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Abstract Lateral flows in landscape mosaics repre-

sent a fundamentally important process in landscape

ecology, but are still poorly understood in general. For

example, windblown litter nutrient transfer across a

landscape has rarely been studied from an ecosystem

perspective. In this study we measured the litter

nutrient transfer from an Acacia mangium plantation

to a Dimocarpus longan orchard in an agroforestry

landscape for 3 years from January 2002 to December

2004. About 11% of the total litterfall of the acacia

plantation were transported to the longan orchard

annually, accounting for ca. 9–59% of the total litter

nutrient input of the longan orchard. The windblown

litter transfer showed high spatial variation mainly

caused by wind speed and directions. Slope positions

5 m away from the source acacia plantation received

significantly greater amount of allochthonous acacia

litter than those 10 m away, and the northwest-facing

slope of the longan orchard received 2 to 3-fold more

litter than the southeast- and south-facing slopes

because of the prevailing southeasterly wind in the

region. To explore how different management prac-

tices may influence the litterfall, leaf production, and

soil nutrient status of the two ecosystems, we devel-

oped a Meta-Ecosystem Litter Transfer (MELT) model

to simulate the processes of litter-related transforma-

tion (production, deposition, and decomposition) and

transfer (wind- and management-driven movement).

Our simulation results suggest that less than 30% of

acacia litter should be transferred to the longan orchard

in order for the acacia plantation to sustain itself and

maximize production of the longan. Connectivity of

nutrient flow between adjacent ecosystems as shown

here leads to a functional meta-ecosystem with higher

landscape-scale production of ecosystem services.

That is, managing this connectivity through landscape

design or active litter transfers can lead to large

changes in overall landscape functioning and service

production.
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Introduction

Movements of inorganic nutrients, organic matter,

pollutants, and living organisms are ubiquitous in

natural and managed landscapes. Through these

movements, outputs of materials, energy, and organ-

isms from donor patches may become inputs for

recipient patches, and can exert important influences

on the structure, dynamics, and functioning of both

patches and the landscape as a whole (Forman and

Godron 1981; Risser 1990; Polis et al. 1997; Loreau

et al. 2003; Gravel et al. 2010). Since the biogeo-

chemical cycles of elements are key ecosystem

processes, the transformation and vertical flows of

elements in the plant-soil continuum have been the

main foci of ecosystem ecology. Compared to the

vertical ecosystem nutrient cycling, the lateral flows

of elements across different patch ecosystems embed-

ded in a landscape or a meta-ecosystem have been

less studied (Loreau et al. 2003; Reiners and Driese

2004; Turner and Chapin 2005). Therefore, ecolog-

ical flows including lateral nutrient fluxes across

landscape mosaics have been recognized as one of

the research frontiers in landscape ecology (Wu and

Hobbs 2002; Turner 2005; Turner and Cardille 2007;

Wu and Hobbs 2007).

Materials move between landscape components

through mechanisms such as diffusion, gravity, and

transport by surface and subsurface runoff, wind, or

animals (Cadenasso et al. 2003). Among these driving

forces, water-driven nutrient flows across heteroge-

neous landscapes have received much attention, mainly

because excess nutrients (e.g., nitrogen (N) and phos-

phorus (P)) discharged from croplands and residential

areas may cause the widespread problem of nonpoint

source pollution in the receiving water bodies such as

streams, lakes, and coastal oceans (Carpenter et al.

1998). For example, in an agroforestry landscape

consisting of corn fields, riparian forest and stream,

Peterjohn and Correll (1984) estimated that about 35 and

17% of the total N and P inputs (from wet deposition and

fertilization) were transported from the corn fields into

the down slope riparian forest via surface runoff and

belowground water; contrastingly only 11 and 20% of

the total N and P inputs (from wet deposition and

cornfield runoff) were transported from the riparian

forest to the stream. In another agroforestry watershed

consisting of agricultural fields, forest shelterbelts and

meadows, nitrate concentration in the groundwater

beneath the shelterbelts and meadows were found

significantly (in some cases 26-fold) lower than those

under the adjoining fields, and meadows could retain

90% of the P-PO4
-3 in the incoming ground water

(Ryszkowski et al. 1999). These results suggest nutrient

movements across landscape components are signifi-

cant and biogeochemical barriers such as riparian forests

and shelterbelts can play important role in regulating

nutrient/pollutant fluxes (also see Haycock et al. 1997;

Lowrance et al. 1997; Baker et al. 2006; Jones et al.

2006; Mayer et al. 2007).

Wind has also been widely recognized as an impor-

tant driver in transporting materials across landscape

components. Most previous studies have focused on

wind-eroded dust or soil particles (Breshears et al. 2003;

Reiners and Driese 2004; Li et al. 2008). Relative to

hydrological and windblown nutrient movements asso-

ciated with soil solutions or soil particles, windblown

litter nutrient transfer and its ecological significance

have been less studied. This is despite the fact that

litter plays a key role in ecosystem nutrient cycling

(Hattenschwiler et al. 2005; Berg and Laskowski 2006).

A few studies have shown that wind can play an

important role in litter fall and litter transfer processes.

In Arctic landscapes, wind often redistributes litter and

snow from hill and ridge tops to leeward locations

during winter time, subsequently forming patches of

litter accrual after the snow melts in spring, which can

further reduce photosynthetically active radiation and

soil temperature, increase C and N accumulation, and

stimulate soil CO2 efflux at the litter deposition sites

throughout the growing season (Fahnestock et al. 2000).

In arid and semi-arid landscapes, windblown fine soil

particles and plant detritus from inter-shrub spaces help

form islands of fertility after deposition on the shrub-

occupied patches, therefore altering the spatial distri-

bution patterns of soil properties and posing a sign of

desertification (Schlesinger et al. 1996). Nutrients

bound in soil particles and plant residues may also be

transported from nearby croplands to remnant native

woodlands and have negative impacts on the regener-

ation of native vegetation in semiarid agricultural

regions of Australia (Duncan et al. 2008). In riverscapes,

most of carbon used by stream organisms originates

from litterfall and other materials produced by riparian

forests (Fisher and Likens 1973; Johnson and Covich

1997). Thus, windblown litter transfer is a common

phenomenon with important ecological impacts in

various landscape types and deserves more study.
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Under the pressure of human population growth and

economic development, it is of paramount importance

to use shrinking land resources efficiently in order to

harmonize human demand and environment protec-

tion such that the production of ecosystem services are

sustainably maintained. Agroforestry, being widely

practiced in both the developed world such as Europe

(Rigueiro-Rodriguez et al. 2009) and North America

(Blanco-Canqui and Lal 2008), and the developing

countries such as China (Zou and Sanford 1990; Fu

et al. 2004), India (Puri and Nair 2004) and Africa

(Kwesiga et al. 2003), has been recognized as one of

the best land management practices in conserving soil

and water, improving farm economy, advancing food

security, and mitigating atmospheric and water pollu-

tion (Blanco-Canqui and Lal 2008). Agroforestry

systems often combine trees/shrubs with crops and/

or livestock on the same unit of land, thus forming a

spatially heterogeneous landscape or meta-ecosystem

comprised of tree plantations, croplands, and/or pas-

tures. With such diverse spatial composition and

configuration, agroforestry systems are useful for

studying the reciprocal relationships between land-

scape pattern and ecological processes in the produc-

tion of ecosystem services. Practically, understanding

nutrient transfer across the components of agroforestry

landscapes can also provide management guidance to

land practitioners and policy makers.

