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a  b  s  t  r  a  c  t

Terrestrial  ecosystem  models  have  been  extensively  used  in  global  change  research.  When  a  model  cali-
brated with  site-specific  parameters  is  applied  to another  site,  how  and  why  the parameters  have  to  be
adjusted  again  in  order  to  fit  data  well  are  pervasive  yet  underexplored  issues.  In  this  exploratory  study,
we  examined  how  and  why  model  parameters  of a Flux-Based  Ecosystem  Model  (FBEM)  varied  across
different  sites.  Parameters  were  estimated  from  data  at 12  eddy-covariance  towers  in the conterminous
USA  using  the  conditional  inversion  method.  Results  showed  that  optimized  values  of these  parameters
varied  across  sites.  For  example,  the  estimated  coefficients  in  the Leuning  model,  gl and  D0,  exhibited
high  cross-site  variation,  but  the  ratio  of  internal  to  air CO2 concentration  (fCi)  and  canopy  light  extinction
coefficient  (kn) varied  little  among  these  sites.  Parameters  greatly  varied  with  ecosystem  types  at adja-
cent  sites  where  climate  conditions  were  similar.  Five  parameters  (activation  energy  of  carboxylation,  EKc;
activation  energy  of oxygenation,  EVm; ecosystem  respiration,  R0

eco; temperature  sensitivity  of  respiration,
Q10;  and stomatal  conductance  coefficient,  D0)  were  highly  correlated  with  mean  annual  temperature

and  precipitation  across  sites,  which  were  distributed  in different  climate  regions  of  conterminous  US.
Our results  indicate  that  individual  parameters  vary  to  different  degrees  across  sites and  parameter  vari-
ation can  be related  to  different  biological  factors  (e.g.,  ecosystem  types)  and  environmental  conditions
(e.g.,  temperature  and  precipitation).  It is essential  to  further  examine  magnitudes  of  and  mechanisms
underlying  the  parameter  variation  in  ecosystem  models  so  as to  improve  model  prediction.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Ecological models that simulate responses of ecosystem photo-
ynthesis and respiratory processes to elevated atmospheric CO2
nd increased temperature are fundamental to projecting carbon
alance and impacts of global change on the biosphere (Long,

991; Lloyd and Taylor, 1994; Sellers et al., 1997; Bernacchi et al.,
001). It has been well noticed that variation in parameters is
ne of the main sources of uncertainty in model predictions (Luo

∗ Corresponding author.
∗∗ Corresponding author at: Ministry of Education Key Laboratory for Earth System

odeling, Center for Earth System Science, Tsinghua University, Beijing 100084,
hina.

E-mail addresses: lingh@mail.tsinghua.edu.cn (G. Lin), yluo@ou.edu (Y. Luo).

ttp://dx.doi.org/10.1016/j.ecolmodel.2016.05.016
304-3800/© 2016 Elsevier B.V. All rights reserved.
et al., 2011, 2015; Xiao et al., 2014). Most global biosphere models
classify the terrestrial ecosystems with a small number of cate-
gories, referred to as plant functional types (PFTs). Parameters are
often assigned to some fixed values for a given PFT and may vary
among PFTs. For example, Sellers et al. (1996) found that some
parameters such as maximum photosynthetic carboxylation rate
and minimum stomatal conductance need better parameteriza-
tions because they vary strongly with PFTs at the global scale.
Even within the same PFT, however, model parameters appeared
more variable than assumed. For instance, Groenendijk et al. (2011)
found better simulations of photosynthesis and transpiration using
site-specific calibrated parameters compared with using fixed veg-

etation parameters across sites with the same PFT. Xiao et al. (2014)
also identified variation of estimated values of parameters both
within and across PFTs in a diagnostic carbon flux model, suggesting

dx.doi.org/10.1016/j.ecolmodel.2016.05.016
http://www.sciencedirect.com/science/journal/03043800
http://www.elsevier.com/locate/ecolmodel
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecolmodel.2016.05.016&domain=pdf
mailto:lingh@mail.tsinghua.edu.cn
mailto:yluo@ou.edu
dx.doi.org/10.1016/j.ecolmodel.2016.05.016
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Fig. 1. Locations of the 12 sites in the conterminous United States. Among these
8 Q. Li et al. / Ecological 

he use of observations from multiple sites for a given PFT pro-
ided more representative estimates of parameter values. Although
t is recognized that parameters may  have to vary with sites, it
emains unknown how the parameters vary across sites and what
ontributed to the parameter variation.

Some studies have shown that parameters vary with both biotic
nd abiotic factors. For example, maximum rate of carboxylation
i.e., Vc,max) is a key parameter in the leaf model of C3 photosyn-
hesis of Farquhar et al. (1980). Previous studies have identified
our factors – species differences, light intensity, seasonal patterns,
nd water availability – that could cause variability in Vc,max (nor-
alized to 25 ◦C) (Wullschleger, 1993; Medvigy et al., 2013; Wilson

t al., 2000). Despite various factors to influence Vc,max, its variation
sually can be well represented by Vc,max—nitrogen (N) relation-
hips as in many Earth system models (Rogers, 2014). Temperature
ensitivity of soil heterotrophic respiration (i.e., Q10) is another crit-
cal parameter regulating carbon-climate feedback. Although many
cosystem models commonly use a constant Q10 (Tian et al., 1999;
chimel et al., 2000; Chen and Tian, 2005), a small deviation of Q10
ill significantly change the estimate of the total CO2 efflux from

oil to the atmosphere (Xu and Qi, 2001). In fact, a few studies have
hown that Q10 varies at site scale with climate variables such as
ean annual precipitation and temperature (Zhou et al., 2009; Peng

t al., 2009). These examples all illustrate that parameters might
ave to vary temporally and spatially.

Recently developed techniques of data-model fusion and inver-
ion analysis have emerged as useful tools to gain ecological
nowledge about parameter variation in biogeochemical models.
or instance, Shi et al. (2015) estimated C–N coupling parame-
ers using Bayesian Markov Chain Monte Carlo (MCMC) technique
nder ambient and elevated CO2 in Duke Forests, revealing that C-

 coupling parameters exhibited significant changes in response
o rising atmospheric CO2. By using inversion analysis, Zhou and
uo (2008) discovered that estimated carbon residence times
ere highly heterogeneous over the conterminous United States.
ang et al. (2007) found better predictions of net ecosystem CO2

xchange (NEE) with seasonally varying Vc,max and maximum rate
f electron transport at 25 ◦C (i.e., Jmax) in CSIRO biosphere model
sing a nonlinear inversion approach from eight FLUXNET sites.

