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MANI S & CAO M. 2016. Lagging effect of nutrient release in tropical seasonal forest soils in Xishuangbanna,
south-west China. This study assessed how litterfall production and nutrient concentration of leaf litter
and soil vary with seasonality of rainfall in primary and secondary tropical forests of south-west China.
A total of five 20 m x 20 m plots were established in each of the primary and secondary tropical forests.
Leaf'litter and top soil were sampled from each plot at monthly intervals for one year. Total annual litterfall
production was 6.03 and 8.29 tonnes ha'! year! in the primary and secondary tropical forests respectively.
Total litterfall showed marked peaks at the end of the dry season with smaller peaks at the end of the rainy
season. Leaf nutrients (phosphorus, potassium and calcium) were slightly varied between the two sites.
Soil nutrients peaked in the middle of the rainy season, i.e. about two months later than the onset of the
rainy season, suggesting a lagging effect of nutrient release. Consequently, we postulated that there was
nutrient pulse in tropical seasonal forest soils every year, which was driven by alternating dry and rainy
seasons in the predominantly monsoon climate areas.
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INTRODUCTION

In some monsoonal areas with distinct alternation
of dry and rainy seasons, tropical forests maintain
a proportion of deciduous tree species (Richards
1996). Generally, the peak of leaf fall during
the dry season has been associated with water
stress (Proctor et al. 1983, Songwe et al. 1988),
photoperiod, evapotranspiration (Meentemeyer
et al. 1982) and percentage of deciduous and
semideciduous species in forests (Vogt et al.
1985, Bullock & Solis-Magallanes 1990, Morellato
1992). Litterfall showed strong seasonality,
with highest deposition in the driest months
of the year in low-latitude and low-elevation
tropical forests of southern Amazon (Wright
& Cornejo 1990, Selva et al. 2007). There was
positive relationship during rainy season between
rainfall intensity and litterfall rates, whereby
intense precipitation coupled with high winds
that followed brief dry spells produced high rates
of litterfall (Luizao 1989).

One way to test the effects of litter on
community dynamics is to test for time-
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lagged density dependence using models,
because the amount of litter at any given time
should be correlated with live plant density
in the past (Farrer et al. 2010). Incorporating
lagged interactions in models suggested
new processes that were important for
population dynamics such as litter effects and
rhizome storage. Time lags due to delay in
nutrient release from litter can lead to damped
or bound oscillations in plants (Pastor &
Walker 2006). Plant species may induce their
own population oscillations through life history
characteristics, such as litter quality, which affect
cycling of nutrients through the ecosystem
(Pastor & Walker 2006).

In Xishuangbanna, litterfall peaks in the
latter half of the dry season, i.e. from March
till April (Tang et al. 2010), indicating seasonal
dynamics in litterfall production. Monthly decay
rates of leaf litter are correlated with rainfall and
soil moisture (Zheng et al. 2006), suggesting a
bigger potential contribution from litterfall to
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the soil nutrient pool during rainy season. Many
studies have been conducted on rates of litterfall,
decomposition, nutrient input, forest floor mass
turnover and nutrient release in the tropical
forests of Xishuangbanna (e.g. Shanmughavel
etal. 2001a, b, Zheng et al. 2006, Yang & Chen
2009, Tang et al. 2010). However, the relationship
between litter production and soil nutrients
in terms of seasonal dynamics has not been
adequately investigated. Thus, this current study
focused on this subject. We hypothesised that
although litterfall peaked in the latter half of
the dry season, this did not immediately lead
to increase in soil nutrients. Drought prevents
activities of decomposers, which stop the release
of large amount of nutrients from the litter into
the soil. The onset of the rainy season at the end
of May, however, accelerates the decomposition
of litterfall on the forest floor, which, in turn,
leads to increase in soil nutrients in the middle
of the rainy season, demonstrating a two-month
delay in the nutrient release from litter
into soil.

MATERIALS AND METHODS
Study site

Xishuangbanna (21° 8'-22° 35' N, 99° 56'-
101° 50" E) is located in south-western Yunnan,
China, contiguous to Laos in the south and
Myanmar in the south-west. The region, though
surprisingly far from the equator and at relatively
high altitude (550 m above sea level), has rich
tropical flora and typical tropical rainforest
in the areas below 900 m (Zhu et al. 2006). It
experiences monsoon climate and the annual
mean temperature is 21.7 °C. The dry season
from November till April is further divided into
cool-dry (from November till February) and
hot—dry (from March till April) periods. Rainy
season occurs between May and October and is
characterised by high rainfall from the south-west
summer monsoon. There are three soil types,
namely, laterite soil developed from siliceous
rocks (between 600 and 1000 m elevation),
lateritic red soil from sandstone substrates
(> 1000 m) and limestone hills consisting of
soil derived from hard limestone substrate of
Permian origin with pH of 6.75 (between 600
and 1800 m).
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Plot establishment, sample collection and
chemical analysis