In this study, we chose a typical agroforestry system

in southern China to investigate dynamics of wind-

blown nutrient transfer between two contrasting

patches. This agroforestry landscape occupies a small

catchment and is composed of a legume tree (Acacia

mangium) plantation on the upper slopes (1.3 ha), a

longan fruit-tree (Dimocarpus longan) garden on the

middle (0.87 ha), a fish pond at the bottom (0.29 ha),

and a napiergrass (Pennisetum purpureum) strip

(0.3 ha) along the fish pond banks (Fig. 1). The aim

of this design was to create a self-sustaining system

that can efficiently control soil erosion and water loss

while simultaneously increasing the economic gain of

local farmers. In this agroforestry watershed, the

acacia plantation can serve to regulate the local

climate and control soil erosion from steeper upper

slopes; the napiergrass can be used to feed fishes and

buffer longan garden originated nutrients; the litter

from the acacia plantation and sediments from the fish

pond can be moved to the longan garden as organic

fertilizers; fish (mainly grass carp and tilapia) and

longan fruits are the products to be sold for monetary

income. Thus, these systems provide multiple ecosys-

tem services with several direct and indirect conse-

quences for human well-being. Our previous studies

on nutrient movements in this agroforestry landscape

had been mainly focused on nutrient fluxes associated

with hydrological flows and found that groundwater

could transport a substantial amount of nutrients (e.g.,

1.3–3.7 g N m-2) from the acacia plantation to the

down-slope patches (Ding et al. 1995; Shen et al.

2007). This study emphasizes windblown- and man-

agement-litter nutrient transfer processes that mainly

occur between the acacia plantation and the longan

orchard.

Specifically, we aimed to quantify the amount of

windblown nutrient flow between the two patch

ecosystems, analyze how it varied spatially with slope

aspects and distance to the source patch, and derive the

relationships between windblown litter nutrient trans-

fer and wind conditions. Based on the observed data,

Fig. 1 The spatial composition and configuration of the

studied agroforestry landscape
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we also aimed to develop a model to simulate the litter-

related transformation and transfer processes by

viewing the two patch ecosystems as a meta-ecosys-

tem. The model was further used to analyze how

different management litter transfer scenarios could

influence the litter and nutrient pool sizes of the meta-

ecosystem and from these results derive practical

guidance on managing the landscape for sustainable

production of ecosystem services.

Methods

Study site description

The study site is located at the Heshan National Field

Research Station (Heshan-NFRS) of Forest Ecosys-

tems (112�540E, 22�410N), Heshan City, Guangdong

province, southeastern China. This site is characterized

by a typical subtropical monsoon climate. The mean

annual temperature is 21.7�C, with the maximum mean

monthly air temperature of 29.2�C in July and the

minimum of 12.6�C in January. The mean annual

precipitation is 1700 mm, nearly 80% of which falls in

the wet season from April through September. The soil

is an oxisol developed from sandstone, with a pH of

about 4.2. The study area is typical of the region with

low hills (peak elevation of 98 m) and small water-

sheds (area of about 3–100 ha). This region was

historically covered by evergreen broadleaved forests

but its land cover had been transforming into agricul-

tural lands and abandoned hilly slopes since 1960s.

Starting from the early 1980s, most of the abandoned

hilly slopes were replanted with fast-growing tree

species such as Pinus massoniana, A. mangium, and

Euclyptus citriodora, and those vicinal to villages were

turned into agroforestry systems that are often man-

aged by a group of households.

Litter collection and chemical analysis

Ten litter traps were placed randomly on the acacia

plantation floor and 12 were placed systematically on

the longan orchard floor. Each of the three aspects of

the orchard slope had four litter traps, with two of them

5 m away and the other two 10 m away to the lower

edge of the acacia plantation. The litter traps were

made from fine nylon mesh cloth (1 mm mesh size)

with a size of 1 9 1 m and a depth of 40 cm. The

bottom of the trap was 15 cm above the ground and the

top of the trap was supported horizontally. All

accumulated materials in the traps were collected

every month from January 2002 to December 2004.

The materials from each trap were weighted and sorted

into leaves, branches, and other with respect to litter

species (i.e., acacia and longan). Five subsamples from

the pooled litter of each ecosystem were oven-dried at

65�C to constant weight and the water content was

calculated based on the fresh weight and dry weight.

Nutrient contents of acacia and longan litter were

analyzed twice with litter samples from March 2002

and July 2003. The dry litter samples were first pooled

in proportion to quantity and then milled to pass a

1 mm sieve for nutrient analysis. Total organic C and N

concentrations were determined by coupled combus-

tion/reduction and gas chromatography (CHN Ana-

lyzer, Perkin Elmer II 2400). Dry litter powder was wet

digested in a mixture of HNO3 ? H2O2. The concen-

trations of Ca, K, Na, Mg, P and S in the solution were

measured by inductively coupled plasma atomic

emission spectrometry (ICP AES, Perkin Elmer

Optima 3100XL). The size of the subsample for

CHN analysis was 0.1–0.3 g and wet digestion 0.5 g.

Observed data analysis

The relationships between litterfall and wind speed

(including monthly mean wind speed and peak wind

speed) were analyzed using correlation analysis. The

difference of acacia litter transfer among the three slope

aspects (i.e., southeast-, northwest-, and south-facing

slopes, see Fig. 1) and between the two distances (5 and

10 m to the lower edge of the acacia plantation) were

analyzed using repeated-measures ANOVA. All the

statistical analyses were performed in SPSS 13.0 and

SigmaPlot 7.0. The significance level was 0.05.

Model development

Based on the meta-ecosystem concept (Loreau et al.

