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Abstract Litter production, litter standing crop, and
potential nutrient return via litterfall to soil were
studied during a 4-year period (January 2004—Decem-
ber 2007) in a Chinese fir (Cunninghamia lanceolata
(Lamb.) Hook) plantation and a secondary broad-
leaved forest in Hunan Province in subtropical China.
Mean annual litterfall in the sampling sites varied
from 358 g m~? in the pure plantation to 669 g m™>
in the secondary broadleaved forest. Total litterfall
followed a bimodal distribution pattern for both
forests. Amount of litterfall was also related to the
air temperature in both forests. During the period
under this study, annual variation in the total litterfall
in the pure plantation was significantly higher than
that in the secondary broadleaved forest. Litterfall was
markedly seasonal in the both forests. Leaf propor-
tions of litterfall in the pure plantation and secondary
broadleaved forest were 58.1 and 61.7%, respectively.
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Total potential nutrient returns to the soil through
litterfall in the pure plantation were only 46.2% of
those in the secondary broadleaved forest. Total litter
standing crop was 913 and 807 g m~> in the pure
plantation and secondary broadleaved forest, respec-
tively. Our results confirm that conversion from a
secondary broadleaved forest into a pure coniferous
plantation changes the functioning of the litter system.
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Introduction

The area of natural/secondary forests has been
shrinking on an average of 16 million ha annually
during 1990-2000 due to the demand for forest
products (West 2006). In subtropical China, extensive
areas of native broadleaved forests have also been
converted to mostly pure coniferous plantations such
as Chinese fir (Cunninghamia lanceolata (Lamb.)
Hook), covering over 1.21 million ha and accounting
for 6.5% of all plantation forests in the world (Chen
and Wang 2004; FAO 2006). Since the 1980s, decline
in yield and soil fertility of pure Chinese fir stands
has been observed due to successive planting, short-
rotation time, and stem-only harvesting (Chen et al.
1990). As such, there has been increasing concern
regarding the effects of conversion of native broad-
leaved forests to plantations on ecosystem functions
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such as nutrient cycling, and soil fertility, particularly
from the perspective of sustainability of plantation
forests (Lian and Zhang 1998; Goma-Tchimbakala
and Bernhard-Reversat 2006; Pandey et al. 2007;
Wang and Wang 2007).

Litterfall is closely related to the productivity of
managed forests. It is the main pathway for the return
of nutrients from plants to soil and for the formation of
soil organic matter in all forest ecosystems (Spain
1984). In small regions, litterfall is strongly influenced
by tree species composition, density, successional
stage, and soil fertility (Meentmeyer 1982; Aruna-
chalam et al. 1998). Many reports have suggested that
the conversion of natural forests to plantations
strongly affects litterfall, litter standing crop, litter
quality, and decomposition (Lian and Zhang 1998;
Yang et al. 2004; Goma-Tchimbakala and Bernhard-
Reversat 2006; Pandey et al. 2007). Some studies
have revealed that natural forests have higher litterfall
than pure plantations (Lian and Zhang 1998; Yang
et al. 2004; Pandey et al. 2007). However, the impacts
of the conversion of secondary broadleaved forests to
pure Chinese fir plantations on litter production in
subtropical China are still not clearly known.

On soil, litter acts as a temporary sink of nutrients,
which are released slowly. Its decomposition rate
regulates nutrient cycling and maintains soil fertility.
While a number of previous studies regarding Chinese
fir have emphasized litter amount, composition, and
distribution (Lian and Zhang 1998; Wu and Hong
2002; Fang et al. 2005), data on the ecological role of
Chinese fir litterfall in nutrient cycling are scarce. In
recent years, Mlambo and Nyathi (2008) evaluated the
ecological role of Colophospermum mopane litterfall
in nutrient cycling in semi-arid southern African
savanna woodland. Wang et al. (2008) also evaluated
the ecological function of Chinese fir litterfall in
nutrient cycling. However, little information is avail-
able regarding the impacts of secondary broadleaved
forests conversion to coniferous plantations on the
ecological role of litterfall in nutrient cycling in
subtropical China. This has also limited the research
linking nutrient return through litterfall and soil
nutrient, although in a previous study these authors
reported that soil organic carbon and nitrogen pools
were higher in a secondary broadleaved forest than in
a Chinese fir plantation (Wang and Wang 2007).