The study was conducted from July 2008 till June
2009 in primary and secondary tropical forests
in Xishuangbanna. Details about the vegetation
are reported in Zhang and Cao (1995) and Cao
et al. (1996). A total of five 20 m x 20 m plots
were established in each of the two sites. All plots
were separated by a distance of 50 m. Leaf litter
was collected from five traps measuring 1 m x
1 m (2-mm mesh) in each study plot. All traps
were permanently tied using plastic nylon wire
at the edges and fixed at 1-m height from above
the ground. Litter accumulated over the traps
was collected at monthly intervals (once in the
middle of every month) for one year. Damaged
traps were replaced immediately. Litter collected
was brought to the laboratory and separated
into three sample layers, namely, recently fallen
litter (L), leaf fragments including twigs < 1 cm
diameter (L,) and miscellaneous, including
flowers and fruits (L,). All samples were weighed
after drying at 80 °C for 24 hours. Only L,
layer samples were taken for chemical analysis.
The traps were emptied monthly to prevent
significant decomposition and leaching loss
of litter nutrients. Samples were pooled and
taken for analysis as plot wise. Five soil samples
of 10 cm x 10 cm x 10 cm (top soil) were taken
randomly in each plot and pooled for monthly
nutrient analysis over a period of 1 year. All
soil samples were air dried for 24 hours and
roots and stones were removed by hand. Soil
samples were sieved (< 2 mm) and subsamples
were taken for chemical analysis. Soil pH and
moisture were measured monthly using pH
and moisture probe meters respectively. Total
nitrogen (N), phosphorus (P), potassium (K) and
calcium (Ca) were analysed from the collected
subsamples. Total N values in litter and soil were
determined using C-N analyser while total P,
K and Ca, inductively coupled plasma atomic-
emission spectrometer.

Data analysis

Litterfall data were combined to report results
as litterfall per calendar month. Thus, data for
each month represented either 30 or 31 days
of litterfall with the exception of February.
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Paired #test was performed to test the difference
between sites. Leaf and soil chemical contents
were analysed within sites and between seasons
using one-way ANOVA (without transformation
of data) followed by Tukey’s HSD test when the
differences were significant. Statistical package
R (version 2.15, 2012) was used for all analyses.

RESULTS

Environmental factors and litterfall
production

Soils are extremely acidic with very low moisture
contents in the dry season, suggesting low relative
humidity values and high evaporative rates at both
sites (Table 1). Soil moisture followed a seasonal
pattern and showed significant difference in the
dry season (¢=-3.803,df =5, p<0.01) between
the sites (Figure 1). Total annual litterfall
production was 6.03 and 8.29 tonnes ha! year!
in the primary and secondary tropical forests
respectively (Table 1). Litterfall production in
the primary tropical forest was 27.3% lower than
that of the secondary tropical forest. Monthly
litterfall fractions are shown in Figure 2. The
three litterfall fractions (L, L, and L, layers)
were higher in the secondary tropical forest than
in the primary tropical forest (Table 1, Figure 2).
Total litterfall showed marked peaks at the end
of the dry season (March—April) with smaller
peaks at the end of the rainy season (September—
October) in both sites (Figure 2d). The rate
of litterfall in July was 3.34 kg month™ in the
secondary tropical forest due to greater fall of the
L, layer (especially twigs) (Figure 2b). Litterfall
in L, and L, layers peaked in the latter part of the
dry season (March-April) and beginning of the
rainy season (May). The L, layer (freshly fallen
leaves) showed significant difference between the
two sites (Table 1, ¢=-3.119, df = 11, p < 0.01)
but no significant difference between seasons.
However, L, and L, layers did not show significant
differences between seasons.

Leaf nutrient

There were small variations in leaf nutrient
concentrations between the primary and
secondary tropical forests (Table 2, Figure 3).
At the beginning of the dry season (November—
December), leaf nutrients showed increasing
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trend with the exception of total N and P in the
primary tropical forest and decreasing trend
at the end of the rainy season (September—
October) in the secondary tropical forest
(Figure 3). Total K and Ca values decreased
at the end of the dry season in March—-April
but total N and P values were stable in both
forests (Figure 3). Total P in the secondary
forest showed significant difference throughout
the entire year (F, ,, = 8.72, p < 0.05) and
also in the dry (F , = 8.63, p < 0.05) and
rainy (F, ., = 7.91, p <0.05) seasons between
the primary and secondary forests. However,
total Ca showed significant difference only
during the rainy season between these forests
(Fj 4 =971, p<0.05).