2003; Gravel et al. 2010) and the approach used to

model carbon transfer following soil erosion and

deposition (Jenerette and Lal 2007), we built a simple

Meta-Ecosystem Litter Transfer (MELT) model to

simulate the wind- and management-driven litter

transfer processes from the source acacia plantation

to the sink longan orchard without considering their

spatial variation. Figure 2 is a conceptual diagram of
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the MELT model, which consists of two types of

pools (leaf biomass and litter pools) and the input,

output, and transfer processes determining the

dynamics of these pools. Table 1 provides the

description and parameterization on the variables

used in Fig. 2 and equations below.

The dynamics of leaf biomass pool (B, g C m-2)

were determined by the rates of leaf production (P,

g C m-2 month-1) and litter fall (F, g C m-2 month-1),

and the dynamics of the litter pool (L, g C m-2)

were determined by the rates of litter fall, litter

decomposition (D, g C m-2 month-1), and litter transfer

driven by wind (W, g C m-2 month-1) and manage-

ment (M, g C m-2 month-1), i.e.,

dB

dt
¼ P� F ð1Þ

dL

dt
¼ F � D�W �M ð2Þ

To simplify the model for this study and empha-

size the effects of litter fall and litter transfer

processes, the production rate (P) was calculated as

the product of a fixed growth coefficient (l, month-1)

and a N modifier f(N) (i.e., P = l � f(N)), where l for

acacia and longan were derived from literature (Shen

et al. 2003; Fu et al. 2010) and the calculation of

f(N) shall be described later in Eq. 7. Litterfall rate

(F) was modeled by subtracting a fixed proportion (k)

of leaf biomass (B) in each month ((i.e., F = k � B).

The proportion (k) was the ratio of the observed

monthly litterfall to the total annual litterfall. The

litter decomposition rate (D) was a product of the

decomposition coefficient (k), litter mass (L), and

temperature scalar (f(Ts)):

D ¼ k � L � f ðTsÞ ð3Þ

where k (month-1) was derived from literature (Li

et al. 2001) and had a lower value for acacia than that

for longan (see Table 1). The k value for the mixed

acacia and longan litter was a weighted average based

on the proportion of the two litter species. The

temperature scalar f(Ts) incorporated temperature (Ts)

influences on litter decomposition:

f ðTsÞ ¼ 0:0326þ 0:00351 � ðTsÞ1:652 � Ts

41:748

� �7:19

ð4Þ

although this function was not specifically derived

from the acacia and longan ecosystems, it had been

used as a general modifier for a variety of ecosystem

AcaLf

AcaLitr

LonLf

LonAcaLitr

LonNGet

AcaLitrFall LonLitrFall

AcaLfPrd LonLfPrd

AcaLitrDecom LonLitrDecom
WindTransfer

AcaNGet

PeakWdSpd

AcaLtrC\N

AcaLfC\N
LogLfC\N

LonLitrC\N

Month

AcaLitrRt LonLitrRt

AcaDecomRt LonDecomRtManTransFrac

AcaNdemand LonNdemand

Month

ManTransfer

Tscalar Tscalar

AcaNmodifer LonNmodifier

fLtrFall

AcaPrdCo
LonPrdCo

Source ecosystem Sink ecosystem
Fig. 2 A conceptual

schematic diagram of the

MELT (Meta-Ecosystem

Litter Transfer) model.

Boxes represent pools; pipe
lines with arrows represent

processes that link the

pools; circles represent the

auxiliary variables used to

calculate the rates of

processes; and thin lines
with arrow show the

connections among pool,

process, and auxiliary

variables. Descriptions and

initial/fixed values of all the

variables are given in the

Table 1
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types such as grassland (Parton et al. 1993), shrubland

(Shen et al. 2008), and forest (Eliasson et al. 2005).

Monthly mean Ts (�C) was generated by a normal

distribution function with the means and standard

deviations obtained from the meteorological station at

Heshan-NFRS. Similarly, monthly peak wind speed

(dw, m s-1) was generated by a lognormal distribution

function with the means and standard deviations

derived from our 3-year observation. The windblown

litter transfer rate (W, g C m-2 month-1) was

Table 1 Variable description and parameterization of the MELT model

Symbol in

equations

Abbreviation in

Fig. 2

Description Value Unit Source/notes

P AcaLfPrd

LonLfPrd

Leaf production rate Eq. 1 g C m-2 month-1 Fixed

l AcaPrdCo

LonPrdCo

Leaf production coefficient 50.5

21.0

g C m-2 month-1 Shen et al. (2003), Fu et al.

(2010)

B AcaLf

LonLf

Leaf biomass (initial

values)

558

225.5

g C m-2 Shen et al. (2003), Fu et al.

(2010)

L AcaLitr

LonAcaLitr

Litter pool size (initial

values)

1617

567

g C m-2 Zou et al. (2006), Fu et al.

(2010)

F AcalitrFall

LonLitrFall

Litterfall rate Eq. 2 g C m-2 month-1 Varies monthly

k AcalitrRt

LonLitrRt

Litterfall coefficient 4.7–21.2% month-1 Derived from the 3-year

observation

C/Nlf AcaLfC\N

LonLfC\N

Leaf C/N ratio 20.45

30.76

Unitless Shen et al. (2003)

C/Nlt AcaLtrC\N

LonLtrC\N

Litter C/N ratio 29.2

44.3

Unitless Measurements of this study

D AcaLitrDecom

LonLitrDecom

Litter decomposition rate Eq. 3 g C m-2 month-1 Shen et al. (2008)

k AcaDecomRt

LonDecomRt

Litter decomposition

coefficient

0.051

0.063

month-1 Li et al. (2001)

f(Ts) Tscalar Soil temperature modifier 0–1, Eq. 4 Unitless Shen et al. (2008), Eliasson et al.

(2005)

dw PeakWdSpd Peak wind speed m s-1 Measurements of this study

W WindTransfer Windblown litter transfer

rate

Eq. 5 g C m-2 month-1 Derived from the 3-year

observation

M ManTransfer Management-driven litter

transfer

10–100% g C m-2 month-1 Designed scenarios

Ndmd AcaNdemand

LonNdemand

Nitrogen used in leaf

production

Eq. 6 g N m-2 month-1

Nget AcaNGet

LonNGet

Nitrogen from litter

decomposition

Eq. 6 g N m-2 month-1

f(N) AcaNmodifier

LonNmodifier

N modifier to leaf

production

Eq. 7 Unitless Steady state value = 1

Nmint AcaNmin

LonNMin

N mineralization rate 0.7407

0.2080

g N m-2 month-1 Initialization steady state model

run

Nstd
soil

AcaNsoilStd

LonNsoilStd

Steady-state soil N content 55.7

12.7

g N m-2 Initialization steady state model

run
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simulated by a regression equation derived from our

3-year observation data:

