and Schowalter 2004; Li et al. 2009;
Wang et al. 2016b) usually through enhancing microbial ac-
tivity, which may exert more stress on water quality. Besides,
the hydrological regimes also have a vital effect on leaf de-
composition rate (Neckles and Neill 1994; Sun et al. 2012).
Different water depth often results in various physicochemical
conditions, which in turn regulates the leaf decomposition
(Xie et al. 2017).

Studies on decomposition of some herb plants in the hydro-
fluctuation zone of the TGDR have showed that submergence
could accelerate the decomposition rate (Chen and Jiang
2006; Wang et al. 2012a; Zhang et al. 2010) and increase the
nutrient release of these herb species (Wang et al. 2012a; Xiao
et al. 2017). However, significant differences in decomposi-
tion and nutrient release were found among different species
(Albariño and Balseiro 2002; Xiao et al. 2017). Due to the
variation in elevation and initial leaf nutrient content between
herbs and trees (Xiao et al. 2017), decomposition and nutrient
release of the leaves of the trees may be changed as compared
to that of the herbs (Rincón and Covich 2014). More impor-
tantly, as the overall biomasses of the trees are usually higher
than that of the herbs under the same growing conditions in
the riparian zone, the leaves of the trees will be expected to
release more nutrients into the water during submergence.
Thus, our research studied the foliar decomposition of the
three reforestation tree species at different elevation of the
upper portion of the hydro-fluctuation zone of the TGDR.
The main objectives of this study were to (1) investigate leaf
decomposition rate of the three tree species in the hydro-
fluctuation zone of the TGDR and (2) evaluate foliar nutrient
release from the three tree species.

Methods

Site description

The experiment was conducted in an artificial revegetation site
with an area of 5.7 ha in Ruxi River basin of the TGDR in
Zhong County, Chongqing Municipality of China (30°24′ 16″
~30° 24′ 56″ N, 108° 08′ 03″~108° 08′ 21″ E). This region
belongs to subtropical southeast monsoonal climate. The
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annual mean temperature is 18.2 °C, and precipitation is
1200 mm. The relative humidity of this region is about 80%.
The soil is classified as purple soil (Regosols in FAO
Taxonomy or Entisols in USDA Taxonomy). The water level
of the reservoir in Zhong County begins to rise from 145 to
175 m a.s.l. in late autumn (September–October) each year and
keeps the highest water level for about 2 months (November–
December). After that period, the water level begins to drop
gradually from 175 to 145 m a.s.l. in a longer time period
(January–May) and then keeps the lowest water level until the
end of September.

Experimental design

The foliar decomposition experiment was conducted in situ in
a mixed riparian forest at elevations of 165, 170, and
175 m a.s.l., dominated by 5-year-old saplings of Taxodium
ascendens, Taxodium distichum, and Salix matsudana.

In September 2015 when the 165 m a.s.l. of the hydro-
fluctuation zone of the TGDR was submerged, the first batch
of leaf samples at elevations of 175, 170, and 165 m a.s.l. was
prepared. Ten trees of T. ascendens of the same growth con-
ditionwere selected at each of three elevations of the study site
and their fresh leaves were collected and mixed together for
further weighting. Meanwhile, the leaf samples of the other
two species were also prepared following the same method as
above. For each species, 10.00 g fresh leaves were weighed
and put into a litter bag measuring 20 cm × 20 cmwith a mesh
size of 0.25 mm. There were in total 20 litter bags per species
prepared for each elevation, of which 10 bags were put in
envelops and brought to the lab to test the initial dry weight
and macroelement content while the other 10 bags were fas-
tened in situ on the soil surface of each elevation with long
stainless steel nails. These litter bags at each elevation were
taken back to the lab when 165 m a.s.l. was exposed.

In early October, when the 170 m a.s.l. of the hydro-
fluctuation zone of the TGDR was submerged, the second
batch of fresh leaf samples was prepared. The same former
method was used for preparing fresh leaf samples and litter
bags and fixing leaf litter bags of these three species at eleva-
tions of 175 and 170 m a.s.l. These litter bags at the two
elevations were taken back to the lab for further test when
170 m a.s.l. was exposed.

In late October, when the 175 m a.s.l. of the hydro-
fluctuation zone of the TGDR was submerged, the third batch
of fresh leaf samples was prepared. Fresh leaf collecting,
weighting and litter bag fixing of these three species at eleva-
tion of 175 m a.s.l. were again conducted using the same
method as before. These litter bags were taken back to the
lab for further analysis when 175 m a.s.l. was exposed.

During the whole incubation period, the temperature
(Fig. 1) and water level change were recorded. The incubation
and submergence time of each batch in each elevation were

shown in Table 1. After the litter bags were taken back to the
lab, they were quickly cleaned with tap water to remove the
soil and other impurities adhering outside the litter bag. Then
the litter was dried to constant weight in drying oven at 80 °C
for 72 h after cleaned carefully with ultrapure water.

Litter chemical analysis

The dry leaf samples were ground to powder, and the initial
(the commencement of the treatment) and final (end of the
treatment) macroelement contents of C, N, P, potassium (K),
calcium (Ca), and magnesium (Mg) were tested. The content
of C and N were determined using a CHNS-O elemental an-
alyzer (CHNS-O-Vario EL cube, Heraeus Elementar, Hanau,
Germany). The contents of other elements were tested using
inductively coupled plasma mass spectrometry (ICP-OSE) af-
ter heat digestion with a nitric acid and hydrogen peroxide
mixture in a microwave digestion system (SpeedWave
MWS-4).

Data computation

The mass loss rate of leaf samples was calculated by the fol-
lowing formula:

Mass loss rate = (M0 − Mt) / M0 × 100
In which,M0 is the initial dry weight of the fresh leaf, and

Mt is the final dry weight of the fresh leaf.
The macroelement release rate of leaf samples was calcu-

lated using the following formula:
Macroelement release rate = (M0C0 − MtCt) / M0C0 × 100
In which, C0 is the initial element content of the fresh leaf,

and Ct is the final element content of the fresh leaf.