Most of the previous parameter estimation studies with
ata-model fusion technique have pointed out that only a few
arameters in process-based ecosystem models could be well con-
trained by the measurements of NEE (Wang et al., 2001; Braswell
t al., 2005; Xiao et al., 2014). Toward that end, Wu  et al. (2009)
eveloped a conditional Bayesian inversion method to maximize
he number of constrained parameters by assimilating NEE into
BEM. The conditional inversion method increased the number of
onstrained parameters from 6 to13 out of a total of 16 eventually.
n this study, we  used conditional inversion method and separated
EE into gross primary production (GPP) and ecosystem respira-

ion (Reco) to fully extract data information to constrain model
arameters.

The overall objective of this study is to understand variation of
odel parameters across different sites. Eddy covariance measure-
ent of carbon dioxide across the canopy-atmosphere interface

Goulden et al., 1996; Baldocchi, 2003), including GPP and Reco,
rom 12 sites in North America were used to constrain the param-
ters in FBEM. Simulations were carried out from 2003 to 2007
ccording to the availability of data for each site. With eddy-
ovariance data and conditional inversion, we attempted to address
he following three questions: (1) whether and how the model
arameters vary across the 12 sites? (2) Whether model param-

ters vary within each PFT? (3) Which environmental factors are
mportant in regulating the cross-site variation of the key parame-
ers?
sites, there were four clusters of geographically adjacent sites: Ne1, Ne2 and Ne3;
Ho1 and Ho2; SP2 and SP3; IB1 and IB2. The sites within each cluster had distinct
climate conditions, vegetation types or management strategies except Ho1 and Ho2.

2. Materials and methods

2.1. Site descriptions

The 12 sites in this study were: Harvard Forest (Ha1), Mead
Irrigate (Ne1), Mead Irrigate Rotation (Ne2), Mead Rainfed (Ne3),
Morgan Monre State Forest (MMS), Tonzi Ranch (Ton), Howland
Forest (Ho1), Howland Forest West (Ho2), Mize (SP2), Donaldson
Florida (SP3), Fermi Agricultural (IB1) and Fermi Prairie (IB2). Loca-
tions of those sites were shown in Fig. 1. The sites belonged to six
ecosystem types: two  for deciduous broad leaf forest (DBF), four for
evergreen needle leaf forest (ENF), four for cropland (CRO), one for
grassland (GRA) and one for savanna (SAV). The 12 sites covered
four climate types, with mean annual temperature (MAT) varying
from 5.13 to 20.25 ◦C, and mean annual precipitation (MAP) varying
from 559 to 1314 mm.  Information on the climate type, vegetation
type, MAT, MAP  and related reference of each site was listed in
Table 1.

Among the 12 sites, there were four clusters of geographi-
cally adjacent sites. The first cluster included Ne1, Ne2 and Ne3,
three fields located within 1.6 km of each other at the Univer-
sity of Nebraska Agricultural Research and Development Center
near Mead, Nebraska. The vegetation type in Ne2 and Ne3 were
maize soybean rotation while that in Ne1 was  maize. Ne1 and Ne2
sites were irrigated while Ne3 site was  rainfed. In Howland For-
est, there were two  eddy covariance towers Ho1 and Ho2 with
nearly identical meteorological conditions, vegetation types and
site histories. The third cluster included SP2 and SP3. SP2 site was
once clearcut and planted with mixed genotype seedlings, and was
covered mainly by evenly aged slash pine plantation. SP3 site was
also slash pine plantations but established earlier than the new
seedlings in SP2 site. The fourth cluster includes IB1 and IB2. IB2
had an eddy correlation system installed on a restored prairie, while
there was a corn/soybean rotation agricultural field established in
IB1.

2.2. Data sources

The datasets used in this study included climate data (i.e., air
temperature at top canopy [Ta], photosynthetically active radiation
[PAR] and relative humidity [RH]), biometric data (i.e., tower-

collected leaf area index [LAI]), and eddy flux data (i.e., NEE, GPP
and Reco). These datasets were downloaded from the AmeriFlux
database at http://public.ornl.gov/ameriflux (AmeriFlux, 2007).
Direct LAI measurements were not made or available in many sites.

http://public.ornl.gov/ameriflux
http://public.ornl.gov/ameriflux
http://public.ornl.gov/ameriflux
http://public.ornl.gov/ameriflux
http://public.ornl.gov/ameriflux
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Table  1
Site descriptions and relevant references.

Site Typea Climateb Longitudec Latituded Elevation (m)  MAT  (◦C)e MAP  (mm a−1)f Reference

Ha1 DBF Dfb −72.18 42.54 340 6.62 1071 Wu et al. (2009)
Ne1 CRO Dfa −96.48 41.17 361 10.07 790 Owen et al. (2007)
Ne2 CRO Dfa −96.47 41.16 362 10.08 789 Kalfas et al. (2011)
Ne3 CRO Dfa −96.44 41.18 363 10.11 784 Owen et al. (2007)
MMS  DBF Cfa −86.41 39.32 275 10.85 1032 Curtis et al. (2002)
Ton SAV Csa −120.97 38.43 177 15.8 559 Tang and Baldocchi (2005)
Ho1 ENF Dfb −68.74 45.2 60 5.27 1070 Hollinger and Richardson (2005)
Ho2 ENF Dfb −68.75 45.2 91 5.13 1064 Hollinger and Richardson (2005)
SP2 ENF Cfa −82.22 29.76 50 20.07 1314 Gholz and Clark (2002)
SP3 ENF Cfa −82.16 29.75 50 20.25 1312 Gholz and Clark (2002)
IB1 CRO Dfa −88.22 41.86 226.5 9.18 929 Matamala et al. (2008)
IB2 GRA Dfa −88.24 41.84 226.5 9.04 930 Jastrow (1987)

a DBF, deciduous broadleaf forests; ENF, evergreen needleleaf forests; CRO, croplands; GRA, grasslands; SAV, savanna ecosystem.
b Dfb, warm summer continental (signigicant precipitation in all seasons); Dfa, humid continental (humid with severe winter, no dry season, hot summer); Cfa, humid

subtropical (mild with no dry season, hot summer); Csa, mediterranean (mild with dry, hot summer).
c Values indicate west longitude.
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d Values indicate north latitude.
e MAT, mean annual temperature.
f MAP, mean annual precipitation.

herefore we chose the above 12 sites which had direct and com-
lete LAI measurements for analysis.

