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Abstract

Local topography significantly affects spatial variations of climatic variables and soil water movement in complex terrain. Therefore,

the distribution and productivity of ecosystems are closely linked to topography. Using a coupled terrestrial carbon and hydrological

model (BEPS-TerrainLab model), the topographic effects on the net primary productivity (NPP) are analyzed through four modelling

experiments for a 5700 km2 area in Baohe River basin, Shaanxi Province, northwest of China. The model was able to capture 81% of the

variability in NPP estimated from tree rings, with a mean relative error of 3.1%. The average NPP in 2003 for the study area was

741 gCm�2 yr�1 from a model run including topographic effects on the distributions of climate variables and lateral flow of ground

water. Topography has considerable effect on NPP, which peaks near 1350m above the sea level. An elevation increase of 100m above

this level reduces the average annual NPP by about 25 gCm�2. The terrain aspect gives rise to a NPP change of 5% for forests located

below 1900m as a result of its influence on incident solar radiation. For the whole study area, a simulation totally excluding topographic

effects on the distributions of climatic variables and ground water movement overestimated the average NPP by 5%.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Terrestrial carbon (C) and water cycles are tightly linked
at various temporal and spatial scales (Ball et al., 1987;
Leuning, 1995; Rodriguez-Iturbe, 2000). Terrestrial carbon
assimilation by vegetation is very sensitive to soil moisture
content in the root zone due to the strong dependence of
stomatal conductance on soil water conditions (Jarvis,
1976). The response of C assimilation to soil wetness
depends on plant species (Grant et al., 2006). Multi-year
eddy correlation measurements showed that net C ex-
change of deciduous forests was more sensitive to drought
than that of coniferous forests (Kljun et al., 2004).

Reliable simulation of the net C exchange between
terrestrial ecosystems and the atmosphere requires accurate
modeling of soil moisture content. However, the simulation
e front matter r 2006 Elsevier Ltd. All rights reserved.
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of soil moisture content is difficult owing to its dependence
on many factors, such as vegetation, soil, climate and
topography and due to its large temporal and spatial
variations. The redistribution of water in soils is controlled
by many topographic factors (Qiu et al., 2001) including
slope (Moore et al., 1988), aspect (Western et al., 1999),
curvatures (Western et al., 1999), and slope position and
relative elevation (Grayson et al., 1997).
In recent decades, a great diversity of terrestrial

ecosystem models has been developed for simulating C,
nutrient, energy, and water cycles at global and regional
scales (Sellers et al., 1986, 1996; Dickinson et al., 1986;
Neilson and Marks, 1994; Neilson, 1995; Haxeltine and
Prentice, 1996; Kucharik et al., 2000; Bonan et al., 2003).
They adopted different strategies to calculate the vertical
movement of water in soils and the water flux between
terrestrial ecosystems and the atmosphere. However, few of
these models consider the lateral movement of ground
water, or they quantify this redistribution simply according
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to the local slope using one-directional flow algorithms
(Beven and Kirkby, 1979; Sellers et al., 1986, 1996;
Abramopoulos et al., 1988). This kind of simplification in
simulating soil moisture content is at times questionable,
especially in complex terrains with large elevation varia-
bility (Soulis et al., 2000), because it can cause under-
estimation of soil moisture content in water-convergent
regions and overestimation of soil moisture content in
water-divergent areas. Unrealistic simulations of soil
moisture content would definitely give rise to biases in
simulated net C exchange between ecosystems and the
atmosphere. In addition to the role in the redistribution of
soil water, topography also has remarkable effects on
microclimate including temperature, precipitation and
absorbed solar radiation (Wigmosta et al., 1994; Brown
et al., 2003). In terrestrial modeling, all of these topo-
graphic effects must therefore be carefully described.

The main objectives of this study were: (1) to highlight
the coupling strategies of the BEPS-TerrainLab model; (2)
to analyze the spatial distribution patterns of simulated
annual net primary productivity (NPP) of 2003 in a
5700 km2 of Baohe River Basin, Shaanxi Province, north-
west of China at 30m resolution; and (3) to partition the
topographic effects on NPP into contributions from
changes in climate variables and in lateral movement of
ground water.