This study attempts to explore the effects of forest
transformation on litter production, litter standing
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crop, litter quality, and potential nutrient return to the
soil via litterfall in a Chinese fir plantation and a
secondary broadleaved forest in the subtropical
region of southern China. We test for the following
hypotheses: (1) there is significant difference in the
litter dynamics and composition between the pure
plantation and the secondary broadleaved forest; (2)
the Chinese fir plantation has higher litter standing
crop than the secondary forest; and (3) potential
nutrient returns through litter to the soil are higher in
the secondary broadleaved forest than in the pure
coniferous plantation.

Materials and methods
Study sites

The study site is located at the Huitong Experimental
Station of Forest Ecology, Chinese Academy of
Sciences (26°45' N, 109°30' E, 510 m a.s.l.), in
Hunan Province, Southern China. The climate of this
region is humid mid-subtropical monsoon, with the
wet season from March to July and the dry season
from August to February. The site receives an annual
average rainfall of 1200 mm with 60-72% falling
between March and July. It has a mean annual
temperature of 16.5°C (Fig. 1). The mean maximum
temperature varies from 3.4 to 31.9°C, while the
mean minimum ranges from 0.8 to 23.6°C from
January 2004 to December 2007.

In subtropical China, native vegetation is evergreen
broadleaved forests, which have almost been extir-
pated by human activities. In this study, the relatively
undisturbed secondary forest (SF), which is about
approximately 45 years old, is covered by subtropical
evergreen broadleaved species dominated by Castan-
opsis hystrix, Cyclobalanopsis glauca, Machilus Pau-
hoi, Liquidambar formosana, and Juglans cathayensis
(Deng et al. 2000). This forest was destroyed by a man-
made disturbance in 1958 and has since then been
protected and restored through natural regeneration.
The secondary broadleaved forest covers 2.5 ha. In
2005, its measured tree density was 937 stems ha™!
with 9.0 m for tree height and 13.9 cm for tree
diameter at breast height (DBH). The pure plantation
of Chinese fir (PC) with 2,000 trees ha™' was estab-
lished in the early spring of 1983 after the clear-cutting
of secondary broadleaved forests in the autumn of 1982
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and burning in the winter. For the 3.2 ha Chinese fir
plantation, tree density, height, and DBH were
1050 stems ha_l, 16.9 m, and 21.65 cm, respectively.
In both stands, the soil, which has been categorized as
Oxisol according to US Taxonomy, were developed
from the same parent material. The physical and
chemical properties of the soil are listed in Table 1.

Litterfall and standing litter sampling collection

Litterfall was collected for a 4-year period starting
from January 2004 to December 2007 in a secondary
broadleaved forest and a pure Chinese fir plantation.
Litter collection was conducted within the three
permanent plots of 15 x 15 m established in 1998
for long-term research of forest ecology in each
stand. Ten 1 x 1 m litter traps made of nylon mesh
(1 mm mesh size) at 50 cm above the ground were
randomly placed in each permanent plot (30 traps in
each stand). Overall, 60 traps were placed in both
stands. Litterfall was collected semi-monthly. The
collected litters at each time were taken to the
laboratory and categorized into leaves, branches,
barks, reproductive parts (e.g., flowers and fruits),
and miscellaneous materials (e.g., insect fecal and
unidentified plant parts) and were oven-dried at 70°C
to constant weight. Each month, the dried litters in

2005 2006 2007
Months

each plot were combined. The mean monthly litter
mass for each component of each plot was calculated
on a unit area basis (g m_z).