W ¼ 2:6283dw � 7:0907 ð5Þ
Besides simulating the carbon (defined as dry

matter times litter C content) flow associated with

litter production, transfer and decomposition pro-

cesses, the MELT model also computed the amount

of nutrients (represented by N) required to produce

leaf biomass (Ndmd, g N m-2 month-1) and N gained

from litter decomposition (Nget, g N m-2 month-1):

Ndmd ¼
P

C=Nlf

and Nget ¼
D

C=Nlt

ð6Þ

where P was the rate of leaf production and D the rate

of litter decomposition; C/Nlf and C/Nlt were the C to N

ratios for leaf and litter, respectively (see Table 1). At

steady state, we assumed that Ndmd was balanced by N

gained from litter decomposition (i.e., Nget) and from

mineral soil organic matter mineralization (denoted as

Nmin), which were also constants derived from the

initialization steady-state model run (see Table 1 for

their values). We then used the relative change of soil

N pool size (Nsoil, g N m-2) to the steady-state soil N

pool size (see Table 1 for their values) as the N

modifier to provide the N limitation/stimulation feed-

backs to acacia/longan leaf production.

f ðNÞ ¼
1� Nsoil�Nstd

Nstd

��� ���;
1þ Nsoil�Nstd

Nstd

��� ���;
8<
: if

Nsoil\Nstd

Nsoil�Nstd

ð7Þ

Management transfer scenarios and model

execution

The main goal of litter transfer management is to

increase litter nutrient input for the longan orchard

but not seriously influence the nutrient status of the

acacia plantation. Therefore, we adopted five man-

agement transfer scenarios, i.e., moving 10, 30, 50,

70, and 100% of the acacia litter into the longan

orchard, to infer the appropriate amount of acacia

litter that should be transferred. Managed litter

transfers occur once a year in October, mainly

because it would be easier for working with compar-

atively dry litter in the field during this time of the

year. Besides the management transfer scenarios, we

also ran a baseline scenario that had no management

transfer and no wind transfer, and a scenario with

wind transfer only. For each scenario, we ran the

model 50 times with a monthly time step and a

simulation length of 360 months. This simulation

design resulted in 301 model runs in total (6 transfer

scenarios 9 50 replicate runs ? 1 baseline run). All

the wind and management transfer actions were set to

take place in the 120th month when the model was

initialized to a steady state.

Results

Meteorological variables

Since meteorological variables (e.g., wind speed and

temperature) were used to drive the MELT model and

derive the quantitative relationships in the model, we

briefly summarize the major variables here. During

the three years of observation at the Heshan-NFRS,

annual precipitation was 1004 and 970 mm for 2003

and 2004, respectively, but about 60% greater in 2002

(1618 mm), which was mainly due to the large

rainfalls in July through September (Fig. 3a). The

prevailing wind direction was north to northwest

(300–360�) from October through March and south to

southeast (90–180�) from April through September

(Fig. 3b). Monthly mean wind velocity showed large

variation (1.2–2.2 m s-1) but was generally higher

in March through October than in other months

(Fig. 3c). Monthly peak wind speeds were mostly in

the range of 4.5–7.5 m s-1 and could reach as high as

11 m s-1 (Fig. 3d). Monthly mean air temperature

varied from 14.1�C in the coolest January to 29.8�C

in the warmest July (data not shown in Fig. 3), with

small difference (\1.5�C) among the 3 years.

Litter fall and litter nutrient input into the two

patch ecosystems

Litterfall of the acacia plantation peaked in July

through September (Fig. 4a) whereas it peaked in

March for the longan orchard (Fig. 4b). Although

such seasonal patterns of litter fall were clear,

monthly litterfall varied markedly among the 3 years.

The acacia litterfall was significantly correlated with

the mean and peak wind speeds (Fig. 4c) whereas the

longan litterfall was not (Fig. 4d, f). On average,

annual litterfall collected in the acacia plantation was
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1026.3 g DM m-2, nearly twice as much as that of

the longan orchard (599.6 g DM m-2). Wind blew

about 130 g DM m-2 of acacia litter into the longan

orchard, accounting for 11% of the total annual

litterfall in the acacia plantation and 21.6% in the

longan orchard (Table 2). The wind-transferred aca-

cia litter was also correlated with the mean and peak

wind speeds (Fig. 4e).

Our chemical analysis showed that the litter nutrient

contents of the two species were different. Acacia litter

had higher N and Na contents whereas longan litter

had higher Ca, K and P contents (Fig. 5). S, Mg and

organic C concentrations were similar for the two

species. The amount of nutrients (litter dry matter

times nutrient concentration) returned to the acacia

plantation floor was about 1.5–2.4 times larger than

those to the longan orchard floor, particularly for C, N,

S, K, and Mg (Table 2). In the longan orchard, nutrient

inputs contributed by the allochthonous acacia litter

could account for 9–59% of the total nutrient inputs of

the longan orchard, depending on the nutrient species

of interest (Table 2).

Spatial variation of windblown litter transfer

The amount of acacia litter deposited onto the longan

orchard varied with the distance to its source (i.e., the

acacia plantation; Fig. 6). The acacia litter collected at

the upper slopes of the longan orchard (5 m to the lower

edge of the acacia plantation) were significantly greater

than those collected at the lower slopes (10 m away

from the lower edge of the acacia plantation; F = 5.32,

P = 0.04; Fig. 6a). Averaged over the 3 years, the

acacia litter transferred by wind to the upper slopes

of the longan orchard (232.9 g DM m-2 year-1) was

nearly 8 times the rate to the lower slopes

(30.1 g DM m-2 year-1; Table 3). On the upper slope

of the longan orchard, the percentage of allochthonous

acacia litter to the total litterfall was 20–65% whereas

this ratio was generally less than 20% for the lower slope

of the longan orchard (Fig. 6c). Larger litter deposition

on the upper slope also means more nutrient input.

Taking N as an example, the upper slope of the

longan orchard received the allochthonous N of

3.9 g m-2 year-1 compared to 0.5 g N m-2 year-1 at

the lower slope (Table 3). In contrast, the longan litter

collected at the upper slope (384.7 g DM m-2 year-1)

was significantly less than that at the lower slope

(582.1 g DM m-2 year-1; F = 15.4, P = 0.003;

Fig. 6b).

