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a  b  s  t  r  a  c  t

Ecosystem  respiration  (Re)  is  rarely  quantified  from  remote  sensing  data  because  satellite  technique  is
incapable  of  observing  the  key processes  associated  with  soil  respiration.  In  this  study,  we  develop  a
Remote  Sensing  Model  for  Re (ReRSM)  by assuming  that  one  part  of  Re is  derived  from  current  photosyn-
thate  with the  respiratory  rate  coupling  closely  with  gross  primary  production  (GPP),  and  the other  part
of Re is derived  from  reserved  ecosystem  organic  matter  (including  plant  biomass,  plant  residues  and  soil
organic matter)  with  the respiratory  rate  responding  strongly  to  temperature  change.  The ReRSM  is  solely
driven  by  the  Enhanced  Vegetation  Index  (EVI),  the Land  Surface  Water  Index  (LSWI)  and  the  Land  Surface
Temperature  (LST)  from  MODIS  data.  Multi-year  eddy  CO2 flux data  of five  vegetation  types  in  Northern
China  and the Tibetan  Plateau  (including  temperate  mixed  forest,  temperate  steppe,  alpine  shrubland,
alpine  marsh  and  alpine  meadow-steppe)  were  used  for model  parameterization  and  validation.  In  most
cases, the  simulated  Re agreed  well  with the  observed  Re in  terms  of  seasonal  and  interannual  variation
irrespective  of  vegetation  types.  The ReRSM  could  explain  approximately  93%  of the  variation  in the
observed  Re across  five  vegetation  types,  with  the  root  mean  square  error (RMSE)  of  0.04  mol  C  m−2 d−1

and  the  modeling  efficiency  (EF)  of 0.93.  Model  comparison  showed  that  the  performance  of  the  ReRSM
was  comparable  with  that  of the  RECO  in  the  studied  five  vegetation  types,  while the  former  had  much
fewer  parameters  than  the  latter.  The  ReRSM  parameters  showed  good  linear  relationships  with  the  mean

annual  satellite  indices.  With  these  linear  functions,  the  ReRSM  could  explain  approximately  90%  of  the
variation  in  the  observed  Re across  five  vegetation  types,  with  the  RMSE  of 0.05  mol  C  m−2 d−1 and  the  EF
of 0.89.  These  analyses  indicated  that  the  ReRSM  is  a simple  and alternative  approach  in Re estimation
and  has  the  potential  of  estimating  spatial  Re.  However,  the performance  of  ReRSM  in other  vegetation
types  or regions  still  needs  a further  study.
. Introduction

Net ecosystem CO2 exchange (NEE) is one of the main drivers for
nterannual variation in atmosphere CO2 concentration (Trumbore,

006). NEE is a small difference between two large fluxes of gross
rimary production (GPP) and ecosystem respiration (Re). Accurate
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estimation of the spatio-temporal variation in NEE depends on the
robust estimates of GPP and Re.

Remote sensing (RS) technology has been used as a major tool
in quantifying carbon balance of ecosystems at regional and global
scales because it monitors ecosystem structure at high temporal
and spatial resolution (Running et al., 2004; Rahman et al., 2005).
There are various satellite-driven GPP models for estimating spatial
GPP distribution from remote sensing data (e.g., Xiao et al., 2004;
Running et al., 2004; Gitelson et al., 2006, 2012; Yuan et al., 2007;

Sims et al., 2008; Wu  et al., 2010). Yet, we lack similar methods for
Re estimation.

Ecosystem respiration is composed of different components
that are determined by different mechanisms and factors. It is
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ifficult for satellite technology to monitor various respiratory pro-
esses, especially those in the soil (Valentini et al., 2000; Running
t al., 2004; Olofsson et al., 2008; Xiao et al., 2008; Tang et al.,
012), which limit the application of remote sensing data in Re

stimation. However, Re showed close relationships with easily
atellite-retrieved GPP (e.g., Knohl et al., 2005; Tang et al., 2005;
oyano et al., 2007, 2008; Larsen et al., 2007; Bahn et al., 2008;
omez-Casanovas et al., 2012; Huang and Niu, 2013) and tempera-

ure (e.g., Lloyd and Taylor, 1994; Frank et al., 2002; Reichstein et al.,
003; Bond-Lamberty and Thomson, 2010) in most of ecosystems,
nd upon these relationships some empirical or semi-empirical
atellite-driven Re models were developed and validated at the
lot or regional scale (Vourlitis et al., 2003; Gilmanov et al., 2005;
ahman et al., 2005; Schubert et al., 2010; Jägermeyr et al., 2014).
owever, extensive studies reported that the responses to GPP and

emperature varied among the Re components (e.g., Gaumont-Guay
t al., 2008; Kuzyakov and Gavrichkova, 2010), and the current
atellite-driven Re models almost all neglected these differences.
herefore, we  will develop a new Remote Sensing Model for Re

ReRSM) based on the different responses of Re components to the
ariations in GPP and temperature. Long-term eddy CO2 flux data
f five vegetation types (located in Northern China and the Tibetan
lateau) from the ChinaFLUX were used to assess the model per-
ormance. We  also compared the estimated accuracy of the ReRSM
ith that of the RECO, which was a totally satellite-driven Re model

Jägermeyr et al., 2014).