Litter standing crop was sampled at the beginning
of each year by collecting litter from the surface of the
forest floor (L horizon). Ten samples of 0.25 m? each
were randomly taken at each permanent 15 m x 15 m
plot. The litter samples were then transported to the
laboratory, sorted into leaves, branches, reproductive
parts, and miscellaneous materials. Samples were then
dried to constant weight at 70°C.

Chemical analyses

The oven-dried litter samples were ground, sieved
through a 0.5 mm mesh, and analyzed for total N, P,
K, Ca, and Mg concentration. Total N concentration
was determined by the micro-Kjeldahl method by
digesting 0.5-g samples in 10 ml concentrated H,SO,
using a catalyst mixture (CuSQOy, K;SO,4 and sele-
nium powder) and distillation. In order to measure P,
0.2-g litter samples were digested in 10 ml triacid
mixture (nitric, perchloric, and sulphuric acid; 5:1:1)
and then cooled. Total P was colorimetrically deter-
mined in the digested samples by ammonium
molybdate stannous chloride method (Olsen and
Sommers 1982). Concentrations of K, Ca, and Mg

Table 1 The main physical and chemical properties of soils from secondary broadleaved forest (SF) and Chinese fir plantation (PC)

stands in this study

Soil organic Total N Total P Total K pH (H,0) Bulk density Sand Silt Clay

cabon (gkg™)  (gkg’)  (gkg™)  (gkg) (gem™) %) (%) (%)
SF 25.61 2.35 0.15 20.44 4.27 1.19 8.30 43.77 47.79
PC 18.01 1.60 0.16 18.58 4.76 1.23 8.85 39.31 51.71
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in the digested solution were determined with a flame
atomic absorption spectrophotometer (Hitachi Z-
8100, Tokyo, Japan) following HC10,—~HNO; diges-
tion (Jones and Case 1990).

All chemical analyses of the litter samples were
carried out in triplicate on the each sample, and the
mean of each triplicate was taken. There were no
significant differences among the triplicates.

Statistical analyses

The monthly potential input of each nutrient to the
soil through each litter fraction was obtained by
multiplying the values of each fraction mass by its
corresponding nutrient concentrations (Lian and
Zhang 1998). Annual nutrient input was the sum of
the monthly nutrient inputs based on 12 monthly
estimations. Data on the mean annual litterfall,
potential nutrient return, litter standing crop, and its
nutrient storage were analyzed through a one-way
ANOVA using SPSS version 17.0 for Windows.
Tukey’s Honestly Significant Difference test was
then used for multiple comparisons at a significant
level of 0.05 between the pure plantation and
secondary broadleaved forest. Pearson’s linear cor-
relations were used to assess the relationships
between litterfall amount and abiotic variables (tem-
perature and rainfall).

Results
Litter production

Litterfall mass was significantly lower in the pure
Chinese fir plantation than in the secondary broad-
leaved forest (Table 2). The average annual litterfall
was 358 g m~2 in the Chinese fir plantation, with
leaves, branches, barks, reproductive parts, and
miscellaneous parts accounting for 58.1, 23.5, 1.1,
14.5, and 2.6%, respectively, of total litterfall. In the
secondary broadleaved forest, annual litterfall was
669 g m72, with leaves, branches, and reproductive
parts accounting for approximately 95% of total
litterfall.

Total litterfall conformed to a bimodal distribution
pattern in the both forests (Fig. 2). However, the
peaks of litterfall between both forests occurred in
different periods. In the secondary broadleaved
forest, one peak occurred in April-May and the other
in November from 2004 to 2007. In the pure Chinese
fir plantation, one peak occurred in February during
the 4-year period, while the others occurred in
November 2004—2006, and in December 2007. The
amount of litterfall in the pure plantation was
negatively correlated with the abiotic variables,
whereas it was positively correlated in the secondary
broadleaved forest (Figs. | and 2). The amount of
litterfall was more strongly related to air temperature

Table 2 Quantity (g m~2 year_') and composition of litterfall in the secondary broadleaved forest (SF) and pure Chinese fir
plantation (PC)

Forest type Leaves Branches Barks Reproductive Miscellaneous Total
SF 413 + 34a 158 £+ 12a 7.5+ 2.6a 66.0 £ 21.3a 249 + 5.6a 669 + 68a
PC 208 £ 53b 84 £+ 17b 39 £ l4a 52.1 &+ 20.48a 9.4 +3.3b 358 £ 56b

Data are means + SE. SE is standard error. Different letters in the same column indicate significant differences between PC and SF at
P =0.05
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in the pure plantation (r = 0.40 to 0.43, P < 0.05)
than in the secondary broadleaved forest (r = 0.16 to
0.21, P < 0.05).