Statistical analysis

One-way ANOVA was performed to reveal the variation on
mass loss and nutrient release rate among elevations of leaf
samples of the first batch. Independent t test was used to reveal
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Fig. 1 Monthly average changes of air temperature (n = 30 for Sep. and
Nov., n = 31 for Oct., Dec., Jan., and Mar., n = 29 for Feb.) and water
temperature (n = 6) of the Ruxi River during the incubation (mean ± SE)
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the variation on mass loss and nutrient release rate between
elevations of leaf samples of the second batch. Pearson’s cor-
relation analysis was used to test the relationships among the
initial nutrient content, mass loss and nutrient release rate of
each species. All the processes were performed using SPSS
19.0 (IBM, Chicago, USA) for windows. Figures were con-
ducted by Origin 8.0. Data in the text were shown as mean ±
standard error (SE).

Results

Initial macroelement content of leaf samples

Initial foliar macroelement contents of the three tree species
were shown in Fig. 2. The leaf macroelement contents of each
species varied among the three elevations. In the first batch,
leaf samples of T. ascendens and T. distichum from 165 and
170 m a.s.l. had significantly higher C content than that from
175 m a.s.l. (all p < 0.001, Fig. 2 A1 and B1). However, the
first batch leaf samples of S. matsudana from 165 and
170 m a.s.l. displayed significantly lower C content when
compared to that from 175 m a.s.l. (both p < 0.001, Fig. 2
C1). Leaf samples of T. ascendens in the first batch also had
significantly higher N and Mg contents at both lower eleva-
tions of 165 and 170 m a.s.l. (except the Mg content at
170 m a.s.l.), as compared to that at 175 m a.s.l., respectively
(both p < 0.001 for N, p < 0.05 for Mg, Fig. 2 A2 and A6). In
contrast, the leaf samples of both T. distichum and S.
matsudana in the first batch exhibited significantly lower N
content at 170 m a.s.l. but comparable N content at
165 m a.s.l., when compared to that at 175 m a.s.l., respec-
tively (170 m a.s.l., both p < 0.001; 165 m a.s.l., both p > 0.05;
Fig. 2 B2 and C2). However, the leaf Mg content of the first
batch decreased significantly in T. distichum in contrast to a
significant increase in S. matsudana at both 165 and
170 m a.s.l., when compared to that of 175 m a.s.l., respec-
tively (both p < 0.01 for T. distichum, p < 0.001 for S.
matsudana, Fig. 2 B6 and C6). Moreover, leaf samples of
the three species at both 165 and 170 m a.s.l. never

demonstrated significantly higher P, K, and Ca contents as
compared to that at 175 m a.s.l., respectively (Fig. 2 A3, B3,
C3, A4, B4, C4, A5, B5, and C5). In the first batch, the foliar
C/N ratio of T. ascendens decreased significantly with eleva-
tion decline (p < 0.001, Fig. 2 A7), which was contrary to its
C/P and N/P ratios change. But, leaf samples of both T.
distichum and S. matsudana in the first batch always displayed
their highest foliar C/N, C/P, and N/P ratios at the elevation of
170 m a.s.l. (all p < 0.001, Fig. 2 B7, B8, B9, C7, C8, and C9).

In the second batch, leaf samples of the three species from
170 m a.s.l. showed significantly higher C content than that
from 175 m a.s.l. (all p < 0.001, Fig. 2 A1, B1, and C1). Foliar
N content of T. ascendens in the second batch was not signif-
icantly changed between 170 and 175 m a.s.l. (p > 0.05, Fig. 2
A2), in contrast to a 47.12% significantly higher foliar Mg
content at 170 m a.s.l. as compared to that at 175 m a.s.l.
(p < 0.001, Fig. 2 A6). On the contrary, leaf samples of T.
distichum and S. matsudana in the second batch had signifi-
cantly lower N and Mg contents at 170 m a.s.l. when com-
pared to that at 175 m a.s.l. (both p < 0.05 for T. distichum,
both p < 0.01 for S. matsudana, Fig. 2 B2, C2, B6, and C6).
Leaf K content of T. ascendens and S. matsudana at
170 m a.s.l. was significantly higher than that at 175 m a.s.l.
(p < 0.01 for T. ascendens and p < 0.001 for S. matsudana,
Fig. 2 A4 and C4), whereas there was no significant difference
in foliar K content between the two elevations in T. distichum
(p > 0.05, Fig. 2 B4) in the second batch. Furthermore, leaf
samples of T. ascendens had comparable P content between
both 170 and 175 m a.s.l. (p > 0.05, Fig. 2 A3), in contrast to a
134.69% significantly higher foliar P content in T. distichum
and 42.16% significantly lower foliar P content in S.
matsudana at 170 m a.s.l. compared to that at 175 m a.s.l.,
respectively (both p < 0.001, Fig. 2 B3 and C3). In the second
batch, foliar Ca content at 170 m a.s.l. was significantly lower
in T. ascendens (p < 0.001, Fig. 2 A5) but being significantly
higher in T. distichum (p < 0.05, Fig. 2 B5), which was in
contrast to having no significant difference in S. matsudana
(p > 0.05, Fig. 2 C5), when compared to that at 175 m a.s.l.,
respectively. The second batch foliar C/N, C/P, and N/P ratios
of T. ascendens at the elevation of 170 m a.s.l. were

Table 1 Incubation and submergence time of each batch at each elevation

Batches Elevation
(m a.s.l.)