Soil nutrient

Mean monthly amounts of soil nutrients were
stable at the end of the dry season and at the
beginning of the rainy season at both sites with
the exception of total Ca (Figure 4). Overall,
all nutrients were higher in the middle of
the rainy season (July-September) in both
forests. There were significant differences
in total Ca (F(l, 10) = 10.37, p < 0.01), total
P (Fy g = 14.74, p < 0.01) and total K
(F(l, 10y = 29.68, p < 0.001) between the two
sites for the entire year, although total N only
showed significant difference between the two
sites in the rainy season (F, ,, =10.89, p <0.05).

DISCUSSION
Seasonal dynamics of litterfall

Litterfall production values were highest in the
latter part of the dry season (March—April) and
there was a second minor peak at the end of the
rainy season (September—October). Increased
litterfall in the dry season may be related to
water deficit (Scott et al. (1992). Water stress,
which is usually greatest at the end of the dry
season, is an important factor leading to leaf
fall in the dry season. The proportion of freshly
fallen litter (L,) was lower than leaf fragments
including twigs (L,) in the litterfall at both sites
(Table 1). Differences between these two layers
could be explained partially by the different
characteristics of vegetation, canopy openness
and abundance of large trees. Leaf fall (L)
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Table 1 Mean (+ SE) total litterfall production, soil moisture and soil pH at two tropical forest
sites in Xishuangbanna, south-west China
Variable Research site p-value
Primary tropical forest Secondary tropical forest

Soil moisture (%)
Dry 16.81 + 4.60 21.95 + 4.50 0.01
Rainy 35.76 + 7.61 37.71 + 3.66 0.75

Soil pH
Dry 4.4+0.07 4.2+0.07 0.001
Rainy 4.2 +0.06 4.1+0.04 0.05

Litterfall (tonne ha'year?)
L, layer 0.64 +0.19 0.91+0.17 0.01
L, layer 3.12+£0.45 4.95 + 0.55 0.07
L, layer 2.27+0.38 2.43+0.28 0.11
Total 6.03 + 0.50 8.29 + 0.50

Season (tonne ha'year?)
Dry 2.84 + 0.46 4.70 £ 0.47 0.18
Rainy 3.19 £ 0.39 3.59 + 0.35 0.06
Total 6.03 + 0.50 8.29 + 0.50

p-value indicates the difference between sites
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Figure 1 Percentage of soil moisture at the study sites in the primary (PTF) and secondary
(STF) tropical forests; bar line = standard error

peaked in February-April (Figure 2a). This
corresponded to findings by Scott et al. (1992),
Sundarapandian and Swamy (1999), Pandey
et al. (2007) and Schessl et al. (2008). Twigs
(Ly) and reproductive parts (L) accounted for
a large proportion of annual litterfall at both
study sites (Table 1, Figures 2b and c). Due to
the complex structure and canopy architecture
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in the primary tropical forest, dead branches
usually remain on the trees for a long period
and may occasionally fall on the forest floor,
leading to higher variations in twig litterfall
(Tang et al. 2010).

Production of reproductive structures
(Lg layer) showed small amounts of variation
between the two sites (Table 1, Figure 2c¢); this
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Figure 2 Seasonal variation in litterfall fractions (L, L, and L4 layers) of the primary (dark bar) and
secondary tropical (blank bar) forests; dotted line = rainfall; bar line = standard error

could be due to similar phenological patterns
and the occurrence of common tree species.

thus, exhibiting marked seasonality (Mlambo &
Nyathi 2008).

The high number and density of mature trees in

tropical seasonal forests may regularly produce

Variation in leaf nutrient concentrations

abundant flowers, fruits and seeds in a mast year,

resulting in higher variation in reproductive
parts (Stocker et al. 1995). Reproductive parts
were markedly higher in the latter half of the
dry season (March—April) and the early part of
the rainy season (May) but produced significant
peaks at the end of the rainy season (September—
October). The patterns of reproductive litterfall
depend on the timing of flowering and fruiting,
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This study demonstrated the strength of using
leaf-based nutrients to predict monthly changes
in nutrient concentrations in primary and
secondary tropical forests. The P of the leaves
was lower in the former compared with the latter,
although no significant difference between the
two sites was observed, indicating that low P
availability was likely a common constraint for
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Table 2 Mean total leaf and soil nutrient concentrations in the primary and secondary

tropical forests

Variable

Primary tropical forest

Secondary tropical forest

Leaf nutrient (g? kg?)

N 189.5 (13.7-18.6) 189.8 (14.9-18.2)
P 7.5 (0.5-0.7) 8.2 (0.6-0.8)

K 61.4 (3.7-6.1) 53.5 (2.9-5.9)

Ca 115.0 (7.4-13.2) 105.2 (6.8-9.6)
N:P 25.3:1 23.1:1

Soil nutrient (g! kg!)