Annual variation in total litterfall of the pure
plantation (variation coefficient at 38.0%) was sig-
nificantly higher than that of the secondary broad-
leaved forest (variation coefficient at 9.8%) during
the period of this study. The annual litterfall varied
from 257 g m~2 in 2005 to 558 g m~ 2 in 2007 in the
pure plantation and from 573 gm™2 in 2006 to
715 gm™? in 2004 in the secondary broadleaved
forest.

Litterfall was markedly seasonal, although it
occurred continuously throughout the year in the both
forests (Fig. 3). Seasonal patterns of total litterfall
differed between the forests. For the secondary broad-
leaved forest, the highest litterfall occurred in spring,
accounting for approximately 39%. This was followed
by autumn, which accounted for approximately 28%.
Summer and winter accounted for approximately 17
and 16%, respectively. In the pure Chinese fir planta-
tion, litterfall occurred mainly in winter, accounting for
over 47%. This was followed by spring and autumn,
which accounted for approximately 25 and 21%,
respectively. Summer accounted for less than 7%.
Approximately 64% of the total litterfall in the pure
plantation was recorded during the cool and dry period
(from November to February), while approximately
30% was recorded in the secondary broadleaved forest
during the same period.

350 [pc [sF

300 _
250
200
150 |

Litterfall (g m?)

100 L

50

Seasons

Fig. 3 Seasonal variations (mean £ SE) in litterfall from
January 2004 to December 2007 in the secondary broadleaved
forest (SF) and pure Chinese fir plantation (PC). Spring,
March-May; summer, June—August; autumn, September—
November; winter, December—February. SE is standard error

Nutrient content in litterfall fractions and
potential returns to the soil

The concentrations of N, P, K, Ca, and Mg in the
litterfall ~differed among the five fractions
(Table S1). The concentrations of N and Ca were
the highest in reproductive litter in the pure
plantation and in leaf in the secondary broadleaved
forest. Among all litter fractions, reproductive litter
had the highest P and K concentrations in both pure
plantation and secondary broadleaved forest. P
concentration was 2.2 and 2.6 times greater in
reproductive litter than in branch in the pure
plantation and secondary broadleaved forest, respec-
tively, while K concentration was 2.6 and 3.2 times
greater. Mg concentration was the highest in branch
and the lowest in bark in the pure plantation, while
being highest in leaf and the lowest in miscellaneous
in the secondary broadleaved forest.

Annual potential nutrient returns to the soil
through litter were significantly lower in the pure
plantation than in the secondary broadleaved forest
(Table 3). Mg approximately 6.3 g m™2 in the pure
plantation to 12.4 g m~2 in the secondary broad-
leaved forest was generally returned to the soil in
the highest amount, followed by N with a range of
1.9-5.7 g m~2, Ca with a range of 2.0-4.6 g m 2,
and K with a range of 1.7-2.9 g m~*. The P return
to the soil through litterfall was much less than the
other nutrients, ranging from 0.32 g m~? in the pure
plantation to 0.65 g m > in the secondary broad-
leaved forest. The percent contribution of leaf litter
to total nutrient return was significantly lower in the
pure plantation ranging from 50% (Mg) to 69% (K)
than in the secondary broadleaved forest ranging
from 69% (P) to 86% (N). In terms of nutrient
return, leaf and branch fractions were the main
components of litterfall, accounting for over 80% in
both forests.