One year of data were used because this study was not designed
o study inter-annual variability with multiple-year NEE data.
ccording to the availability of data, data from 2006 to 2007 were
sed for Ha1, Ne1, Ne2, Ne3, Ho1, Ho2, IB1 and IB2. At MMS  and
on, we used data from 2005 to 2006 because no measured LAI data

n 2007 were available for the two sites. For consistency, we  used
he data in 2006 to optimize the model, and data in another year
o validate the model. For SP2 and SP3, data in 2004 were used for

odel optimization, and data in 2003 for model validation.
Data from AmeriFlux have been checked by each investiga-

or and formatted by Carbon Dioxide Information Analysis Center
CDIAC). In this study, we used two CO2 fluxes, i.e., GPP and Reco, to
ptimize and validate the model. GPP and Reco were estimated via
he flux partitioning method described in Reichstein et al. (2005).
his method extrapolated nighttime measurement of NEE (rep-
esenting nighttime Reco) into daytime Reco using a short-term
alibrated temperature response function. GPP was then calculated
s the difference between Reco and NEE. We  used hourly gap-filled
evel 2 climate and flux data from sites of Ha1, Ne1, Ne2, Ne3 and
MS, and half-hourly gap-filled level 2 climate and flux data from

ites of Ho1, Ho2 and Ton. Gap-filled Level 2 data were not avail-
ble for sites of SP2, SP3, IB1 and IB2, so we used half-hourly Level

 flux data products, which were gap-filled by Marginal Distribu-
ion Sampling (MDS) method. Hourly or half-hourly LAI data were
inearly interpolated from LAI measurements. Information about
nstrument and method used to collect each variable was  available
n the references listed in Table 1.

.3. Model description and parameters

The model used in this paper is a Flux-Based Ecosystem Model
FBEM), which was designed to simulate net CO2 ecosystem
xchange with a data-model fusion module (Wu  et al., 2009; Yuan
t al., 2012; Du et al., 2015). The model was driven by four variables,
ncluding Ta,  PAR, RH and LAI. Flux data, GPP and Reco, were used
o constrain parameter estimation. In brief, FBEM consists of two
ajor carbon cycling processes: canopy-level photosynthesis (Ac)
nd ecosystem respiration (Reco), which are regulated by environ-
ental variables (Fig. 2). Details about each part of the model and

quations were listed as followed.
2.3.1. Leaf-level photosynthesis
Leaf-level photosynthesis is described by a model developed by

Farquhar et al. (1980). For C3 plants, gross leaf CO2 uptake (A, �mol
CO2 m−2 s−1) is calculated as

A = min
{
Jc, Je

}
(1)

where Jc and Je represent the rate limited by carboxylation enzymes
and by light electron transport, respectively. The carboxylation pro-
cesses (Jc , �mol  CO2 m−2 s−1) are

Jc = Vm × Ci − �∗
Ci + Kc × (1 + Ox/K0)

(2)

where Ci is the leaf internal CO2 concentration (�mol CO2 mol−1

air), expressed as

Ci = fCi × Ca (3)

Ca is ambient CO2 concentration and fCi is ratio of leaf internal CO2
to ambient air CO2 concentration. Ox is oxygen concentration in
the air (0.21 mol  O2 mol−1 air). Vm is maximum carboxylation rate
(�mol  CO2 m−2 s−1), which is related to canopy temperature Tk (K)
by Arrhenius’ equation:

Vm = V25
m × exp

(
EVm × (Tk − 298)
R × Tk × 298

)
(4)

with an activation energy EVm , where V25
m is maximum

carboxylation rate at 25 ◦C and R is universal gas constant
(8.314 J K−1 mol−1). The CO2 compensation point without dark res-
piration is represented as �∗ (�mol  CO2 m−1). It is also adjusted by
Arrhenius’ equation in

�∗ = �25
∗ × exp

(
E�25∗

× (Tk − 298)

R × Tk × 298

)
(5)

where �25∗ is the CO2 compensation point without dark respira-
tion at 25 ◦C and E�25∗

describes the temperature dependence of �∗.
Two Michaelis–Menten constants have a temperature dependence
based on the Arrhenius’ equation similar to Vm.

Kc , Michaelis–Menten constant for carboxylation (�mol  mol−1),
was represented by

25

(
EKC × (Tk − 298)

)

Kc = Kc × exp

R × Tk × 298
(6)

with an activation energy EKC , where K25
c is the Michaelis–Menten

constant for carboxylation at 25 ◦C.
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Fig. 2. Schematic diagram of FBEM for data-model fusion. This model is forced by four environmental variables: LAI, Ta,  PAR and RH. LAI, leaf area index; Ta,  air temperature;
PAR,  photosynthetically active radiation; RH, relative humidity. Leaf-level photosynthesis (A) is calculated by the rates of carboxylation enzymes (Jc) and light electron
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ayer  (An). Canopy level photosynthesis (Ac), which equals to gross primary product
An). Ta influences Jc , Je and Gs . PAR is involved in the calculation of Je . RH is related t

Ko, Michaelis–Menten constant for oxygenation (�mol  mol−1),
as represented as

o = K25
o × exp

(
EKo × (Tk − 298)
R × Tk × 298

)
(7)

ith an activation energy EKo , where K25
o is the Michaelis–Menten

onstant for oxygenation at 25 ◦C.
The light electron transport processes (Je, �mol  CO2 m−2 s−1) are

e = ˛q × I × Jm√
Jm

2 + ˛q2 × I2
× Ci − �∗

4 × (Ci + 2�∗)
(8)

hen I is absorbed PAR (�mol  m−2 s−1). ˛q is quantum efficiency
f photon capture (mol mol−1 photon) and Jm is maximum electron
ransport rate (�mol  CO2 m−2 s−1). Jm depends on temperature and
s computed by

m = rJmVm × V25
m × exp

(
EVm × (Tk − 298)
R × Tk × 298

)
(9)

here rJmVm is the ratio of Jm to V25
m at 2 ◦C.

.3.2. Stomatal conductance
The stomatal conductance (Gs) is coupled with leaf-level pho-

osynthesis by Leuning model (Leuning, 1995), so that the carbon
nflux of the top leaf layer (An) is estimated by
n = Gs × (Ca − Ci) (10)

s = gl ×
A

(Ca − �∗) ×
(

1 + D
D0

) (11)
upled with stomatal conductance (Gs) to calculate the carbon influx of the top leaf
PP), is calculated by leaf area index (LAI) and the carbon influx of the top leaf layer

calculation of Gs . Ecosystem respiration (Reco) is only regulated by air temperature.

where gl and D0 (kPa) are empirical coefficients and D is vapor
pressure deficit (kPa). Vapor pressure deficit is calculated by air
temperature (Tk) and RH (in %) (Chang, 2006).

ln es = 21.382 − 5347.5
Tk

(12)

D = 0.1 × es × (1 − RH) (13)

where es is saturation vapor pressure (mbar).