The windblown acacia litter deposition also varied

with slope aspects. The northwest-facing slope of the

longan orchard received significantly greater amounts

of acacia litter than the south- and southeast-facing

slopes (Fig. 7a; F = 23.44, P = 0001). Based on

annual averages, acacia litter deposition on the
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of the 10 and 12 litter traps

in the acacia and longan
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Table 2 Annual litter nutrient input (3-year average ± SD; in g m-2) onto the acacia plantation and longan orchard floors

Nutrient species Acacia plantation Longan orchard

Acacia litter Longan litter Total % Acacia to totala

TN 17.3 ± 0.59 2.18 ± 0.67 4.96 ± 0.29 7.14 30.6

TP 0.26 ± 0.01 0.03 ± 0.01 0.30 ± 0.02 0.33 9.1

TS 1.41 ± 0.05 0.18 ± 0.05 0.66 ± 0.04 0.84 21.4

K 5.01 ± 0.17 0.63 ± 0.19 2.72 ± 0.16 3.35 18.8

Na 2.42 ± 0.08 0.31 ± 0.09 0.22 ± 0.01 0.53 58.5

Ca 6.31 ± 0.22 0.80 ± 0.24 8.27 ± 0.48 9.07 8.82

Mg 0.86 ± 0.03 0.11 ± 0.03 0.35 ± 0.02 0.46 23.9

OC 505.3 ± 17 63.7 ± 19.5 219.6 ± 12.9 283.3 22.5

DM 1026.3 ± 34 129.4 ± 38 470.2 ± 48 599.6 21.6

TN total nitrogen, TP total phosphorus, TS total sulfur, OC organic carbon, DM dry matter
a Percentage of acacia litter nutrient to the total litter nutrient received in the longan orchard
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northwest-facing slope of the longan orchard was

228.4 g DM m-2 year-1, compared to 63.4 g DM

m-2 year-1 for the south-facing slope and 102.6 g

DM m-2 year-1 for the southeast-facing slope

(Table 3). Corresponding to nutrient contents, litter

nutrients received at the northwest-facing slope were

1.1–3.5 times those of the south- and southeast-facing

slopes, especially at the upper slope positions (Table 3).

In contrast, the longan litterfall at different aspects of

slopes were not statistically different (Fig. 7b). As a

result, the northwest slope received more litter in total,

of which the allochthonous acacia litter accounted for

29.3% on average, much higher than the percentages for

the southeast-facing (20.2%) and south-facing (11.%)

slopes (Fig. 7c).

Modeled response of the meta-ecosystem

to management litter transfer

Compared with the observed values (see Table 2), the

MELT model overestimated the wind-transferred

acacia litter by 2.5% and the annual litterfall of the

two systems by ca. 10% (Fig. 8, inlets). These

simulated results are reasonably good, indicating that

the model is a useful representation of the observed

data. It also indicates that the logic and quantitative

relationships built into the model are suitable for

describing litter-related processes in a meta-ecosys-

tem. As 10–100% of acacia litter was moved into the

longan litter pool, both the acacia litterfall and wind-

transferred acacia litter declined, whereas longan

litterfall increased (Fig. 8). This is a result of the

suppressed/amplified leaf and litter production

(Fig. 9) due to the litter-related nutrient reduction/

addition in the two systems. For the five management

litter transfer levels, our modeling results showed that

leaf/litter production and litter pool size responded

nonlinearly to the linear increase of litter transfer

amount. After the transfer level exceeded 30%, the

acacia system quickly declined to a low-level steady

state in terms of litter pool size and leaf production,

and the longan system was less responsive than below

30% transfer levels (Fig. 9)—the difference of relative

longan leaf production increase was 41% between the
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10 and 30% transfer levels, compared to 14.6%

between the 30 and 50% transfer levels.

Discussion

Spatial variation of litter transfer

Although the studied landscape is small in area

(ca. 3 ha), litter transfer between patches showed high

spatial variation. The windblown acacia litter could

reach as far as more than 50% of the width of the

orchard. The closer the position to the source ecosys-

tem (i.e., the acacia plantation), the more the litter

deposited to the sink ecosystem (i.e., the longan

orchard; Fig. 6a). Based on our correlation analysis,

acacia litterfall was significantly related to wind speed,

particularly peak wind speed, which also determined

the distance of acacia litter transfer into the longan

orchard. Litter transfer did not only happen from the

acacia plantation to the longan orchard, longan litter

also drifted from the upper slope to the lower slope

positions within the longan orchard, causing greater

longan litterfall on the lower slopes than on the upper

slopes (see Fig. 6b). But the amount of acacia litter

transferred from the acacia plantation to the longan

orchard was much greater than the amount of longan

litter transferred from the upper to the lower slopes of

the orchard. We argue this was mainly because the

upper slope acacia plantation with the height of about

20 m acted as a wind barrier to reduce the wind speed

in the down slope longan orchard. Moreover, the lag

periods between peak wind (in July–September) and

longan litterfall (in March) might also be responsible

for the weak correlation between the two (see Fig. 4).

While wind speed determines the distance of acacia

litter transfer into the longan orchard and therefore in

part causes the variation of litter deposition with slope

positions, wind direction is responsible for the variation

of litter deposition with slope aspects. Based on our

observation (Fig. 4a) and other studies on the litterfall

of A. mangium plantation (Tsai 1988; Saharjo and

Watanabe 2000), April through October was the period

with greater litterfall compared to other months. During

this period at our study site, the prevailing wind

direction was southeast (Fig. 3b), which therefore likely

caused the 2–3 fold more acacia litter deposition on the

northwest-facing slope than on the southeast- and

south-facing slopes of the longan orchard. Such aT
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pattern was particularly obvious from July to September

(see Fig. 7), the typhoon season with strong southeast

wind and large rainfall (Fig. 3a). During the period

from November to March, the prevailing wind direction

was northwest (Fig. 3b). Therefore, the southeast-

facing slope generally received more allochthonous

acacia litter than the other two slopes (Fig. 7). Some

other factors such as the growth conditions and the slope

steepness of the acacia plantation might also contribute

to the spatial variation of litter transfer—larger canopy

biomass may result in greater litter production and litter

transfer and less steep slopes may result in shorter

distance of litter transfer. The contribution of these

factors to the spatial variation of acacia litter transfer

needs further investigation.