Annual nutrient returns via litterfall in the
secondary broadleaved forest were relatively stable
across the 4-year observation period compared with
the pure plantation. The yearly return ratios for
2004, 2005, 2006, and 2007 for all nutrients were
1:0.78:0.99:1.79, respectively, in the pure plantation
and 1:1.02:0.80:0.90, respectively, in the secondary
broadleaved forest. The pattern of nutrient returns
through litter was similar to litterfall in both
forests.
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Table 3 Mean annual nutrient return (g mfz) to soil via litterfall in the secondary broadleaved forest (SF) and pure Chinese fir

plantation (PC)

N P K Ca Mg

SF
Leaves 5.06 + 0.41a 0.45 + 0.03a 2.19 £ 0.27a 3.61 + 0.39a 9.57 + 1.16a
Branches 0.32 + 0.04c 0.07 £+ 0.01c 0.29 + 0.05¢ 0.50 + 0.08¢c 1.82 + 0.18¢
Barks 0.02 + 0.00d 0.01 + 0.00c 0.02 + 0.00e 0.05 + 0.01e 0.12 £ 0.02e
Reproductive 0.35 £ 0.04c 0.08 £ 0.01c 0.39 £ 0.07¢ 0.46 £ 0.06¢ 0.89 £ 0.11d
Miscellaneous 0.14 £ 0.02 0.04 £ 0.00c 0.13 £ 0.02d 0.15 £ 0.02d 0.07 £ 0.01e
Total 5.89 0.65 3.02 4.76 12.47

PC
Leaves 1.16 £ 0.23b 0.21 + 0.03b 1.20 + 0.14b 1.17 £+ 0.12b 3.15 + 0.28b
Branches 0.38 £ 0.05¢ 0.04 £ 0.00c 0.18 £ 0.02d 0.39 £ 0.04c 2.50 £ 0.27b
Barks 0.01 £ 0.00d 0.00 £ 0.00c 0.01 £ 0.00e 0.01 £ 0.00e 0.01 £ 0.00f
Reproductive 0.36 £ 0.05c 0.06 £ 0.01c 0.30 £ 0.03¢ 0.42 £ 0.05¢ 0.62 £+ 0.09d
Miscellaneous 0.05 + 0.01d 0.01 &+ 0.00c 0.04 + 0.00e 0.07 £ 0.01e 0.02 +£ 0.00f
Total 1.96 0.32 1.73 2.06 6.31

Data are means &+ SE. SE is standard error. Different letters in the same column indicate significant differences between among

different litter fractions at P = 0.05

Table 4 Litter standing crop (g m~2) recorded in the secondary broadleaved forest (SF) and pure Chinese fir plantation (PC)

Forest type Year Leaves Branches Reproductive Miscellaneous Total

SF 2004 275 + 24b 130 £ 21b 34.9 £ 7.4cd 82.2 £ 19.1b 522 + 58b
2005 532 + 90a 417 £ 131a 28.7 + 6.2d 30.8 £ 5.7¢c 1009 + 301a
2006 420 £ Sla 413 £ 73a 83 £+ 2.2¢ 16.5 + 3.7d 857 + 120a
2007 557 £ 121a 275 £ 52 32 £ 1.2f 44 + 1.3f 839 + 184a
Average 446 309 18.8 335 807

PC 2004 218 £ 390 91 £ 3b 49.7 £+ 4.7bc 319 £ 53¢ 391 £ 20c
2005 561 £+ 94a 410 + 67a 221.1 £+ 30.2a 147.5 £+ 23.8a 1400 + 281a
2006 527 £+ 8la 294 + 46a 60.3 + 14.2b 8.5+ 23e 889 + 168a
2007 647 + 88a 317 £ 59a 65.2 £ 7.9b 2.1 £ 0.8f 1031 + 180a
Average 488 278 99.1 475 913

