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a  b  s  t  r  a  c  t

Stable  carbon  isotopes  can  be used  to  partition  the  net  ecosystem–atmosphere  exchange  (NEE)  of  carbon
dioxide  (CO2)  into  its photosynthetic  and  respiratory  components,  but the  method  has  not  been  generally
adopted  due  to instrumental  and  theoretical  limitations.  Here,  motivated  by recently  improved  instru-
mentation,  we extend  the  theory  of isotopic  flux  partitioning  to include  photorespiration,  foliar  daytime
‘dark’  respiration,  and  other  refinements,  arriving  at a  general  yet practical  formulation  from  which  all
previous  formulations  can be  derived  as simplifying  approximations.  We  use  a full  growing  season  of  iso-
topic eddy  covariance  flux  data  from  a temperate  deciduous  forest  to  demonstrate  the  method,  quantify
its  uncertainties,  and  determine  biases  associated  with  previously  published  formulations.  We  find  that
when  ı13C  of CO2 is  acquired  with  high  precision  (0.02‰  RMSE  for 100  s integration  times),  the  statis-
tical  uncertainty  in the  partitioned  fluxes  is  comparable  to  that  in  NEE  itself—i.e.,  as  good  as  practicably
possible.  Assessable  systematic  uncertainty  is ±17%  of  gross  ecosystem  production  (GEP),  due  mostly  to
uncertainty  in the  isotopic  fractionation  by  carboxylation.  Additional,  currently  unquantifiable  system-
atic  uncertainty  is  associated  with  treating  the canopy  as  a single  “big leaf”.  Both  sources  of  systematic
uncertainty  could  be  greatly  reduced  by feasible  supporting  leaf-level  measurements.  Our  extended  the-
ory  corrects  systematic  biases  in  previous  isotopic  approaches,  including  overestimation  (by  13%)  of  GEP
due to  the  omission  of  photorespiration.  The  partitioning  determines  the  isotopic  signature  of  photosyn-
thesis,  which  we find  to  vary  seasonally  between  −24 and −28‰ such  that the  isotopic  disequilibrium
between  ecosystem  carbon  input  and  output  remains  stable  at approximately  −0.5‰  through  most  of  the
growing  season.  The  key  advantage  of  isotopic  partitioning  over  standard,  regression-based  partition-
ing  is  that  it enables  controls  on the  ecosystem-scale  photosynthetic  and  respiratory  fluxes  to  emerge

from  observations,  without  having  to assume  functional  relations  to environmental  drivers  a priori.  As an
example,  we  show  how  isotopic  partitioning  reveals  certain  large  variations  in daytime  NEE  to be  caused
by  shifts  in the flux  tower  sampling  footprint  between  regions  of high  and  low  respiratory  flux—a finding
unobtainable  by  standard  partitioning.  For  this  reason,  isotopic  partitioning  can  be more  precise  than
standard  partitioning  for quantifying  environmental  controls  on NEE.
. Introduction

The net ecosystem–atmosphere exchange of CO2 (NEE) is rou-
inely measured by eddy covariance at hundreds of tower sites
round the world (Baldocchi, 2008; Luyssaert et al., 2009). NEE is

he balance of ecosystem photosynthesis and ecosystem respira-
ion, and most analyses of NEE involve partitioning it into these
omewhat independent and somewhat coupled components. There
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being no means to measure each component directly, standard
empirical flux partitioning (Lasslop et al., 2010; Reichstein et al.,
2005; Stoy et al., 2006) works by prescribing the functional forms
of the responses of ecosystem-scale photosynthesis and/or res-
piration to environmental drivers based on inferences drawn
from leaf or soil-plot gas exchange measurements or from night-
time NEE. Isotopic flux partitioning (IFP) is an alternative that
avoids such assumptions, instead identifying the photosynthetic
and respiratory components of NEE by their distinct stable iso-
topic signatures—here 13C versus 12C. The ratio of 13C to 12C differs

between photosynthesized and respired carbon chiefly because
there is a strong isotopic fractionation by photosynthesis that varies
on timescales shorter than the mean age of the substrate for res-
piration. Isotopic partitioning has not seen general use because of
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imits on both the precision of in situ isotope measurements and
he theory used to apply those measurements to the partitioning
roblem.