. Materials and methods

.1. Description of the ReRSM

Ecosystem respiration is mainly composed of five components
Fig. 1). They are plant growth respiration (Rg) and maintenance
espiration (Rm) belonging to autotrophic respiration (Ra), and
hizomicrobial respiration (Rrhi, i.e., microbial respiration of rhi-
odeposits derived from living roots), microbial respiration of plant

esidues (Rres) and SOM decomposition (RSOM) belonging to het-
rotrophic respiration (Rh).

e = Rg + Rm + Rrhi + Rres + RSOM (1)

Fig. 1. Components of ecosystem respiration. SOM, soil organic matter; EOM, reserve
lling 304 (2015) 34–43 35

It was  reported that the substrates for plant growth respira-
tion (Rg) (Amthor, 2000; Piao et al., 2010; Mahecha et al., 2010;
Chapin et al., 2011) and rhizomicrobial respiration (Rrhi) (Kuzyakov
and Cheng, 2001, 2004; Dilkes et al., 2004; Heinemeyer et al.,
2006, 2007; Moyano et al., 2007, 2008; Gaumont-Guay et al., 2008;
Kuzyakov and Gavrichkova, 2010; Mahecha et al., 2010) are both
derived from current photosynthate, and their respiratory rates
couple closely with GPP. During the process of plant photosyn-
thesis, growth respiration (Rg) consumes some photosynthate to
provide energy for satisfying growth demand. At the same time,
part of photosynthate is transferred into rhizosphere soil at high
rate in the form of root exudates, which can be rapidly utilized
by rhizosphere microorganisms (Rrhi) (Kuzyakov and Cheng, 2001,
2004; Dilkes et al., 2004; Kuzyakov and Gavrichkova, 2010). Thus,
we defined the components of Rg and Rrhi as GPP-derived respira-
tion (RGPP), and assumed that RGPP can be represented by a fraction
of GPP (a).

RGPP = Rg + Rrhi = a × GPP (2)

The substrates for plant maintenance respiration (Rm) (Amthor,
2000; Chapin et al., 2011; Kuzyakov and Gavrichkova, 2010), micro-
bial respiration of plant residues (Rres) (Waksman and Gerretsen,
1931; Zhou et al., 2013) and soil organic matter (SOM) decompo-
sition (RSOM) (Bader and Cheng, 2007; Heinemeyer et al., 2007;
Moyano et al., 2007, 2008; Gaumont-Guay et al., 2008) are sepa-
rately derived from plant biomass, plant residues and SOM, and
their respiratory rates respond strongly to variation in tempera-
ture under no water-limited conditions. Since plant biomass, plant
residues and SOM are the organic matters that are stored in the
ecosystems over a long term period, we defined them as reserved
ecosystem organic matter (EOM) and their corresponding respira-
tory components as EOM-derived respiration (REOM). If we assumed
that the differences among the responses of Rm, Rres and RSOM to the
variation in temperature are negligible and employed the widely
used Lloyd and Taylor model (Lloyd and Taylor, 1994) to represent

the temperature effect, REOM can be expressed as follows:

REOM = Rm + Rres + RSOM = Rref × eE0∗(1/(Tref−T0)−1/(T+273.15−T0))

(3)

d ecosystem organic matter, including plant biomass, plant residues and SOM.
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here Rref is the EOM-derived respiration (mol C m−2 d−1) at the
eference temperature, E0 is the activation energy kind of param-
ter (K), T is temperature (◦C), Tref is the reference temperature,
hich is set to be 288.15 K (15 ◦C), T0 is the minimum temperature

or respiration, which is set to be 227.13 K (−46.02 ◦C).
Incorporating Eq. (2) with Eq. (3), we obtain a general form of

he ReRSM as follows:

e = a × GPP + Rref × eE0×((1/61.02)−(1/T+46.02)) (4)

