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ABSTRACT

Accurate estimation of temporal and spatial variations in
photosynthetic discrimination of “C is critical to carbon
cycle research. In this study, a combined ecosystem—
boundary layer isotope model, which was satisfactorily vali-
dated against intensive campaign data, was used to explore
the temporal variability of carbon discrimination in response
to environmental driving factors in a boreal ecosystem in the
vicinity of Fraserdale Tower, Ontario, Canada (49°52'30"N,
81°34'12"W). A 14 year (1990-1996 and 1998-2004) hourly
CO; concentration and meteorological record measured on
this tower was used for this purpose. The 14 year mean yearly
diurnal amplitude of canopy-level discrimination Acinopy Was
computed to be 2.8 = 0.5%o, and the overall diurnal cycle
showed that the greatest Ac.nopy Values occurred at dawn and
dusk, while the minima generally appeared in mid-
afternoon. The average annual A..opy varied from 18.3 to
19.7%o with the 14 year average of 19 * 0.4%.. The overall
seasonality of Aunopy Showed a gradually increasing trend
from leaf emergence in May-September and with a slight
decrease at the end of the growing season in October. Acinopy
was negatively correlated to vapour pressure deficit and air
temperature across hourly to decadal timescales. A strong
climatic control on stomatal regulation of ecosystem isotope
discrimination was found in this study.

Key-words: BEPS-EASS; biosphere—atmosphere interac-
tion; carbon isotopes; isotope model; planetary boundary
layer.

INTRODUCTION

Concerns over the increasing concentration of atmospheric
CO; and its subsequent effects on global warming have led
to use of new techniques to resolve the global carbon
budget (Canadell et al. 2000). One of these techniques is
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isotopic mass balance models (Tans 1980; Ciais et al. 1995a;
Fung et al. 1997; Battle et al. 2000; Randerson et al. 2002b).
This technique capitalizes on the seasonal oscillations
in 83C of atmospheric CO, that are mainly driven
by discrimination against *C by terrestrial ecosystems.
The atmospheric inversion models rely on estimates of
photosynthetic discrimination (A) and the *C of ecosystem-
respired CO, (Tans, Berry & Keeling 1993; Fung et al. 1997)
to assess variations in the magnitude of the terrestrial
carbon sink. Canopy level or whole ecosystem A can be
determined from the isotopic signature of CO, in the con-
vective boundary layer (CBL), which includes the effects of
respiration, photosynthesis and turbulent transport (Lloyd
et al. 1996; Chen et al. 2006a).

Previous studies have assumed that carbon isotope dis-
crimination by terrestrial ecosystems remains constant
from year to year (Randerson et al. 2002b). This approxi-
mation has been widely employed on many timescales (e.g.
Ciais et al. 1995b; Joos & Bruno 1998; Trudinger et al. 1999;
Battle et al. 2000; Keeling et al. 2001). However, plant A
against *C during photosynthesis may vary in seasonal and
inter-annual time frames. Observations at the ecosystem
scale (e.g. Bowling et al. 2002) have indicated that A does
not remain constant. Inter-annual variability in A by nutri-
ent and moisture stresses would be interpreted by inversion
models as a shift in the terrestrial and oceanic sinks
(Randerson et al. 2002b). The variability in A will alter the
conclusions about the timing and nature of the terrestrial
carbon sink (Bowling ef al. 2002). Fung et al. (1997) indi-
cated that a 3%o overestimation in the global value of dis-
crimination would result in a 20% underestimation in the
magnitude of the biospheric sink. Several recent ecosystem
studies provide evidence that A is highly variable on synop-
tic through inter-annual timescales (e.g. Kaplan, Prentice &
Buchmann 2002; Randerson et al. 2002a,b; Suits et al. 2005;
Aranibar et al. 2006). Hence, accurate parameterization of
models that predict temporal and spatial variations in A is
useful for improving the global carbon budget (Randerson
et al. 2002a).

The biosphere—atmosphere isotopic disequilibrium is
strongly controlled by photosynthetic discrimination and
the carbon isotope signature of the terrestrial biosphere,
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which may change from year to year as vegetation compo-
sition and carbon-exchange characteristics respond to
climatic variability (McGuire et al. 2001). Studies of envi-
ronmental and biological controls of A (e.g. Baldocchi &
Bowling 2003; Suits et al. 2005; Aranibar et al. 2006) have
revealed a number of factors that cause discrimination to
vary (Farquhar, Ehleringer & Hubick 1989). These include
atmospheric humidity, solar radiation, drought stress and
plant type, all of which may be expected to respond to
inter-annual climate variability.

Most existing approaches to study photosynthetic dis-
crimination are dependent, to some degree, on measure-
ments of “C/C in the atmosphere. Multiple efforts to
measure carbon isotopes at both flux towers and flask sta-
tions around the world have been made (e.g. Bowling et al.
2003b; Lai et al. 2003,2004; Griffis et al. 2004; McManus et al.
2005; Schauer et al. 2005). Although available isotopic data
sets are being accumulated quickly (e.g. Griffis, Baker &
Zhang 2005; Lai et al. 2005, 2006; Ponton et al. 2006; Zhang,
Griffis & Baker2006),isotope measurements are still lacking
in comparison to land surface diversity and heterogeneity.
This shortage of long-term measurements and of sampling
frequency still limits isotopic discrimination studies.