2.3.3. Canopy-level photosynthesis
In order to scale up leaf-level photosynthesis to canopy-level

photosynthesis, an approach of Sellers et al. (1992) was used to
describe the relationship between the canopy photosynthesis (Ac)
and the carbon influx of the top leaf layer, derived as

Ac = An × 1 − exp (−kn × LAI)
kn

(14)

where kn is light extinction coefficient.

2.3.4. Ecosystem respiration
Ecosystem respiration (Reco) is modeled as a function of tem-

perature (Ta, in ◦C) with the widely used van’t Hoff equation (van’t
Hoff, 1899):

Reco = R0
eco × QTa/10

10 (15)

where R0 is ecosystem respiration at 0 ◦C and Q is the relative
eco 10
increase (Reco/R0

eco) in respiration for every 10 ◦C rise in tempera-
ture. NEE was calculated by:

NEE = Reco − Ac (16)
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Table  2
Symbols, definitions, units, prior values, ranges of parameters, source and related equations that were used in data-model fusion.

Parameter Defination Unit Value Minimum Maximum Source Equation

˛q Canopy quantum efficiency of photon conversion mol  mol−1 photon 0.28 0 0.5 1 8
K25
c Michaelis–Menten constant for carboxylation �mol  mol−1 460 50 600 1 6
EKc Activation energy of K25

c J mol−1 59,356 30,000 150,000 1 6
Ek0 Activation energy of K25

0 J mol−1 35,948 10,000 60,000 1 7
K25

0 Michaelis–Menten constant for oxygenation mol  mol−1 0.33 0.2 0.5 1 7
EVm Activation energy of V25

m J mol−1 58,520 10,000 100,000 1 4
�25

∗ CO2 compensation point without dark respiration �mol  mol−1 42.5 10 200 1 5
rJmVm Ratio of Jm to V25

m at 25 ◦C 1.79 1 5 1 9
R0
eco Whole ecosystem respiration at 0 ◦C �mol  CO2 m−2 s−1 2.5 1 5 3 15
Q10 Temperature dependency of ecosystem respiration 2 1 3 3 15
V25
m Maximum carboxylation rate at 25 ◦C �mol  CO2 m−2 s−1 29 10 300 1 9
fCi Ratio of internal CO2 to air CO2 0.87 0.5 0.9 1 3
kn Canopy extinction coefficient for light 0.8 0.7 0.9 1 14
E�25

∗
Activation energy of CO2 compensation point at 25 ◦C J mol−1 60,000 30,000 100,000 1 5

gl Empirical coefficient in Leuning model 1657 100 2000 2 11
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D0 Empirical coefficient in Leuning model kPa 

) Knorr and Kattge (2005); 2) Van Wijk et al. (2000); 3) Novick et al. (2004).

n total, there were 16 parameters that govern the model’s behavior
Table 2).

Ton site was distinct from other sites for high temperature and
carce precipitation during summer, while other sites had humid
limate throughout the year (Table 1 and Fig. S1). Given the spe-
ial pattern of climate at Ton, the response of respiration to soil
oisture should be incorporated into the original model. Here we

dopted the asymptote model (Gulledge and Schimel, 2000) and
ncorporated soil moisture and an additional parameter a1 into the
riginal model (Eq. (17)). Other processes and parameters remained
he same as in the original model.

eco = M
M + a1

× R0
eco × QTa/10

10 (17)

here M was soil moisture (g H2O g−1 dry soil), a1 represented
he moisture at which the respiration rate was half the maximum.
he prior range of a1 was set from Gulledge and Schimel (2000).
he asymptote model assumed that as moisture increased, respira-
ion asymptotically approached some maximum rate (as allowed
y other factors such as temperature), but that moisture did not
irectly alter the biota’s temperature sensitivity.

.4. Bayesian inversion with Markov Chain Monte Carlo
echnique

Data-model fusion technique can be used to inform model
arameters by incorporating observations into a model. According
o Bayes’ theorem, posterior probability density functions (PDFs) of

odel parameters (p) can be calculated from prior knowledge and
nformation generated by comparing modeled with observed val-
es. The theorem can be described as (Xu et al., 2006; Mosegaard
nd Sambridge, 2002):

(
�|Z

)
=
p
(
Z|�

)
p
(
�
)

p (Z)
(18)

here p
(
�|Z

)
is the posterior distribution of the parameters � given

he observations Z. p
(
�
)

is a set of uniform distributions over the
anges specified in Table 2, and p (Z) is the probability distribution
unction of observations. p

(
Z|�

)
is a likelihood function.

In this study, we adopted those prior ranges of model parame-
ers from Wu et al. (2009) and were set the same for each site (see
able 2). The prior ranges of parameters were defined according to

alues published in the literature, educated guesses and measure-
ents (Knorr and Kattge, 2005). Then, posterior parameter space
as selected by Metropolis-Hastings (M-H) algorithm. The main

dea of M-H  algorithm was to use MCMC  technique to generate
2.74 1 10 2 11

multi-dimensional PDFs of model parameters via a sampling pro-
cedure (Hastings, 1970; Metropolis et al., 1953). In this study, we
ran the M-H  algorithm by repeating two  steps: a proposing step
and a moving step (Xu et al., 2006). In each proposing step, the
algorithm proceeded from the previously accepted parameter vec-
tor to produce a new parameter vector within the parameter space
as a random walk (�p). �p  was defined by a random number (r)
between 0 and 1, the vector of parameter minima (pmin) and max-
ima  (pmax) and a step length factor (s) as:

pi+1 = pi + �p  = pi + (r − 0.5)
s

× (pmax − pmin) (19)

where pi and pi + 1 were previously accepted and new parameter
vector, respectively.