The second term in Eq. (4) is the EOM-derived respiration
REOM). While the study reported that the annual maximum LST
LSTmax) from the Aqua/MODIS sensor increases faster than the
ite-observed maximum air temperature (Tmax) as temperature
ncreases (Mildrexler et al., 2011), the LST from the Terra/MODIS
ensor was reported to correlate closely with the air temperature
uring daytime, nighttime and mean of the both (e.g., Sims et al.,
008; Ueyama et al., 2010). In our studied sites, the average of
aytime LST and nighttime LST from the Terra/MODIS sensor also
ad a close relationship with the corresponding air temperature,
ith r2 as high as to 0.91 and regression line approximating 1:1

ine (Fig. S1). Since the purpose of this study was developing a
otally satellite-driven Re model and to keep the model more opera-
ionally, we use the average of daytime LST and nighttime LST from
he Terra/MODIS sensor as a fist approximation of T in Eq. (4) in this
ersion of the ReRSM. Then, REOM can be expressed as follows:

EOM = Rref × eE0×((1/61.02)−(1/LST+46.02)) (5)

The first term in Eq. (4) is the GPP-derived respiration (RGPP). We
ave developed a satellite-driven Photosynthetic Capacity Model
PCM) to estimate the dynamic change in GPP, which is solely driven
y the Enhanced Vegetation Index (EVI) and the Land Surface Water
ndex (LSWI) (Gao et al., 2014).

PP = PCmax × EVIs × Ws (6)

here PCmax represents the maximum photosynthetic capacity
mol C m−2 d−1) for each vegetation type or site, EVIs indicates
he variability of photosynthetic capacity, the product of PCmax

nd EVIs stands for the photosynthetic capacity (mol C m−2 d−1),
nd Ws represents the water conditions which down-regulates the
hotosynthetic capacity. The values of EVIs and Ws are separately
alculated from EVI and LSWI, and the detailed equations refer to
ao et al. (2014).

In this version of the ReRSM, we chose the PCM as a confident
urrogate for GPP in Eq. (4), and RGPP can be expressed as follows:

GPP = a × PCmax × EVIs × Ws (7)

Merging Eq. (5) with Eq. (7), we can gain a solely satellite-driven
e model:

e = a × PCmax × EVIs × Ws + Rref × eE0×((1/61.02)−(1/LST+46.02)) (8)

Since soil moisture was reported to limit the rate of respiration
t drought or severe drought regions through affecting the accessi-
ility of respiratory substrate and the activity of relevant biological
nzymes (Reichstein et al., 2002; Rey et al., 2002; Davidson and
anssens, 2006; Matías et al., 2012), we developed a variant of Eq.
8) with Ws multiplying the REOM part.

e = a × PCmax×EVIs × Ws + Rref × eE0×((1/61.02)−(1/LST+46.02)) × Ws

(9)

The comparison showed that the estimated accuracy of Eq. (9)

as nearly the same as Eq. (8) during either the whole year (Table

1) or the growing season (Table S2). Due to lack of a general equa-
ion in expressing the impact of soil moisture on Re, we therefore
hose Eq. (8) as the first version of the ReRSM. a, PCmax, Rref and
lling 304 (2015) 34–43

E0 are the model parameters, which expressed the variation of
Re across sites; EVI, LSWI and LST are the model variables, which
indicated the temporal variation of Re. The value of PCmax in each
vegetation type is derived from Gao et al. (2014). The theoretical
assumptions and key equations related to the ReRSM are presented
in Fig. 2.

2.2. Flux data

The eddy CO2 flux data from the ChinaFLUX natural vegetation
types located in Northern China and the Tibetan Plateau were cho-
sen to assess the performance of the model in this study (Fig. 3).
There are five vegetation types, including temperate mixed for-
est (the broad-leaved Korean pine mixed forest in the Changbai
Mountains, MF), temperate steppe (STE), alpine shrubland (SHR),
alpine marsh (MAR) and alpine meadow-steppe (MEA) (Table 1).
The detailed information about the plant, soil and climate was
introduced in the references at the last column.

Eddy covariance technique directly measures the net ecosys-
tem CO2 exchange (NEE) between ecosystem and the atmosphere.
The observed half-hourly NEE values were processed in turns by
three-dimensional coordinate rotation, WPL  correction, storage
correction (only for the forest site) and invalid data exclusion (Yu
et al., 2006). We  used the method introduced by Reichstein et al.
(2005) to calculate ecosystem respiration. The valid nighttime NEE
(i.e., nighttime Re when the solar elevation angle <0) and soil tem-
perature at 5 cm depth were chosen to fit the activation energy
kind of parameter (E0) for the Lloyd and Taylor model every five
days using a 15-day moving window. Averaging the three E0 with
the smallest standard errors, we obtained the final E0 for each site-
year. Then, the reference respiration (Rref) for the Lloyd and Taylor
model was  estimated every five days using a 10-day moving win-
dow. Based on the fitted model parameters (E0 and Rref) and soil
temperature at 5 cm depth, the Lloyd and Taylor model was exe-
cuted to calculate the daytime Re and the missing nighttime Re.

