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† Background and Aims The ability to simulate plant competition accurately is essential for plant functional type
(PFT)-based models used in climate-change studies, yet gaps and uncertainties remain in our understanding of
the details of the competition mechanisms and in ecosystem responses at a landscape level. This study examines
secondary succession in a temperate deciduous forest in eastern China with the aim of determining if competition
between tree types can be explained by differences in leaf ecophysiological traits and growth allometry, and
whether ecophysiological traits and habitat spatial configurations among PFTs differentiate their responses to
climate change.
† Methods A temperate deciduous broadleaved forest in eastern China was studied, containing two major veg-
etation types dominated by Quercus liaotungensis (OAK) and by birch/poplar (Betula platyphylla and
Populus davidiana; BIP), respectively. The Terrestrial Ecosystem Simulator (TESim) suite of models was
used to examine carbon and water dynamics using parameters measured at the site, and the model was evaluated
against long-term data collected at the site.
† Key Results Simulations indicated that a higher assimilation rate for the BIP vegetation than OAK led to the
former’s dominance during early successional stages with relatively low competition. In middle/late succession
with intensive competition for below-ground resources, BIP, with its lower drought tolerance/resistance and
smaller allocation to leaves/roots, gave way to OAK. At landscape scale, predictions with increased temperature
extrapolated from existing weather records resulted in increased average net primary productivity (NPP; +19 %),
heterotrophic respiration (+23 %) and net ecosystem carbon balance (+17 %). The BIP vegetation in higher and
cooler habitats showed 14 % greater sensitivity to increased temperature than the OAK at lower and warmer
locations.
† Conclusions Drought tolerance/resistance and morphology-related allocation strategy (i.e. more allocation to
leaves/roots) played key roles in the competition between the vegetation types. The overall site-average
impacts of increased temperature on NPP and carbon stored in plants were found to be positive, despite negative
effects of increased respiration and soil water stress, with such impacts being more significant for BIP located in
higher and cooler habitats.

Key words: Succession, watershed, ecophysiological trait, landscape carbon dynamics, temperate forests,
competition, simulation, Quercus liaotungensis, Betula platyphylla, Populus davidiana.

INTRODUCTION

Disturbance, a primary driver for secondary succession, alters
both ecosystem structures and functions, and it is receiving
increasing attention in global change studies (Dale et al.,
2001; Botta and Foley, 2002; Keane et al., 2004; Beard
et al., 2005; Lecomte et al., 2006; Field et al., 2007).
Impacts are not only short term, such as biomass loss immedi-
ately after fires or hurricanes, but can also last for decades or
even centuries of the ecosystem succession. Recent studies
have shown that the history of disturbance regimes or the lega-
cies after disturbances may remain in effect long after the
events (Turner et al., 1998; Elmore et al., 2006; Perry and
Enright, 2006). Disturbance-induced changes in ecosystem
composition/structure may amplify, suppress or even reverse
the ecosystem carbon responses and feedbacks to climatic

change because species patterns are altered in both space
and time (Field et al., 2007). Competition plays a key role in
modifying ecosystem structure and this mechanism should be
considered in disturbance-incorporating studies of ecosystem
structures and functions across various spatiotemporal scales.

Simulation with computer models has proved efficient in
addressing succession, i.e. temporal changes in ecosystem
structure, and consequent changes in ecosystem functions at
multiple spatiotemporal scales (Shugart and Smith, 1996;
Mladenoff, 2004; Bond-Lamberty et al., 2005). Gap replace-
ment models, using individual-based approaches and mostly
with stochastic algorithms, are representative of the efforts to
simulate succession and consequent ecosystem functional
changes (Friend et al., 1993; Shugart and Smith, 1996;
Bugmann, 2001). To address ecosystem changes over greater
spatial extent, spatially explicit models, often in conjunction
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with geographical information systems, such as the LANDIS
and DISPATCH models, were also developed and are widely
used (Baker, 1999; He and Mladenoff, 1999; Mladenoff,
2004; Perry and Enright, 2006).

In contrast to the individual-based approaches, most biogeo-
chemical models, biogeographical models or their hybrids, such
as MC1, BIOME-BGC, CENTURY and TESim (Parton et al.,
1993; Thornton, 2000; Bachelet et al., 2001; Gao et al.,
2007), aim to model ecosystem processes and functions at the
level of plant functional type (PFT) or even higher, at the
biome level. Such an approach partially avoids individual-
related uncertainties and parameterization, and thus expands
model applications in both space and time. These models are
widely applied to investigate carbon, water and nutrient
dynamics, and vegetation distribution (in hybrid models), in
the context of climate change and various natural and anthropo-
genic disturbances. However, given the increasingly intense and
extensive human disturbance, such as land-use changes, and the
well-documented frequent natural disturbances, it is necessary
to investigate whether PFT-based models can successfully
simulate disturbance-induced temporal changes in ecosystem
structure in order to provide scientifically sound predictions
under global change scenarios. In particular, whether and how
plant functional traits embedded in these models can explain
ecosystem succession deserve further investigation.