Incubation
days (day)

Time period of
incubation
(month/day/year)

Submergence
days (d)

Time period of
submergence
(month/day/year)

First 175 179 9/20/2015–3/16/2016 70 10/22/2015–12/30/2015

170 179 9/20/2015–3/16/2016 138 10/5/2015–2/19/2016

165 179 9/20/2015–3/16/2016 179 9/20/2015–3/16/2016

Second 175 138 10/5/2015–2/19/2016 70 10/22/2015–12/30/2015

170 138 10/5/2015–2/19/2016 138 10/5/2015–2/19/2016

Third 175 70 10/22/2015–12/30/2015 70 10/22/2015–12/30/2015
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comparable to that at 175 m a.s.l. (all p > 0.05, Fig. 2 A7, A8,
and A9). However, the foliar C/N, C/P and N/P ratios of S.
matsudana at the elevation of 170 m a.s.l. were significantly
higher than that at 175 m a.s.l. in the second batch (all p <
0.001, Fig. 2 C7, C8, and C9). Although the second batch
foliar C/N ratio of T. distichum at the elevation of
170 m a.s.l. was significantly higher, the foliar C/P and N/P

ratios were significantly lower at the elevation of 170 m a.s.l.,
when compared to that at 175 m a.s.l., respectively (all p <
0.05, Fig. 2 B7, B8, and B9).

In the third batch, foliar C content of T. ascendens at the
elevation of 175 m a.s.l. was significantly higher than that in
the first batch (p < 0.001), but comparable to that in the second
batch (p > 0.05, Fig. 2 A1). In contrast, foliar C content of T.

Fig. 2 Initial leaf macroelement contents of Taxodium ascendens (A), Taxodium distichum (B), and Salix matsudana (C) in the hydro-fluctuation zone of
the TGDR (n = 10). Different letters indicate significant differences between or among elevations in each batch (α = 0.05)
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distichum at 175 m a.s.l. in the third batch was significantly
higher than that in both the first and second batch (both p <
0.01, Fig. 2 B1), whereas foliar C content of S. matsudana at
175 m a.s.l. in the third batch was significantly lower when
compared to that in the first batch but significantly higher
when compared to that in the second batch (both p < 0.001,
Fig. 2 C1). Likewise, leaf samples of T. ascendens from
175 m a.s.l. in the third batch showed significantly higher N
content as compared to that in both the first and second batch
(both p < 0.001, Fig. 2 A2). But, in contrast, leaf samples of T.
distichum and S. matsudana in the third batch did not exhibit
significantly higher N content when compared to that in the
first batch and second batch, respectively (Fig. 2 B2 and C2).
Furthermore, the leaf Mg content of the three species at
175 m a.s.l. in the third batch had no significant change as
compared to that in the second batch (all p > 0.05), which was
contrary to a significant decrease in both T. ascendens and T.
distichum and a significant increase in S. matsudana in foliar
Mg content in the third batch when compared to that in the
first batch (all p < 0.001, Fig. 2 A6, B6, and C6). Foliar P
content of T. ascendens at 175 a.s.l in the third batch was
significantly lower than that in the first batch but significantly
higher than that in the second batch (both p < 0.001, Fig. 2
A3). However, no significant difference was detected in foliar
K and Ca contents at 175 a.s.l. between the first and third
batch as well as between the second and third batch (all p >
0.05, Fig. 2 A4 and A5). Furthermore, leaf samples of T.
distichum at 175 a.s.l. in the third batch never exhibited sig-
nificantly higher P, K, and Ca contents as compared to that in
the first and second batches, respectively (Fig. 2 B3, B4, and
B5). Although leaf samples of S. matsudana at 175 a.s.l. in the
third batch did not display significantly higher P and K con-
tents compared to that in the first and second batch, respec-
tively (Fig. 2 C3 and C4), its foliar Ca content in the third
batch was significantly higher than that in the first batch (p <
0.001) but comparable to that in the second batch (p > 0.05,
Fig. 2 C5). The foliar C/N ratio in T. ascendens and S.

matsudana at the elevation of 175 a.s.l. in the third batch
was not significantly changed when compared to that in the
second batch (both p > 0.05), but on the contrary, having a
significant change when compared to that in the first batch
(both p < 0.001, Fig. 2 A7 and C7). Moreover, the foliar C/
N ratio in T. distichum at 175 a.s.l. in the third batch was
comparable to that in the first batch (p > 0.05), but significant-
ly higher than that in the second batch (p < 0.01 Fig. 2 B7).
The foliar C/P and N/P ratios in T. ascendens at 175 a.s.l. in
the third batch were significantly higher than that in the first
batch but lower than that in the second batch (all p < 0.001,
Fig. 2 A8 and A9). In contrast, the foliar C/P and N/P ratios in
T. distichum at 175 a.s.l. in the third batch were significantly
higher than that in both the first and second batch (all p <
0.001, Fig. 2 B8 and B9). Moreover, the foliar C/P and N/P
ratios in S. matsudana at 175 a.s.l. in the third batch were also
significantly higher than that in the second batch (both p <
0.001), but when compared to that in the first batch, the third
batch foliar C/P ratio had no significant change while the
foliar N/P ratio demonstrating a significant decrease (C/P ra-
tio, p > 0.05; N/P ratio, p < 0.001; Fig. 2 C8 and C9).

Leaf mass loss of three tree species

In the first batch, the leaf mass loss rates of T. ascendens, T.
distichum, and S. matsudana were significantly different
among the three elevations (p < 0.001, 0.001, and 0.01, re-
spectively, Fig. 3 A, B, and C). The first batch mass loss rate
of T. ascendens and T. distichum at 165 m a.s.l. were signifi-
cantly higher than that at 170 and 175 m a.s.l. (p < 0.01 and
0.05 for T. ascendens, both p < 0.001 for T. distichum, respec-
tively), with a mass loss rate of 52.21 ± 2.79% at 165 m a.s.l.
in T. ascendens and 59.83 ± 2.57% at 165 m a.s.l. in T.
distichum. In the meantime, the leaf mass loss rate of T.
ascendens at 170 m a.s.l. in the first batch was significantly
lower than that at 175 m a.s.l. (p < 0.01). In contrast, no sig-
nificant difference was found in leaf mass loss rate of T.