We summed the half-hourly Re to obtain daily values, and the
site-years with more than 20% of the daily Re missing were STE
in 2006, MAR  in 2007 and SHR in 2009. To match the temporal
resolution of the MODIS 8-day composite imagery, the daily Re were
further averaged within the same periods.

2.3. Remote sensing data

The MODIS data of EVI, LSWI and LST used in this study
were downloaded from the University of Oklahoma Data Cen-
ter [http://www.eomf.ou.edu/visualization/manual/], based on the
pixels where the flux towers located (e.g., Xiao et al., 2004; Kalfas
et al., 2011). The LST data is the average of daytime LST and night-
time LST. These data were all from the Terra/MODIS sensor and
were 8-day composites. The spatial resolution of EVI and LSWI was
500 m,  and of LST was 1 km.

2.4. Parameterization and validation

Multi-year eddy CO2 flux observations of five vegetation types
from ChinaFLUX were chosen for model parameterization and vali-
dation. The site-years with more than 20% of the observed daily
Re missing (i.e., STE in 2006, MAR  in 2007 and SHR in 2009)
were removed from both analyses. Model parameters (i.e., a, Rref
and E0) were estimated using the nonlinear least squares (curve
fitting) method with the trust-region-reflective optimization algo-

rithm (Coleman and Li, 1996). Leave-one-out cross-validation was
employed to validate the model, and the coefficient of determina-
tion (r2), root mean square error (RMSE) and modeling efficiency
(EF) were chosen to assess the performance of the model. The

http://www.eomf.ou.edu/visualization/manual/
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Fig. 2. Schematic diagram for the ReRSM. Description about the model parameters and variables refers to Table S3.

Table 1
A brief description of the five vegetation types.

Code Vegetation type Latitude Longitude Site name Mean annual
temperature (◦C)

Mean annual
precipitation (mm)

Data period Reference

MF Temperate mixed forest 42.40 128.10 Changbaishan 0.9–4.0 600–810 2003–2008 Zhang et al. (2009)
STE Temperate steppe 43.55 116.68 Inner Mongolia −0.4 350.9 2004–2008 Wu et al. (2008)
SHR Alpine shrubland 37.67 101.33 Haibei −1.7 

MAR  Alpine marsh 37.61 101.31 Haibei −1.7 

MEA  Alpine meadow-steppe 30.85 91.08 Damxung 1.3 

Fig. 3. Locations of the eddy-covariance towers in the five vegetation types. The
fl
m
a

d
c

(
t
w
i
w
t
t

ux towers at SHR and MAR  locate in the same observation station. MF,  temperate
ixed forest; STE, temperate steppe; SHR, alpine shrubland; MAR, alpine marsh;

nd MEA, alpine meadow-steppe.

etailed introduction about the model validation and the statistics
alculation can be found in Gao et al. (2014).

We chose a totally RS-driven Re model, namely the RECO
Jägermeyr et al., 2014), to compare its ability in Re estimation with
hat of the ReRSM in the studied five vegetation types. The RECO
as conducted to estimate Re in two ways in this study. The first
s that the parameters related to the standardized respiration rate
ere re-fitted against the flux data for each vegetation type, while

he reference respiration was directly derived from the observa-
ion due to the limited sites. The second is that all the parameters
600 2004–2011 Li et al. (2007)
600 2004–2008 Li et al. (2007)
480 2004–2009 Fu et al. (2009)

of the RECO were derived from Jägermeyr et al. (2014). According
to the standard of aggregated functional biome classification in the
RECO, MF  belonged to the Temperate and Humid Forests (TH FOR)
and the Tref was  set to 12 ◦C, STE belonged to the Water-Limited
Non-Forested Natural Vegetation (WL  GRA/CRO) and the Tref was
set to 13 ◦C, and SHR, MAR  and MEA  belonged to the Temperature-
Limited Non-Forested Natural Vegetation (TL GRA/CRO) and the Tref
was set to 0 ◦C. The r2, RMSE and EF were chosen to assess the model
performance.

Since the ReRSM parameters varied among the vegetations
types, we analyzed their relationships with the mean annual grow-
ing season EVI (EVIsm), LSWI (LSWIsm), daytime LST (LSTdt, sm),
nighttime LST (LSTnt, sm) and daily LST (LSTd, sm), and mean annual
daytime LST (LSTdt, am), daily LST (LSTd, am) and nighttime LSTnt,
am, respectively. The r2 was  chosen to assess their relationships.