Simulation modelling also makes it possible to investigate
changes in various ecosystem processes induced by external
forces and to project the synthetic ecosystem responses to
driving forces (Field et al., 2007; Luo, 2007). For example,
increased temperature in temperature-limited areas may influ-
ence carbon storage in opposite ways, by improving carbon
assimilation and nutrient decomposition, which favour carbon
storage, and by accelerating vegetation and heterotrophic respir-
ation, which otherwise reduce carbon storage. The interactions
between biogeochemical processes and biogeographical pat-
terns make the responses and feedbacks of ecosystems to
climate change even more complicated. Recent reviews have
discussed the positive and negative feedbacks of ecosystems
to climate change and emphasized the importance of more com-
plete and integrated modelling (Luo, 2007). Spatially explicit
models, especially spatially interactive models capable of simu-
lating lateral flows and processes, make it possible to investi-
gate the interactions between vegetation distribution patterns
and ecosystem processes and consequent integrative responses
to climate change (Mladenoff, 2004).

Temperate forests are important for carbon sequestration in
China, yet remain a focal region for forest restoration (Chen,
1997; Fang et al., 2006). Primary forests in this area have
been destroyed over the long history of agricultural develop-
ment. Studies on secondary succession after severe human dis-
turbances started in the 1980s (Chen, 1997). The well-known
successional path following disturbance is that small broad-
leaved deciduous trees (Betula and Populus) appear at the
early stage of succession as a pioneer functional type
because of their fast growth under relatively high soil water
availability. As succession proceeds, this functional type
gradually gives ways to slow-growing Quercus, which even-
tually becomes dominant. Yet, there remain important gaps
in our knowledge of the mechanism of competition, i.e. core
process in succession, and synthetic ecosystem responses

to climatic change, in particular the response of carbon
dynamics.

To address the role of functional traits in competition and
integrative ecosystem responses to climate change, we
adopted a PFT-based ecosystem model and used our on-site
measurements and the long-term studies at the Donglingshan
(DLS) temperate forest watershed. Specifically, we tested
two hypotheses: (1) differences in leaf physiological traits,
derived from gas exchange measurements, and growth allome-
try between PFTs are possible mechanisms for competition
and thus have the capacity to explain succession trends in tem-
perate deciduous broadleaved forests; and (2) differences in
ecophysiological traits and spatial configuration of habitats
among PFTs within a landscape mosaic influence their
responses to climate change in the past and the future.

MATERIALS AND METHODS

Study area

In eastern China, temperate deciduous broadleaved forests are
distributed between 32830′ –42830′N and 103830′–124810′E.
Natural forests have virtually disappeared in lowland areas of
the region (,1000 m a.s.l.) due to agricultural cultivation
and economic development during the long history of the
country’s civilization. Remnant secondary forests after inten-
sive human disturbance are found at mid-elevation (1000–
2000 m a.s.l.) (Chen, 1997). The watershed of Donglingshan,
hereafter referred as DLS, is located in the temperate forest
zone, between 40800′ –40802′N and 115826′ –115830′E and
occupying 21.3 km2 (Fig. 1). The Beijing Forest Station of
the long-term Chinese Ecosystem Research Network (CERN)
is located at DLS. Elevation at DLS varies from 400 to
2000 m a.s.l. with an average of 1100 m (Fig. 1). The prevail-
ing temperate semi-humid monsoon climate brings 500–
600 mm of mean annual precipitation with a mean annual
temperature of 2–8 8C (–10.1 8C in January and 18.3 8C in
July) (Huang et al., 1997; Fang et al., 2006).

There are two major vegetation types within the DLS water-
shed: oak broadleaved forest (OAK) dominated by Quercus
liaotungensis, mostly found on sunny slopes and currently
occupying 32 % of the watershed; and birch/poplar forest
(BIP) dominated by Betula platyphylla and Populus davidiana,
occupying 10 % of the area, mostly on shadow slopes. Planted
coniferous forest (CON, Pinus tabulaeformis and Larix
principis-rupprechtii) occupies 7 % of the watershed (Ma
et al., 1997). Because of intensive human activity in the low-
lands, about 41 % of the watershed has been degraded to
shrubland, currently dominated by Vitex negundo var. hetero-
phylla and Pruns armeniaca var. ansu. Crops are planted along
riparian areas and represent 9 % of the watershed (Fig. 1).