2. Model description

The tool used for this research is the BEPS (Boreal
Ecosystem Productivity Simulator)-TerrainLab model,
which was developed to simulate spatially explicit C and
water fluxes between terrestrial ecosystems and the atmo-
sphere with the inclusion of topographic effects. The
coupled model is driven by remotely sensed vegetation
parameters (leaf area index (LAI), land cover type),
climate, soil texture, and digital elevation model (DEM).
BEPS was originally developed to simulate NPP of the
boreal forests at daily time steps. It contains a canopy-level
photosynthesis model developed from Farquhar’s leaf-level
biochemical model (Farquhar et al., 1980) using a temporal
and spatial scaling scheme (Chen et al., 1999), and a bucket
soil water model to simulate the variation of soil moisture
content (Liu et al., 1999, 2002). The canopy is separated
into sunlit and shaded leaves according to a foliage
clumping index, LAI, and solar zenith angle (Chen et al.,
1999). For each of the two leaf groups, daily photosynth-
esis and transpiration are calculated (Chen et al., 1999; Liu
et al., 2002, 2003). The model has been used in different
ecosystems with a proven ability to provide reliable
estimates of NPP (Amiro et al., 2000; Matsushita and
Tamura, 2002; Sun et al., 2004).

TerrainLab is a spatially distributed hydrological model,
which was designed to provide realistic simulations of
water table depth and soil moisture content for modelling
C balance of terrestrial ecosystems. This model compre-
hensively describes topographic effects on the spatial
variations of climatic variables and the movement of soil
water via a subsurface saturated flow mechanism. It
separates the soil profile into unsaturated and saturated
zones. Soil water can move between these layers through
vertical percolation and capillary rise, which are calculated
according to water table depth, soil moisture content in the
unsaturated zone, and hydrological parameters derived
from soil texture. The extraction of water for transpiration
from the two layers is partitioned according to the relative
abundance of active roots (Jackson et al., 1996). Each pixel
is linked with its surrounding 8 pixels by saturated
subsurface baseflow, which is computed according to local
slope and water table. The methodology to compute this
baseflow was mainly adapted from Wigmosta’s model
(Wigmosta et al., 1994). This model has been modified and
validated in a forested watershed of Canada (Chen et al.,
2005). Same as BEPS, TerrainLab is also operated at daily
time steps.
The detailed formulations of BEPS and TerrainLab

were introduced in previous publications (Liu et al.,
1999, 2002, 2003; Chen et al., 1999, 2005). Here we
only highlight their major characteristics and coupling
strategy. The inputs to and outputs from the coupled
model, and information flows inside it are schematically
shown in Fig. 1. The BEPS module calculates photosynth-
esis, autotrophic respiration, evaporation from soil and
intercepted water, transpiration from canopy, and parti-
tion between rainfall and snow. Calculated evaporation
and transpiration are transferred into the TerrainLab
module for updating soil water balance in unsaturated
and saturated zones. Simulated soil moisture content
and water table depth in Terrainlab are used in the
BEPS module to evaluate the effect of soil water on
stomatal openness with Jarvis’ method (Jarvis, 1976).
Processes simulated in the coupled model (Fig. 2) include
photosynthesis, autotrophic respiration, and transpiration
from overstorey and understorey, evaporation from soil
and intercepted water, and vertical as well as lateral
movements of soil water. The major modification to
BEPS after Chen et al. (2005) is the method for quantifying
the effect of soil water on stomatal conductance. The
modifier of soil water to stomatal conductance f(y) is now
computed as

f ðyÞ ¼ ð1� bZ
Þf ðyuÞ þ bz0:5, (1)

where b is the fitted extinction coefficient; z is the thickness
of the unsaturated zone (cm); yu is volumetric soil moisture
content of the unsaturated zone; and the constant 0.5 in
Eq. (1) means that the saturation of soil in the saturated
zone reduces stomatal conductance by 50% (Chen et al.,
2005). The value of f(yu) is computed as

f ðyuÞ ¼

0; yuoywp;
yu�ywp
yfc�ywp

; ywpoyuoyfc;

1� 0:5 yu�yfc
ysc�yfc

; yfcoyuoysc;

8>><
>>:

(2)
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Fig. 1. The major components and interactions of the coupled BEPS-TerrianLab model. The soil moisture content is the key for the coupling of BEPS and

TerrainLab modules and the calculation of NPP.