Data are means & SE. SE is standard error. Different letters in the same column indicate significant differences among the sampling

years at P = 0.05

Litter standing crop and nutrient storage

In general, the pure plantation showed a higher mean
standing crop of litter than the secondary broadleaved
forest, although no significant difference was found
between both forests (Table 4). The proportions of
litter represented by leaves, branches, reproductive
litter, and miscellaneous were different between the
two forests and among years. Leaves were the highest
in proportion, comprising over 50% of the standing
crop of litter, followed by branches.
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The concentrations of all the studied nutrients in
the standing crop of litter differed between the
sampling forests (Table S2). Among the different
fractions, P and Mg concentrations in the standing
crop of litter were significantly or slightly lower than
those in litterfall, and K concentration was lower in
the standing crop of litter than in litterfall, except for
leaves, in the secondary broadleaved forest. In
contrast, the concentration of N was higher in the
standing crop of litter, except for the miscellaneous
fraction, than in litterfall in the secondary
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Table 5 Nutrient storages (kg ha™"') in litter standing crop in the secondary broadleaved forest (SF) and pure Chinese fir plantation

PO

N P Ca Mg
SF 7.03 &+ 1.36a 0.53 4 0.08a 3.35 £ 0.31a 6.14 &+ 1.87a 1.47 £+ 0.18a
PC 3.81 £ 1.02b 0.52 4 0.10a 1.43 £+ 0.24b 7.48 &+ 2.05a 0.83 + 0.23b

Data are means + SE. SE is standard error. Different letters in the same column indicate significant differences between PC and SF at

P =0.05

broadleaved forest; N was only higher in branch
fraction in the pure plantation. The storage of N, K,
and Mg in the standing crop of litter was significantly
lower in the pure plantation than in the secondary
broadleaved forest (Table 5).

Discussion

Based on the analysis of the effects for 4 years on a
number of forest plots, we have considerable confi-
dence in our findings. Results of this study suggest
that litter production is significantly reduced due to
the forest conversion of the secondary broadleaved
forest to a coniferous plantation, which are consistent
with other observations regarding other tree species
in some regions (Lian and Zhang 1998; Yang et al.
2004; Pandey et al. 2007). Lian and Zhang (1998)
found that annual litterfall was significantly lower in
a 31-year-old pure Chinese fir plantation (4.8 t ha™")
than in a native forest of broadleaved evergreen
Castanopsis kawakamii (13.3 t hafl), while Pandey
et al. (2007) observed that a managed plantation had
a slightly lower litterfall than a natural Quercus
serrata forest in a subtropical region in Northeastern
India. In contrast, Goma-Tchimbakala and Bernhard-
Reversat (2006) found that annual litterfall was
slightly but not significantly higher in a Terminalia
superba plantation than in a natural tropical forest in
Mayombe, Congo.

Litter production in forest ecosystems mainly
depends on site fertility and global climatic condi-
tions (Jorgensen et al. 1975; Arunachalam et al.
1998); however, at a local or small scale with the
same climatic condition, it is mostly limited by tree
species composition and characteristics, nutrient
availability, and age structure (Parrotta 1999; Sund-
arapandian and Swamy 1999; Polyakova and Billor
2007). In subtropical China, short-rotation plantation
of Chinese fir generally reaches the mature stage