In each moving step, pi + 1 from the proposing step was tested
against the Metropolis criterion (Metropolis et al., 1953; Xu et al.,
2006) to determine whether it should be accepted or rejected. This
criterion was  a probability to accept the proposed parameters or
not, which was  generated from likelihood functions of proposed
parameters relative to the parameters accepted at a previous step.
Here we calculated likelihood function p

(
Z|�

)
with the assumption

that random flux error followed double-exponential (Laplace) dis-
tribution (Hollinger and Richardson, 2005; Richardson et al., 2006;
Zhang et al., 2008):

p
(
Z|�

)
∝ exp

⎧⎨
⎩−

2∑
i=1

∑
t ∈ obs(Zi)

− |Zi (t) − Xi (t)
ˇi

|

⎫⎬
⎭ (20)

where Zi (t) was observation and i represented ith dataset (in this
study including GPP and Reco), Xi (t) was the simulated flux. ˇi was
the mean of the absolute deviations of the ith observations from
their mean:

ˇi =
1
N

N∑
t=1

|Zi (t) − Zi| (21)

where Zi was  the mean of ith observations. The probability to accept
the new parameters (moving to the next step) was calculated by:

P(pi, pi+1) = min

{
1,
pi+1

(
Z|�

)
pi

(
Z|�

)
}

(22)

( )

where pi+1 Z|� was the likelihood function of generated param-

eters, pi
(
Z|�

)
was the likelihood function of accepted parameters

in the last step (as in Eq. (18)). Once the Metropolis criterion was
reached and the proposed parameters were accepted, the accepted
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Fig. 3. An example about posterior frequency distribution of parameters by conditional inversion method at MMS. Panels on the left side of the dashed line showed the
optimization result by one step inversion: only three parameters (e.g., rJmVm , Q10 and D0) were well-constrained. This one step was also called conventional inversion. Well-
constrained parameters were evaluated by two criteria. Gaussian distribution curves were plotted to mark the well-constrained parameters. Panels on the right showed the
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tep-by-step optimization results. After four steps, there were still four parameters 

nd  unit of each parameter).

arameters were then used to generate a new set of parameters
repeating proposing step). Otherwise, the proposed parameters
ere abandoned and a new set of parameters was  produced based

n the accepted parameters from the previous iteration. After the
odel was run for enough times, the model parameters estimated

y the M–H  algorithm converged to stationary distributions.
In this study, we ran five parallel chains with different parameter

nitial values and set 1,000,000 iterations for each run. The first 10%
f the accepted values were discarded as burn-in (Xu et al., 2006).
hen the union of accepted parameter samples of five chains after
urn-in were tested the convergence by the Gelman–Rubin (G–R)
iagnostic method (Gelman and Rubin, 1992). Samples could only
e used when statistical inferences G–R statistics approached to 1
data not shown).
.5. Conditional Bayesian inversion

The conditional Bayesian inversion approach was developed by
u  et al. (2009) based on the conventional Bayesian inversion
q , V25
m , kn and gl) that were not constrained (please refer to Table 2 for abbreviation

method. After conducting conventional Bayesian inversion once,
we obtained medians from posterior distribution as maximal like-
lihood estimates (MLEs) of parameters that were well constrained.
Well-constrained parameters exhibit well-defined unimodal dis-
tributions and tend to have small retrieved standard deviations
relative to the parameters’ allowable ranges (Braswell et al., 2005).
Here, we evaluate well-constrained parameters by two criteria:
(1) whether or not the posterior distributions of parameters fol-
low Gaussian distribution and (2) how well the modeled values
are correlated with observed ones. If posterior distributions (i.e.,
histograms) of estimated parameters follow Gaussian distributions
and the model fitting results are good, the estimated parameters
are considered well-constrained (Du et al., 2015). Then, MLEs for
those well-constrained parameters were set as prior values in the
model for the next step of inversion. We repeated this method

until no more parameters could be constrained. Since the infor-
mation derived from the new constrained parameters was  based
on the previous step, this process was called conditional Bayesian
inversion.
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ig. 4. Randomly selected initial values (gray crosses), prior ranges (gray lines), ML
nd  error bars with different colors indicated different sites (please refer to Table 2

.6. Statistical methods

We  used SPSS 16.0 to analyze bivariate correlation for each pair
f parameters in each inversion step. We  conducted conditional

nversion for all sites and obtained the MLEs of well-constrained
arameters (sample medians for unconstrained parameters were
lso used when we could not acquire MLEs). Then the optimized
arameter sets were used to generate GPP, Reco and NEE time series

or model evaluation. For parameter variation analysis, we calcu-
ated means, standard deviations and coefficients of variation of
arameter MLEs across all sites, among adjacent sites and based
n PFTs where MLEs of parameters were available. Coefficient of
ariation (CV) is an index revealing the extent of variability across
ites. Here we only considered the effects of climate conditions
n the variation of parameters. We  made stepwise multiple linear
egression analysis between MLEs of parameters and three environ-

ental variables in Statistical Analysis System (SAS). To determine
hich variable contributed most to the variation of parameters,
e calculated coefficient of partial determination (i.e., partial R2)

t the significant level P < 0.05. Partial R2 is the index indicating the
mprovement of overall model fit R2 when each variable is added

nto the regression, thus could be used to represent the relative
mportance of each variable to the regression model.
ints) and standard deviations (error bars) for all parameters across all sites. Points
breviation and unit of each parameter).

3. Results

3.1. Parameter estimation

By applying the conditional inversion method to constrain
parameteres at Morgan Monre State Forest (MMS) in 2006, we
generated histograms to show posterior frequency distribution of
parameters (Fig. 3). Panels on the left side of dashed line showed the
parameter optimization results by one step inversion: only three
parameters (i.e., rJmVm, Q10and D0) were well-constrained. Gaus-
sian distribution curves were plotted to mark the well-constrained
parameters. Panels on the right showed the step-by-step optimiza-
tion results. After four steps, there were still four parameters (i.e.,
˛q, V25

m , kn and gl) that were not well-constrained.
Bivariate correlation analysis was made for each inversion step

at MMS  to represent how every two  parameters were correlated
(Table S1). In the first inversion step, parameters rJmVm, Q10 and D0
were constrained simultaneously and were highly correlated. Two
parameters constrained in the second step were strongly correlated
with parameters constrained in the first step: K25

0 was correlated
with D0, R0

eco was correlated with Q10 and rJmVm. In the third inver-

sion step, Ek0, EVm and �25∗ were constrained and they had strong
correlations with at least one of the parameters constrained in the
first inversion step. After four inversion steps, the parameters that
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Table 3
Means, standard deviations and coefficients of variation of MLEs of parameters
across sites (please refer to Table 2 for abbreviation and unit of each parameter).