Fig. 2. Major processes described in the BEPS-TerrainLab model. Each pixel is interactively linked with 8 neighboring pixels via saturated subsurface

baseflow. The exchanges of water and carbon between terrestrial ecosystems and the atmosphere are individually simulated for each pixel. Qin and Qout are

saturated subsurface base inflow and outflow, respectively; Pe is the percolation from unsaturated zone to saturated zone; Cr is capillary rise. So is

incoming solar radiation; E represents evaporation; T is transpiration and P is precipitation. Subscripts a, o, u and s represent air, overstorey, understorey

and soil.
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Fig. 3. LAI derived from remote sensing data compared with LAI

measured with TRAC at 9 plots. The LAI from remote sensing is the

average of LAI values in 3 pixel� 3 pixel windows centered at the pixel

where ground LAI was measured using TRAC. The solid line is the 1:1

line. The values in the brackets of the regression equation are standard

errors.

0

2

4

6

8

10

12

14

16

18

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5

LAI (m2 m-2)

P
ix

el
 f

re
q
u
en

cy
( 

%
)

Fig. 4. Histogram of LAI in 2003.
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where yu is the volumetric soil moisture content in the
unsaturated zone; ywp is the permanent wilting point;yfc is
the field capacity; and ysc(z) is the volumetric soil water
content at saturation. Parameters ywp, yfc, ysc are set
following Kucharik et al. (2000).

3. Data used

Inputs to BEPS-TerrainLab include LAI and land cover
type maps derived from remote sensing data, climate data
interpolated from measurements at the reference weather
station, DEM, and soil texture data. All data sets are
processed into 30-m resolutions with a UTM projection.

3.1. Remote sensing data

Two Landsat TM images at 30m resolution (path/
row:128/36,128/37) were acquired on June 5, 2003, during
the same period as the field experiment conducted in 2004.
The two images were first geo-referenced using second-
order polynomial transformation with ENVI software
package. Ground control points were collected from
1:50,000 maps. Overall geo-referenced error was limited
to less than 1 pixel (30m). These two images were merged
into one after geometric correction. The remote sensing
map was masked according to the boundary of Baohe
River Basin. Atmospheric corrections were carried out
using the 6S code (Vermonte et al., 1997), which was
parameterized assuming a middle latitude summer airmass
and the atmospheric visibility of 30 km. After the atmo-
spheric correction, the radiances of bands 3 and 4 were
converted into reflectance for calculating Normalized
Difference Vegetation Index (NDVI) and Simple Ratio
(SR), from which a LAI map was produced (Chen et al.,
2006). The remotely sensed LAI was compared with LAI
measured using Tracing Radiation and Architecture of
Canopies (TRAC; Chen, 1996) at 9 stands (two among the
points have identical values) (Fig. 3). The remotely sensed
LAI values presented here are the averages of 3 pixel� 3
pixel windows centered at the pixel where field LAI
measurements were made. Remotely sensed LAI is in good
agreement with field measurements (R2 ¼ 0:77). The LAI
ranged from 0.5 to 5.0, most pixels having LAI ¼ 4.0
(Fig. 4).

Land cover classification was implemented using the
maximum likelihood supervised classification algorithm.
Training samples were collected from a detailed field land
cover map (forestry inventroy map). We classified the land
cover of Baohe River Basin into three types, i.e., coniferous
forest, mixed forest, and open land. The classification
accuracy assessment resulted in the Kappa value of 72%.

3.2. Measured LAI and NPP data

LAI was measured at 9 sampling plots using the TRAC
instrument in June, 2004, and tree rings were taken at the
same time. The area of each sampling plot is about
30m� 30m, equal to the grid size of the Landsat TM data.
Auxiliary data such as geographic coordinates were
obtained using a Magellan global positioning system
(GPS) with an accuracy of 5m. LAI was calculated
according to the measured canopy gap fraction after
taking into account the element clumping index derived
from the gap size distribution.
The following stand variables were measured: bark

thickness and diameter at 1.3m breast height (DBH), tree
height, height to crown base (using a Vertex hypsometer),
and crown radius (estimated from beneath the canopy).
DBH, measured in perpendicular directions, and bark
thicknesses, measured in opposite directions, had a
precision of 1mm. The heights and the crown width were
measured with a precision of 10 cm. Tree-ring samples were
collected with a 5-mm incremental borer applied at DBH
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(1.3m). The cores were immediately glued onto wooden
mounts and surfaced with a series of successively finer
sandpaper grits. Tree-ring series were dated following
standard procedure (Stokes and Smiley, 1968). At least 9
dominant trees were cored at each site in plots with no
evidence of tree mortality. Two cores (one from the north
and one from the south) were taken at the breast height for
each tree. In total, 162 tree cores were collected. Tree age
ranged from 24 to 58 years.