approximately 20-25 years after planting, after which
the trees are cut by farmers for timber products.
Chinese fir trees had been 21 years old at the
beginning of this investigation. Thus, in this study,
litter production of Chinese fir had been relatively
stable at the mature stage unless unusual weather
occurred. The decrease in litterfall is not merely a
transitory impact restricted to wood age, as was
previously suggested by Lian and Zhang (1998) and
Lisanework and Michelsen (1994). Several possible
mechanisms can partly explain the effects of the
conversion from a native broadleaved forest to a
coniferous plantation on litter production. In order to
begin with, compared with the native broadleaved
forest, the observed decline in litterfall in the pure
Chinese fir plantation can be likely attributed, at least
in part, to tree species composition, although the
decreased litterfall in the pure plantation in this study
is not easily explained. Some studies in subtropical
regions have observed a more significant increase in
litter production in mixed plantations than in conif-
erous monoculture plantation (Trofymow et al. 2002;
Wang et al. 2007; Wang et al. 2008). In this study, the
secondary broadleaved forest featured several tree
species, but the Chinese fir plantation featured only
one tree species. Secondly, the reduction in litter
production in the pure plantation may be also partly
explained by the competitive production principle
(Kelty 2006). It is known that tree species with
substantially different characteristics may use site
resources more completely and efficiently in produc-
ing biomass, resulting in higher total biomass
production, than species with similar characteristics.
In other words, different species have complementary
use of resources (Haggar and Ewel 1997) or good
ecological combing ability. In the study, the broad-
leaved tree species in the secondary forest had
different characteristics such as crown structure,
height growth rate, leaf area density, foliar phenol-
ogy, and root depth and phenology. Thus, in the
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secondary forest, broadleaved species with substan-
tially different characteristics may have used site
resources more efficiently. Compared to the pure
Chinese fir, the broadleaved species may have
synthesized more materials due to these complemen-
tary characteristics, resulting in greater litterfall.
Finally, differences in soil fertility or available
nutrients between both forests may be partly
explained by the decline in litterfall in the pure
plantation. Wang et al. (2006) found that soil total N,
P and K, and available N, P, and K in the pure
Chinese fir plantation were significantly lower than
those in secondary broadleaved forests in the same
studied sites.

Conversion from a secondary broadleaved forest to
a pure coniferous plantation did not significantly affect
litter composition, although it significantly influenced
litterfall. From our results, leaf and branch compo-
nents accounted for over 80% of total litterfall. These
components also mainly determined the pattern of
total litterfall, which is consistent with other investi-
gations in subtropical forests or plantations (Zhang
et al. 1993; Wang et al. 2007, 2008). However, these
estimates are lower than the estimates from other
species in subtropical plantations (Liao et al. 2000;
Pandey et al. 2007).

The litterfall pattern changed due to forest trans-
formation. The peaks of the litterfall were different in
both the secondary broadleaved forest and pure
plantation; however, there was a bimodal distribution
pattern in both forests. Yang et al. (2004) also found a
significant difference in litterfall pattern between
pure a Chinese fir plantation with a multi-peak and a
native broadleaved forest of Castanopsis kawakamii
with a unimodal distribution pattern in Fujian,
Southern China. In addition, a similar litterfall pattern
was observed among one native broadleaved forest,
one mixed, and one pure Chinese fir plantation in
subtropical China by Lian and Zhang (1998). Corre-
spondingly, our results indicate that the seasonal
pattern of litterfall is also significantly affected by
forest conversion. From our results, one main peak of
total litterfall in the secondary broadleaved forest was
observed in spring over the 4-year period, which is in
agreement with some studies on evergreen broad-
leaved forests (Deng et al. 1993; Liao et al. 2000;
Yang et al. 2004). The occurrence of litterfall for the
evergreen broadleaved forest in spring is likely due to
the replacement of senescent leaves with new ones. In
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the pure Chinese fir plantation, litterfall was concen-
trated during the cold and dry period (from November
to February) of the year, with approximately 64% of
total litterfall occurring during this period. This is
also comparable to other results in subtropical
plantation ecosystems (Zhang et al. 1993; Pandey
et al. 2007; Sundarapandian and Swamy 1999). The
tendency of litterfall to be concentrated in the cool
and dry season may be associated with the shedding
of needles induced by low temperature stress and/or
low soil moisture during this period (Jackson 1978).
As per the analysis of the coefficient between
litterfall and air temperature, we found that the
amount of litterfall in the pure Chinese fir plantation
was significantly affected by air temperature. Another
mechanism or hypotheses by Moore (1980) is that
water stress causes the synthesis of abscisic acid in
the foliage of plants, which in turn stimulates the
senescence of leaves and other parts. However, we
did not find litterfall to be closely related to rainfall in
this study.