That theory has been developed through a succession of studies
Billmark and Griffis, 2009; Bowling et al., 2001; Fassbinder et al.,
012; Knohl and Buchmann, 2005; Lai et al., 2003; Ogée et al., 2003;
akir and Wang, 1996; Zhang et al., 2006; Zobitz et al., 2008), as
ecently reviewed by Fassbinder et al. (2012). Motivated by recently
eveloped spectroscopic technology for high-precision 13C mea-
urements in atmospheric CO2 (Wehr et al., 2013), we elaborate
he theory further, incorporating photorespiration, foliar daytime
dark’ respiration, and several other refinements to arrive at a gen-
ral but practical formulation (Section 2) from which all previously
ublished formulations can be derived as approximations. We  then
se a full growing season of isotopic eddy covariance measure-
ents (Wehr et al., 2013) and supporting data from a temperate

orest (Section 3) to demonstrate the partitioning, to quantify its
ncertainties, and to quantify biases associated with previous for-
ulations (Section 4). Appendix A provides some fundamental

efinitions; Appendix B provides a detailed accounting of the resis-
ances, fractionations, and other input parameters we selected for
ur oak-dominated forest ecosystem; and Appendix C summarizes
he differences between the present formulation and those previ-
usly published.

. Isotopic flux partitioning equations

The basic idea of isotopic flux partitioning (Bowling et al., 2001;
gée et al., 2003; Yakir and Wang, 1996) is to determine the mag-
itudes of the photosynthetic and respiratory gross fluxes using
heir isotopic signatures and the isotopic composition and magni-
ude of their sum (i.e. NEE); that is, to solve the set of two equations
escribing the isotopic mass balance of CO2 in the forest,

N = FA + FNR (1)

NFN = ıAFA + ıNRFNR, (2)

or the unknowns FA and FNR, where the ecosystem-scale fluxes F
nd their isotopic compositions ı are labeled by the following sub-
cripts: N for NEE, A for canopy net photosynthetic assimilation, and
R for non-foliar ecosystem respiration. In this article, ı is short-
and for ı13C, which is the ratio of 13C to 12C expressed as a relative
ifference from a standard material (see Appendix A).

Solving this pair of equations requires knowledge of the iso-
opic composition of NEE (ıN), the isotopic signature of non-foliar
cosystem respiration (ıNR), and the isotopic signature of net pho-
osynthetic assimilation (ıA). ıN can be measured directly, and ıNR

an be obtained from a combination of soil chamber and nighttime
eeling plot measurements as detailed in Section 3.2. ıA, how-
ver, cannot be measured at the ecosystem scale with the required
ime resolution. Instead, the approach generally taken is to use our
nderstanding of photosynthetic fractionation (also called discrim-

nation) by individual leaves to express ıA in terms of FA, so that ıA
an be eliminated from the above equations (and thus solved for as
art of the partitioning). In the original formulation of this approach
Bowling et al., 2001), the link between ıA and FA consisted simply
f Fick’s law for CO2 diffusion through the leaf stomata,

A = −gs(ca − ci), (3)

nd the well-known simplified equation for photosynthetic frac-

ionation (Farquhar et al., 1982),

A = εs + (b − εs)
ci

ca
, (4)
 Meteorology 214-215 (2015) 515–531

along with an approximate definition of the photosynthetic frac-
tionation,

εA ≈ ıa − ıA (5)

(cf. the exact definition in Appendix A). In the above equations, gs is
the stomatal conductance, ci is the intercellular CO2 concentration
inside the leaf, ca and ıa are the CO2 concentration and isotopic
composition of the air outside the leaf, εA is the apparent iso-
topic fractionation of canopy net photosynthetic assimilation (often
written as �),  εs is the fractionation associated with diffusion of CO2
through the stomata (4.4‰), and b is the apparent fractionation
associated with fixation of intercellular CO2 (∼27‰).  Combining
these equations eliminates ci and εA and gives ıA in terms of
FA—provided that atmospheric CO2 is measured, that stomatal con-
ductance can be determined (e.g. from measured ecosystem-scale
heat and water fluxes), and that εs and b are known constants. The
above fractionation equation, Eq. (4), neatly expresses the central
fact that the fractionation by photosynthesis depends on the rela-
tive rates of CO2 diffusion and fixation, being weighted toward the
fractionation associated with whichever of those two processes is
most limiting to the overall rate of assimilation (because diffusion
limitation will cause ci to approach zero while fixation limitation
will cause ci to approach ca).