Soils, classified according to soil development and physical
and chemical characteristics of soil profiles, exhibit an altitudi-
nal pattern (based on the 1 : 20 000 soil map, Sun, 1997).
Mountain brown earths, mountain plaggen brown earths and
mountain skeleton brown earths are found at mid-elevation.
Luvic cinnamon soils, typical cinnamon soils, skeleton cinna-
mon soils and carbonate cinnamon soils are found at low
elevation, while cultivated soils are found in the riparian
areas (Fig. 1).
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Models and parameter estimation

We adopted the Terrestrial Ecosystem Simulator (TESim) in
our investigation. TESim is a suite of process-based models
simulating spatiotemporal ecosystem processes and vegetation
dynamics at different scales, from spatially homogeneous
patches (TESim-P) to heterogeneous landscapes (TESim-L)
and regions (TESim-R) (Gao, 2006; Gao et al., 2007).
TESim also uses PFT-based approaches (multiple PFTs
within one site) to simulate the spatiotemporal changes of eco-
system state variables (vegetation type, plant biomass, soil
water and carbon/nitrogen in plant or soil), and interactions
among the carbon, nitrogen and hydrological cycles, which
are subject to various external environmental stresses, such
as changes in climate, land use, grazing and harvesting inten-
sities. In addition, spatial processes such as runoff–runon
redistribution and re-absorption, and associated soil and nitro-
gen losses, are explicitly addressed in the TESim-L and
TESim-R models (Gao et al., 2007). These spatial processes
make it necessary to load all the grid cells into the computer
memory at the beginning of a TESim-L/R run instead of com-
puting processes one pixel at a time. Plant pools include leaf,
stem including branches, root and seed. Both structural and
metabolic litter pools are simulated. Soil organic matter is
divided into active and slow pools, and soil available nitrogen
is also considered. Here we used four soil layers with a total
depth of 1.8 m.

Carbon assimilation was calculated based on the assump-
tions that photosynthesis per leaf area is a hyperbolically
increasing function of light intensity and intercellular CO2

pressure, that intercellular CO2 pressure is instantaneously
determined by a balance between the inflow to stomata cavities
and rate of photosynthesis, and that the mitochondrial respir-
ation is an exponential function of temperature. The net

carbon assimilation rate An (mmol CO2 m22 s21) for plants
with C3 carbon pathway is defined as follows (Thornley and
Johnson, 1990; Gao et al., 2004):

An = [b −
������������
(b2 + 4ac)

√
]/2a

a = Pa(gsogx − gscgp)
b = gscgso(apIp + gxCa + gpOa) − Rda + apIpPa(gscgp + gsogx)
c = gscgso[Rd(apIp + gxCa + gpOa) + apIp(gpOa − gxCa)]

(1)

where Pa is air pressure (kPa), Ip is light intensity (mmol m22 s21),
Ca and Oa are CO2 and O2 pressures on the leaf surface (kPa),
respectively, gso and gsc are stomatal conductance (mmol m22

s21) for O2 and CO2, respectively, ap is photon efficiency, gx

and gp are carboxylation conductance and photorespiration
conductance (mmol m22 s21 kPa21), respectively, and Rd is
dark respiration coefficient (mmol m22 s21). The parameters
ap and gx are considered to depend on leaf nitrogen content
and temperature, and Rd is an exponential function of tempera-
ture (Medlyn et al., 1999; Gao et al., 2007).

The stomatal model is based on the assumptions that
stomatal conductance is determined by leaf turgidity, that
osmotic regulation is a hyperbolically increasing function
of light intensity, and that water conductance from soil to
leaf decreases with soil water stress. Thus, stomatal conduc-
tance gs (mol H2O m22 s21) was computed as an increasing
function of incident light intensity Ip, a decreasing function
of vapour pressure deficit Vpd (kPa), CO2 pressure on
plant leaf Ca (kPa) and soil water potential cs (MPa)
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FI G. 1. Location, elevation, slope, aspect, current vegetation distribution and soil maps of the Donglingshan watershed (DLS).

Yu & Gao — Plant functional traits and simulation of competition 887

D
ow

nloaded from
 https://academ

ic.oup.com
/aob/article/108/5/885/202068 by guest on 17 April 2024



(Gao et al., 2002, 2005).

gs =
bg +

������������
b2

g + 4agcg

√
2ag

ag = rz

Vpd

Pa

+ b

bg = cs − b+ rz

Vpd

Pa

( )
kg + p0 + pp

C0

Ca

( )
Ip

Ip + kI

cg = kg(cs + p0) (2)

where b is the elastic modulus of guard cell structure (MPa m2 s
mol21), rz is soil-to-leaf resistance (MPa m2 s mol21), kg is the
half-saturation stomatal conductance (mol m22 s21), kI is the
half-saturation light intensity (mmol m22 s21), p0 and pp are
the dark osmotic pressure and maximum light-inducible
osmotic pressure (MPa), respectively, and C0 is the reference
CO2 partial pressure (kPa).