Parameter Mean value Standard deviation Coefficient of variation

˛q 0.21 0.10 0.47
K25
c 392.2 172.1 0.44
EKc 100,711 25,444 0.25
Ek0 36,108 16,265 0.45
K25

0 0.32 0.07 0.22
EVm 83,755 29,246 0.35
�25

∗ 18.5 7.47 0.40
rJmVm 2.29 1.07 0.47
R0
eco 1.42 0.53 0.37
Q10 1.88 0.31 0.16
V25
m 169.3 76.6 0.45
fCi 0.77 0.09 0.12
kn 0.75 0.08 0.10
E�25 57,636 23,116 0.40
4 Q. Li et al. / Ecological 

ere still not well-constrained (i.e., ˛q, V25
m and gl) had strong cor-

elations among them.
After conducting conditional inversion for all sites, we obtained

n optimized parameter set to match the observations in each site.
he sequence of parameter optimization was shown in Table S2
nd MLEs of well-constrained parameters were shown in Table S3.
here were nine parameters (i.e., K25

c , Ek0, K25
0 , EVm, �25∗ , rJmVm, Q10,

Ci and D0) well-constrained by datasets at all of the sites. Other
arameters were only constrained by datasets at some sites (see
able S2). Prior ranges, MLEs and standard deviations for all param-
ters across all sites were shown in Fig. 4 (sample medians and
tandard deviations were also used for parameters that were not
ell-constrained).

.2. Model evaluation results

The optimized parameter sets were used to generate the mod-
led GPP, Reco and NEE time series in the same year. The modeled
ux values matched the observed ones well for all sites except for
on (Table S4 and Fig. 5).

The poor optimization results at Ton was mainly due to the bad
erformance in simulating ecosystem respiration, as shown in Fig.
2a. Reco was significantly underestimated during the first half year
hile overestimated during the second half year by original model.

hen we used the improved respiration model (Eq. (17)) to regener-
te MLEs of parameters at Ton. After 8 steps, 14 out of 17 parameters
ere well-constrained, MLEs of parameters and standard devia-

ions were shown in Table S3 and Fig. 4. Parameters related to
espiration were well-constrained by ecosystem respiration flux
ata and soil moisture data, including the newly-added one a1. The
onvergence of parameter samples was improved for R0

eco and Q10
n the improved model, and MLEs of these two parameters were
igher than those in the original model (Fig. S3). The new simula-
ions performed much better and captured the seasonal dynamic
f Reco (Fig. S2b).

We carried out additional simulations in another year using the
LEs of parameters to prevent overfitting for each site. Model val-

dation results were good at most of the sites except at Ton and
B1 (Table S5 and Fig. 4). For IB1, the model captured the NEE trend
ntra-annually but overestimated daily net CO2 uptake in summer.
his result might be due to the crop type change from corns to beans

n 2007 in this cropland (Xin et al., 2015). But the MLEs of parame-
ers at IB1 were still applicable for comparision with those at other
ites in 2006 or 2004. For Ton, although optimization results were
mproved by the new simulations, the model did not capture the
verall trend of daily NEE and model fit results were not satisfac-
ory in another year. So the MLEs of parameters at Ton might not
e acceptable.

.3. Analysis of cross-site variability of parameters

The site of Ton was excluded from following analysis because of
he unsatisfactory model validation results. Across the remaining
ites, the CVs of gl and D0 were greater than 0.5, which indicated
trong variability. Other parameters such as ˛q, K25

c , EKc , Ek0, K25
0 ,

Vm, �25∗ , rJmVm, R0
eco, Q10, V25

m and E�25∗
showed medium variability

ith CVs varying from 0.16 to 0.47. The CVs of fCi and kn were rel-
tively low (less than 0.15) and these parameters exhibited weak
ariability across sites (Table 3).

Within one cluster of the three sites in Nebraska, ˛q, Ek0, and D0

xhibited relatively strong variation compared with other parame-
ers. Parameters optimized in Howland Forest varied little between
he two towers Ho1 and Ho2. The third group SP1 and SP2 also had
imilar MLE  for each parameter except for Ek0. Many parameters
∗
gl 422.5 315.7 0.75
D0 4.87 3.04 0.62

differed a lot between IB1 and IB2. For example, the CVs of ˛q, Ek0,
V25
m , gl and D0 were greater than 0.7 (Table 4).

3.4. Analysis of parameter variation within and across PFTs

We  compared MLEs of parameters within and across PFTs after
sites were grouped based on PFTs. There existed large variation
within PFTs for some of the parameters with CVs greater than 0.5:
Ek0, E�25∗

, gl and D0 within DBF; ˛q, K25
c , V25

m and gl within CRO; EVm
and D0 within ENF. Some parameters varied little within the same
PFTs with CVs smaller than 0.1: EVm, �25∗ , Q10 and fCi within DBF;
fCi within CRO; kn within ENF. Across various PFTs, CRO had the
highest �25∗ value. GRA had relatively higher values for rJmVm and
V25
m compared with other PFTs (Table S6 and Fig. 6).

3.5. Statistical correlations between MLEs of parameters and
environmental variables

We  chose three environmental variables: MAT, MAP  and total
PAR in a year (tPAR), which were representatives of a site’s climate,
to examine their influences on parameter variation. Ne1, Ne2 and
IB1 were excluded from the regression analysis since they were
irrigated croplands with substantial human disturbance.

As shown in Table 5, five out of 16 parameters had significant lin-
ear correlations with MAT, MAP  or tPAR (P < 0.05). MAT  explained
most of the variation of EKc , EVm, Q10 and D0, while MAP  dominated
the variation of R0

eco. tPAR seemed not to be the factor related to
the variation of parameters. EKc , EVm and Q10 were negatively cor-
related with MAT  (R2 = 0.74, 0.95 and 0.81 respectively, P < 0.05),
while D0 increased as MAT  increased (R2 = 0.97, P < 0.05). R0

eco had
a positive linear correlation with MAP  (R2 = 0.89, P < 0.05).