3. Results

3.1. The ReRSM parameterization and validation

The long-term flux tower-observed Re of five vegetation types
were chosen for the ReRSM parameterization and validation. It
required the missing daily Re to be less than 20% in each site-
year, and a total of 27 site-years met  this requirement. The model
parameterization showed that the ReRSM could explain approx-
imately 74–94% of the variation in the observed Re across five
vegetation types, with the values of RMSE ranging from 0.02 to
0.06 mol  C m−2 d−1 and EF ranging from 0.74 to 0.94 (Table 2).

The cross-validation indicated that approximately 79–94% of the
variation in the observed Re over five vegetation types could be pre-
dicted by the ReRSM, with the values of RMSE varying from 0.02 to
0.06 mol  C m−2 d−1 and EF varying from 0.65 to 0.93. According to
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Table  2
Parameter estimates (a, PCmax, Rref and E0) and the coefficient of determination (r2), root mean square error (RMSE), and modeling efficiency (EF) from the model parame-
terization and validation for each vegetation type. The values of PCmax were derived from Gao et al. (2014). MF,  temperate mixed forest; STE, temperate steppe; SHR, alpine
shrubland; MAR, alpine marsh; and MEA, alpine meadow-steppe.a

Site code Parameterization Validation

a PCmax (mol C m−2 d−1) Rref (mol C m−2 d−1) E0 (K) r2 RMSE (mol C m−2 d−1) EF r2 RMSE (mol C m−2 d−1) EF

MF  0.27 2.61 0.27 267.30 0.93 0.06 0.93 0.94 0.06 0.92
STE  0.71 2.18 0.02 153.53 0.81 0.03 0.81 0.85 0.04 0.65
SHR  0.52 1.75 0.10 239.84 0.94 0.03 0.94 0.94 0.03 0.93
MAR  0.39 1.38 0.10 97.67 0.88 0.03 0.88 0.91 0.03 0.86
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MEA  0.49 2.00 0.03 199.12 

a There were differences between columns 6 (r2) and 8 (EF), but these difference

he statistics from both model parameterization and validation, the
eRSM performed best in SHR, followed by MF  and MAR, while it
erformed a little low in STE and MEA. STE locates in the semi-arid
egion with a mean annual precipitation of only 350.9 mm and the
recipitation distributed unevenly across seasons and years, which
ay  be the main reason of the low performance in this vegetation

ype. The most likely reason for the low performance in MEA  is its
ery sparse vegetation cover with the maximum leaf area index
LAImax) of only 1.88 m2 m−2 (Shi et al., 2006).

Further application of the ReRSM was based on the model
arameters retrieved from the site-years with less than 20% of the
aily Re missing in each vegetation type to ensure the robust of the
arameters (Table 2). The ReRSM was then executed to estimate all
ite-years Re across five vegetation types (a total of 30 site-years,
able 1). Results showed that the ReRSM could explain approxi-
ately 93% of the variation in the flux tower-observed Re, with the

MSE of 0.04 mol  C m−2 d−1 and the EF of 0.93 (Fig. 4).

.2. Seasonal and interannual dynamics of the ReRSM-estimated
e

Using the model parameters in Table 2, the ReRSM was executed
o estimate all 30 site-years Re (Table 1) and then we  compared the
emporal dynamic in the ReRSM-estimated Re with that in the flux
ower-observed Re (Fig. 5). In most cases, the estimated Re is con-
istent with the observed Re in terms of seasonal and interannual
ariation irrespective of vegetation types. The estimated maximal
nd minimal Re separately matched closely with the correspond-

ng observed Re. The agreement in seasonality and magnitude of
he estimated Re vs. the observed Re was best in SHR (Fig. 5c),
ollowed by MF  and MAR  (Fig. 5a and d). However, in several 8-
ay periods, there were obvious gaps between the estimated Re

ig. 4. Comparison between the ReRSM-estimated Re and the flux tower-observed
e based on an 8-day average across five vegetation types.
4 0.02 0.74 0.79 0.02 0.65

 too small to be shown in the table.

and the observed Re. For instance, the ReRSM underestimated the
observed Re at the peak growing season of 2006 in MF  (Fig. 5a) and
2008 in STE (Fig. 5b). It was probably due to the influence of water
stress on photosynthesis and respiration over this time period. The
ReRSM also underestimated most of the observed Re during 2007 in
MAR (Fig. 5d). This site-year had limited observations, and the eddy
covariance technique for flux observation and the data processing
method may introduce errors into the flux tower-observed Re.

3.3. Compare the performance of the ReRSM with that of the RECO

The statistics of the flux tower-observed Re vs. RECO-estimated
Re were presented in Table 3. The RECO using the re-fitted
parameters performed significantly better than using the original
parameters. The values of the former RMSE and EF were respec-
tively lower and higher than the latter ones by several orders of
magnitude. When comparing the accuracy of the RECO model using
the re-fitted parameters with that of the ReRSM from either param-
eterization or validation in Table 2, the performance of the ReRSM
was comparable with that of the RECO in each vegetation type,
especially in SHR and MEA. However, while the RECO had night
parameters in water-limited sites and eight parameters in others,
the ReRSM only had four parameters. These analyses indicated that
the ReRSM is probably more appropriate in Re estimation in our
studied region.