Stomatal tolerance/resistance to soil and air moisture stres-
ses is reflected in two synthetic indices: the possibly lowest
soil water potential cmin that maintains open stomata:

cmin = −p0 − pp

Ip

Ip + kI

( )
(3)

and the sensitivity of gs to changes in Vpd at Ca ¼ C0:

Sv = ∂gs

∂Vpd

= − gs(gs + kg)rz

(2aggs + bg)Pa

(4)

To parameterize TESim-P and TESim-L in this application, we
used onsite measurements taken in summer 2006, as well as
the long-term investigations carried out at this CERN station.
Onsite leaf-gas-exchange flux for dominant species, measured
with a Licor 6400 system (Licor Co., Lincoln, NE, USA) in
2006, was used to parameterize the leaf ecophysiological pro-
cesses in TESim. Nutrient content of plants and soils, soil
water, and soil texture were also measured in the field in
2006. In estimates of parameters at patch and landscape
scales, we also used existing data from long-term investi-
gations at this CERN station (www.cerndata.ac.cn) on commu-
nity structure and biomass (Jiang, 1997), nutrients (Huang
et al., 1997), and soil physical and chemical characteristics
(Sun, 1997). Finally, in the landscape-scale simulation, we
adopted the default parameter values provided by TESim for

shrubs and crops, for which we had neither field data nor
literature sources. The parameters for allocation of assimilated
materials and stomatal tolerance/resistance to water and
moisture stresses are provided in Table 1.

The temporal resolution is 1 d for both TESim-P and
TESim-L. For the simulations at the watershed scale, we
used the 1 : 20 000 soil and vegetation maps produced by the
Beijing Forest Station of CERN (www.cerndata.ac.cn) and
the digital elevation model (DEM) map from the USGS
(http://edc.usgs.gov) at a spatial resolution of 74 m. The soil
and vegetation maps were converted to the same resolution
as the DEM before analysis. Long-term daily meteorological
records from Beijing station (39848′N, 116828′E, 1961–
2001) were used as input drivers for the simulations at both
patch and watershed scales, with temperature corrected based
on the differences in elevation between the weather station
and each studied grid cell.

Model evaluation

We used two independent local datasets for model evalu-
ation of biomass, net primary productivity (NPP), respiration
and littering. One dataset is the onsite long-term inventory
on oak forest dynamics at a 30 × 40-m permanent plot from
1991 to 2002, in which individual basal area dbh (diameter
at breast height) and canopy height were measured in 1991,
1997 and 2002 (Hou et al., 2004). We applied the allometric
equations developed on site to estimate biomass of leaf,
stem/branch and root for the oak forest (Fang et al., 2006),
which were then compared with the simulated values.
Annual NPP was calculated based on the biomass estimation
for the period 1991–2002. Because the oak forest was esti-
mated at around 80 years, but only 41 years of meteorological
data from 1961 to 2001 were available, we repeated the
41-year data for the period 1920–1960 but with lower air
CO2 concentration according to historical CO2 data (Keeling
et al., 2009), and used the assumed meteorological data for
1920–2001 to simulate oak forest dynamics with the
TESim-P model. The simulated biomass and NPP for the
period 1991–2001 were then compared with observations.
A paired t-test was applied to evaluate the differences
between simulations and observations (SAS Institute, 2002).

The other dataset comprises onsite measurements of
biomass, litterfall, and estimated vegetation respiration and
NPP for the oak forest, birch forest and pine forest in 1992–
1994 (Fang et al., 1995, 2006). The characteristics of the
three plots, including elevation, slope, aspect and stand age,

TABLE 1. Parameters on morphology and ecophysiology

Symbol Parameter Units BIP OAK CON SHR

Rl Partition coefficient for leaves – 0.29 0.37 0.48 0.16
Rs Partition coefficient for stems – 0.63 0.44 0.36 0.53
Rr Partition coefficient for roots – 0.08 0.19 0.16 0.31
Sv Sensitivity to air vapour mol m22 s21 kPa21 –0.51 –0.37 –2.62 –1.04
cmin Minimum soil water potential MPa –1.83 –2.71 –4.85 –3.08

BIP, birch/poplar forest; OAK, oak forest; CON, coniferous forest; SHR, shrubs. Sv was evaluated at Ip ¼ 1.0 mmol m22 s21, cs ¼ –0.05 MPa, Vpd ¼ 1 kPa
and Pa ¼ 101.3 kPa.
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were used in TESim-P. Simulated total biomass, stem/branch
biomass, leaf biomass, NPP, net increment in biomass, litter-
fall and vegetation respiration were compared with obser-
vations. NPP was assumed to equal the sum of litterfall and
net increment in biomass in the calculation. A paired t-test
was also applied to detect differences between simulations
and observations.