Litter standing crop in forest ecosystems is pri-
marily controlled by annual litterfall mass and litter
decomposition rate. The results of this study show that
litter standing crop in the pure plantation was slightly
but not significantly higher than that in the secondary
broadleaved forest, which is consistent with the
reports of Goma-Tchimbakala and Bernhard-Reversat
(2006), who found significant differences in the
standing crop with a trend towards a lower amount
in a native broadleaved forest than in 7. superba
plantations. Numerous studies have shown that a large
amount of standing litter is accumulated in subtropical
and tropical plantations, especially when the planted
species has litter with low quality and decomposition
rates (Stohlgren 1988; Bernhard-Reversat 1993;
Mlambo and Nyathi 2008), although litter may have
a high decomposition rate due to the sufficient rainfall
and high temperature. In this study, high litter
standing crop in the pure plantation is partly attributed
to the low decomposition rate of Chinese fir litterfall,
which is generally controlled by litter quality and litter
species composition within the same climatic region
(Taylor et al. 1989; Hoorens et al. 2003; Schere-
Lorenzen et al. 2007). Our previous studies also
showed that Chinese fir litter with a high C/N ratio and
lignin content and a low initial content of N had a
lower decomposition rate than the litter of broad-
leaved tree species (Wang et al. 2008).
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The potential nutrient inputs of different elements
to the soil via litterfall in the secondary broadleaved
forest were 1.7-3.0 times greater than those in the
pure plantation. The differences in the nutrient returns
observed between both forests are a result of both
lower litterfall mass and lower nutrient concentrations
in the litter. The results confirm the previous studies
reported by Lian and Zhang (1998), who observed that
N, P, K, and Ca returns through litterfall in a
subtropical native broadleaved forest were signifi-
cantly higher than in a pure coniferous plantation. The
input of nutrients through leaf litterfall dominated the
total litterfall nutrient input, although the nutrient
contribution of leaf litterfall to total nutrient return
was different between the two forests (Lian and Zhang
1998; Wang et al. 2007; Mlambo and Nyathi 2008;
Wang et al. 2008). This may be due to the higher
proportion of leaf litterfall to total litterfall and the
higher nutrient concentrations. These results also
indicate that a decline in litterfall may be partially
responsible for lower soil nutrients in the surface layer
in pure plantations; some studies also suggest that it is
crucial for root litter and soil fertility (Liao et al. 1999;
Xiao et al. 2008). Unfortunately, the inputs of root
litter to soil were not quantified in this study. Liao
et al. (1999) found that root production and turnover
of Chinese fir was lower than that in the broadleaved
tree species in the same region. Low soil fertility in
the pure plantation is likely to be due, at least in part,
to low production of the root.

Long-term effects of forest conversion on litterfall
and nutrient return can be reflected by soil fertility or
site productivity. Soil properties investigated in 2005
were different in the secondary broadleaved forest
and in the Chinese fir plantation; however, we did not
delve into the impacts of forest transformation on soil
fertility in this study (Table 1). Soil organic C, total
N, and K were higher in the secondary broadleaved
forest than in the pure plantation, and soil bulk
density and clay content were lower in the secondary
forest. This confirms the results of Yang et al. (2005),
Wang et al. (2006), and Wang and Wang (2007) in
this and other subtropical regions. Xu and Xu (2003)
also found that the total organic carbon content of
samples from Chinese fir stands was 27.3% lower
than that form the broadleaved forest in Huzhou,
Zhejiang Province, in East China. The changes in soil
fertility are mainly due to the differences in litterfall
amount, pattern, and nutrient return.

In conclusion, forest conversion from a secondary
broadleaved forest to a pure Chinese fir plantation
significantly reduced litterfall mass and potential
nutrient inputs through litterfall to the soil, and
changed litterfall patterns. In contrast, standing litter
was slightly higher in the pure plantation than in the
secondary broadleaved forest. This is attributed to the
low decomposition rate of Chinese fir litter with low
quality. This can explain, at least in part, the decline
in soil fertility resulting from forest conversion of a
secondary broadleaved forest to a pure coniferous
plantation.
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