4. Discussion

4.1. Variation of parameters across sites

The C3 leaf photosynthesis model of Farquhar et al. (1980) and
respiration model of van’t Hoff (1899) have been widely used to
project the biosphere responses of C cycles to global change in earth
system models (Sellers et al., 1996; Sitch et al., 2003; Bernacchi
et al., 2003; Rayner et al., 2005). Many of the involved parame-
ters were calibrated based on site measurements. The variation of

parameters has been well documented in field experiments, such
as the maximum rate of electron transport (Jmax) by Wullschleger
(1993), maximum rate of carboxylation (Vc ,max) by Wilson et al.
(2000) and Q10 by Xu & Qi (2001). By synthesizing many A–Ci curves
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as  used at Ton). Forcing data and flux data in another year were used for model va

B1.

n published studies, Medlyn et al. (2002) found herbaceous species
nd crops differed from tree species in several aspects, including
ctivation energies of both Jmax and Vc ,max and the ratio of Jmax:
c ,max at 25 ◦C (i.e., rJmVm), suggesting that alternative parameter
ets were required for modeling these two plant types. Our study
as among the first studies of identifying the cross-site variation of

ll the involved parameters by data-model fusion technique from
ddy-covariance data. Most of the site-averaged MLEs and standard
eviations of parameters we obtained (Table 3) fell in ranges of the
arameter values published before (see Table 2 in Wu et al., 2009).

any of the site-averaged MLEs of parameters were highly compa-

able with the commonly used values in literature such as ˛q, rJmVm
nd Q10 (e.g., Wang et al., 2001; Leuning, 1997; Friedlingstein et al.,
006).
he model captured the seasonal dynamics of NEE well for all sites (improved model
n. The validation results were relatively good for almost all sites except at Ton and

The analysis of parameter variation across all sites with different
vegetation and climate types shows an integral view of parameter
variability. Based on the results from this study, fCi and kn are the
least variable parameters, indicating they could be used as con-
stants for different sites in models. For other variable parameters
(e.g., rJmVm, gl and D0), it is not appropriate to set constant values
for different sites. The different variability in parameters might be
the reflection of the different internal properties of ecosystems and
deserves further investigation about model structure.

Variation analysis of parameters at four groups of adjacent sites

also gives us insights about how parameters vary under simi-
lar climate conditions. The large variation of many parameters
optimized in IB1 and IB2 might be the result of the different veg-
etation covers at these two  sites. Three sites in Nebraska were all
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Table 4
Means and coefficients of variation of MLEs of parameters across adjacent sites. The most variable parameters within each group were highlighted (CVs greater than 0.5).
Blank  represented no available MLE  for this parameter or there was only one site to calculate CV (please refer to Table 2 for abbreviation and unit of each parameter).

˛q K25
c EKc Ek0 K25

0 EVm �25
∗ rJmVm R0

eco Q10 V25
m fCi kn E�25

∗
gl D0

Ne1, Ne2, Ne3
Mean 0.23 471.5 91989 41120 0.25 89646 23.3 1.57 1.04 1.8 189.8 0.78 39654 301 4.5
CV  0.44 0.05 0.29 0.40 0.14 0.17 0.36 0.11 0.16 0.25 0.09 0.19 0.27 0.41

Ho1,  Ho2
Mean 546 130349 23757 0.37 99615 15.9 3.04 1.21 2 0.64 0.7 69223 2.32
CV  0.02 0.05 0.12 0.01 0.002 0.37 0.04 0.20 0.03 0.15 0.002 0.30 0.17

SP1,  SP2
Mean 395.4 71679 42011 0.34 27153 15.9 1.86 2.11 1.38 0.82 0.81 47912 9.7
CV  0.33 0.02 0.4 0.32 0.33 0.26 0.02 0.23 0.03 0.10 0.14 0.21 0.02

IB1,  IB2
3.8 

0.40

c
s
t
i
t

F
C
r

Mean 0.19 72.7 97368 31114 0.37 99777 23.2 

CV  0.03 0.17 0.07 0.0 0.50 

roplands but management strategies differed among them. Only

ome of the parameters showed relatively large variation among
hese three sites. SP2 and SP3 were two sites with major difference
n site histories, and parameters exhibited small variation between
hem. Parameters optimized in Howland forest also varied little

ig. 6. Means and standard deviations of MLEs of parameters when sites were grouped b
RO,  croplands; GRA, grasslands. The number at the bottom indicated the number of site
efer  to Table 2 for abbreviation and unit of each parameter).
2.1 156.2 0.87 0.73 62131 577.1 4.8

 0.01 0.02

between the two towers Ho1 and Ho2, probably because of the

similar environmental conditions, vegetation types and manage-
ment strategies. From the analysis above, variance in vegetation
types might be the major factor influencing the cross-site variation
of parameters when climate conditions are quite the same.

ased on PFTs. DBF, deciduous broadleaf forests; ENF, evergreen needleleaf forests;
s where MLEs of well-constrained parameters were available in each type (please
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Table  5
Stepwise multiple linear regression results between MLEs of parameters and environmental variables MAT, MAP  and tPAR (only significant relationships were listed).

Partial R2a Regression equationa

MAT  MAP tPAR

EKc 0.74 0 0 EKc = −3654.7MAT + 145651 (R2 = 0.74)
EVm 0.88 0 0.07 EVm = −9913MAT + 92138tPAR-75185 (R2 = 0.95)
R0
eco 0 0.89 0 R0

eco = 0.004MAP-2.76 (R2 = 0.89)
Q 0.81 0 0 Q = −0.05MAT + 2.38 (R2 = 0.81)

c
K
a
m
e
e
s
c
e
t
a
i
f
e

4
v

f
s
o
t
a
o
v

t
a
i
(
i
t
e
a
l
h
v
R
t
n
M
i
D
s
M
s
e
a

t
a
r

10

D0 0.93 0.04 

a All statistics involved are significant at 0.05 level.

In some land surface models, most parameters are given fixed
onstants based on PFTs (Bonan et al., 2003; Sitch et al., 2003;
rinner et al., 2005). Our results indicate that some parameters vary

 lot within PFTs. The inadequate representation of site specialty
ight cause bias in simulating ecosystem dynamics (Groenendijk

t al., 2011). In term of parameter variation across PFTs, Medlyn
t al. (2002) found higher rJmVm value for croplands than tree
pecies, while we found grasslands had the highest rJmVm value
ompared with forests and croplands. Groenendijk et al. (2011)
stimated parameter values based on ecosystem types and found
hat cropland parameters had the highest values for V25

m and ˛q
mong seven ecosystem types. However, we found higher V25

m value
n the grassland sites than in the croplands or forest sites. In the
uture research, we need more sites to study the variation of param-
ters within and across PFTs.

.2. Relationship between model parameters and environmental
ariables

In ecological models, parameters estimated by data-model
usion might vary spatially because all key environmental factors
uch as air and soil temperature, air and soil moisture, and soil
rganic matter are spatially heterogeneous (Zhou et al., 2009). In
his study, the 12 sites covered a variety of climate types. Here we
ssumed that different climate types might exert a big influence
n the variation of parameters either directly or indirectly through
egetation types.