3.4. Variations in the ReRSM parameters

The ReRSM parameters, i.e., a, PCmax, Rref and E0, differed among
the vegetation types (Table 2). PCmax had been reported to correlate
linearly with the mean annual nighttime LST (LSTnt, am, when the
solar elevation angle <0, r2 = 0.86, p = 0.02, Gao et al., 2014). We  fur-
ther analyzed the relationships of the other model parameters with
the mean annual growing season EVI (EVIsm), LSWI (LSWIsm), day-
time LST (LSTdt, sm), nighttime LST (LSTnt, sm) and daily LST (LSTd,
sm), and mean annual daytime LST (LSTdt, am), daily LST (LSTd, am)
and nighttime LSTnt, am, it revealed that E0 correlated insignificantly
with any of the above satellite-derived indices. a showed a negative
linear relationship with LSWIsm (Fig. 6a), and Rref showed positive
linear relationships with both EVIsm (r2 = 0.84, p = 0.03) and LSWIsm

(Fig. 6b), with the r2 of Rref vs. LSWIsm higher than that of Rref vs.
EVIsm.

4. Discussions

4.1. Biological basis of the ReRSM
This study developed a solely satellite-driven Re model (ReRSM)
by assuming that ecosystem respiration (Re) can be separated into
GPP-derived respiration (RGPP) and EOM-derived respiration
(REOM). The ReRSM performed well in Re estimation across five
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Fig. 5. The seasonal and interannual variation in the ReRSM-estimated Re vs. the flux tower-observed Re, based on an 8-day average. The white circles represent the flux
tower-observed Re, while the black lines represent the ReRSM-estimated Re. (a) temperate mixed forest (MF); (b) temperate steppe (STE); (c) alpine shrubland (SHR); (d)
alpine  marsh (MAR); and (e) alpine meadow-steppe (MEA).

Table 3
The statistics of the RECO-estimated Re vs. flux tower-observed Re for each vegetation type. MF,  temperate mixed forest; STE, temperate steppe; SHR, alpine shrubland; MAR,
alpine  marsh; and MEA, alpine meadow-steppe. TH FOR, Temperate and Humid Forests; WL GRA/CRO, Water-Limited Non-Forested Natural Vegetation; and TL GRA/CRO,
Temperature-Limited Non-Forested Natural Vegetation.

Code Aggregated functional biomes Tref (◦C) RECOa RECOb

r2 RMSE (mol C m−2 d−1) EF r2 RMSE (mol C m−2 d−1) EF

MF TH FOR 12 0.87 0.08 0.86 0.88 0.20 0.17
STE  WL  GRA/CRO 13 0.66 0.05 0.63 0.60 0.10 −0.84
SHR  TL GRA/CRO 0 0.78 0.06 0.78 0.56 0.13 −0.16
MAR  TL GRA/CRO 0 0.83 0.03 0.83 0.60 0.11 −0.98
MEA  TL GRA/CRO 0 0.46 0.03 0.30 0.02 0.06 −1.01

e-fitte
t

v
a

r

a The parameters related to the standardized respiration rate in the RECO were r
he  RECO was directly derived from the observation due to the limited sites.

b All the parameters of the RECO were derived from Jägermeyr et al. (2014).
egetation types (Table 2, Fig. 4), and clearly described the seasonal
nd interannual dynamics in the flux tower-observed Re (Fig. 5).

The GPP-derived respiration in the ReRSM includes growth
espiration (Rg) and rhizomicrobial respiration (Rrhi). The ReRSM
d against the flux data for each vegetation type, while the reference respiration in
employed a fraction of GPP to represent the dynamic change in
RGPP, which is decided by the mechanisms behind photosynthe-
sis and respiration. Plant photosynthesis and the process of storing
the current photosynthate into its various organs necessarily need
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Fig. 6. The relationships (a) between a and LSWIsm and (b) between Rref and LSWIsm.
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SWIsm, mean annual LSWI within the growing season. MF,  temperate mixed forest;
TE, temperate steppe; SHR, alpine shrubland; MAR, alpine marsh; and MEA, alpine
eadow-steppe.