Simulations and predictions

To test whether the model can simulate the competition
between OAK and BIP and the consequent succession,
TESim-P was run for 82 years by repeating the 41-year
climate from 1961 to 2001, with the assumption that the
seeds and seedlings of both OAK and BIP were available in
the stand at the initial stage. To separate the effects of compe-
tition between OAK and BIP on ecosystem functions, we
designed a comparative scenario keeping the two forests in
different stands without interspecific interaction, while assum-
ing the same climate and soil conditions as the previous com-
petition scenario.

We then ran TESim-L to simulate water and carbon dynamics
of the watershed for the period 1961–2001. To predict changes
in carbon balance of the DLS watershed in the context of global
climate change, a future climate scenario was prescribed by
extrapolating the increasing trends of temperatures experienced
in the 41 years 1961–2001. Slopes of increases in the daily
minimum, mean and maximum temperatures were determined
by applying regression analysis on the daily climate data for
1961–2001. Differences in carbon and water dynamics
between the past and the future scenario with temperature
increases were analysed at the watershed scale.

RESULTS

Model evaluation

Mean values of leaf, stem/branch and root biomass, and NPP
were not significantly different between the simulations and
the observations for the oak forest permanent plot with a
stand age of 80 years (Fig. 2, paired t-test, P , 0.05). In com-
parison with the in situ field measurements during August
1992 to July 1994 (Fang et al., 1995, 2006) in the oak, birch
and pine forests, there was no significant difference between
the simulations and the observations for total, stem/branch,
NPP, litterfall, and vegetation respiration for any of the three
forests (Fig. 2, paired t-test, P , 0.05).

Carbon dynamics for the two forest patches without competition

Annual NPP of the two deciduous broadleaved forests
followed the interannual variations of annual precipitation
(Fig. 3, BIP only, OAK only). Mean NPP was 518.4 g m22

yr21 for OAK forest and 441.7 g m22 yr21 for BIP forest.
For the period 1991–2001, mean NPP was 667.2 g m22

yr21 for OAK forest and 685.3 g m22 yr21 for BIP forest.
Without competition with OAK, the BIP forest was able to
store 9.8 kg m22 dry biomass in the trunk and branches after
40 years, whereas the OAK forest was able to store only
about 6.8 kg m22 dry biomass in the trunk and branches, i.e.
about 30 % less.

Competition between OAK and BIP communities

When considering competition between OAK and BIP
(Fig. 3, BIP in combined, OAK in combined), during the
first 10 years of the succession, NPP of BIP (250 g m22

yr21) was twice that of OAK (120 g m22 yr21). After the
initial 10 years, OAK had higher NPP than BIP. Similarly,
the root biomass of BIP (mean 200 g m22) was higher
than that of OAK (147 g m22) for the initial 15 years, but
then got lower. BIP maintained higher stem/branch biomass
than OAK over the initial 25 years (mean 1344 g m22 for
BIP vs. 701 g m22 for OAK), but following this the
reverse was the case. The stem/branch biomass of BIP
declined rapidly after 40 years from 1647 to 743 g m22 in
year 50.

Carbon and water dynamics of the watershed and their responses
to climatic change

Simulated mean annual transpiration and evaporation for the
whole watershed were 37 + 11 and 8 + 3 cm yr21, respect-
ively, for the period 1961–2001 (Fig. 4). The three forests had
similar mean annual transpiration, with the highest of 47 +
15 cm yr21 for BIP and lowest of 45 + 12 cm yr21 for
CON. Simulated mean annual evaporation was 4.5 cm yr21

for BIP, 5.9 cm yr21 for OAK, 7.4 cm yr21 for CON and
8.9 cm yr21 for shrubs (SHR). Simulated watershed-averaged
NPP was 287 gC m22 yr21, litter mass was 338 g m22 and het-
erotrophic respiration was 121 gC m22 yr21 (Fig. 4, Table 2).