Our correlation analysis showed that the negative correla-
ion between Q10 with MAT, was probably due to temperature
cclimation of respiratory processes. Previous experimental stud-
es have shown that Q10 decreased with increasing temperature
Kirschbaum, 1995; Luo et al., 2001). We  found that a 1 ◦C increase
n MAT  could reduce the Q10 value by 0.05, which was smaller
han previous studies of 0.08 (Chen and Tian, 2005) and 0.06 (Peng
t al., 2009). EKc and EVm are activation energy for carboxylation
nd related to enzyme kinetics. Enzyme kinetics is strongly regu-
ated by temperature. Our results showed these two parameters
ad negative linear correlations with MAT. It is reasonable that the
alues of two parameters decrease with increasing temperature.
0
eco is whole ecosystem respiration at 0 ◦C. In the original respira-
ion model, the limiting effect of soil moisture on respiration was
ot considered. The strong positive correlation between R0

eco and
AP  might be the reflection of model deficiency. D0 is the sensitiv-

ty of the stomata to VPD. Wang et al. (2001) found that estimated
0 values were quite variable among six eddy-covariance sites. This
tudy found a strong positive linear correlation between D0 and
AT, which might explain the variation. In the future, with more

tudy sites, we can further explore whether the correlations still
xist within each PFT, and whether the correlations are different
cross PFTs.
In the past, we used to simulate the responses of ecosystems
o elevated temperature or changed precipitation pattern with an
ssumption that parameters are constants. The use of constants
ather than varying parameters to represent plants’ instantaneous
10

0 D0 = 0.43MAT + 0.005MAP-5.79 (R2 = 0.97)

responses to environmental forcing is not able to reflect how plants
acclimate to changes in the environment (Wythers et al., 2005;
Smith and Dukes, 2013). Attempts to incorporate the acclima-
tion of plants into ecosystem models have been done by some
researchers. For example, King (2006) applied reduced sensitivity
of plant respiration to temperature increase in a global terrestrial
ecosystem model, GTEC 2.0, and found a reduced magnitude of
the positive feedback between climate and the carbon cycle in a
warming world. Kattge et al. (2009) quantified the relationship of
maximum carboxylation rate at 25 ◦C (V25

m ) to leaf nitrogen con-
tent per unit area for each PFT and incorporated the relationship in
a terrestrial biosphere model, BETHY. Their results showed that the
accuracy of modeled GPP was  improved. According to our results,
the correlations between MLEs of parameters, MAT  and MAP across
sites also indicate that in order to accurately project plants’ and
microbes’ acclimation to future environmental change, the possi-
ble adjustments of model parameters to global change scenarios
are necessary.

4.3. Implications for model improvement

Model structure and parameters are important sources of uncer-
tainties in model predictions (Luo et al., 2015). In this study, we
applied the FBEM to 12 sites with different vegetation types and cli-
mate types. Results showed that this model worked well for almost
all the sites except for Ton, which had Mediterranean climate with
moist winter and dry summer. The significant underestimation of
respiration during winter might result from missing processes of
utilizing soil moisture when precipitation was sufficient but the
temperature was low. And the overestimation during summer at
Ton site might due to the lack of responses to water limitation.
After soil moisture was  introduced as an additional variable into the
model, ecosystem respiration was  much better simulated. But for
other sites, only considering the effect of temperature fluctuations
can simulate the respiration process relatively well. In addition, the
overall simulations of ecosystem respiration in our study are not as
good as those of photosynthesis, and more efforts should be paid to
the improvement of respiration modeling in the future work, such
as considering the effect from soil moisture.

Besides the model structure, parameters should also be mod-
ified for specific climate conditions. For example, Carlyle and
Than (1988) found a moisture-dependent Q10 gave an improved
match with soil respiration measured at sites than a constant Q10
under an attenuated Mediterranean climate. However, introducing
a variable to represent a constant parameter will also add model
complexity. When a complicated model integrates more knowl-
edge, issues might also arise such as making more parameters less
identifiable with certain datasets (Luo et al., 2009). How to strike
a balance between model complexity and parameter identifiability
is an important area to explore in the future.
Optimization method is also crucial for parameter identifiabil-
ity. Most of the previous studies only assimilated NEE to optimize
photosynthesis and respiration parameters simultaneously (Wang
et al., 2001; Braswell et al., 2005; Wu  et al., 2009; Kuppel et al.,
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012). This assimilation strategy only searches for the best match
ith the difference between GPP and Reco, rather than the respec-

ive process. In this way, separating the effects of changing the
alues of several parameters controlling photosynthesis from the
ffects of changing parameters that control respiration is difficult.
hus, this assimilation strategy might lead to some biases in esti-
ated MLEs of parameters. Combining multiple observations has

een proved to be able to reduce parameter uncertainty (Williams
t al., 2005; Yuan et al., 2012; Du et al., 2015; Frasson et al., 2015). In
his study, we also designed experiments that only used observed
EE for all sites. Results showed that MLEs of parameters were dif-

erent from those using both GPP and Reco (Table S7). Site-averaged
q, rJmVm and Q10 MLEs were smaller than commonly used ones.
lthough GPP and Reco are modeled values from NEE, previous

esearches have shown that different gap-filling and partitioning
ethods have consistency in capturing different carbon dynamics

cross different sites (e.g., Moffat et al., 2007; Desai et al., 2008).
herefore joint assimilation of GPP and Reco is highly recommend-
ble and can effectively constrain photosynthesis and respiration
arameters in ecological models.

. Conclusions

In order to extend the site-specifically calibrated ecological
odel to regional and global scales, identifying the possible vari-

tion of parameters at site scale is of fundamental importance.
n this study, we show that different parameters have different
ariability across 12 sites. For example, gl and D0 exhibited high
ariation whereas fCi and kn varied little among sites. Vegetation
ypes exerted a big influence on variation of parameters at adja-
ent sites where climate conditions were quite similar. When sites
ere grouped based on PFTs, MLEs of parameters varied within and

cross PFTs. If effects from vegetation types were not considered,
e found that EKc , EVm, Q10 and D0 had statistical linear correla-

ions with MAT. R0
eco exhibited linear correlation with MAP. These

orrelations could be interpreted by the acclimation of plants and
icrobes to environment. Future studies should further examine

arameter variation over space and time with more sites and inves-
igate their correlations with environmental variables and various
cosystem attributes. Model structure (especially the respiration
rocess) and optimization method itself should also be improved

or a better projection of terrestrial ecosystem C cycle.
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