Fig. 3 Leaf mass loss rate of Taxodium ascendens (A), Taxodium distichum (B), and Salix matsudana (C) at different elevation of the hydro-fluctuation
zone of the TGDR (n = 10). Different letters indicate significant differences between or among elevations in each batch (α = 0.05)

23266 Environ Sci Pollut Res (2018) 25:23261–23275



distichum between 170 and 175 m a.s.l. in the first batch (p >
0.05, Fig. 3 B). However, the leaf mass loss rate of S.
matsudana at 170 m a.s.l. in the first batch was significantly
increased (p < 0.01), in contrast with its insignificant change at
165 m a.s.l (p > 0.05, Fig. 3 C), when compared to that at
175 m a.s.l.

In the second batch, the leaf mass loss rates across the three
species were significantly higher at 170 m a.s.l. than that at
175 m a.s.l. (both p < 0.001 for T. ascendens and T. distichum,
p < 0.01 for S. matsudana).

In the third batch, the mass loss rate of T. distichum at
175 m a.s.l. was the smallest among all groups, with a mass
loss rate of 27.05 ± 2.2%. However, the leaf mass loss rate of
S. matsudana at 175 m a.s.l. in the third batch was significant-
ly higher than that of the other two species, with a mass loss
rate about 62.4 ± 2.39% (both p < 0.001, Fig. 3 A, B, and C).

Leaf nutrient release of three tree species

In the first batch, the foliar C release rate of T. ascendens was
not significantly different among the three elevations (p >
0.05, Fig. 4 A1). However, the foliar release rates of N, K,
Ca, and Mg of T. ascendens at 165 m a.s.l were significantly
higher than that at both 170 and 175 m a.s.l., respectively (N,
p < 0.01; K and Ca, p < 0.001; Mg, p < 0.05; Fig. 4 A2, A4,
A5, and A6). On the contrary, the foliar P release rate of T.
ascendens at 165 m a.s.l. was significantly lower than that at
170 and 175 m a.s.l. (both p < 0.001, Fig. 4 A3). Very inter-
estingly, there was no significant difference between 170 and
175 m a.s.l. in the foliar release rates of N, P, Ca, and Mg in T.
ascendens in the first batch (all p > 0.05, Fig. 4 A2, A3, A5,
and A6). The foliar release rates of C, N, Ca, and Mg of T.
distichum at 165 m a.s.l. in the first batch were also signifi-
cantly higher than that at both 170 and 175m a.s.l. (except Mg
at 170 m a.s.l.), respectively (C, p < 0.05; N and Ca, all p <
0.001; Mg, p < 0.01), in which no significant difference was
detected between 170 and 175 m a.s.l. in the foliar release
rates of these macroelements (all p > 0.05, Fig. 4 B1, B2,
B5, and B6). Although the foliar P and K release rates of T.
distichum at 165 m a.s.l. in the first batch were not significant-
ly changed, significantly lower foliar P and K release rates of
this species at 170 m a.s.l. were found, when compared to that
at 175 m a.s.l. (165 m a.s.l., both p > 0.05; 170 m a.s.l., p <
0.001, 0.05, respectively; Fig. 4 B3 and B4). As leaf samples
of S. matsudana showed almost the same change trend as that
of T. distichum among the three elevations in foliar P and K
release rates in the first batch, other foliar release rates of C, N,
Ca, and Mg of this species were to some extent different to
that of T. distichum. Leaf samples of S. matsudana had the
highest C release rate at 170 m a.s.l. (p < 0.01, Fig. 4 C1)
among the three elevations. Although leaf samples of S.
matsudana had almost identical foliar N release rate among
the three elevations (p > 0.05, Fig. 4 C2), foliar Ca and Mg

release rates of this species at both 165 and 170 m a.s.l. were
significantly augmented when compared to that at
175 m a.s.l., respectively, in the first batch (165 m a.s.l., p <
0.001; 170 m a.s.l., p < 0.01; Fig. 4 C5 and C6).

In the second batch, foliar C, N, and Ca release rates of the
three species at 170 m a.s.l. were significantly increased as com-
pared to that at 175 m a.s.l., respectively (all p < 0.001, Fig. 4
A1, A2, A5, B1, B2, B5, C1, C2, and C5). However, there were
no significant difference in foliar P, K, and Mg release rates
between the two elevations respectively in T. ascendens and S.
matsudana in the second batch (exceptMg of S. matsudana) (all
p > 0.05, Fig. 4 A3, A4, A6, C3, C4, and C6), whereas leaf
samples of T. distichum showed significantly higher foliar P
and K as well as identical foliar Mg release rates at
170 m a.s.l., as compared to that at 175 m a.s.l., respectively
(P, p < 0.001; K, p < 0.05; Mg, p > 0.05; Fig. 4 B3, B4, and B6).

In the third batch, foliar macroelement release rates of S.
matsudana at 175 m were significantly higher than that of the
other two species at the same elevation (all p < 0.001, Fig. 4).
However, there had no significant difference in foliar C, N, K,
and Mg release rates at 175 m a.s.l. between T. ascendens and
T. distichum in the third batch (all p > 0.05, Fig. 4 A1, A2, A4,
A6, B1, B2, B4, and B6). On the contrary, the P release rate of
T. ascendens was significantly lower than that of T. distichum
(p < 0.05, Fig. 4 A3 and B3), while the Ca release rate of T.
ascendens was significantly higher than T. distichum in the
third batch (p < 0.001, Fig. 4 A5 and B5).