nergy supply from growth respiration at the cost of consuming
ome photosynthate. Rg is always a nearly constant fraction of net
rimary production or GPP under any environmental conditions
Amthor, 2000; Chapin et al., 2011; Piao et al., 2010). Meanwhile,
art of current photosynthate is transported into roots to sustain
heir physiological function and then released into the rhizosphere
oil in the form of root exudates. Root exudates are characteris-
ic of low molecular weight and labile organic matter, which serve
s the substrates for Rrhi and can be rapidly respired by microor-
anisms in the rhizosphere. This is because available substances
re the actual contributors to microbial activity (Kuzyakov and
avrichkova, 2010), and thus rhizosphere microorganisms can be
ctivated rapidly in the presence of root exudates (Chapin et al.,
011; Huang et al., 2012). Some studies have reported that there is

 time lag between GPP and respiration response from the soil. The
ime lag was approximately 12.5 ± 7.5 (SD) h in grasses, 1–2 days
n crops, and 4–5 days in mature trees (Knohl et al., 2005; Moyano
t al., 2008; Kuzyakov and Gavrichkova, 2010). Because the ReRSM
as conducted at the temporal resolution of 8-day average, these

inds of time lag may  introduce negligible error into the ReRSM-
stimated Re. Although the studies sometimes observed a link
etween GPP-derived respiration and temperature (Moyano et al.,
007, 2008), it is to a large extent due to the good relationship
etween GPP and temperature (Amthor, 2000; Chapin et al., 2011;
uzyakov and Gavrichkova, 2010; Huang et al., 2012).

The EOM-derived respiration in the ReRSM includes mainte-

ance respiration (Rm), microbial respiration of plant residues (Rres)
nd SOM decomposition (RSOM), with the respiratory substrates
erived from plant biomass, plant residues and SOM, respectively.
he ReRSM chose the Lloyd and Taylor model to represent the REOM
lling 304 (2015) 34–43

dynamic by assuming a same response of Rm, Rres and RSOM to
variation in temperature. Strictly speaking, there should be some
differences among the responses due to different characteristics of
their substrates. However, it was  very difficult to partition these
differences based on either ground observations or remote sensing
data, and an excessive number of model parameters or variables
also limited model application at regional scale. It was reported
that there are necessarily functional linkages among plant biomass,
plant residues and SOM. SOM correlates closely with soil quality
(Reeves, 1997; Al-Kaisi et al., 2005), which influences plant avail-
able nutrients and the ability of soil in absorbing plant nutrients
(Chen et al., 2005; Ladoni et al., 2010). Both of them primarily deter-
mine plant photosynthetic capacity (Chapin et al., 2011; Janssens
et al., 2001) and plant biomass over long term periods. Plant species
with high productivity are characterized by high quality of residues
and high rate of residues decomposition (Chapin et al., 2011; De
Deyn et al., 2008). Therefore, it was  feasible to assume the identical
response of Rm, Rres and RSOM to variation in temperature, and the
high accuracy of the ReRSM in Re estimation across five vegetation
types also supported this simplification.

4.2. Characteristics of the model parameters

The ReRSM had four model parameters, i.e., a, PCmax, Rref and
E0, all of which varied among vegetation types due to different
vegetation structures, site conditions and histories (Table 2). PCmax

indicated the maximum photosynthetic capacity, which correlated
significantly with the mean annual nighttime LST (LSTnt, am), with
the r2 of 0.86 (Gao et al., 2014). It may  be because LSTn, am is a good
indicator of the baseline temperature that decides plant phenology
(Sims et al., 2008).

Rref represented the EOM-derived respiration at the reference
temperature. The substrates for REOM included plant biomass, plant
residues and SOM. They are all related to the long-term plant pro-
ductivity as discussed above. Photosynthesis is mainly decided by
canopy chlorophyll content and water conditions (Gao et al., 2014),
which can be represented by EVI and LSWI, respectively. Rref was
thus found to show significantly positive relationships with both
mean annual growing season EVI (EVIsm) and LSWI (LSWIsm), with
the r2 of 0.84 and 0.92, respectively (Fig. 6b). Previous studies
also indicated that reference respiration depends strongly on mean
annual GPP (e.g., Yuan et al., 2011), and can be estimated by LAImax

(e.g., Migliavacca et al., 2011) or mean annual springtime EVI (e.g.,
Jägermeyr et al., 2014).

a  was a fraction of GPP that is transformed into GPP-derived
respiration. It was  observed that a shows a significantly negative
relationship with LSWIsm, with the r2 of 0.88 (Fig. 6a). LSWIsm

represented the mean annual water conditions within the grow-
ing season, which is a main environmental factor in determining
plant photosynthesis. The negative relationship between a and
LSWIsm may  be because the plants with more water content tend
to produce higher GPP and convert lower current photosynthate
into GPP-derived respiration. However, the mechanisms under this
relationship still need a further study.