We adopted the relative growth method to measure the
biomass (Feng and Wu, 1999). The biomass of each
component (stem, branch, leaf, root) was estimated from
the tree height and the DBH using formulae derived
from the field measurements (Table 1). The increments of
DBH were obtained from the tree ring samples, which were
then used to estimate the increment of each biomass
component for each tree from 2002 to 2003. The annual
NPP of a sampling plot was calculated from the number of
trees in each plot, and from the change of biomass between
2 years, which was in turn estimated from the increment
of DBH.

In this study area, a good relationship was found
between measured LAI and inventory NPP (Fig. 5).
Overall, the annual NPP increased by 206 gCm�2 yr�1

per unit LAI. This NPP data from inventory will be used
for model validation, which is discussed below.
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Fig. 5. Relationship between measured (inventory) NPP and LAI. NPP

was calculated from the increment of tree rings, and LAI was measured

using TRAC in 2004. The solid line is the 1:1 line. The values in the

brackets of the regression equation are standard errors.
3.3. Soil data

A soil map (at 1:250,000 scale) was digitized using ARC/
INFO. This vector soil map was then rasterized to produce
maps of sand, clay and silt fractions. These maps were
used to determine hydrological parameters, including the
wilting point, field capacity, porosity, an exponent of the
moisture release equation, saturated hydraulic conductivity
at the ground surface, and air entry water potential
(Campbell and Norman, 1998). All hydrological para-
meters are assumed vertically homogeneous in the soil
profile except the saturated hydraulic conductivity, which is
Table 1

Regression parameters of biomass and D2H

Species Organ

Pinus armandi Franch Stem

Branch

Leaf

Root

Pinus tabulaeformis Carr Stem

Branch

Leaf

Root

Quercus spp Stem

Branch

Leaf

Root
assumed to decrease with depth from the surface. The
decay rate of saturated hydraulic conductivity with depth
was assigned according to Beven (1997) and Coles et al.
(1997).
3.4. DEM data

A 30-m resolution DEM dataset was used to derive the
slope, aspect and wetness index. The derived slope and
aspect maps were used in the interpolation of incoming
radiation (Section 3.5). The wetness index map was used to
initialize water table depth (Chen et al., 2005). The
DEM data were also used in interpolating air temperature
and calculating saturated subsurface lateral baseflow
(Wigmosta et al., 1994; Chen et al., 2005).
Regression equation r

Wb ¼ 0.013 (D2H)1.0 0.92

Ws ¼ 0.005 (D2H)1.0 0.91

Wl ¼ 0.001 (D2H)1.1 0.93

Wr ¼ 0.003 (D2H)1.0 0.93

lnWs ¼ 0.99 ln (D2H) �10.49 0.98

lnWb ¼ 0.98 ln (D2H) �11.60 0.98

lnWl ¼ 0.98 ln (D2H) �12.29 0.95

lnWr ¼ 0.98 ln (D2H) �11.65 0.89

lnWs ¼ 0.85 ln (D2H) �3.00 0.98

lnWb ¼ 3.09 ln (D2H) �5.31 0.90

lnWl ¼ 2.17 ln (D2H) �3.98 0.90

lnWr ¼ 1.79 ln (D2H) �1.93 0.90
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3.5. Climate data

Climatic inputs required to run the model include daily
maximum, minimum, mean and dew point temperatures,
daily precipitation, and incoming solar radiation. All these
climatic inputs are interpolated from measurements or
derived values at the Baohe weather station. Solar radiation
is not measured at this station. Daily values of this variable
were calculated from daily amplitude of air temperature,
precipitation, and water vapor pressure (Thornton and
Running, 1999). All climatic variables were interpolated at
30m resolution. In the interpolation, the horizontal spatial
variability of climatic variables was not considered. The
topographic effects on local microclimate were considered as
follows. The vertical variations of temperature were corrected
according to the difference in elevation between the weather
station and the pixel processed. The lapse rates were set as
8 1C/km for maximum temperature and 1.25 1C/km for
minimum and dew point temperatures (Running and
Coughlan, 1988). The effect of aspect on temperatures and
that of elevation on precipitation have not been taken into
account. Since topography has different effects on the direct
and diffuse components of incoming solar radiation (Wang
et al., 2002), the direct component is corrected as (Wigmosta
et al., 1994):