Overall, in the first batch, the leaves of the three tree species
released an average of 267.46 ± 4.48 mg/g of C, 7.69 ±
0.51 mg/g of N, 1.02 ± 0.05 mg/g of P, 7.08 ± 0.35 mg/g of
K, 11.96 ± 0.55 mg/g of Ca, and 0.54 ± 0.04 mg/g of Mg. In
the second batch, the leaves of the three tree species released
an average of 291.67 ± 9.48mg/g of C, 7.55 ± 0.63mg/g of N,
1.61 ± 0.24 mg/g of P, 5.52 ± 0.18 mg/g of K, 12.72 ±
0.68mg/g of Ca, and 0.56 ± 0.06 mg/g ofMg. But, in the third
batch, the leaves of the three tree species released an average
of 252.99 ± 6.86 mg/g of C, 4.25 ± 0.74 mg/g of N, 0.57 ±
0.07mg/g of P, 3.59 ± 0.29mg/g of K, 11.66 ± 1.2 mg/g of Ca,
and 0.49 ± 0.11 mg/g of Mg.

Correlations

The leaf mass loss rate of T. ascendens had no significant cor-
relation with initial C, N, and P contents as well as C/N, C/P, and
N/P ratios (Table 2). In contrast, it was significantly correlated
with foliar initial contents of K, Ca, and Mg. Unlike in T.
ascendens, the leaf mass loss rate of T. distichum had significant
correlation with initial P and K contents as well as C/P and N/P
ratios of the leaves. In contrast to the former two conifer species,
the leaf mass loss rate of S. matsudana had a significantly neg-
ative correlation with foliar initial N, P, and Ca contents and
significantly positive correlation with C/N, C/P, and N/P ratios.
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Furthermore, the foliar macroelement release rates of the
three species (except for the foliar K of S. matsudana) had
significant correlations with their mass loss rates (Table 3).

The leaf release rates of C, N, and P of T. ascendens had
significant correlations with its initial P, Ca, and Mg contents
as well as C/P and N/P ratios. Meanwhile, the leaf release rates

Fig. 4 Leaf nutrient release rate of C (1), N (2), P (3), K (4), Ca (5), and
Mg (6) of T. ascendens (A), T. distichum (B), and S. matsudana (C) at
different elevation of the hydro-fluctuation zone of the TGDR. Different

letters indicate significant differences between or among elevations in
each batch (α = 0.05)

Table 2 Correlation of leaf mass loss rate with initial nutrient content of the three tree species (n = 60)

Species C content N content P content K content Ca content Mg content C/N C/P N/P

T. ascendens 0.233 0.176 − 0.172 0.317* − 0.36** 0.651** − 0.115 0.235 0.245

T. distichum 0.113 − 0.044 0.528** − 0.304* − 0.002 0.046 0.036 − 0.328* − 0.392**

S. matsudana 0.141 − 0.376** − 0.433** − 0.108 − 0.274* 0.05 0.427** 0.444** 0.28*

* and ** indicate significance at the 0.05 and 0.01 levels respectively
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of K, Ca, andMg of this species significantly correlated with the
initial Mg content. However, the release rates of C, N, and P of
the leaves of T. distichum had significant correlations with its
initial P content and C/P and N/P ratios. In contrast with the
former two conifer tree species, the foliar release rates of C, N,
and P S. matsudana had significant correlations with its initial P
and Ca contents as well as C/P and N/P ratios. Yet, the release
rates of K, Ca, and Mg of this species significantly correlated
with initial K and Mg contents of the leaves (Table 4).

Discussion

Mass loss of tree leaves under water

Previous studies have found that leaf traits (e.g., chemical
composition and texture), environmental factors (e.g., water
flow velocity, dissolved oxygen and water temperature), and
aquatic organisms (e.g., detritivorous fresh water macroinver-
tebrates, bacteria, and fungi) exert a strong influence on plant

Table 3 Correlation of leaf
nutrient release rate with leaf
mass loss rate of the three tree
species (n = 60)

Species C% N% P% K% Ca% Mg%

T. ascendens 0.834** 0.826** 0.317* 0.744** 0.791** 0.56**

T. distichum 0.844** 0.948** 0.759** 0.703** 0.866** 0.425**

S. matsudana 0.874** 0.872** 0.412** 0.25 0.737** 0.437**

* and ** indicate significance at the 0.05 and 0.01 levels respectively

Table 4 Correlation between leaf
nutrient release rate and initial
nutrient content of three tree
species (n = 60)

Species Initial nutrient
content

Release rate

C% N% P% K% Ca% Mg%

T.
ascend-
ens

C content 0.266* 0.539** − 0.008 0.141 0.326* 0.415**

N content 0.211 0.528** − 0.337** 0.038 0.486** 0.466**

P content − 0.342** − 0.296* 0.788** 0.135 − 0.552** − 0.18
K content 0.48** 0.055 − 0.268* 0.05 0.382** − 0.179

Ca content − 0.447** − 0.385** − 0.254* − 0.148 − 0.182 − 0.009

Mg content 0.582** 0.616** 0.389** 0.503** 0.549** 0.408**

C/N − 0.188 − 0.458** 0.459** 0.054 − 0.458** − 0.407**
C/P 0.37** 0.299* − 0.739** − 0.051 0.551** 0.201

N/P 0.344** 0.403* − 0.691** − 0.013 0.597** 0.322*

T.
distich-
um

C content 0.257* 0.153 − 0.34** − 0.076 0.172 − 0.053

N content − 0.122 0.073 0.414** 0.013 − 0.003 0.208

P content 0.598** 0.567** 0.748** 0.169 0.531** 0.23

K content − 0.272* − 0.342** 0.011 0.002 − 0.244 − 0.23

Ca content − 0.054 − 0.068 0.031 0.199 0.217 0.052

Mg content − 0.138 − 0.034 − 0.005 0.392** 0.104 0.051

C/N 0.123 − 0.069 − 0.454** − 0.029 0.01 − 0.187

C/P − 0.332** − 0.394** − 0.78** − 0.162 − 0.382** − 0.233

N/P − 0.417** − 0.434** − 0.761** − 0.185 − 0.441** − 0.23

S.
matsud-
ana

C content 0.318* 0.305* 0.062 − 0.019 0.005 − 0.442**

N content − 0.565** − 0.181 0.052 0.587** − 0.485** − 0.137
P content − 0.558** − 0.437** 0.42** 0.076 − 0.53** 0.129