Daily minimum, maximum and mean temperatures in the
meteorological records for 1961–2001 showed significant
increasing slopes of 0.0678, 0.0201 and 0.047 8C yr21, imply-
ing that they had increased by 2.78, 0.82 and 1.93 8C over the
41 years, respectively. However, annual precipitation fluctu-
ated between a minimum of 256 mm in 1965 and a
maximum of 894 mm in 1969 without any significant increas-
ing or decreasing trend for 1961–2001 (Fig. 5). These trends
of climate variation were extrapolated to form the future scen-
ario for the next 41 years after 2001.

This future scenario with increased temperature resulted in
an increase of average NPP (+19 %), heterotrophic respiration
(+23 %) and plant carbon storage (+28 %) in the watershed.
Average evapotranspiration and net ecosystem carbon balance
of the watershed increased by 3 and 17 %, respectively. The
watershed average litter mass showed little change (Table 2,
Fig. 4).

The increase in temperature also resulted in different
changes in state and flux variables of the plant functional
types within the watershed. NPP of OAK, BIP and CON
increased by 19, 33 and 25 %, respectively. Litter mass of
BIP increased by 8 %, but that for OAK and CON decreased
slightly by 3 and 2 %, respectively.

DISUSSION

Model evaluation

Complete evaluation of the process-based and spatially explicit
simulations across broad spatial and temporal scales remains a
challenge (Rastetter, 1996; Perry and Enright, 2006; Scheller
and Mladenoff, 2007). Most of the processes incorporated in
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the models are difficult to replicate in reality at either spatial or
temporal scales (Perry and Enright, 2006). There are no com-
plete spatiotemporal data existing in this study for sufficient
evaluation. However, long-term investigations at typical
sites, such as those of the LTER (Long Term Ecological
Research network) in the United States (www.lternet.edu)
and CERN in China, may provide evidence and data to
allow indirect and partial evaluation. We used two independent
data sets, from long-term investigations at the Beijing Forest
Ecosystem Station of CERN, to evaluate biomass and carbon
dynamics of three typical forests at the patch scale. The
model is robust in simulating biomass dynamics and allo-
cation, NPP and vegetation respiration for the three typical
forests (Fig. 2).

Competition

The present study supports the hypothesis that the ecophy-
siological traits and growth allometry of PFTs can explain
the interspecific competition and consequent succession
trends observed in the temperate deciduous forests of China.
Community succession direction is a result of competition,
yet is subject to various disturbances, especially the increas-
ingly intensive human disturbance. The consequent changes
in ecosystem composition/structure may significantly alter
the responses and feedbacks of the carbon, water and nutrient
dynamics to climate change (Field et al., 2007). It is critical
for coupled biogeochemical and biogeographical models to
address these correctly in the simulations to give scientifically

6

5

4

3

2

1

0
Leaf biomassNPP

N
P

P
 (

tC
 h

a–
1 

yr
–1

) 
an

d
le

af
 b

io
m

as
s 

(t
C

 h
a–

1 )

0

2

4

6

8

C
ar

bo
n 

flu
x 

(t
C

 h
a–

1  
yr

–1
)

0

2

4

6

8
C

ar
bo

n 
flu

x 
(t

C
 h

a–
1  

yr
–1

)

OAK 80s

BIP

OAK

CON

Net increment NPP Respiration Littering
0

2

4

6

8

C
ar

bo
n 

flu
x 

(t
C

 h
a–

1  
yr

–1
)

Total
0

10B
io

m
as

s 
(t

C
 h

a–
1 )

20

30

40

50

60

70

Stem Root

Simulated
Observed

A

0

10B
io

m
as

s 
(t

C
 h

a–
1 )

20

30

40

50

60
B

0

10B
io

m
as

s 
(t

C
 h

a–
1 )

20

30

40

50

60
C

0
1992 1994

Total biomass Stem + branch biomass

1992 1994

10B
io

m
as

s 
(t

C
 h

a–
1 )

20

30

40

50

60 D

OAK 80s

BIP

OAK

CON

FI G. 2. Comparisons between observed and simulated vegetation variables at the permanent 80-year-old oak plot (A), and the plots for 4-year period (1992–
1994) for the oak forest (B), birch forest (C) and pine forest (D). NPP, net primary productivity.

Yu & Gao — Plant functional traits and simulation of competition890

D
ow

nloaded from
 https://academ

ic.oup.com
/aob/article/108/5/885/202068 by guest on 17 April 2024

www.lternet.edu
www.lternet.edu
www.lternet.edu


sound predictions in the context of global change. Although
competition between OAK and BIP and the succession from
BIP to OAK have been described in the literature, simulations
of the competition based on ecophysiology and associated
in-depth analysis of the mechanisms are seldom reported.