Ri ¼ R0
cos yc
cos y

, (3)

where Ri is the solar radiation for the ith pixel; R0 is the
estimated solar radiation at the reference weather station;
yc is the angle between the normal to the slope and
sun–earth vector; y is solar zenith angle. yc is determined by

cos yc ¼ cos b cos yþ sin b sin y cosðc� gÞ, (4)
Fig. 6. Location o
where b and g are the terrain surface slope and aspect
(North zero, increasing clockwise), respectively; c is the
solar azimuth angle (North zero, increasing clockwise).
Topography has very small influences on diffuse radia-

tion (Wang et al., 2002), as the reflected radiation from the
surrounding terrain would more or less compensate for the
reduction of diffuse radiation from the sky at sloping
surfaces. For simplicity, we did not implement the
correction for diffuse solar radiation. All pixels at different
aspects receive the same amount of diffuse solar radiation,
which was partitioned from the total using the ratio of
global radiation to the solar irradiance above the atmo-
sphere at the same latitude (Chen et al., 1999).

4. Site description and experimental design

4.1. Experimental site

The experimental site is located in the southwest slope of
the Taibaishan Natural Reserve, at the middle of Qinling
Mountains, which is an important mountain range affect-
ing the climate of interior China and nearby areas in the
southwest of Shaanxi Province (311420N–391350N,
1051290E–1101150E) (Fig. 6). The site has an elevation
range from 518 to 3767m above the sea level and a
transition mountainous climate of a warm temperate and
northern sub-tropic region. The annual rainfall is about
630mm at low elevations and increases to about 1000mm
at the top of the Taibaishan Mountain. The mean annual
air temperature decreases from +9.5 1C at the foot of the
mountain to �4.5 1C at the top. Influenced by topography,
the Qinling Mountains have clearly different vegetation
covers in different terrain aspects, including pine (Pinus

armandi Franch) and broadleaf mixed forest at elevations
f study area.
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Table 2

Design of four simulation experiments with different considerations of

topographic effects on climate variables and the subsurface lateral flow of

ground water

Experiment Topographic effects

on climate

Lateral flow of

ground water

I Yes Yes

II Yes No

III No Yes

IV No No

Table 3

Correlation of measured NPP based on tree rings with modeled results for

the four Experiments (The values in the brackets are standard error.)

Experiment Regression equation R2

I y ¼ 0.64 (70.11)x+307.4 (791.4) R2 ¼ 0:82
II y ¼ 0.66 (70.14)x+277.7 (7111.4) R2 ¼ 0:76
III y ¼ 0.47 (70.12)x+490.97 (7102.5) R2 ¼ 0:65
IV y ¼ 0.46 (70.13)x+495.35 (7103.5) R2 ¼ 0:64

y = 0.64(± 0.11)x + 307.4(± 91.3)

R2 = 0.82
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Fig. 7. Simulated NPP using BEPS-TerrainLab in comparison with

(inventory) NPP calculated from tree ring data collected in the summer of

2004. The solid line is the 1:1 line. The values in the brackets of the

regression equation are standard errors.
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from 1330 to 3420m in the northwest aspect, conifer (Abies

fabric (Mast.) Graib., Pinus tabulaeformis Carr.) and
broadleaf mixed forest at elevations from 734 to 1300m
in the north aspect, conifer forest in the alpine zone at
elevations from 1250 to 3400m in the west aspect, and pine
(Pinus armandi Franch) and broadleaf mixed forest
(Quercus spp) at elevations from 912 to 2428m in the
south aspect. The pine and broadleaf mixed forest is the
dominant vegetation type. Vegetation density varies with
elevation, providing a large natural setting for developing
remote sensing algorithms of biophysical parameters. It is
therefore also ideal for validating NPP models.

4.2. Experimental design

We designed a series of four simulation experiments in
this study to investigate the importance of taking
topographic effects into account in modelling NPP at the
landscape scale (Table 2). In experiment I, we attempted to
represent all topographic effects on ecological processes by
considering the variations in climate variables with
topography and the lateral movement of ground water
related to the local gradient. In experiment II, we only
considered the topographic influences on climate variables,
and each pixel was isolated from surrounding pixels in
simulating ground and soil water balance. This model run
was to analyze the bias in the simulation of NPP due to
unrealistic description of ground water movement in the
mountainous areas. In experiment III, we only considered
the subsurface lateral flow of soil water in calculating soil
water balance. The climatic variables were not allowed to
change with elevation and slope. In experiment IV, we
treated the landscape as totally flat at the elevation of the
weather station. The topographic effects on temperature,
precipitation and solar radiation were excluded in the
interpolations of these climatic variables. There was
also no hydrological connection between a pixel and
its neighbors. Soil water could move only vertically in
the profile.