This basic approach for estimating the canopy-scale isotopic sig-
nature of photosynthesis (and the more comprehensive one we
develop here below) relies on the assumption that our understand-
ing of leaf-level photosynthetic fractionation (Farquhar et al., 1982)
can be scaled directly to the canopy. This approach, in which the
whole canopy is treated as a single “big leaf”, requires that the
response of the distribution of leaves in the canopy to the dis-
tribution of environmental conditions that they experience can
be approximated by the response of a single “big leaf” to the
average environmental conditions. Such an approximation is insuf-
ficient for some analyses (De Pury and Farquhar, 1997), but big leaf
approaches have nonetheless been shown to accurately capture key
aspects of canopy photosynthesis (Amthor et al., 1994; Lloyd et al.,
1995), and in this case, there are insufficient observational data
at present to constrain a more complex dual- or multi-leaf model.
Note, however, that carbon isotope discrimination has been con-
sidered in a multi-leaf framework before (Baldocchi and Bowling,
2003; Ogée et al., 2003).

Note also that we depart from some of the notation inherited
through the lineage of IFP studies, sacrificing continuity in favor of
a standardized notation consistent with guidelines in Coplen (2011)
(wherein, e.g., ε represents isotopic fractionation, leading us to use
εA rather than � for photosynthetic fractionation). Our  symbols
and notations are explained in Tables 1 and 2, and several key vari-
ables are defined in Appendix A. Except in a few special cases, each
property (e.g. fractionation) is given a unique letter or symbol (e.g.
ε), and the property is associated with specific sites (e.g. above the
canopy) or processes (e.g. dissolution) by subscripts. Superscripts
12 and 13 specify the carbon isotopes.

2.1. Carbon isotope mass balance

We  begin by expanding the terms of the mass balance of CO2 in
the forest air (Eq. (1)) to now explicitly include the photorespiration
flux FPR, the foliar daytime ‘dark’ respiration flux FDR, and the non-
foliar (mostly belowground) respiration flux FNR:

FN = FP + FPR + FDR + FNR. (6)
All the fluxes F are at the ecosystem scale and are positive when
directed into the atmosphere. We  define gross ecosystem produc-
tion by GEP ≡ − (FP + FPR), ecosystem respiration by Reco ≡ FDR + FNR,
and the canopy net CO2 assimilation flux by FA ≡ FP + FPR + FDR.
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Table  1
Key to symbols.

Symbol Description Units

F Flux (formally flux density) of CO2 mol  m−2 s−1

H Flux (formally flux density) of sensible heat W m−2

E Flux (formally flux density) of water vapor mol  m−2 s−1

R Isotope atom ratio, 13C/12C –
ı  Relative difference of R from RVPDB –
˛  Isotopic fractionation factor –
ε  Isotopic fractionation (=  ̨ − 1) –
c  Concentration of CO2 mol  m−3

C Mole fraction of CO2 in air mol mol−1

Cp Specific heat capacity of air J kg−1 K−1

r Resistance s m−1

g Conductance (=1/r) m s−1

e Vapor pressure Pa
T  Temperature K
P  Air pressure Pa
�  Density of air kg m−3

� Psychrometric constant Pa K−1

� Latent heat of vaporization of water J mol−1

kH Henry’s constant (=cow/ci) –
a  Flux measurement height m
h  Canopy top height m
Sc  Schmidt number for CO2 –
ScV Schmidt number for water vapor –
Pr  Prandtl number for air –
� ′

∗ Photocompensation point mol mol−1

u Wind speed m s−1

u* Friction velocity m s−1

� Clear sky index –
ˇ  Fraction of carboxylation performed by

PEP-carboxylase
–

Table 2
Key to subscripts.

Subscript Meaning

Processes
N Net ecosystem–atmosphere CO2 exchange (NEE)
P Gross photosynthesis (uptake is negative)
PR Photorespiration
DR Foliar daytime ‘dark’ respiration
A Net foliar photosynthetic assimilation
NR Non-foliar (heterotroph, root, and stem) respiration
e  Turbulent eddy ‘diffusion’
b Leaf boundary layer diffusion of CO2

bH Leaf boundary layer diffusion of heat
bV Leaf boundary layer diffusion of water vapor
s  Stomatal diffusion of CO2

sV Stomatal diffusion of water vapor
d  Dissolution of CO2 in water
hyd Hydration of CO2