N 125.7 (9.5-11.2) 157.6 (11.8-15.8)
P 18.4 (1.4-1.6) 24.6 (1.8-2.3)

K 554.6 (43.1-50.4) 716.8 (53.6-62.0)
Ca 13.1 (0.8-1.5) 15.4 (0.9-1.6)
N:P 6.8:1 6.4:1

Range in parenthesis

tropical forest regrowth (Vasconcelos et al. 2008).
Total litterfall production and leaf nutrients did
not differ significantly in the study sites, which
were similar to a litterfall production study in the
tropical dry forest of Mexico (Martinez-Yrizar &
Sarukhan 1990).

Seasonal dynamics of leaf nutrients

In the study sites, all nutrients gradually decreased
(except for K in the secondary forest) in the
latter part of the rainy season (Figure 3). Nutrient
loss due to leaching may have affected litter
nutrient content, especially during wet season,
with N being more susceptible to losses than P
(Cuevas & Medina 1986). In the primary tropical
forest, N and P showed low values in the middle
of dry season (February—March), indicating the
effect of floristic variation and organic matter
turnover. Townsend et al. (2007) observed that
even in single, highly P-deficient sites in Amazon
Basin, the large range in foliar N and P contents
highlights a diversity of physiological strategies
in response to P-poor environment, and suggests
that the extent of limitation by any given nutrient
may vary considerably among individual species
within a single site.

Litterfall production peaked in March-
April, but leaf nutrient concentrations were very
low for total Kand Ca (Figure 3). This may reflect
retranslocation of essential nutrients during
the dry season. The results suggested that the
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major nutrient values were moderate (except
for K in the secondary forest) in the middle
of the rainy period (July-August) at both sites.
Contents of structural materials (cellular wall)
and other compounds such as starch increased at
this time due to foliar development that occurred
throughout the rainy and early dry seasons (Roca-
Perez et al. 2006).

Variation in soil nutrient concentrations

Total K showed greater variation between the
sites. Low soil moisture usually means greater
availability of Kin the dry season (Kuchenbuch
etal. 1986). Soil K mobility increased significantly
with soil moisture content, suggesting that more
K could be released to the plant roots at sufficient
soil moisture (Zeng & Brown 2000). The fact that
total N and P values were lower in the primary
than in the secondary tropical forests could
be due to leaching losses. The greatest impact
of priming on soil carbon stocks will occur in
moderately acidic tropical forest soils of low
N availability (Nottingham et al. 2015). On
the other hand, tropical ecosystems with low
availability of N are normally depleted in N
(Martinelli et al. 1999).

Seasonal dynamics of soil nutrients

As a result of higher soil moisture and rainfall
during the rainy season, soil Ca decreased as the
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Figure 3 Mean values of seasonal nutrient concentrations (g kg?) in leaves from L, layer of the
primary (PTF) and secondary (STF) tropical forests; bar line = standard error

availability of other nutrients increased at the
end of the rainy season (September—October),
except for N and P in the primary tropical forest
(Figure 4). However, lower pH could be one of
the reasons for the decrease in Ca. In this study,
all major soil nutrients showed highest values
in the middle of the rainy season (July-August)
except for total N and P in the primary forest.
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The onset of the rainy season accelerated litter
decomposition and nutrient release from litterfall
into surface soil. Monthly decay rates of leaf litter
in this area are correlated with rainfall and soil
moisture (Zheng et al. 2006). The highest decay
constant (k value) occurred early in the rainy
season, i.e. June and July. Decomposition is slow
during dry months and fast during rainy season
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Figure 4 Mean values of seasonal soil nutrient concentrations in the primary (PTF) and
secondary (STF) tropical forests; bar line = standard error

(Tang et al. 2010). Therefore, we estimated that
lagging time for nutrient release in such forests
is about two months later than the onset of
the rainy season. Yavitt et al. (2004) also found
that the concentrations of N and Ca increased
gradually and peaked at the end of the wet
season, just prior to the maximum rate of leaf fall
before decreasing sharply to the lowest values in
the dry season. Thus, there was yearly nutrient
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pulse cycle in tropical seasonal forest soils which
was driven by rainfall.

CONCLUSIONS

Two peaks of litterfall and rainfall were observed
in two tropical forests containing deciduous
species, although the first peak of litterfall
production occurred in March—-April (at the end
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of the dry season). Total P in the primary tropical
forest showed low values at the end of the dry
season, suggesting the effect of floristic variation
and organic matter turnover. The amount of
soil nutrients is highest in the middle of the
rainy season, indicating that the onset of the
rainy season accelerated litter decomposition,
and significant nutrient release from litterfall
into surface soil took place about two months
later. Our findings supported the hypothesis that
there would be annual pulse of nutrient release
mechanism from litterfall into the soil during
rainy season, which led to rapid increase in soil
nutrients in the middle of the rainy season in
the primary and secondary tropical forests of
Xishuangbanna.
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