Mechanistic biophysical models that couple micro-
meteorological and eco-physiological theories have the
potential to shed light on how to extend the use of available
measurements of stable isotopes of carbon dioxide to global
carbon budgeting, because biophysical models have the
capacities of simulating isotope discrimination in response
to environmental perturbations and can produce informa-
tion on its diurnal, seasonal and inter-annual dynamics. In
this study, a combined ecosystem-boundary layer isotope
model [Vertical Diffusion Scheme (VDS)-Boreal Ecosys-
tem Productivity Simulator (BEPS)-Ecosystem Atmo-
sphere Simulation Scheme (EASS)] was used to investigate
inter-annual temporal variations in ecosystem-level A and to
explore the responses of A to environmental factors in a
boreal ecosystem. This integrated modelling system is
designed for inclusion in global models. It has the ability to
simulate dynamics of the stable isotope *C in CO,, as well as
moisture, energy and momentum, between ecosystems and
the atmosphere as well as their diffusion processes through
planetary boundary layer (PBL). It uses remotely sensed
land surface parameters to characterize the surface hetero-
geneity and is driven by hourly meteorology in the surface
layer. It has the following characteristics: (1) it accounts for
the influences of the PBL turbulent mixing and entrainment
of the air aloft; (2) it scales individual leaf-level A up to the
whole canopy (Acanopy) through the separation of sunlit and
shaded leaf groups; (3) it has the capacity of exploring the
responses of A to environmental and physiological driving
factors, and (4) it has the potential to investigate how an
ecosystem discriminates against *C at various temporal and
spatial scales. This isotope model has also been validated
against intensive campaigns (1998-2000) and weekly diurnal
sampling data at a boreal forest site (Fraserdale, Canada)
(Chen et al. 2006a). It has also been used to study dynamics
of §°C of CO, in the PBL and the covariation between the

surface isotope flux and atmospheric mixing over a boreal
forest region (Chen et al. 2006b). In this paper, we report an
application of this model to a 14 year series data (1990-1996
and 1998-2004) measured at Fraserdale tower, Ontario,
Canada (49°52"30”N, 81°34’12”W), in order to explore inter-
annual temporal variations of ecosystem-level A in response
to environmental factors in a boreal ecosystem.

MATERIALS AND METHODS
Study site

The Fraserdale tower is located southwest of James Bay in
northern Ontario, Canada (49°52"29.9”N, 81°34'12.3"W,
210 m above sea level). According to a Landsat Thematic
Mapper (TM) image at a 30 m resolution acquired in 1998,
the landscape (3600 km? around the tower) consisted of 66 %
of black spruce (Picea mariana) and jack pine (Pinus bank-
siana), 20% open land after forest fires and logging, 11%
aspen (Populus tremuloides) and paper birch (Betula papy-
rifera), and 3% open water. The overstorey vegetation
heights around this site ranged from 10 to 15 m. In the
prevailing northwest wind direction, the forests were pre-
dominantly undisturbed.

The atmospheric CO, was continuously monitored at 40
and 20 m heights at the Fraserdale tower. The measure-
ments were made according to the World Meteorological
Organization (WMO) (Global Atmospheric Watch) guide-
lines, with an accuracy of 1x10*mgg™ (Higuchi et al.
2003). The measurements were initiated in February 1990
and continued to November 1996. After an interruption of
around 1.5 years (December 1996-May 1998), the measure-
ment programme was restored in June 1998, and continues
to the present day. Detailed site description and the mea-
surement programme are found in Higuchi et al. (2003) and
Chen, Chen & Worthy (2005).

Model description

The VDS-BEPS-EASS isotope model is a one-dimensional
integrated ecosystem—boundary layer model, which is based
on isotopic mass conservation and energy balance. The
model consists of two coupled components: (1) VDS and (2)
coupled BEPS-EASS.

The atmospheric transport model (VDS) simulates the
transport processes of scalar entities (e.g. CO,, tempera-
ture) from the surface layer through the top of PBL at 30 s
time step (Chen et al. 2004; Chen, Chen & Worthy 2005).
There are different schemes (modules) to treat different
situations of the PBL structures [stable boundary layer
(SBL) or CBL] (Chen, Chen & Worthy 2005). The criteria
that determine which module is applicable are the sign and
magnitude of the bulk Richardson number (R,) in the
surface layer and the magnitude of the ratio of the CBL
height to the Monin Obukhov length (Iz,/Ll). VDS has been
expanded to simulate diffusion processes of stable carbon
isotopic signature of CO, as well [(Chen et al. 2006a,b; for
detail, see Appendix B in the paper by Chen et al. (2006a)].
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The time step for VDS is 30 s. The influences of the CBL
turbulent mixing and entrainment of the air aloft on diffu-
sion and on the estimates of *C discrimination are also
considered in this model.

The land surface model (BEPS-EASS) simulates energy,
water and carbon fluxes among the soil, canopy and the
atmosphere at a user-defined time step using hourly or half-
hourly measured meteorological data (Chen, Chen & Ju
2007; Chen et al. 2007). In BEPS-EASS, the soil profile is
split into multiple layers (five were used in this study); for
each of them, temperature and water content are simulated
separately. It has been expanded to include a sub-model to
simulate photosynthetic discrimination and net isotope flux
at the canopy level (Chen et al. 2006a; for detail, see Appen-
dix A of that paper).

BEPS-EASS is a ‘two-leaf’ carbon isotope canopy
model. It has less complexity in formulation than the ‘mul-
tilayer’ model and has the advantage of avoiding shortcom-
ings of the ‘big-leaf’ canopy model shown by Chen et al.
(1999). Such a two-leaf isotopic model can be easily imple-
mented in global models.

In BEPS-EASS, photosynthesis is calculated based on
Farquhar’s leaf-level model (Farquhar, von Caemmerer &
Berry 1980) with an upscaling procedure through sunlit
(i=1) and shaded (i = 2) leaf stratification. The net carboxy-
lation rate of the big leaf is calculated as the minimum of

. [*
Aci = ‘/cmax CCJ Fl 5 (1)
' Cc,i+Kc(1+Oc,i/Ko)
and
Cci - Fl*
Ay=] @)
4(Cy+2rt)

where Ac; and A;; are ribulose 1,5-bisphosphate
carboxylase/oxygenase (Rubiso)-limited and ribulose 1,5-
Bisphosphate (RuBP)-limited gross photosynthesis rates
(umol m~ s7), respectively. Ve max is the maximum carboxy-
lation rate (umol m2s™); J is the electron transport rate
(umol m? s7!); C.; and O; are the intercellular CO; and O,
mole fractions (mol mol™), respectively; I3* is the CO, com-
pensation point without dark respiration (mol mol™); K.
and K, are Michaelis-Menten constants for CO, and O,
(mol mol™), respectively.
The net photosynthetic rate is calculated as

Apeii = min (A, Aj; )—Rq, 3)

where Ry is the daytime leaf dark respiration and is com-
puted as Rq = 0.015 V¢ max.