In our simulation, the differences in drought resistance and
tolerance and biomass allocation incorporated in the simu-
lation model were the key factors for competition and for the
onset of subsequent succession between the two plant func-
tional types. As competition continues, morphological
factors, as the consequence of difference in allocation of
biomass, then contribute. The leafy OAK tends to allocate
more carbon to leaf and root than BIP, as reflected in the
model parameter indicating production allocation to leaf,
0.37 for OAK and 0.29 for BIP (Table 1). By contrast, BIP
has been known to have greater per-leaf-area productivity
when soil resources are abundant at the initial stage of succes-
sion, and it can accumulate biomass in stem and grow quickly,
in agreement with higher NPP and biomass for BIP than for
OAK in our simulation. The BIP-dominated state lasts until
20–30 years (Fig. 3). After this initial period of succession,
BIP declines quickly and OAK becomes dominant as soil
water decreases, because OAK trees are more resistant and tol-
erant to soil moisture stress during the competition for soil
moisture. The leafy OAK trees then further block the light
for BIP to regenerate.

The drought tolerance of a PFT is reflected by the parameter
in our stomatal conductance model: the theoretically allowable
minimum soil water potential cmin (eqn 3, Table 1). This par-
ameter, signifying the tolerance of plants to soil water stress
(Gao et al., 2007), is estimated as –2.71 MPa for OAK and
–1.83 MPa for BIP. This means that OAK can endure greater
soil water stress and remain active metabolism more easily
than BIP. OAK also has lower stomatal sensitivity (eqn 4,
Table 1) to variations in vapour pressure deficit,
–0.37 mol m22 s21 kPa21, than the corresponding sensitivity
of the BIP functional type, –0.51 mol m22 s21 kPa21, both
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FI G. 4. NPP, transpiration and evapotranspiration of the Donglingshan watershed under the current climate (top) and the warming climate (T +, below)
scenarios.
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evaluated at cs ¼ –0.05 MPa, Ip ¼ 1 mmol m22 s21 and
Vpd/Pa ¼ 0.01. These values show that although BIP has
greater stomatal conductance in the wet, its high stomatal sen-
sitivity to soil and air moisture stresses brings its stomata to
closure as soil or air water stress intensifies.

The greater drought tolerance and resistance of OAK than
BIP were also observed in the intensive hydro-physiological
measurements using pressure–volume curve analysis (Li and
Chen, 1997a). The reported mean lowest leaf water potential,
cl,min, during a growth season is –1.59 MPa for OAK com-
pared with –1.32 MPa for BIP. Mean leaf osmotic potential
at plasmolysis, cl,tip, is –2.63 MPa for OAK versus
–2.04 MPa for BIP. Maximum leaf cell elastic modulus
1max, signifying cell stiffness and partly representing the
ability to keep stomata open during water stress, is 19.1 MPa
for OAK and 15.8 MPa for BIP. The capacity for osmotic
adjustment is closely related to the difference between the
maximum osmotic potential at saturation and cl,tip, and the
difference between the diurnal maximum and minimum leaf
water potential. Li and Chen (1997a) reported first and
second differences for OAK of 0.73 and 1.84 MPa, respect-
ively, in comparison with 0.54 and 1.25 MPa for BIP.
Time-series analysis of stem sap-flow also concluded that
OAK had greater capability than BIP in self-stabilizing stem
sap-flow during environmental changes (Li and Chen,
1997b). All these independent measurements support our

parameter estimates, and that OAK has greater tolerance and
resistance to moisture stresses than BIP (Tyree, 1976; Li and
Chen, 1997a; Gao et al., 2002).

A sensitivity analysis was designed to investigate the sensi-
tivities of competition to the coefficients of allocation for
roots and leaves, Rr and Rl, and the maximum osmotic pressure
of leaves, p ¼ p0 + pp, which signifies the stomata tolerance to
water stress. Variation of each of the parameters was designed
in a complementary way so that increases in one parameter
for OAK were always accompanied by decreases in the same
parameter for BIP. The variation ranges of the parameter
were chosen so that the difference of the parameter between
OAK and BIP was approximately reversed. In other words, if
a parameter takes values of p1 and p2 for OAK and BIP, respect-
ively, variation of the parameter in the sensitivity analysis will
allow OAK and BIP to exchange parameter values so that OAK
will take the value p2 and BIP will take the value p1. This design
will allow us to compare the sensitivities to the three par-
ameters. Finally, because p is the sum of p0 and pp, variation
of p in the sensitivity analysis necessitated the conserved ratio
of p0/pp. Calculation of average stem biomass over 80 years of
simulation for the designed parameter sets showed that
increased allocation for roots and leaves and maximum
osmotic pressures of BIP, accompanied by a decrease in these
parameters of OAK, all led to increased average stem
biomass of BIP but decreased stem biomass of OAK (Fig. 6).
Average stem biomass was more sensitive to maximum
osmotic pressure and allocation for leaves than to allocation
for roots. Leaves contribute directly to carbon assimilation
and growth and maximum osmotic pressure determines stoma-
tal conductance and assimilation rates under water stresses,
whereas the effect of variation in allocation to roots is indirect.