m Mesophyll diffusion of CO2

wp Mesophyll cell wall and plasmalemma diffusion of CO2

ch Chloroplast envelope and stroma diffusion of CO2

f Enzyme-catalyzed fixation of CO2

Ru Carboxylation by Rubisco
Locations

a Above the canopy, at flux measurement height
h  Top of canopy
n Within the canopy
u  Under the leaf boundary layer, outside the stomata
i  In the leaf intercellular airspace
ow  In the liquid lining the outside of the mesophyll cell walls

s

R

w
fl
c

c  At the site of carboxylation
L Throughout the leaf

Eq. (6) applies to total CO2 and to 12CO2 and 13CO2 individually,
o that twice applying it leads to:

NFN = RPFP + RPRFPR + RDRFDR + RNR(FN − FP − FPR − FDR), (7)
here the R are absolute ratios of 13C to 12C. Eq. (7) is exact if the
uxes refer to 12C, and is a good approximation if they refer to total
arbon, i.e. as written (Tans et al., 1993). Because the proportional
 Meteorology 214-215 (2015) 515–531 517

differences between the isotopic ratios RN, RP, RPR, RDR, and RNR are
less than about 10‰,  the maximum proportional error in any term
in Eq. (7) when all the 12C fluxes are replaced with total C fluxes is
less than about 0.1‰.

There are 9 variables in Eq. (7), only 3 of which (RN, FN, RNR) are
measured here. To solve for the remaining variables, we require five
additional equations in FP, RP, FPR, RPR, FDR, and RDR, the derivation
of which is the subject of Sections 2.2 and 2.3.

2.2. Photorespiration and foliar daytime ‘dark’ respiration

We have no means to measure FP, FPR, and FDR independently,
and because photorespiration (FPR) and foliar daytime ‘dark’ res-
piration (FDR) fractionate the carbon isotopes (i.e. RP /= RPR /= RDR)
(Ghashghaie et al., 2003; Igamberdiev et al., 2004; Lanigan et al.,
2008; Tcherkez, 2006; Tcherkez et al., 2004, 2010), we cannot sim-
ply wrap them into net assimilation and ignore them. Fortunately,
the published literature provides a useful empirical understanding
of photorespiration and foliar daytime ‘dark’ respiration.

Photorespiration is the dominant component of daytime foliar
CO2 production, with photorespiratory carbon loss equal to about
one fifth the net photosynthetic carbon gain in C3 plants (Bauwe
et al., 2010). The photorespiratory flux is known to depend on the
available light, the temperature, and the O2 and CO2 concentrations
at the site of carboxylation (Sharkey, 1988). In particular, Eqs. (4),
(5a) and (8) of Sharkey (1988) can be used to write:

FPR = −FP� ′
∗/Cc, (8)

where Cc = (cc/kH)/cair is the gas-phase equivalent molar mixing
ratio of chloroplast CO2 to (wet) air and � ′∗ is the photocompen-
sation point expressed as a gas-phase equivalent molar mixing
ratio of CO2 to (wet) air. Here cc is the concentration of CO2 at the
site of carboxylation in the chloroplast, kH is Henry’s constant, and
cair is the moles of (wet) air per unit volume in the forest canopy.
An expression for cc/kH is derived in Section 2.3, and an empirical
formula for � ′∗ as a function of temperature under ambient O2 is
provided in Appendix B6. The measured temperature and pressure
at flux measurement height can be used to calculate a sufficiently
accurate cair via the ideal gas law.

The carbon isotope fractionation by photorespiration has been
considered in detail by Tcherkez (2006), whose Eq. (B2) is, in our
notation:

RPR = a0

1 + a1(FPR/FP)
RP, (9)

where

a0 = 2(1 + ε)
(2 + g)

; a1 = 2(1 + ε)(1 + g)
(2 + g)

− 1 (10)

and where, in turn, ε ∼ 1‰ is a parameter (not strictly a frac-
tionation, unlike elsewhere in this article) that depends on the
fractionation by aldolase and transketolase, and g ∼ 22‰ is the frac-
tionation by glycine decarboxylase (Tcherkez, 2006). These values
are discussed in Appendix B8.