The bulk stomatal conductance of the sunlit and shaded
leaves for water vapour (gs;, in mol m2s™) is calculated
using a modified version of the Ball-Woodrow-Berry (Ball,
Woodrow & Berry 1987) empirical model following Wang
& Leuning (1998):
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mf w Anet,i

C,(1+Dy;/Dy)’ ©

gs,i = gn,i +

where go; is the residual conductance (mol m~2 s7!); C;; is the
CO, mole fraction at the leaf surface (umol mol™); Dy; is the
water vapour saturation deficit at the leaf surface (in kPa);
D, is an empirical parameter determining the sensitivity of
stomatal conductance to water vapour saturation deficit (in
kPa);m is a parameter related to the intercellular CO, mole
fraction by Cii/Cs; =1 - 1/m at maximal stomatal opening
(when both Dy; and g,; are zero and f,, = 1); f is a parameter
describing the sensitivity of gs; to soil water availability
(Appendix A).

The diffusion of CO, from the atmosphere into the leaf is
described by

Anetj = gs,i(cs.i - Ci,i )/bsc = gc,i(ca - Ci,i )a (5)

where the by is the ratio of the molecular diffusivity of
water to that of CO, (by =1.6); g.;i represents the conduc-
tance to intercellular spaces for CO, diffusion from the
ambient air (in mol m?s™); C, and C;; are the CO, mole
fraction of ambient air in the canopy and the intercellular
spaces, respectively (in mol mol™).

Equations 1-5 and the leaf energy balance equations are
solved iteratively for Apei, &ci» Cij, Csi, Ds; and leaf tempera-
tures. The iteration will stop when the difference in tem-
perature between two successive iterations is <0.01 °C for
either sunlit or shaded leaves (Wang & Leuning 1998).

In BEPS-EASS, the photosynthetic discrimination
against °C (A, in per mille, %o) for sunlit or shaded leaves is
calculated using the widely accepted leaf-level model of *C
discrimination (Farquhar, O’Leary & Berry 1982; Farquhar
et al. 1989), which is a simple but effective means for C
discrimination estimation. It neglects the effects of photo-
respiration and daytime leaf respiration on net discrimina-
tion, and implicitly accounts for CO; transfer inside the leaf
and fixation by using a lower value of the biochemical frac-
tionation parameter b than would be the case for Rubisco
(Farquhar et al. 1982; Farquhar & Richards 1984):

(b - Ll) Anel,i C

Ai=b- =a+(b—a)=*,
a+( a)ca (6)

g c,i Ca

where b is the weighted C fractionation during internal
transfer of CO, and fixation by RuP2 and phoenopyruvate
(PEP) carboxylases applied to C;, ranging from 26.4 to
28.2%o for Cs plants (Lloyd et al. 1996) (b is set to be 27.4%o
in this study), and a is the *C fractionation during diffusion
through the stomata (=4.4%o; Craig 1953). The CO, mole
fraction of ambient air in the canopy (C,) is simulated using
VDS at each time step of 30 s (Chen et al. 2004; Chen, Chen
& Worthy 2005), instead of simply assuming it be a constant
in previous models (e.g. Suits et al. 2005). These 30 s high
frequency C, data are averaged to hourly and transferred to
BEPS-EASS model.

Journal compilation © 2007 Blackwell Publishing Ltd, Plant, Cell and Environment, 30, 1223-1239



1226 B. Chen & J. M. Chen

The integrated canopy-level discrimination (Acanopy) 18
assumed to be the flux-weighted average of net carbon
assimilation:

2 AiAnet,i Li
Ac':mopy = 1:1277 (7)
Anel,i Li
=1

i

where L; is the leaf area index for sunlit (i = 1) and shaded
(i =2) leaves. Partition of the total L into sunlit and shaded
portions is a function of cosine of solar zenith angle (f,) and
clumping index (£2) (Norman 1982; Chen et al. 1999),

Ly =2cosB,[1-exp(-0.5QL/cosf,)], (8)
L2 = L - Ll' (9)

Conservation of mass has been used to describe the net
exchange of CO, and BCO, between ecosystems and the
atmosphere (Flanagan ef al. 1996; Lloyd, et al. 1996, 2001,
Yakir & Wang 1996; Bowling, Tans & Monson 2001;
Bowling, Pataki & Ehleringer 2003a; Lai et al. 2003; Ogée
et al. 2003). The net ecosystem production (NEP) results as
the difference between F, (gross primary productivity
minus daytime foliar respiration) and respiration Fr (non-
foliar respiration if in daytime), that is, NEP = Fs — Fg, both
Fa and Fr are positive. If F5 and Fr carry different CO,
isotope signatures (it is often the case in nature), the total
CO, mass balance and the isotopic (i.e. *CO,) mass balance
equations are not proportional. Following the notation used
by Bowling et al. (2003a), we can express the isoflux (Fss in
umol m2s7'%o) as

F513 = _(6 13Ca - Acanopy)FA + 6 13C‘RF‘R

=—(8"C, = Acanopy ) Fa + 8 PCER, + 6 PCHR,, (10)
where §°Cr, §3CL and §3Cg are stable carbon isotopic
signatures of Fg, of heterotrophic respiration flux (Ry) and
of autotrophic respiration flux (excluding foliar respiration
if in daytime), respectively; 6°C, is the carbon isotopic sig-
nature of ambient CO, in the canopy. Similar to C,, 6°C, is
simulated using VDS at each time step (Chen et al. 2006b).
All terms in ¢ notation and Acunepy are in per mille (%o), and
CO; fluxes are in ymol m™2s™'. The parameterization for
stable carbon isotopic signatures of respired CO, (6°Cr,
§B3C} and §13Cg) are discussed in Appendix B.