K content − 0.194 0.085 0.035 0.588** − 0.42** − 0.438**

Ca content − 0.29* − 0.443** 0.26* − 0.304* − 0.078 0.257*

Mg content 0.012 − 0.252 − 0.172 − 0.357** 0.387** 0.566**

C/N 0.641** 0.267* − 0.037 − 0.567** 0.516** 0.065

C/P 0.56** 0.425** − 0.45** − 0.089 0.483** − 0.117
N/P 0.29* 0.344** − 0.502** 0.218 0.294* − 0.15

* and ** indicate significance at the 0.05 and 0.01 levels respectively
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decomposition in many aquatic ecosystems (Bruder et al.
2014; Fernandes et al. 2014; Zhu et al. 2016). Of all the
above-mentioned influence factors, leaf chemical composition
plays a vital role in controlling leaf decomposition (Zanne et
al. 2015; Liu et al. 2017). In this study, the foliar initial nutrient
contents of the three tree species among the three elevations
were to some extent different (Fig. 2), which might be mainly
attributed to different submergence conditions induced by the
periodic impoundment of the TGDR across different eleva-
tions (Jie et al. 2012; Ma et al. 2017). Such different foliar
initial nutrient contents directly reflected the variance of leaf
quality and thus affected the leaf palatability to invertebrates
(Hisabae et al. 2011; Tonin et al. 2014), which could then
further influence the leaf decomposition. For example, high
N and P concentration in leaf could increase the leaf palatabil-
ity to invertebrates (Graça and Cressa 2010; Hisabae et al.
2011; Tonin et al. 2014), increasing the leaf decomposition
rate and resulting in higher pollution (e.g., water eutrophica-
tion). Moreover, different foliar initial nutrient contents also
played a vital role in affecting the microbial assemblage and
activity related to leaf decomposition (Zhang et al. 2008).
Such different foliar initial nutrient contents may thus exert
differing influence on leaf decomposition of these tree species
in the hydro-fluctuation zone of the TGDR.

In terrestrial conditions, plant decomposition is also con-
trolled by both biotic and abiotic factors (Berg 2000), such
as leaf quality, temperature change, water availability, and
types of decomposers, and so on (Wieder et al. 2009; Fan
et al. 2014). For instance, leaf with higher N and P con-
tents and lower C content showed a fast decomposition
under terrestrial conditions (Fonte and Schowalter 2004).
Besides, higher temperature and precipitation could also
cause a fast decomposition of the leaves in terrestrial con-
ditions (Fan et al. 2014). When compared to the terrestrial
conditions, a number of different factors under aquatic con-
ditions such as temperature range, water availability, phys-
ical abrasion, and dominant detritivores, may impose stron-
ger effects on leaf decomposition both directly and indirect-
ly (Graça et al. 2015; Yue et al. 2016). For example, stron-
ger leaching and flushing effects of the lotic stream led to a
higher physical fragmentation of the litter than that under
terrestrial conditions, which could thus contribute to litter
decomposition rate (Wallis and Raulings 2011). Therefore,
the reason about why the decomposition rate of leaf litter
under aquatic conditions is higher than that of leaf litter
under terrestrial conditions (Vitousek et al. 1994; Kelley
and Jack 2002; Chen and Jiang 2006; Yue et al. 2016)
may be mainly due to lack of adequate water in terrestrial
conditions. Inadequate water supply in terrestrial conditions
can limit the growth and development of decomposers
while restricting the leaching of soluble chemical com-
pounds during the leaf decomposition phase (Austin and
Vitousek 2000; Taylor et al. 2004).

In our study, the ratios of non-submergence days to sub-
mergence days during the leaf decomposition period of the
first batch were 1.56 (109/70) for 175 m a.s.l., 0.30 (41/138)
for 170 m a.s.l., and 0 (0/179) for 165 m a.s.l., respectively
(Table 1). The ratios of non-submergence days to submer-
gence days of the second batch were 0.97 (68/70) for
175 m a.s.l. and 0 (0/138) for 170 m a.s.l., respectively
(Table 1). The foliar mass loss rates of each of the three tree
species both at 165 m a.s.l. in the first batch (except that of
S. matsudana) and at 170 m a.s.l. in the second batch were
significantly higher than that at 175 m a.s.l. (Fig. 3 A, B,
and C), indicating that a deeper and longer submergence at
the lower elevation could facilitate the leaf decomposition in
the hydro-fluctuation zone of the TGDR. Previous studies
also found that mass and carbon declined more rapidly in
the litter at fully submerged sites than at dry sites in an
ephemeral karst lake in south-central Kentucky (Kelley and
Jack 2002). In general, soil water content was the decisive
factor determining the activity of decomposer invertebrates
as well as the composition and abundance of the soil fauna
in fields (Schmidt et al. 2016). In the TGDR, the submer-
gence depth and days increased with elevation decrease.
That means the depth and duration of submergence of the
leaves at the lower elevation were deeper and longer than
that of the leaves at the higher elevation (Table 1). As dif-
ferent flooding usually imposes distinct effects on litter de-
composition (Sun et al. 2012), longer and deeper submer-
gence may thus be one of the main reasons to have caused
the higher mass loss of the leaves of the three tree species at
lower elevations in our study. Besides, the water temperature
varied when the leaf samples from each elevation were sub-
merged, with water temperature at lower elevation being
relatively higher than that at the upper elevation in each
batch (Fig. 1). Higher water temperature could increase the
activity of fungal decomposers (Fernandes et al. 2014;
Martínez et al. 2014). Because this stimulation effect on
fungal biomass and sporulation occurred in both high and
low nutrient level (Ferreira and Chauvet 2015), relatively
higher water temperature may be another vital factor facili-
tating the mass loss of leaves from lower elevation.