E0 was the activation energy kind of parameter, which can
be used to represent the temperature sensitivity of respiration.
There was no significant relationship between E0 and any of the
mean annual satellite-derived indices related to canopy green-
ness, water and temperature over either growing season or whole
year. The question if the temperature sensitivity of respiration
varies over time and among vegetation types is still under debate
(Davidson and Janssens, 2006; Mahecha et al., 2010; Chen et al.,

2010; Yvon-Durocher et al., 2012; Jägermeyr et al., 2014). Although
many evidences showed that E0 varies among compounds and
decomposition of labile SOM has lower temperature sensitivity
than decomposition of recalcitrant SOM (Davidson and Janssens,
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ig. 7. Comparison between the ReRSM-estimated Re and the flux tower-observed
e based on an 8-day average across five vegetation types. The model parameters of
he  ReRSM were separately calculated from Eqs. (10)–(12).

006), some researches reported that temperature sensitivities
f respiration are remarkably similar among ecosystems (Yvon-
urocher et al., 2012), and can be even considered as a constant

Mahecha et al., 2010). If we assumed that E0 is a constant of
08.56 K for different vegetation types (termed E′

0) according to
loyd and Taylor, (1994), the re-parameterized and re-validated
tatistics of the ReRSM were almost the same as those in Table 2,
xcept the values of EF in MAR  dropped separately from 0.88 and
.86 to 0.78 and 0.76. The re-fitted model parameters of a (termed
′) and Rref (termed R′

ref) still correlated respectively negatively
r2 = 0.88, p = 0.02) and positively (r2 = 0.96, p < 0.01) with LSWIsm.

e  chose a′
GPP to represent the product of ˛′ and PCmax. If PCmax was

epresented by the linear function of LSTn, am (Gao et al., 2014), the
odel parameters of a′

GPP, R′
ref and E′

0 can be separately expressed
s follows:

′
GPP = (−1.2759 × LSWIsm + 0.5079)

× (0.1346 × LSTn am + 2.7522) (10)

′
ref = 0.7566 × LSWIsm + 0.0874 (11)

′
0 = 308.56 (12)

When using the model parameters that were calculated from
qs. (10)–(12), the ReRSM can explain approximately 90% of the
ariation in the observed Re across five vegetation types, with
he RMSE of 0.05 mol  C m−2 d−1 and the EF of 0.89 (Fig. 7). This
esult suggests the potential application of the ReRSM in estimat-
ng spatial variability of Re. However, the slope of the regression
ine in Fig. 7 was smaller than that in Fig. 4, which resulted in the
bvious Re underestimation in Fig. 7, especially at the higher Re val-
es. This was primarily due to the differences between the fitted
arameters and the ones that were calculated from Eqs. (10)–(12).
urthermore, Re is affected by a series of biological, physical and
hemical processes and their interactions, which are currently not
ell understood (Jägermeyr et al., 2014), and therefore not being

ncluded in the model. In the further study, more factors that pos-
ibly affect the value of the model parameters should be explicitly
nalyzed.
.3. Model applications and limitations

The ReRSM has the clear biological basis, and performed well in
e estimation across five vegetation types in Northern China and the
lling 304 (2015) 34–43 41

Tibetan Plateau. The model is only driven by the MODIS-retrieved
EVI, LSWI and LST, which facilitates the use of the ReRSM at high
temporal and spatial resolution. Model comparison showed that
the accuracy of the ReRSM, which had much fewer parameters, was
comparable with that of the RECO in the studied five vegetation
types. The ReRSM parameters also showed close relationships with
the mean annual satellite-derived indices, i.e., Eqs. (10)–(12). These
results indicated that the ReRSM has the potential to estimate spa-
tially distributed Re. However, the further application of the ReRSM
at regional or global scale probably has several limitations.

(1) The ReRSM probably provides poor Re estimates under
severe drought conditions because it did not contain the effect of
moisture on Re. (2) The ReRSM may  be incapable of estimating the
pulse increase of Re when high plant residues occur, because it did
not consider the dynamic of plant residues. (3) The value of Re was
also influenced by amounts of other biotic and abiotic factors, such
as nutrient availability (Fernández-Martínez et al., 2014), age of
the ecosystem (Piao et al., 2010; Fernández-Martínez et al., 2014),
disturbance and acclimation effects. Although the satellite-derived
indices of EVI and LSWI to some extent can reflect these impacts on
GPP-derived respiration, they are difficult to mirror the influences
on EOM-derived respiration. Thus, more factors related to Re should
be analyzed and effectively presented in the model, and the ReRSM
is only the first step of building a totally satellite-driven Re model.
Its performance in other vegetation types or regions needs to be
validated in further study. Along with the development of satellite
algorithms about soil moisture, plant biomass, nutrient availability,
human activity, and so on, we  will optimize the model structure to
improve its accuracy.
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