Data used to drive and test the model

The model is forced by near-surface meteorological vari-
ables, including air temperature (7,), air relative humidity
(RH),in-coming shortwave radiation (RAD),wind speed (1)
and precipitation (P). A 14 year data series (1990-1996 and
1998-2004) measured on the Fraserdale tower is used to
explore inter-annual temporal variations of ecosystem-level
carbon discrimination in response to environmental factors.
Most of the meteorological forcing data are available for this

site. T, is measured at four levels (1.5,10.0,20.0 and 40.0 m),
while RH and u are measured at three levels (1.5,20.0 and
40.0 m;and 10,20 and 40 m, respectively). Gaps with no valid
data at any level are less than 10% year round. In this study,
small data gaps of 1-2 h are filled by linear interpolation.
When gaps =3 h and there is at least one level of data
available, gaps are filled by vertical interpolation. Unfortu-
nately, for the Fraserdale tower, precipitation was not mea-
sured and incoming shortwave radiation was not available
for the period 1990-1996. We used the precipitation data
measured at the weather station of Kapuskasing (87 km
southwest of Fraserdale) as a proxy. In order to estimate
solar irradiance, when the data were not available (e.g. 1990
1996), a solar irradiance module was used after modifying
the Bristow—Campbell algorithm, through which the total
daily solar irradiance (R;) was calculated from the limited
data set of daily maximum and minimum air temperature
and daily total precipitation, along with site latitude, eleva-
tion and annual mean temperature (Bristow & Campbell
1984; Winslow, Hunt & Piper 2001) (for detail, see Appen-
dix A in Chen, Chen & Worthy 2005).

The land surface data, including vegetation and soil
data, are also needed as model inputs. Most vegetation
parameters, such as land cover type (LC), leaf area index
(L) and foliage clumping index (£2) are derived from sat-
ellite images instead of directly using observed canopy
data. LC and L are derived from satellite images at 1 km
resolution (directly from Advanced Very High Resolution
Radiometer (AVHRR) images, or upscaling from Landsat
TM) (Cihlar etal. 1999; Chen etal. 2002). £ is derived
from multi-angular POLDER 1 data (Chen, Menges &
Leblanc 2005). Q is an important parameter for partition-
ing L into sunlit and shaded groups. Biases in £ estima-
tion, therefore, will affect the simulation of water, heat,
carbon as well as photosynthetic discrimination. Data on
soil texture (silt and clay fraction) and carbon pools were
obtained from the Soil Landscapes of Canada (SLC) data-
base, versions 1.0 and 2.0 (Shields et al. 1991; Schut et al.
1994; Lacelle 1997).

The Globalview reference marine boundary layer (MBL)
data for CO, and 6°C (GLOBALVIEW-CO,,2005; Masarie
& Tans 1995) were used as the top boundary conditions (i.e.
the values in the free troposphere). We used a linear inter-
polation method to extract these values at the same latitude
and times as the study site.

Eight intensive campaigns for flask air sampling were
conducted in different seasons during the period of 1998
through 2000 at this site (Huang et al. 2003). Each campaign
lasted for 3-6d, with a sampling frequency of 2h. Air
samples were taken in 2 L flasks at the 20 m level of the
tower. The flasks were pressurized up to 103.5 kPa above
ambient pressure and were dried cryogenically (=70 °C) to
remove water vapour. Almost all the samples from the cam-
paigns were analysed within 2 months. CO, from each 2 L
sample was extracted cryogenically in a vacuum system and
was followed by isotopic ratio mass spectrometer (IRMS)
analysis (MAT252, Finnigan, Bremen, Germany). The iso-
topic measurements were directly traced back to the
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primary standard VPDB (Huang et al. 2003). The assigned
ratio for the primary standard (VPDB CO,) was 0.0112372
for carbon (Allison, Francey & Meijer 1995). The accuracy
and precision (including vacuum extraction and IRMS mea-
surements) were 0.02 %o for 6°C (Huang et al. 2003).

All the night-time data in the campaigns (1998-2000) at
the Fraserdale site were used for deriving the isotopic signa-
ture of ecosystem respiration (Appendix B). The measured
CO, mixing ratio on tower and all the §"C data from cam-
paigns are used for model validation (Chen et al. 2006a).

RESULTS
Temporal variations

Diurnal trends

Modelled diurnal variations in carbon isotopic discrimina-
tion and associated variables for a campaign period (21-23
July 1999) at Fraserdale are shown in Fig. 1 as an example.

(a)
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The greatest discrimination values occurred near sunrise
and sunset, while the minima appeared during mid-
afternoon (Fig. 1a). A, and g. had opposite diurnal pat-
terns from A, with the maxima occurring around midday
and the minima during the early morning and late after-
noon (Fig. 1b,c). Patterns of isofluxes were similar to Ape;
and g.; with a midday peak of 400 umol m~s'%. (Fig. 1d).
The model has the capacity of capturing the overall diurnal
variations of §C in the surface layer [r>=0.76, the root
mean square error (RMSE)=0.34%., sample number
(n) = 40]. The strong opposing influences of respiration and
photosynthesis on forest air were apparent. CO, was con-
sistently depleted of the heavier *C isotopologue (more
negative §°C) in the early morning and enriched in the late
afternoon (Fig. 1e).

In Fig.2 and Table 1, we examine the overall diurnal
patterns of A and vapour pressure deficit (VPD) over the 14
year period (1990-1996 and 1998-2004). The 14-year aver-
aged yearly composite diurnal pattern of photosynthetic
discrimination against '*C showed an apparent diurnal
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(d) modelled isofluxes of §°C at the
canopy height, which are net isotope flux
(Fs13), isotope flux due to net assimilation
(Fas13), and isotope flux due to non-foliar
respiration (Frg3); and (e) modelled
(6"C,, model) and flask measured (6"*C,,
flask) 8°C of CO, at 20 m height. Dark
bars on the horizontal axis denote
nocturnal periods.
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Figure 2. (a) Modelled 14 year

averaged yearly composite diurnal
patterns of carbon isotope discrimination,
(b) modelled mean annual
diurnal-amplitude of Acanopy, (¢) measured
14 year averaged yearly composite
diurnal patterns of vapour pressure
deficit (VPD) and (d) measured mean
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oscillation. Shaded leaves always had larger discrimination
values than sunlit leaves. The greatest discrimination
occurred near sunrise and sunset, while the minima
of A typically occurred during the mid-afternoon
(1430 ~ 1530 h). After the minima, A began to increase until
around sunset, at which the SD became the largest (Fig. 2a).