5. Results and discussion

5.1. Validation of simulated net primary productivity

(NPP)

Simulated annual NPP values from different experiments
were compared with those measured at 9 stands where LAI
and tree ring measurements were taken. As expected,
experiment I achieved the best agreement with measured
NPP. The departure of modeled NPP from measured
values was largest in experiment IV, implying the
importance of considering topographic effects on NPP
simulations (Table 3). With the consideration of topo-
graphic effects on climate and on lateral soil water
redistribution, this model performed well in simulating
the annual NPP for these sampled stands. It accounted for
81% of the variability in NPP across the sites, with a mean
relative error of 3.1% and the largest relative error of
10.1% (Fig. 7, Table 4). The model seems to overestimate
NPP slightly at low productive sites but for stands with
high productivity, the model produced slightly under-
estimated the annual NPP values in comparison with those
from tree rings.
The discrepancy between model results and field

measurements may be attributed to several reasons. First,
the model differentiates only among land cover types, not
among species. Second, the error in deriving LAI could
also contribute to the discrepancy; for example, the
topographic effects on remotely sensed reflectance were
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Table 4

Comparison between the modeled and measured NPP in 2003

Site Forest type Inventory NPP

(gC m�2 yr�1)

Modeled NPP

(gCm�2 yr�1)

Relative error(%)

1 Pinus armandi Franch and deciduous broadleaf forest 708.7 746.2 5.3

2 Quercus spp Pinus tabulaeformis Carr.forest 907.9 861.6 �5.1

3 Pinus tabulaeformis Carr.forest and deciduous broadleaf forest 834.1 918.3 10.1

4 Pinus armandi Franch 765.9 790.4 3.2

5 Quercus spp Pinus tabulaeformis Carr.forest 698.1 737.9 5.7

6 Quercus spp Pinus tabulaeformis Carr.forest 988.0 926.8 �6.2

7 Pinus armandi Franch 743.6 786.8 5.8

8 Quercus spp Pinus tabulaeformis Carr.forest 705.1 772.1 9.5

9 Quercus spp Pinus tabulaeformis Carr.forest 732.6 762.6 4.1

Mean 787.1 811.4 3.1
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Fig. 8. Histogram of simulated annual NPP in 2003.

Table 5

Sensitivity analysis of simulated NPP to LAI in different elevation ranges

Elevation (m) NPPdec (80%

LAI)

NPP (100%

LAI)

NPPinc (120%

LAI)

0–800 603.55 (0.85) 710.87 846.65 (1.19)

800–1000 638.73 (0.84) 756.34 896.03 (1.18)

1000–1200 653.01 (0.84) 777.73 918.87 (1.18)

1200–1400 660.22 (0.83) 791.04 934.95 (1.18)

1400–1600 657.35 (0.83) 791.91 936.88 (1.18)

1600–1800 643.44 (0.83) 779.18 921.59 (1.18)

1800–2000 626.61 (0.82) 762.04 901.15 (1.18)

2000–2200 600.94 (0.82) 732.28 867.5 0 (1.18)

2200–2400 562.64 (0.82) 686.19 815.09 (1.19)

2400–2600 509.30 (0.82) 622.21 741.68 (1.19)

2600–2800 426.64 (0.82) 521.23 622.92 (1.20)

2800–3000 363.04 (0.82) 444.04 532.08 (1.20)

3000–3200 323.89 (0.82) 396.16 475.35 (1.20)

3200–3400 241.35 (0.82) 295.59 355.76 (1.20)

3400–3600 105.96 (0.81) 130.49 158.06 (1.21)

(Note: The unit of NPP is gCm�2 yr�1. 80% LAI and 120% LAI in the

brackets mean simulated NPP with a decrease of LAI by 20% and an

increase of LAI by 20%, respectively. 100% LAI means simulated NPP

without LAI change. The values in the brackets are the ratio of NPPdec to

NPP and NPPinc to NPP, respectively.)