Unlike the windblown surface litter transport in

arctic (Fahnestock et al. 2000) and desert landscapes

(Duncan et al. 2008), the litter transfer in our

agroforestry landscape was mainly from canopy to

ground. Therefore, both wind and gravity were

important for litter transfer and deposition. Due to

the restriction imposed by gravity and rough bound-

ary layer surface, the distance of litter transfer was

limited—very sparse acacia and longan litter were

observed in the grass slope and fish pond at the lower

positions of the landscape (see Fig. 1). However, the

importance of such short-distance litter transfer

between patches may be a common feature of patch

edges. The edges lead to increase of total litter

production resulting from greater wind exposure and

increased plant desiccation stress (Sizer et al. 2000;
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Vasconcelos and Luizao 2004), Edges also lead to

accumulation of material from lower lying vegetation

to higher statured vegetation (Feeley 2004). Further-

more, litter accumulation within a patch gradient can

be found corresponding to wind direction as fine litter

materials are carried over from the windward sides to

the leeward sides (Feeley 2004). Greater litter

production and accumulation on forest edges may

exert a series of edge effects such as affecting the

litter dwelling faunal and microbial communities,

increasing seed and seedling mortality, and causing

forest fragments to be more vulnerable to destructive

surface fires (Vasconcelos and Luizao 2004). Here we

suggest these cascades of effects can also lead to

overall changes in productivity in both the source and

sink patches. Therefore, windblown litter transfer is

an important landscape process that causes a redis-

tribution of organic matter within and between

patches and creates spatial heterogeneity for a variety

of ecological properties.

Litter transfer for management of ecosystem

services

The main challenge of managing the agroforestry

landscape is to maximize its ecosystem services such

as reducing nutrient loss and increasing fruit produc-

tion of the longan orchard. These ecosystem services

lead to direct economic benefit for the local residents.

To maximize fruit production, management activities

commonly adopt heavy fertilization practices. The use

of fertilizer however has an economic, greenhouse gas,

and pollution cost associated with its production. Our

data showed that the acacia plantation placed on the

upper slope of the agroforestry landscape provides a

source of nutrients to the orchard through the wind-

blown litter transfer. About 2.2 g m-2 of acacia litter

N was blown into the longan orchard annually

(Table 2), and a previous study had shown that the

contents of organic carbon, total N and P in the upper

slope soils of the longan orchard (with greater acacia

litter deposition) were about 20–30% larger than those

in the soils of the lower slope positions with less acacia

litter deposition (Li et al. 2004). These litter nutrient

exchanges between patches are ecosystem services

that have cascading effects on both immediate eco-

nomic resources and sustainability. These effects

occur by altering the spatial patterns of ecosystem

stoichiometry, with relative increases in nitrogen in the

sink patch and decreases in the source patch (Ptacnik

et al. 2005). These landscape characteristics of the

production of ecosystem services from agricultural
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regions can have substantial effects on their sustain-

ability (Kremen 2005; Tscharntke et al. 2005). The A.

mangium plantation with large annual litterfall is

particularly suitable for this purpose. By the age of

4–9 years old, the litterfall of A. mangium plantations

can reach as high as 1100 g DM m-2 year-1 (Tsai

1988; Kunhamu et al. 2009), very close to the 18-year

old acacia plantation in our study (1155.7 g DM m-2;

Table 2) and much higher than those of the subtropical

evergreen broadleaved forests in the region

(560–850 g DM m-2 year-1; Liu et al. 2004; Zhou

et al. 2007). In addition to the benefits associated with

nutrients the acacia litter may also reduce the risk of

surface soil erosion, as many studies have found litter

cover can markedly ameliorate soil erosion (Sayer

2006; Verbist et al. 2010) and buffer the generally low

soil pH and severe acid rain (Pocknee and Sumner

1997; Li et al. 2003).

Because of its large annual litterfall and relatively

slow decomposition rate (Li et al. 2001), the acacia

plantation had accumulated a large amount of litter

([3000 g DM m-2) on its floor (Zou et al. 2006).

Based on our MELT model simulation analyses, we

suggest less than 30% of the accumulated litter should

be moved into the longan orchard as organic fertilizers

and maintain high production in the acacia forest. This

suggestion is based on two response patterns of the

model to different scenarios of management litter

transfer (Fig. 9): (i) the acacia plantation (measured by

litter pool size, leaf production, and soil N content)

could only sustain itself for a few years if over 30% of

its litter were removed; and (ii) the litter addition

stimulation effect on the longan orchard quickly

declined when the litter transfer intensity surpassed

30%. The declined response of longan leaf production

to acacia litter addition might be ascribed to the

reduction of litter decomposition rate as the proportion

of acacia litter increased in the longan orchard litter

pool, thus retarded the release of nutrients into the

longan orchard soil and slowed the response of longan

leaf production as shown in Fig. 9b. It is noted here

that this management guidance is on the basis of our

model assumptions. For example, we assumed that the

nutrients derived from acacia litter were entirely

released into the soil nutrient pool and readily taken

up by longan trees, but in reality some litter-derived

nutrients might be leached away by runoff or had little

influence on longan production. Furthermore, some

important variables such as the rates of leaf production

and soil N mineralization were assumed to be

constants in the MELT model, this could also poten-

tially influence the long-term response behaviors of

longan production to acacia litter addition. Therefore,

our future study may consider conducting a series of

litter manipulation field experiments to see how the

longan orchard system would respond to acacia litter

addition in reality. The relationships between litter

addition and a series of ecological variables, such as

soil pH, nutrient availability, temperature, moisture,

erosion intensity, and the growth and fruit yield of

longan tree, may be established after such experiments

and readily incorporated into the MELT model.

In conclusion, our study found that windblown

litter nutrient movement was substantial across the

landscape. As litter transferred by wind was also

influenced by gravity and topographical conditions,

the windblown litter deposition varied significantly

with the distance to its source and the slope aspects,

which could further exert a series of cascading effects

on their nutrient status, production, as well as soil

physical and chemical properties of the source and

sink ecosystems. Such effects may be positive by

increasing soil nutrient availability and reducing soil

erosion as in our agroforestry landscape, or negative

by increasing seed and seedling mortality and fire

occurrence probability as in fragmented forest rem-

nants. Through optimized landscape design and active

management strategies, litter nutrients may be more

efficiently used to promote the services provided by

the landscape to human society. Our MELT model

provides a quantitative modeling framework to

describe the litter transfer-related processes across

landscape components. It can be used to identify key

empirical research needs, derive specific management

strategies for individual patches, and be extended into

spatially interactive landscape models to understand-

ing the reciprocal relationships between landscape

pattern, nutrient cycling, and the production of

ecosystem services.

Acknowledgments We thank Mr. Zhipeng Chen and Ms.

Huilan Zhang helped with filed sampling and lab analysis.

Financial supports came from the National Natural Science

Foundation of China (NSFC-30870443, 31070562), the Knowl-

edge Innovation Program of CAS (KSCX2-YW-Z-1024-03), the

Natural Science Foundation (9151065005000010) and the

Science & Technology Steering Program of the Guangdong

Province (2009B020311004). WS and YL contributed equally to

this study in data collecting, analysis, and writing, GDJ and JW

contributed to conceiving the study and writing.