The VPD had an approximately opposite diurnal pattern
from A. The minima were observed around sunrise and
sunset, whereas the maxima of 0.58 * 0.058 kPa were mea-
sured during the mid-afternoon (1430 ~ 1630 h) when air
temperature was warmest and dry air was entraining from
above the PBL. The diurnal maxima and minima of VPD
during daytime coincided with the minima and maxima of
A, respectively (Fig. 2a,c). There was a statistically signifi-
cant correlation (r* = 0.60, n = 13, P < 0.002) between mean
annual diurnal amplitudes of VPD and Acanopy OVer the 14
year period (Fig. 2b,d).

As shown in Fig. 3, 14 year overall monthly composite
diurnal cycles of Acaopy and associated variables showed
seasonal trends. The largest diurnal amplitude of Acanopy
(3.5-4.8%0) was modelled in the middle growing season
(July—August), while the smallest diurnal oscillation (2.5-
1.5%0) occurred in the late growing season (September—
October) (Fig. 3a). This kind of diurnal pattern of Acinopy Was
also found in VPD, T, and RH (Fig. 3b-d) and in NEP, net
isoflux, CO, mixing ratio and §*C (Fig. 4).
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annual diurnal-amplitude of VPD. The

year bars in panels (a) and (c) indicate =1 SD.

Seasonal trends

In Fig. 5, we examine the 14 year overall seasonal patterns
Of Acanopy- The overall seasonality of Acanopy Showed a gradual
increasing trend from leaf emergence in May to September
and with a slight decrease at the end of the growing season
in October (Table 2). There was a noticeable year-to-year
variation in seasonality of Acanopy-

The 14 year overall seasonality of several related meteo-
rological variables measured at 20 m on the tower are
shown in Fig. 6 and Table 2. Daytime VPD and T, had
similar seasonal patterns with maxima occurring in the
middle growing season. However, the inter-annual variation
in daytime VPD was largest in the early growing season
(Table 2). Daytime T, had a small inter-annual variation
during the growing season (*=1 SD <2.5 °C) (Fig. 6b). An
apparent seasonal variation of daytime RH was also
observed with the minima occurring in the early growing
season (April-June) and hereafter with a gradual increas-
ing trend to winter (Fig. 6¢).

Inter-annual variations

Mean annual air temperature varied from —0.07 °C (1992)
to 3.44 °C (2001), and the total annual precipitation during
1990-2004 varied from 710 mm (1998) to 930 mm (1990).

Table 1. Simulated 14 year averaged yearly composite diurnal characteristics of carbon isotope discrimination (mean * SD, %o), in the
boreal forest in the vicinity of Fraserdale tower, 1990-1996 and 1998-2004*

First maxima occurred

Minima occurred during

Second peaks occurred

around sunrise mid-afternoon around sunset Amplitude
Aguniit 20.0 £ 0.5 17.5 £ 0.7 18.0 = 0.8 2.8 0.6
Ashade 204 =04 17903 18.7 0.8 27+03
Acanopy 202 =03 177 =04 182 0.5 28 +05

2SD and hereafter indicates *=1 SD.
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Figure 5. Simulated monthly mean
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solid line shows the 14 year average
(marked ‘ave’). The inset shows the *1
SD of Acanopy Within these 14 years.

Table 2. Simulated monthly averages (=SD) of canopy-level discrimination Acopy and measured daytime vapour pressure deficit
(VPD), air temperature (7,) and relative humidity (RH) measured during the growing season (May—October) over 14 years (1990-1996

and 1998-2004) in the boreal forest in the vicinity of Fraserdale Tower

May June July August September October Average
Acanopy (%0) 18.5 = 0.6 187 £0.4 192 £ 0.6 192 £04 19.6 £ 0.5 192 +03 19.1 05
VPD (kPa) 0.64 = 0.20 0.84 = 0.17 0.78 = 0.15 0.75 = 0.14 0.46 = 0.10 0.21 = 0.06 0.61 = 0.14
T, (°C) 9.35 £2.27 15.56 = 1.86 17.77 = 1.44 17.21 = 1.53 12.26 =243 441 =217 12.78 = 1.95
RH (%) 643 =54 653 =53 71.9 £33 73.6 = 4.5 79.8 = 4.6 82.7 £ 4.8 729 = 4.6
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1.2
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g 6 W -2-1991  values of several meteorological variables
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the particular variable.
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Figure 7. Comparison of simulated annual mean carbon isotope
discrimination (c) with several associated variables at Fraserdale
site for the period 1990-1996 and 1999-2004. (a) Measured
annual mean of 24 h mean air temperature (7,) and annual total
precipitation (the data for 1997-1998 were measured at the
weather station Kapuskasing, 87 km southwest of Fraserdale),

(b) measured assimilation rate-weighted vapour pressure deficit
(VPDyign) and (c) modelled assimilation rate-weighted canopy
temperature (7eyeignt)-

The precipitation had a slight decreasing trend, showing a
wet period of 1990-1992 (Fig. 7a).

Assimilation rate-weighted meteorological variables (V)
are calculated for the analysis of simulated Acanopy at daily,
monthly or yearly time steps using

N N
Vweight = 2 VAnel z Anela if Anel >0 (11)
j=1 j=1

where V and Vg are hourly value and weighted daily or
yearly values, respectively; A, is the whole canopy net
photosynthetic rate, which is integrated from sunlit (i =1)

2
and shaded (i =2) leaves, = ZAncmLi; N is the total number
i=1
of hours for a given averaging time step, for example, for
daily, N =24. The measured mean annual assimilation rate-

weighted VPDyign varied from 0.45 kPa (2006) to 0.62 kPa
© 2007 The Authors

(1990) with the 14 year average of 0.51 kPa (Fig. 7b). The
modelled 14 year average of assimilation rate-weighted
canopy temperature (7.yeign) Was 16.7 °C with a year-to-
year variation within 2.9 °C (Fig. 7b). Mean annual Acanopy
varied from 18.3 to 19.7%o in the 14 year period. Moreover,
Ashadea Was always larger than Agmi, and the differences
between them were around 1.5-3%. (Fig. 7c). The year-to-
year variations in the seasonality of Acnopy and associated
variables can be seen from the daily data (Fig. 8). The varia-
tions of 24 h mean 7, in summer were much smaller than
those in winter over the 14 years (Fig. 8e). The average
annual air temperature and mean growing season air
temperature had slight increasing trends, showing a warm
period of 1998-2001. The observed assimilation rate-
weighted VPDyign: (Fig. 8b) and relative humidity RHyeigne
(Fig. 8c) had roughly opposite variation trends. During
1991-1996, VPD,igne increased while RH.igne decreased.
The simulated assimilation rate-weighted Tcyeigne (Fig. 8d)
and Acopy (Fig. 82) had no apparent trends but consider-
able year-to-year changes. Acanopy tended to have low values
in warm years when the assimilation rate-weighted
VPD eign values were high (e.g. 1999-2001).