Landscape responses

The TESim simulations illustrate the possible ecosystem
responses to climate change in the DLS watershed, and the
results support the hypothesis that the differences in ecophy-
siological traits and habitat spatial configurations of PFTs
influence their responses to climate change.

The impacts of increased temperature on NPP and carbon
stocks in plants of the whole watershed are positive, despite
the increased respiration and soil water stress (Table 2). The
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TABLE 2. Simulations of carbon and water dynamics for the period 1961–2000 (current scenario) and the future scenario with
increased temperature.

Current/future scenario

Variable Watershed OAK BIP CON SHR

NPP 287/342 408/485 486/647 249/311 182/220
CPT 2123/2721 3532/4297 6178/8426 1558/2006 824/1110
MLT 338/338 527/513 384/415 522/511 259/264
CRS 121/149 167/200 125/165 129/160 122/150
NEP 165/193 241/285 361/482 120/151 60/70
TRN 370/395 461/475 468/482 450/467 383/429
EVP 81/70 59/48 45/32 74/62 89/73

NPP, net primary productivity (gC m22 yr21); CPT, carbon stored in plants (gC m22); MLT, litter mass (g m22); CRS, heterotrophic respiration (gC m22

yr21); NEP, net ecosystem production (gC m22 yr21); TRN, transpiration (mm yr21); EVP, evaporation (mm yr21).
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positive effects include overall enhanced assimilation and
reduced evaporation that partially offset the temperature-
induced increase in potential transpiration. These positive
temperature effects might have something to do with the
mountainous forests in this study, for which temperature is
an important limitation to the length of the growing season
as well as activities of the plants and microbes.

However, the responses to increased temperature differ
among various forests due to their different habitat occupation
and intrinsic ecophysiological characteristics. In this temperate
watershed, BIP currently occupies habitats with the highest
elevation (around 1200 m) and lowest mean annual tempera-
ture (MAT, 7.15 8C), while OAK is mostly located at
1000 m with MAT of 7.8 8C, and CON trees are mostly
found at 800 m with MAT of 8.37 8C. The difference in
MAT might have contributed to the difference in evaporation
(Table 2) and volumetric soil water content (WS). Our simu-
lation gave average annual WS of 0.25 and 0.21 for the first
and second soil layers of BIP, respectively, compared with
0.2 and 0.15 for OAK, and 0.18 and 0.13 for CON. In addition
to the difference in habitat locations, the BIP, with its high pro-
ductivity and high sensitivity to environmental changes, also
showed the highest gain (33 %) in NPP compared with OAK
(19 %) and CON (25 %) under the increased temperature scen-
ario (Table 2).

Current litter mass is the result of a dynamic balance
between litter production and decomposition. Increased temp-
erature brought about more source biomass of litter production,
but also accelerated the litter loss by increased decomposition
rate. By contrast, increased evapotranspiration may substan-
tially decrease soil moisture and subsequently decomposition
rate, thus contributing to litter accumulation. Simulated
average litter mass of the whole watershed remained almost
unchanged with respect to the temperature increase, indicating
the close balance between these effects. However, the average
litter mass of BIP increased by 7 % partly because it occupied
a higher elevation with lower baseline temperature, and the
increase in litter production predominated. The slightly
decreased litter biomass of OAK and CON can be explained
by the lower and warmer locations where the effect of
increased temperature on decomposition prevails.

Disturbance, an important driver of secondary succession, is
an increasingly important topic because of intensified human
activities, such as land-use change, and the changes in disturb-
ance regimes resulting from climate change (Turner et al.,

1998; Perry and Enright, 2006; Scheller and Mladenoff,
2007). It is vital to incorporate disturbance and consequent
secondary succession in the ecosystem trajectories in future
climatic change/land-use change scenarios. Here we have suc-
cessfully quantified an important secondary succession path in
a temperate forest based on the traits of stomatal behaviour and
biomass allocation strategies of the two dominant plant func-
tional types involved, by ecosystem simulation modelling.
The simulation yielded substantial changes in carbon fluxes
and ecosystem structure during secondary succession. These
ecophysiological traits also contributed to our understanding
of different responses of PFTs in a landscape mosaic to
future climate change.
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