Having established equations for the flux and isotopic com-
position of photorespiration, we turn to foliar daytime ‘dark’
respiration, which has not been well described by measurement
or theory. At this point, even the substrate is uncertain; how-
ever Tcherkez et al. (2010) have reported that the substrate
for foliar ‘dark’ respiration in the light is similar to that in the
dark—though the metabolic pathway (and hence fractionation)
differs—and Nogués et al. (2004) have reported that the substrate

for foliar ‘dark’ respiration after the cessation of illumination is
not composed of recent photosynthates. Nonetheless, the isotopic
fractionation by daytime ‘dark’ respiration is generally defined by
assuming that the substrate has the same isotopic composition as
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Fig. 1. Schematic diagram of CO2 production, consumption, and transport in and
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ecent net assimilates—that, for example, is the way in which the
ractionation parameter e is defined in the full discrimination equa-
ion of Farquhar et al. (1982). Based on that assumption, foliar ‘dark’
espiration in the dark is thought to discriminate against 12C (by
p to 6‰), while foliar ‘dark’ respiration in the light is thought to
iscriminate against 13C (by about 5‰) (Tcherkez et al., 2004, 2010).

Fortunately for IFP, foliar daytime ‘dark’ respiration should
e much smaller than photorespiration, and is inhibited by sun-

ight in some species (Hurry et al., 2005; Pärnik and Keerberg,
007)—though it is unknown whether such inhibition occurs in
he oak leaves considered here. Xu and Griffin (2008) estimated

ean nightly foliar respiration for the period from June to October
n dry and mesic red oak stands in New York State (from a

odel) and reported 45 mmol  m−2 night−1 for the dry stand and
01 mmol  m−2 night−1 for the mesic stand, which correspond to
bout 1.5 �mol  m−2 s−1 and 3.5 �mol  m−2 s−1, respectively. Given
ur June-to-October mean nighttime NEE of 5.2 �mol  m−2 s−1, Xu
nd Griffin (2008)’s findings would suggest that foliar respiration
ccounts for one quarter to one half of our nighttime NEE. For the
artitioning presented in this article, we simply assume that foliar
aytime ‘dark’ respiration is one quarter of nighttime Reco. Thus FDR

s calculated as:

DR = 0.25R∗
eco, (11)

here R∗
eco is Reco for the same wind direction as FDR, obtained from

 whole-season Loess-smoothing of nighttime NEE versus wind
irection.

We also make the usual assumption that the substrate for day-
ime ‘dark’ respiration has the same isotopic composition as recent
et photosynthates, in which case,

DR = RA

˛DR
=
(

RP FP+RPRFPR+RDRFDR
FP+FPR+FDR

)
˛DR

, (12)

here ˛DR is the fractionation factor for daytime ‘dark’ respira-
ion (see Appendix B8), and where in the expansion of RA, we have
eplaced 12C fluxes by total C fluxes as in Eq. (7). Rearranging Eq.
12) to isolate RDR, and then inserting Eq. (9) to eliminate RPR, yields:

DR =
FP + a0

1+a1(FPR/FP ) FPR

˛DR(FP + FPR + FDR) − FDR
RP. (13)

The errors resulting from the assumed substrate composition
nd rate for daytime ‘dark’ respiration should be small given the
ow sensitivity of IFP to FDR and RDR (Section 4.4).

.3. CO2 transport and fixation within the leaf

Two tasks remain: (1) deriving the final equation, which must
elate the gross photosynthetic flux FP to its isotopic composition
P, and (2) deriving an expression for cc/kH to insert into Eq. (8). Both
asks require us to consider the series of diffusive and biochemical
rocesses by which leaves assimilate atmospheric CO2. We  depict
hose processes in Fig. 1, adapted from Tholen et al. (2012). To reach
he site of carboxylation (subscript c) in the chloroplast, CO2 from
he canopy air (n) must diffuse through: the leaf boundary layer (b),
he stomata (s), the mesophyll cell wall and plasmalemma (wp), and
he chloroplast envelope and stroma (ch). Along the way, CO2 pass-
ng from the intercellular air space to the cell wall must dissolve in

ater according to Henry’s constant kH. Simultaneously, photores-
iration and foliar daytime ‘dark’ respiration are producing CO2,
hich is injected into the cytosol (y) by the mitochondria, partway

long the transport pathway. Each of these processes has its own

sotope-specific rate constant.

Approximating the CO2 transport as one-dimensional, Fick’s
aw (Eq. (A1)) defines a resistance r to the diffusion of each iso-
ope through each component of the leaf. We  follow Tholen et al.
around the leaf. The various r are resistances to CO2 transport, the various c are CO2

concentrations, and the various F are CO2 fluxes. Subscripts are explained in Table 2.