Response to environmental factors

As shown in Fig. 9, a strong negative correlation is modelled
between Acinopy and daytime VPD. On an hourly scale, a
second order polynomial described the data with a high
correlation coefficient (r* = 0.95, Fig. 9a), while a linear rela-
tionship existed on the daily timescale over the 14 year
period (*=0.45, n=2066; Fig. 9b). A linear relationship
between daily Acanopy and assimilation rate-weighted daily
VPDeigne also existed but was much weaker (> =0.15). As
shown in Fig. 10a, the modelled hourly data in 2003 showed
that when the mean daytime air temperature 7, was below
the threshold of 5-7.5 °C, the instantaneous Acaopy increased
slowly with T, to its optimum value and then decreased after
T, exceeded the threshold of 5-7.5 °C. This may imply that
the physiologically optimum temperature for carbon isoto-
pic discrimination in the boreal ecosystem is 5-7.5 °C. We
also find that a second order polynomial can describe
the hourly data with 2 =0.48, P <0.001. A negative linear
response of integrated daily Acanopy to the mean daytime 7, is
found from the simulation over the 14 year period (> = 0.22,
P <0.001; Fig. 10b). Hourly data in 2003 revealed that Acinopy
and the natural logarithm of daytime RH were highly
corrected (r*=0.67, n =1551). Daily data over the 14 year
period showed that Acnopy Was linearly correlated with
daytime RH (r* =0.49, n =2066). However, it was less well
correlated with assimilation rate-weighted daily 7, and RH
than with the corresponding unweighted values (% 0.12
versus 0.22 and 0.14 versus 0.49, respectively).

Monthly average Acanopy had linear correlations with envi-
ronmental factors. Monthly mean Acinopy had a significant and
positive response to both assimilation rate-weighted and
unweighted RH, and their linear correlation coefficients
equal 0.59 and 0.60, respectively. Monthly mean Acanopy had
significant negative responses to daytime 7, and daytime
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VPD with linear correlation coefficients of —0.63 and —0.75,
respectively (Fig. 11a,b), while it was insignificantly corre-
lated with assimilation rate-weighted 7, and weakly with
assimilation rate-weighted VPDyeigni (r=-0.52, P <0.05).
The year-to-year variation in Acinopy, however, only signifi-
cantly correlated with mean annual air temperature 7,
(Fig. 12), while its responses to both assimilation rate-
weighted and unweighted VPD and RH were insignificant.

DISCUSSION

The well-known photosynthesis model of Farquhar et al.
(1980) has been included in many models to simulate

for 1997-1998 was measured at the
weather station Kapuskasing, 87 km
southwest of Fraserdale.

carbon exchange (Bonan 1996; Sellers efal 1996;
Baldocchi 1997; Liu et al. 1999). A theoretical treatment of
carbon isotope discrimination in C; photosynthesis (Far-
quhar et al. 1982, 1989; Farquhar & Richards 1984) has
also been incorporated into some of these models to
permit calculations of ®*C discrimination (Baldocchi &
Bowling 2003; Suits ef al. 2005; Aranibar et al. 2006; Chen
et al. 2006a). Canopy-scale models have also been adapted
for simulations of within-canopy gradients in the isotopic
signature of CO,, to evaluate §°C sampling strategies and
the partitioning of net ecosystem carbon exchange into
photosynthesis and respiration (Ogée etral. 2003, 2004;
Baldocchi & Bowling 2005). However, these models are
significantly complex.

© 2007 The Authors
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forest in vicinity of Fraserdale site, Ontario, Canada. (a) Hourly data for the year 2003 and (b) daily averaged data for the 14 year period
(1990-1996 and 1998-2004).
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vicinity of Fraserdale site, Ontario, Canada. (a) Hourly data for the year 2003 and (b) daily averaged data for the 14 year period
(1990-1996 and 1998-2004).

The VDS-BEPS-EASS isotope model used in this study
is a one-dimensional integrated ecosystem-boundary layer
model, which scales individual leaf-level photosynthetic dis-
crimination up to the canopy level through the separation
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of sunlit and shaded leaf groups. It has less complexity than
the ‘multilayer’, and such a two-leaf isotopic model can be
easily implemented in global models. This approach con-
trasts with that of simpler ‘big-leaf models’ (e.g. Lloyd et al.

23

22

21

20

Discrimination (%o)

y=-0.1133x+21.914 o ° &
° °
R=-0.63, SE=0.72 ”®

19

18+ttt

o
o
-
o
-
o
N
o

Figure 11. Linear responses of modelled photosynthesis discrimination (Acnopy) to observed environmental factors on seasonal timescale
for the period of 1990-1996 and 1998-2004 in a boreal forest in vicinity of Fraserdale site, Ontario, Canada. (a) Negative correlation
between Acnopy and daytime air temperature (7,) and (b) negative response of Acanopy to daytime vapour pressure deficit (VPD). SE
represents standard error between predicted Acnopy by the linear regression function and actual Acanopy-
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Figure 12. Relationship between simulated annual mean
photosynthesis discrimination (Acanopy) and measured mean
annual daytime air temperature (7,) in a boreal forest in vicinity
of Fraserdale site, Ontario, Canada, for the period of 1990-1996
and 1998-2004.