642 Landscape Ecol (2011) 26:629–644

123



References

Baker ME, Weller DE, Jordan TE (2006) Improved methods

for quantifying potential nutrient interception by riparian

buffers. Landscape Ecol 21:1327–1345

Berg B, Laskowski R (2006) Litter decomposition: a guide to

carbon and nutrient turnover. Academic Press, London

Blanco-Canqui H, Lal R (2008) Chapter 10: Agroforestry. In:

Blanco-Canqui H, Lal R (eds) Principles of soil conser-

vation and management. Springer, New York, pp 259–283

Breshears DD, Whicker JJ, Johansen MP, Pinder JE III (2003)

Wind and water erosion and transport in semi-arid

shrubland, grassland and forest ecosystems: quantifying

dominance of horizontal wind-driven transport. Earth Surf

Process Landf 28:1189–1209

Cadenasso ML, Pickett STA, Weathers KC, Jones CG (2003)

A framework for a theory of ecological boundaries. Bio-

science 53:750–758

Carpenter SR, Caraco NF, Correll DL, Howarth RW, Sharpley

AN, Smith VH (1998) Nonpoint pollution of surface waters

with phosphorus and nitrogen. Ecol Appl 8:559–568

Ding M, Peng S, Yu Z, Li Z, Fang W (1995) Nutrient cycling

in a complex ecosystem of forest, orchard, grass land and

fish pond in Heshan, Guangdong. Acta Ecol Sin 15:82–92

(in Chinese with English abstract)

Duncan DH, Dorrough J, White M, Moxham C (2008)

Blowing in the wind? Nutrient enrichment of remnant

woodlands in an agricultural landscape. Landscape Ecol

23:107–119

Eliasson PE, McMurtrie RE, Pepper DA, Stromgren M, Linder

S, Agren GI (2005) The response of heterotrophic CO2

flux to soil warming. Glob Chang Biol 11:167–181

Fahnestock JT, Povirk KL, Welker JM (2000) Ecological sig-

nificance of litter redistribution by wind and snow in

arctic landscapes. Ecography 23:623–631

Feeley KJ (2004) The effects of forest fragmentation and

increased edge exposure on leaf litter accumulation.

J Trop Ecol 20:709–712

Fisher SG, Likens GE (1973) Energy flow in Bear Brook, New

Hampshire: an integrative approach to stream ecosystem

metabolism. Ecol Monogr 43:421–439

Forman RTT, Godron M (1981) Patches and structural com-

ponents for a landscape ecology. Bioscience 31:733–740

Fu B, Meng Q, Qiu Y, Zhao W, Zhang Q, Davidson A (2004)

Effects of land use on soil erosion and nitrogen loss in the

hilly area of the Loess Plateau. Land Degrad Dev 15:87–96

Fu S, Lin Y, Rao X, Liu S (eds) (2010) Chinese Ecological

Research Network dataset: forest ecosystems at Heshan

station. China Agricultural Press, Beijing (in Chinese)

Gravel D, Guichard F, Loreau M, Mouquet N (2010) Source and

sink dynamics in meta-ecosystems. Ecology 91:2172–2184

Hattenschwiler S, Tiunov AV, Scheu S (2005) Biodiversity and

litter decomposition in terrestrial ecosystems. Annu Rev

Ecol Evol Syst 36:191–218

Haycock N, Burt T, Goulding K, Pinay G (1997) Buffer zones:

their processes and potential in water protection. Quest

Environmental, Harpenden

Jenerette GD, Lal R (2007) Modeled carbon sequestration

variation in a linked erosion-deposition system. Ecol

Model 200:207–216

Johnson SL, Covich AP (1997) Scales of observation of

riparian forests and distributions of suspended detritus in a

prairie river. Freshw Biol 37:163–175

Jones KB, Neale AC, Wade TG, Cross CL, Wickham JD, Nash

MS, Edmonds CM, Ritters KH, O’Neill RV, Smith ER,

van Remortel RD (2006) Multiscale relationships between

landscape characteristics and nitrogen concentrations in

streams. In: Wu J, Li H, Jones KB, Loucks OL (eds)

Scaling and uncertainty analysis in ecology: methods and

applications. Springer, Netherlands, pp 205–224

Kremen C (2005) Managing ecosystem services: what do we

need to know about their ecology? Ecol Lett 8:468–479

Kunhamu TK, Kumar BM, Viswanath S (2009) Does thinning

affect litterfall, litter decomposition, and associated

nutrient release in Acacia mangium stands of Kerala in

peninsular India. Can J For Res 39:792–801

Kwesiga F, Akinnifesi FK, Mafongoya PL, McDermott MH,

Agumya A (2003) Agroforestry research and development

in southern Africa during the 1990s: review and chal-

lenges ahead. Agrofor Syst 59:173–186

Li Z, Peng S, Rae DJ, Zhou G (2001) Litter decomposition and

nitrogen mineralization of soils in subtropical plantation for-

ests of southern China, with special attention to comparisons

between legumes and non-legumes. Plant Soil 229:105–116

Li Z, Cao Y, Zou B, Ding Y, Ren H (2003) Acid buffering

capacity of forest litter from some important plantation and

natural forests in south China. Acta Bot Sin 45:1398–1407

Li M, Peng S, Shen W, Lin Y, Liu Z (2004) Spatial variability

of soil nutrients in a hill-pond landscape. Acta Ecol Sin

24:1839–1845 (in Chinese with English abstract)

Li J, Okin GS, Alvarez L, Epstein H (2008) Effects of wind

erosion on the spatial heterogeneity of soil nutrients in two

desert grassland communities. Biogeochemistry 88:73–88

Liu C, Westman CJ, Berg B, Kutsch W, Wang GZ, Man R,

Ilvesniemi H (2004) Variation in litterfall-climate rela-

tionships between coniferous and broadleaf forests in

Eurasia. Glob Ecol Biogeogr 13:105–114

Loreau M, Mouquet N, Holt RD (2003) Meta-ecosystems: a

theoretical framework for a spatial ecosystem ecology.

Ecol Lett 6:673–679

Lowrance R, Altier LS, Newbold JD, Schnabel RR, Groffman

PM, Denver JM, Correll DL, Gilliam JW, Robinson JL,

Brinsfield BR, Staver KW, Lucas W, Todd AH (1997)

Water quality functions of riparian forest buffers in Ches-

apeake Bay Watersheds. Environ Manage 21:687–712

Mayer PM, Reynolds SK Jr, McCutchen MD, Canfield TJ

(2007) Meta-analysis of nitrogen removal in riparian

buffers. J Environ Qual 36:1172–1180

Parton WJ, Scurlock JMO, Ojima DS, Gilmanov TG, Scholes

RJ, Schimel DS, Kirchner T, Menaut J-C, Seastedt T,

Garcia Moya E, Kamnalrut A, Kinyamario JI (1993)

Observations and modeling of biomass and soil organic

matter dynamics for the grassland biome worldwide.