Some documents showed that water velocity has an effect
on leaf decomposition through changing the refractory frac-
tions into more labile compounds by abrasion (Fonseca et al.
2013). During leaf decomposition process, the mass loss of
the leaves is overall the greatest at the first month (Xiao et al.
2017). Moreover, the foliar mass loss is also more sensitive to
environmental factors, such as UV radiation (Bosco et al.
2016), nutrients availability (Goncalves et al. 2007;
Jacobson et al. 2011), forest stand characteristics and micro-
climate (Trogisch et al. 2016). In the hydro-fluctuation zone of
the TGDR, the higher foliar mass loss rates of the three tree
species at the lower elevations may be attributed to the com-
bined actions of these factors.
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Foliar decomposition rate is not only species specific but also
dependent on the initial chemical composition of leaves, partic-
ularly the foliar C/N ratio (Mfilinge et al. 2002; Pettit et al.
2012). Kandelia candel leaves with lower initial C/N ratio
(higher N concentration) decayed faster than Bruguiera
gymnorrhiza leaves (Mfilinge et al. 2002). However, in our
present study, the foliar mass loss rates of T. ascendens and T.
distichum had no significant correlation with the initial contents
of C andN and the ratio of C/N, while the foliar mass loss rate of
S. matsudana had a negative correlation with its initial N content
and a positive correlation with initial C/N ratio. Such different
findings in our current study might be most likely due to differ-
ent plant species with distinct leaf traits on one hand and
completely different experiment conditions on the other hand.
But, our findings related to the foliar mass loss rate of S.
matsudana are consistent with Berg et al. (1996), who found a
negative correlation between leaf decomposition and N
concentration. Lee and Bukaveckas (2002) also found that the
litter decomposition rate of Typha latifolia during fall in wetland
showed a significantly positive correlation with foliar C/N ratio.
Furthermore, in our present study, the difference of the foliar
initial C/N ratio of each species across the three elevations
may cause our results of the correlation studies differently.
Moreover, the great variation of the hydrological condition at
each elevation may also affect the leaf decomposition of the
three tree species. However, the inhibition of higher C/N ratio
on litter decomposition may be offset by the high availability of
N in swamp water (Yang et al. 2006). Some former studies
showed that the litter decomposition rate had a significant cor-
relation with the P concentration and C/P ratio (Liu et al. 2008;
Shao et al. 2014). This phenomenon also showed in our current
study in leaves of both species of T. distichum and S. matsudana
(Table 2). The fact that the P content restricted the foliar mass
loss more than N content due to the lower P content in leaves,
may be responsible for this result (Molinero et al. 1996).

In this study, all the foliar mass loss of S. matsudana in
each of the three batches was significantly higher than that of
T. ascendens and T. distichum, suggesting that broader leaf
decomposed faster than narrow and coniferous leaves in the
hydro-fluctuation zone of the TGDR. Many studies have al-
ready reported the same results (Zhang et al. 2008; Demessie
et al. 2012) as what we found in our present study. Leaves of T.
ascendens and T. distichummay have some chemicals such as
tannin that decreased the decomposition through inhibiting the
colonization of benthonic invertebrates (Guan et al. 2009).
Therefore, enough attention should be paid to the effects of
leaf decomposition of S. matsudana on potentially increasing
eutrophication of the river water in the TGDR.

Nutrient release of tree leaves under water

In terrestrial conditions, some leaves had short or even no
leaching phase, as is especially the case for some conifer

leaves (Berg 2000). Thereby, the pattern of the nutrient change
in the leaf depends on whether theses nutrient contents could
satisfy the need of colonization and growth of microbial de-
composers (Schneider et al. 2012). If foliar nutrient was not
enough to microbial decomposers under terrestrial conditions,
they will immobilize the nutrients from the abiotic terrestrial
environment. On the contrary, the foliar nutrient will show a
net release pattern if there are sufficient foliar nutrient to the
decomposers in terrestrial conditions. This phenomenon was
also found under aquatic conditions (Liu et al. 2008). Besides,
nutrient release also correlated with the existing form and
location of the nutrient (Wang et al. 2012c). Besides the leaf
traits, environmental factors that affected the leaf decomposi-
tion could also affect the nutrient release by indirect influence
on the abundance, assemblage, and activity of the decom-
posers (Teklay 2007; Zanne et al. 2015). Among these factors,
oxygen condition differed greatly between terrestrial and
aquatic conditions, thus affecting the decomposers differently
under both conditions (Cai 2000).