1996), which do not properly consider non-linear biological
combinations of the sunlit and shaded leaves. A detailed
discussion of this scaling problem was given by De Pury
& Farquhar (1997). To simplify model parameterization,
we use the simple and widely accepted model (Eqn 6)
(Farquhar et al. 1982) to calculate A. It implicitly accounts
for all the fractionation during diffusion and fixation using a
lower value for b (Farquhar & Richards 1984), instead of
explicitly simulating all the fractionation processes occur-
ring during the diffusion of CO, from the atmosphere to the
sites of carboxylation in leaves, and by fixation of CO, in
the chloroplasts (Suits ez al. 2005; Aranibar et al. 2006). The
CO; mole fraction of the ambient air in the canopy (C, in
Eqns 5 & 6) is simulated using VDS at each time step of 30 s
(Chen et al. 2004, 2005a), instead of assuming it to be a
constant in previous models (e.g. Suits et al. 2005). The iso-
topic signature of heterotrophic respiration (§3CL) is
calculated using the Keeling-plot methodology with night-
time data acquired in field campaigns, while that of
autotrophic respiration §'3Cg (excluding foliar respiration
if in daytime) is computed by model runs (see Appendix B).
The differences in 6°C between plant organs caused by
post-photosynthetic fractionation are also considered in the
updated model (Appendix B).

This model output has been compared to intensive cam-
paigns (1998-2000) and weekly diurnal sampling data at a
boreal forest site (Fraserdale, Canada) with satisfactory
results (Chen et al. 2006a). Factors contributing to the sat-
isfactory performance of this isotope model include its large
model domain through the whole CBL, its dependence on
coupled and constraining processes, such as leaf energy
exchange, turbulent transfer, photosynthesis and stomatal
conductance, and its representation of these processes for
separate sunlit and shaded leaf classes.

The overall diurnal cycles of Acnopy Over the 14 year
period show that the greatest values of Acopy Occurred
near sunrise (around 20.2 £ 0.3%0), and sunset (about

18.2 = 0.5%o), while the minima (17.7 = 0.4%.) were found
during mid-afternoon. The 14 year averaged composite
diurnal amplitude of Acanopy Was 2.8 = 0.5%o. This diurnal
pattern, high A values at down and dusk and low values
around midday to mid-afternoon, is similar to that simu-
lated for a temperate broadleaf forest near Oak Ridge,
Tennessee (35°57°30”N, 84°17°15 ”W) in 1998 (Baldocchi &
Bowling 2003).

This modelled diurnal pattern by the commonly used
simple Farquhar et al. (1982) model has been observed in
two studies: a leaf scale study on Piper aduncum in a tropi-
cal forest of Trinidad (Harwood er al. 1998) and a branch
scale observation made for Picea sitchensis (Bong.) Carr. in
Griffin Forest, an even-aged plantation of Queen Charlotte
Islands provenance, near Aberfeldy, Perthshire, UK
(56°37"N, 3°48”"W) (Wingate et al. 2007). Large estimated
uncertainties at dawn and dust were reported in Wingate
et al. (2007), while the largest SDs were only modelled
around sunset in this study (Fig. 2a). It is interesting that a
consistent diurnal pattern was modelled and observed for
different ecosystems and plant types. Wingate et al. (2007)
highlighted isotopic disequilibria between the gross fluxes
of photosynthesis and daytime respiration leading to the
pronounced diurnal variability of A based on their limited
campaign measurements. On the basis of a 14 year
data record (observed and simulated), it is likely that the
diurnal oscillation of several key variables (i.e. VDP, T,,
photosynthetic photon flux density (PPFD) and available
soil moisture, etc.) regulating stomatal conductance mainly
controls the diurnal variability of A: largest Acanopy Values
occurred near sunrise and sunset, when photosynthesis
rates diminished relative to respiration and the stomata
closed, and the CO, mole fraction inside the sub-stomatal
cavity of leaf approximately equaled to or was larger than
that in the ambient air in the canopy. Minimum Acanopy
values typically occurred during mid-afternoon (1400-
1500 h), when the day’s highest VPD occurred because the
air temperatures were warmest and dry air was being
entrained from above the CBL. These factors led to lower
stomatal conductance, independent of the change in photo-
synthesis, and thereby forced Acinopy Values to be lower. The
14 year averaged composite diurnal amplitude of Acanopy Was
2.8%0 with an inter-annual variation ranging from 2.1 to
3.4%o. The diurnal amplitude of Acanepy presented seasonal
trends as well: large diurnal oscillations occurred in the
middle growing season, while small diurnal amplitudes
occurred in the late growing season. This kind of seasonality
in diurnal cycles of Acinopy Was consistent with VPD, T,,, RH,
NEP (Fig. 3) and net isoflux (Fig. 4).

The modelled 14 year overall seasonal trend of Acanopy in @
boreal forest in the vicinity of the Fraserdale tower is con-
sistent with the measurements made in a Douglas-fir forest
located on Vancouver Island, British Columbia (49.90°N.
125.37°W; Ponton et al. (2006). The observed A and the
carbon isotopic signature of ecosystem-respired CO, in the
Douglas-fir forest had an increasing trend from the early to
middle growing season and a strong decrease at the end of
the growing season in 2003 (see Fig. 5 of Ponton et al. 2006).
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The average annual Acaopy Varied from 18.5 to 19.6%o with a
14 year average of 19.1 = 0.5%o0, which is consistent with
both measured and simulated results for similar ecosystems
(e.g. Lai et al. 2005; Suits ez al. 2005; Ponton et al. 2006). The
modelled diurnal patterns of Acaopy are also consistent with
other estimates in the literatures (e.g. Baldocchi & Bowling
2003).