X.F. Chen et al. / Journal of Environmental Management 85 (2007) 585–596592
not corrected. Third, NPP estimated from tree rings also
has some errors (average relative error 5.7%).

5.2. Simulated distribution of annual net primary

productivity

Simulated NPP values for 2003 in the study area ranged
from 400 to 920 gCm�2 yr�1, with an average of
741 gCm�2 yr�1. Most forest areas have NPP values
between 700 and 880 gCm�2 yr�1 (Fig. 8). Overall, NPP
values were normally distributed with a skew toward the
low range because forests at high elevations have low NPP.
The average annual NPP was 740 and 743 gCm�2 for
coniferous forest and mixed forest, respectively. The NPP
difference is quite small, and partially due to the elevation
distribution of the coniferous and mixed forests: coniferous
forests are normally located at higher elevations. Sensitivity
analysis was done by comparing simulated NPP values
before and after a reduction of LAI by 20% and an
increase of LAI by 20%. The uncertainties in simulated
NPP related to LAI for different elevation ranges were
evaluated through a similar sensitivity analysis. In general,
NPP is slightly sensitive to LAI (Table 5). Spatially,
patches of NPP are quite distinct and NPP variation
follows variations of elevation and aspect. NPP is higher
on south slopes than on north slopes (Fig. 9). The spatial
pattern of NPP distribution is consistent with that of LAI
distribution (not shown).

5.3. Topographic effects on net primary productivity

distribution

In order to investigate the dependence of NPP on
topography, simulated NPP from experiment I was
averaged over different elevation and aspect ranges. On
the average, simulated NPP was significantly related to
elevation for all aspects (Fig. 10). NPP increased with
elevation at locations less than 1350m above the sea level
and then decreased at higher altitudes. This results from
the interplay of physiological temperature optimum of
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Fig. 9. Spatial distribution of simulated NPP in 2003. The areas in white color are bare soils.

Fig. 10. The distribution of annual NPP per unit LAI (in gCm�2 yr�1 LAI�1) varies with respect to elevation and aspect. Values shown here are the

averages of NPP per unit LAI in different intervals of aspect and elevation. Aspect (in degree) is zero in the north and increases clockwise.
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photosynthesis and altitudinal variation of temperatures
(the lapse rates of daily maximum temperature are 8, and
1.25 1C/1000m for minimum and dew point temperatures).
At low elevations, summer daily mean temperatures were
sometimes above the optimum temperature for photo-
synthesis (currently set in the model as 20 1C). The forest C
assimilation was at times limited by high temperature. In
contrast, forests at high elevations experience temperatures
below the optimum most of the time and therefore have
low photosynthesis rates. For elevation above 1350m, a
100m increase in elevation results in a reduction of about
25 gCm�2 yr�1 in average NPP. The average NPP of
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forests above 3000m is was only 50% of the peak value at
the 1350m height.

Aspect also plays an important role in determining the
productivity of forests at elevations below 1900m. In the
study area, NPP increased from the north and peaked in
the south following the pattern of direct solar radiation
changes with aspect. In accordance with LAI, NPP
approached the minimum at the northwest and then
slightly increases again. The variation of NPP with aspect
was generally below 6%. For elevations above 1900m, the
variation of NPP with aspect was irregular. At these
locations, temperature seems a more important determi-
nant of NPP than solar radiation. Therefore, aspect had
smaller impact on NPP than elevation.

5.4. Sensitivity of simulated net primary productivity to

topographic effects

The seasonality of simulated NPP from all experiments
is shown in Table 6. The exclusion of both lateral saturated
surface flow and topographic effects on interpolated
climate data fields gave rise to the largest overestimation
of NPP. Average NPP from experiment III (no topo-
graphic effects on interpolated climate fields) was higher
than that from experiment II (no lateral redistribution of
soil water). In experiment III, interpolated values of
climate variables were spatially homogeneous, the limita-
tion of low temperature on NPP at high elevations was
unrealistically removed, and therefore NPP was over-
estimated. This experiment produced notably higher NPP
values than did experiment I (fully integrated topographic
effects) during months with low temperature. In summer,
experiments I and III gave very similar NPP values.
Annually, average NPP was about 3% higher in experi-
ment III than in experiment I. With the consideration of
lateral flow, canopy conductance was low in convergent
and high in divergent locations of ground water. In
divergent sites, soil water moves out through lateral
subsurface flow and soil moisture is mostly below the field
capacity whereas in convergent sites, soil water moves
in and soil moisture is mostly above field capacity.
Table 6