In this study, nutrient release rates of the leaves of the three
tree species varied significantly among the three elevations
(Fig. 4). The release rate of K in fresh leaves of the three
species in the first batch was higher than the other nutrients,
because potassium generally existed as metal ion, and thus
being more easily released (Jacobson et al. 2011). The
macroelement release rates in leaves of T. ascendens increased
at lowest elevation of 165 m a.s.l. in the first batch (except C
and P) and at 170 m a.s.l. in the second batch (except P, K, and
Mg) (Fig. 4 A), further indicating that deeper and longer sub-
mergence may to some degree selectively stimulate the foliar
macroelement release. Likewise, similar phenomena were al-
so found in the leaves of both T. distichum and S. matsudana
in terms of the foliar macroelement release rates under sub-
mergence in our present study. The reason about why such
selective stimulation effect of submergence on the foliar
macroelements release differed was due to the species-
specific leaf traits, environmental conditions, and selective-
breeding aquatic decomposers (Xie et al. 2016). Moreover,
our result demonstrated that long-term deeper submergence
in the hydro-fluctuation zone of the TGDR significantly in-
creased the leaf nutrient N release of the three reforestation
tree species (except foliar N of S. matsudana in the first batch).
This finding from our current study was not the same as for
litter decomposition at different elevation of the Xiangxi River
of the TGDR (Liu et al. 2008), where variation in elevation
had no significant influence on N release of leaf litter of
Cotinus coggygria, Acer oliverianum, and Acer flabellatum.
By contrast, Shieh et al. (2008) found that the nutrient in
leaves of Machilus thunbergii, Schefflera octophylla, and
Ficus erecta released rapidly in a subtropical stream of north-
ern Taiwan of China. Former studies found that leaf nutrient
release varied with the species and was associated with the
leaf chemical content (Xie et al. 2016; Xiao et al. 2017). If the
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leaf N content is enough for the need of the decomposers, the
decomposers will not need to uptake N from the outside en-
vironment (Xie et al. 2004; Xie et al. 2016). Parton et al.
(2007) studied the N change in leaf litter of many plant species
in a decade and found that net N release of the leaves only
happened in conditions with foliar C/N ratio being lower than
40. However, Moore et al. (2006) studied the N change among
six-climate region in Canada and found that such a value of C/
N ratio was lower than 55. In our present study, the C/N ratios
of the three species were all lower than 40; thus, the nutrient in
the leaves of the three tree species presented a net release
pattern.

Former plant soaking study also found that riparian plants
not only released a large amount of TOC and TN but also a lot
of TP (Xiao et al. 2017). Although the macroelement P is
usually present in the form of bioactive substance in the leaf,
and thus being more easily released (Jacobson et al. 2011), our
present study found that a significant increased foliar P release
only occurred in T. distichum at 170 m a.s.l. in the second
batch (Fig. 4 B3), in contrast with a significantly decreased
P release in T. ascendens at 165 m a.s.l. as well as in both T.
distichum and S. matsudana at 170 m a.s.l. in the first batch
(Fig. 4 A3, B3, and C3). Our present result was inconsistent to
a previous study conducted by Liu et al. (2008), who docu-
mented that variation in elevation had no significant influence
on P content of leaf litter during its decomposition in the
Xiangxi River of the TGDR. However, in our current study,
the result regarding foliar P release rates in T. ascendens and S.
matsudana in the second batch were in support of that given
by Liu et al. (2008). Such divergent results of foliar P release
rates of the three tree species in this study might be caused by
multiple reasons, but the differing leaf initial P content should
be one of the key determinant factors to produce those diverse
results. Overall, based on our observations, the leaf nutrient
release will to some extent aggravate the nutrient load of the
water environment of the TGDR.

In this study, the foliar nutrient release rates of the three tree
species showed a significantly positive correlation with the
mass loss rate except the release of K in S. matsudana (Tab.
2), suggesting that the more leaf mass loss, the higher leaf
nutrient release. In our present study, the mass loss rate and
nutrient release rate of broadleaf tree species (S. matsudana)
were overall higher than that of the other two conifer tree
species (T. ascendens and T. distichum, Figs. 3 and 4), indi-
cating that broad leaf decomposition may be more susceptible
to water submergence. This finding in our study was in keep-
ing with that found by Hisabae et al. (2011). Therefore, ade-
quate management of the broadleaf tree species such as sus-
tainable harvest of its leaves and branches prior to submer-
gence should be considered in the hydro-fluctuation zone of
the TGDR.

Leaf initial nutrient content had a great influence on leaf
nutrient release due to its close relation to leaf decomposition.

High contents of foliar initial C, N, P, K, Ca, andMg indicated
that under the same conditions, the total amounts of these
nutrients available for release were large, and thus facilitating
the corresponding leaf nutrient release. This was proved by
the correlation analysis of Table 2, in which the foliar release
rates of C, N, P, and Mg of T. ascendens, C and P of T.
distichum, and C, P, K, and Mg of S. matsudana were all
positively correlated with their leaf initial nutrient contents.
In addition, the foliar release rates of C, N, and P also showed
significant relationships with the leaf initial C/P and N/P ratios
across the three tree species in our study, further revealing that
leaf stoichiometric characteristics of leaf carbon, nitrogen, and
phosphorus would affect the nutrient release of the three tree
species (Xie et al. 2017), especially the release of C, N, and P
through affecting their foliar decomposition.

Conclusions

In the hydro-fluctuation zone of the TGDR, long-term deep
submergence at low elevation facilitated the leaf decomposi-
tion and nutrient release of the three tree species, despite the
existence of certain exception under specific conditions (e.g.,
the foliar C release of S. matsudana at 165 m a.s.l. in the first
batch). In addition, the leaves of broadleaf tree species (S.
matsudana) decomposed faster than that of the conifer species
(T. ascendens and T. distichum) and released more nutrients
overall. The foliar decomposition of the three tree species was
subjected to leaf quality (e.g., ratios of C/P and N/P) and
elevation (e.g., submergence depth and duration).
Considering the extensive release of foliar nutrients, an eco-
friendly method such as sustainable harvest of the leaves of
the reforested stands prior to submergence should be consid-
ered in the hydro-fluctuation zone, so as to reduce the leaf
biomass for decomposition and protect the water quality of
the TGDR.

However, our findings can only represent the characteris-
tics of leaf decomposition and nutrient release of deciduous
tree species in the upper portion (165–175 m a.s.l.) of the
hydro-fluctuation zone of the TGDR. Given that our current
study was imposed by only one-cycle submergence, our find-
ings cannot predict long-term decomposition of the leaves
under conditions consisting of several water cycles of submer-
gence. Thus, further studies on responses of leaf decomposi-
tion and nutrient release to different elevations on the entire
riparian zone (between 145 and 175 m a.s.l.) and to long-
lasting submergence will be needed.
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