Global Biogeochem Cycles 7:785–809

Peterjohn WT, Correll DL (1984) Nutrient dynamics in an

agricultural watershed: observations on the role of a

riparian forest. Ecology 65:1466–1475

Pocknee S, Sumner ME (1997) Cation and nitrogen contents of

organic matter determine its soil liming potential. Soil Sci

Soc Am J 61:86–92

Landscape Ecol (2011) 26:629–644 643

123



Polis GA, Anderson WB, Holt RD (1997) Toward an inte-

gration of landscape and food web ecology: the dynamics

of spatially subsidized food webs. Annu Rev Ecol Syst

28:289–316

Ptacnik R, Jenerette GD, Verschoor AM, Huberty AF, Solimini

AG, Brookes JD (2005) Applications of ecological stoi-

chiometry for the sustainable acquisition of ecosystem

services. Oikos 109:52–62

Puri S, Nair PKR (2004) Agroforestry research for develop-

ment in India: 25 years of experiences of a national pro-

gram. Agrofor Syst 61:437–452

Reiners WA, Driese KL (2004) Transport processes in nature:

propagation of ecological influences through environ-

mental space. Cambridge University Press, Cambridge

Rigueiro-Rodriguez A, McAdam JH, Mosquera-Losada MR

(eds) (2009) Agroforestry in Europe: current status and

future prospects. Springer Science?Business Media BV,

The Netherlands

Risser PG (1990) Landscape pattern and its effects on energy

and nutrient distribution. In: Zonneveld IS, Forman RTT

(eds) Changing landscapes: an ecological perspective.

Springer-Verlag, New York, pp 45–56

Ryszkowski L, Bartoszewicz A, Kedziora A (1999) Manage-

ment of matter fluxes by biogeochemical barriers at the

agricultural landscape level. Landscape Ecol 14:479–492

Saharjo BH, Watanabe H (2000) Estimation of litter fall and

seed production of Acacia mangium in a forest plantation in

South Sumatra, Indonesia. For Ecol Manag 130:265–268

Sayer EJ (2006) Using experimental manipulation to assess the

roles of leaf litter in the functioning of forest ecosystems.

Biol Rev 81:1–31

Schlesinger WH, Raikes JA, Hartley AE, Cross AF (1996) On

the spatial pattern of soil nutrients in desert ecosystems.

Ecology 77:364–374

Shen W, Peng S, Wu J, Lin Y (2003) Simulation studies on

carbon and nitrogen accumulation and its allocation pat-

tern in forest ecosystems of Heshan in the Low Subtrop-

ical China. Acta Phytoecol Sin 27:690–699 (in Chinese

with English abstract)

Shen W, Ren H, Lin Y, Li M (2007) Element fluxes and budgets

of a plantation embedded in an agroforestry landscape:

Implication for landscape management and sustainability.

In: Hong W-K, Nakagoshi N, Fu B, Morimoto Y (eds)

Landscape ecological applications in man-influenced

areas: linking man and nature systems. Springer-Verlag,

Dordrecht, pp 273–290

Shen W, Jenerette GD, Hui D, Phillips RP, Ren H (2008)

Effects of changing precipitation regimes on dryland soil

respiration and C pool dynamics at rainfall event, seasonal

and interannual scales. J Geophys Res Biogeosci 113:

G03024. doi:10.1029/2008JG000685

Sizer NC, Tanner EVJ, Ferraz IDK (2000) Edge effects on

litterfall mass and nutrient concentrations in forest frag-

ments in central Amazonia. J Trop Ecol 16:853–863

Tsai LM (1988) Studies on Acacia mangium in Kemasul For-

est, Malaysia. I. Biomass and productivity. J Trop Ecol

4:293–302

Tscharntke T, Klein AM, Kruess A, Steffan-Dewenter I, Thies

C (2005) Landscape perspectives on agricultural intensi-

fication and biodiversity—ecosystem service manage-

ment. Ecol Lett 8:857–874

Turner MG (2005) Landscape ecology: what is the state of the

science? Annu Rev Ecol Syst 36:319–344

Turner MG, Cardille JA (2007) Spatial heterogeneity and

ecosystem processes. In: Wu J, Hobbs R (eds) Key topics

in landscape ecology. Cambridge University Press,

Cambridge, pp 62–77

Turner MG, Chapin FS III (2005) Causes and consequences of

spatial heterogeneity in ecosystem function. In: Lovett

GM, Jones CG, Turner MG, Weathers KC (eds) Ecosys-

tem function in heterogeneous landscapes. Springer-

Verlag, New York, pp 9–30

Vasconcelos HL, Luizao FJ (2004) Litter production and litter

nutrient concentrations in a fragmented Amazonian

landscape. Ecol Appl 14:884–892

Verbist B, Poesen J, van Noordwijk M, Widianto, Suprayogo

D, Agus F, Deckers J (2010) Factors affecting soil loss at

plot scale and sediment yield at catchment scale in a

tropical volcanic agroforestry landscape. Catena 80:34–46

Wu J, Hobbs R (2002) Key issues and research priorities in

landscape ecology: an idiosyncratic synthesis. Landscape

Ecol 17:355–365

Wu J, Hobbs R (eds) (2007) Key topics in landscape ecology.

Cambridge University Press, Cambridge

Zhou G, Guan L, Wei X, Zhang D, Zhang Q, Yan J, Wen D,

Liu J, Liu S, Huang Z, Kong G, Mo J, Yu Q (2007)

Litterfall production along successional and altitudinal

gradients of subtropical monsoon evergreen broadleaved

forests in Guangdong, China. Plant Ecol 188:77–89

Zou X, Sanford JRL (1990) Agroforestry systems in China: a

survey and classification. Agrofor Syst 11:85–94

Zou B, Li Z, Ding Y, Tan W (2006) Litterfall of common

plantations in south subtropical China. Acta Ecol Sin

26:715–721 (in Chinese with English abstract)

644 Landscape Ecol (2011) 26:629–644

123

http://dx.doi.org/10.1029/2008JG000685

	Blowing litter across a landscape: effects on ecosystem nutrient flux and implications for landscape management
	Abstract
	Introduction
	Methods
	Study site description
	Litter collection and chemical analysis
	Observed data analysis
	Model development
	Management transfer scenarios and model execution

	Results
	Meteorological variables
	Litter fall and litter nutrient input into the two patch ecosystems
	Spatial variation of windblown litter transfer
	Modeled response of the meta-ecosystem to management litter transfer

	Discussion
	Spatial variation of litter transfer
	Litter transfer for management of ecosystem services

	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