Seasonality of simulated average NPP (gCm�2 yr�1) in different experi-

ments

Month Experiment I Experiment II Experiment III Experiment IV

Mar. 42.4 43.3 46.8 47.8

Apr. 81.1 82.8 84.6 86.4

May 104.3 106.4 107.3 109.4

Jun. 113.4 115.6 114.5 116.7

Jul. 113.0 115.3 114.1 116.4

Aug. 103.9 106.0 105.0 107.1

Sep. 87.6 89.3 90.0 91.9

Oct. 61.0 62.2 64.3 65.6

Nov. 34.1 34.8 37.7 38.5

Annual 740.7 755.7 764.3 779.8
The departure of soil water from the field capacity reduces
canopy conductance and consequently NPP. Therefore,
experiment II also overestimated NPP in comparison with
experiment I. As expected, experiment IV, which treated
the landscape as completely flat, produced the highest
average NPP. The exclusion of topographic effects on
variations of climate induced larger overestimation of NPP
than exclusion of lateral subsurface flow (Table 6). We
emphasize that the effect of lateral water flow was small
because this area generally has sufficient rainfall; in drier
areas, this effect is expected to be much larger.

6. Conclusion

The BEPS-TerrainLab model, which couples the BEPS
model with a spatially distributed hydrological model
TerrainLab, was applied to a forested watershed, Baohe
River Basin in China. Based on model validation and
modelling experiments, the following conclusions may be
drawn:
(1)
 Based on field data and Landsat TM images, the
coupled BEPS-TerrainLab model successfully simu-
lated NPP in Baohe River Basin, China. The results
show that the modeled NPP values that incorporate the
effects of topography, are in good agreement with NPP
values derived from tree ring data, with a mean relative
error of 3.1%, the largest relative error of 10.1%, and
R2 equal to 0.81.
(2)
 In an area with large topographical variations dealt
with in this study, forest productivity depends on
topographic location (elevation and aspect). The
exclusion of topographic effects on the variations of
climate fields and ground water redistribution pro-
duced an overestimation of 5% in NPP on the
average.The exclusion of the effects of elevation and
aspect on the distribution of temperature and radiation
produced a larger uncertainty in simulated NPP than
the exclusion of lateral subsurface flow since this study
area is relative wet and photosynthesis is seldom limited
by soil water.
(3)
 Temperature–elevation interactions strongly affected
NPP. NPP peaked at 1350m above sea level on south-
facing slopes. The departure of NPP from its peak
value is related to the altitudinal temperature distribu-
tion. Below 1350m, photosynthesis was sometimes
reduced by temperatures exceeding 20 1C whereas
above 1350m, photosynthesis was often limited by
temperatures below 20 1C. Above 1350m, the average
annual NPP decreased about 25 gCm�2 yr�1 for every
100m increase in altitude. The inclusion of topographic
effects on climate fields affected mainly average NPP in
months with low temperature. In summer, this inclu-
sion had a negligible effect on the average NPP.
(4)
 Aspect is another determinant of NPP. However, its
role was limited to locations below 1900m above sea
level. At these heights, the change of NPP with aspect
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was about 6%. Above this level, temperature plays a
more important role in controlling photosynthesis rate
than does radiation, and NPP irregularly changes with
aspect.
In this study, the effect of aspect on distributions of
climate variables was not included, and topographic
influence on remote sensing data was not corrected. In
addition, the differences in species physiology, seasonal
adaptation and elevational acclimation of vegetation to
climate conditions were not considered. These issues might,
to some degree, impact the values about the topographic
effects of simulated NPP. They need to be considered in the
future work.

Topographic variations of our study area are large in
terms of the elevation range. The effects of topography on
temperature and radiation were the main causes of NPP
variations with topographical position, while the subsurface
lateral water flow among pixels had only a relatively small
effect on NPP in this relatively wet region. In other areas,
the topographic effects on NPP would be different depending
on the climate regime, and we expect that the lateral water
flow would have larger effects on NPP than this case study.
The treatment of landscape as a flat surface in ecological
models is therefore generally problematic in areas with
considerable topographical variations. Results of this study
suggest that it should be indeed necessary and very important
to consider the effects of topography in simulating net
primary productivity at landscape and larger scales.
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