Non-linear effects of environmental factors, such as light,
humidity, temperature and soil moisture, on physiological
processes, that is, photosynthesis, transpiration, stomatal
conductance and isotopic discrimination, have been recog-
nized. Limited attempts to examine the response of Acanopy tO
environmental factors across different temporal scales have
yet to be made. In this study, we found that Acanopy negatively
responded to daytime VPD and daytime 7,, and positively
responded to daytime RH from hourly to seasonal times-
cales. The sensitivities of discrimination to assimilation
rate-weighted VPD, T, and RH were less than those to
unweighted values at daily and seasonal timescales. This
could reflect the complex interactions among the effects
of meteorological variables on stomatal conductance and
the non-linear relationship between stomatal conductance
and discrimination. The year-to-year variation in Acanopy,
however, only significantly correlated with mean annual
daytime 7. Moreover, we found that there were no signifi-
cant differences between correlations of Acanopy and Ajeas to
environmental variables in the boreal forest ecosystem.
VPD is not an independent driving factor of stomatal con-
ductance in the model. VPD is related to T, and RH, and can
also be correlated with radiation, and their effects are con-
sidered in simulating photosynthesis and stomatal conduc-
tance. The same values of VPD may result under different
combinations of radiation, T, and RH, giving rise to different
Acanopy Values for a given VPD. This is also noted in the study
on the simulation of isotope discrimination in a broadleaf
forest with a multilayer canopy model (Baldocchi & Bowling
2003), showing a negative relationship between photosyn-
thetically active radiation and hourly discrimination during
the growing season. In their study, the discrimination varied
by 4-6%o. for a given value of photon flux density, reflecting
the interactions among different factors (i.e. cloudiness and
VPD) determining stomatal conductance, photosynthesis
and discrimination. Thus, different relations between VPD
or other meteorological variables and observed discrimina-
tion can naturally occur at different sites and times, without
indicating a difference in the controlling mechanisms of
ecosystem discrimination. A strong climatic control on sto-
matal regulation of ecosystem isotope discrimination is
implied by the present data across hourly to inter-annual
timescales in this study.

CONCLUSIONS

By applying a combined ecosystem-boundary layer isotope
model to a 14 year series of data at a boreal forest site, the
variability of canopy-level carbon discrimination and its
response to environmental factors on multiple timescales

© 2007 The Authors
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are explored in this study. The following conclusions are
drawn:

1 The general diurnal trend of Acanopy 1S maxima occurring
at dawn and dusk, while minima occurring during mid-
afternoon. Both A, and g. showed opposite diurnal pat-
terns from Acanopy-

2 The overall seasonality of Acanopy Shows a gradual increas-
ing trend from leaf emergence in May to September and
with a slight decrease at the end of the growing season in
October.

3 Acanopy Negatively responded to VPD and T, and posi-
tively responded to RH from hourly to seasonal times-
cales. On the decadal scale, mean annual daytime
temperature was significantly correlated with Acanopy, but
mean annual daytime VPD and RH were not.
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APPENDIX

Appendix A: sensitivity of stomatal
conductance to soil water variability

The Parameter describing the sensitivity of stomatal con-
ductance to soil water variability, f,, in Eqn 4 is a bulk water
availability factor. It can be integrated from each layer’s fy;
with a weighting factor w;,

fw:ifw,iwia (Al)

where n is the number of soil layers which contain roots. fy;
is a combined effect of soil water suction () and tempera-
ture (7s;), and it can be described as

Joi=1/(fiw) f(T3)), (A2)

where fi(y) and fi(Ts;) are calculated following Zierl (2001)
and Bonan (1991), respectively:

1+((y:i/10-1))"  yi>10m

A3
1 else (A3)

fi(l//i):{

; ’I;,i > OOC
[(T)=11-exp(0T}) , (A4)

oo else

where a, Ts; and T, are empirical parameters and equal to
0.8, -0.04 and 2.0, respectively.
The weighting factor w; in Eqn Al is calculated as

rifw,i
n 9
zi:l rifw,i

wi= (AS)

where r; is the root fraction in layer i.

Appendix B: isotopic signature of respired CO,

The isotopic signature of respired CO, from different parts
(from different pant organs or from dead organic matter in
soil) is crucial for modeling isoflux. The monthly mean
carbon isotopic signatures of respiration (6*Cr) were inter-
polated on the basis of the discrete values calculated from
all the night-time data in the campaigns (1998 through
2000) using Keeling-plot (Table B1). At first model test run,
monthly 8”Cr is approximated as the values of §3C} (the
isotopic signature of heterotrophic respiration (R;) and
83Cy (the isotopic signature of autotrophic respiration
(excluding foliar respiration if daytime). Once we gain the
primary results, the monthly mean value of carbon isotopic
signature of new fixed carbon §3C,, (Table B1) during
growing season, can be calculated

513 plant = 613Ca - ACanopy (Bl)

Whereas for the non-growing season, &%Cp, can be
calculated using Eqn B1 by replacing monthly mean Acunopy
with its annual mean value.

It was formerly assumed (Fung ef al. 1997) that overall
autotrophic respiration (§°C%) releases carbon of the
same signature as gross photosynthetic products
(6"Cpian ). Accumulated investigations showed that
in general this is not the case in real plants. Badeck
etal. (2005) compiled evidence for widespread

Table B1. Monthly mean carbon isotopic signatures of respiration (6"°Cg ) and of new fixed carbon (8"”Cj.y ) for model inputs®

Month 1 2 3 4 5

7 8 9 10 11 12

§5Cy (%) 2173 2773 2173 2773 —26.95
85C,m (%) 2786 2793 2783 2785 -26.86

-26.17 2600 2634 2640 -26.07 2773 -27.73
-2698 2864  -27.89 2853 2677 -27.87 2798

* §Cy was interpolated on the basis of the discrete values calculated from all the night-time data in the campaigns (1998 through 2000) using

Keeling-plot; whereas §3C

plant

was calculated by model test run (see Appendix B). For mode parameterization: §Ch = §Cy;

8 Creat = 8 Copans 8 Copem = 8 Copan +0.75%0; and 8 C,pqy = 5 *Cipant +1.5%o.
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post-photosynthetic fractionation that further modifies
the isotopic signatures of individual plant organs and con-
sequently leads to consistent differences in §°C between
plant organs. Leaves are more depleted than roots and
woody stems. In the updated VDS-BEPS-EASS isotope
model, the respiratory flux from leaves during night-time is
assumed to carry the signature of gross photosynthetic
products (i.e. § ®Cieys = 6 *Chpane ). According to Badeck et al.
(2005), the signatures of respiratory flux from woody stems
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(6B Cyem) and roots (67 Cyoor) are approximated as 0.75 and
1.5%o less depleted than § 13Cplam , respectively. For the final
model run, the last term of Eqn 10 is calculated separately
for individual plant organs,

6 13C’}alRal = 6 13C‘leafleleaf + 5 13CstemRstem + 5 13C’rooeroota (B2)

where Rl is only available during night-time.
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