Source: Adapted from Tholen et al. (2012).

(2012) in assuming that the resistances of the intercellular air space
(i) and the cytosol (y) are much less than those of the cell wall,
plasmalemma, chloroplast envelope, and stroma (an uncertain but
necessary assumption given the present state of knowledge: see
Evans and Caemmerer, 1996; Flexas et al., 2008; Gillon and Yakir,
2000; Mott and O’Leary, 1984; Parkhurst and Mott, 1990). Thus the
total mesophyll resistance is rm ≈ rwp + rch, and we  can write the fol-
lowing equations for diffusion against the component resistances
rwp and rch:

cy − cc = −rchFP (14)

cow − cy = −rwpFA = −rwp(FP + FPR + FDR), (15)

where cow is the concentration just outside the cell wall, in solution.
This concentration is related to ci by Henry’s Law:

cow = kHci, (16)

where Henry’s constant kH is about 0.8 but is different for each
isotope. Eq. (16) assumes that exchange of CO2 across the gas–liquid
interface is very much faster than diffusion of CO2 in air or water (a
good assumption according to Siegenthaler and Munnich, 1981).

Similarly, for the gas-phase diffusion path, we can write:

cn − ci = −(rb + rs)FA = −(rb + rs)(FP + FPR + FDR). (17)

Eqs. (14)–(17) can be combined to yield:

cc

kH
= cn + (rb + rs + xwp + xch)FP + (rb + rs + xwp)(FPR + FDR), (18)

where we  have introduced the gas-phase equivalent resistance
x = r/kH. At this point it is useful to introduce the abbreviations,

r1 = rb + rs + xwp + xch (19)

r2 = rb + rs + xwp, (20)

and to use Eq. (A3) to define ˛1 ≡ r13
1 /r12

1 and ˛2 ≡ r13
2 /r12

2 . Because
Eqs. (14)–(20) apply separately to each isotope as well as to total

CO2, we  have:

˛1 = ˛br12
b

+ ˛sr12
s + ˛d˛wpx12

wp + ˛d˛chx12
ch

r12
b

+ r12
s + x12

wp + x12
ch

(21)
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Fig. 2. Flowchart depicting numerical solution of the IFP equations.

nd likewise for ˛2, where

d ≡ k12
H /k13

H (22)

s the (equilibrium) fractionation for dissolution of CO2. Combining
qs. (A3) and (18)–(22) yields:

P = Rc

˛f
= 1

˛d˛f
· c13

n + ˛1r12
1 RPF12

P + ˛2r12
2 (RPRF12

PR + RDRF12
DR)

c12
n + r12

1 F12
P + r12

2 (F12
PR + F12

DR)
,

(23)

here ˛f is the fractionation factor for CO2 fixation (Appendix B7).
eplacing the 12C quantities with total C quantities, as in Eq. (7),
ives:

P = c13
n + ˛2r2(RPRFPR + RDRFDR)

˛d˛f (cn + r1FP + r2FPR + r2FDR) − ˛1r1FP
. (24)

Inserting Eq. (9) and Eq. (13) into Eq. (24) eliminates RPR and
DR:

P = c13
n

˛d˛f (cn + r1FP + r2FPR + r2FDR) − ˛1r1FP − ˛2r2a0FPR
1+a1FPR/FP

− ˛2r2(FP
˛D

Having obtained the desired expression relating RP to FP, let us
o back and complete the expression for FPR by inserting Eq. (18)
or cc/kH into Eq. (8). The result is a quadratic equation for FPR,

2F2
PR + (r1FP + r2FDR + cn)FPR + FP� ′

∗cair = 0, (26)

he physically meaningful root of which is always

PR = −(r1FP + r2FDR + cn) +
√

(r1FP + r2FDR + cn)2 − 4r2FP� ′∗cair

2r2
.

(27)

The values of the fluxes retrieved by isotopic partitioning
epend on the values of the resistances and fractionations used

n the above equations. Best estimates of those resistances and
ractionations based on the literature are discussed in Appendix
.

.4. Numerical solution of the equations
With FN, RN, and RNR measured, and using the parameteriza-
ion described in Appendix B, Eqs. (7), (9), (11), (13), (25) and
27) form a system of six equations in six unknowns (FP, RP, FPR,
PR, FDR, and RDR), which when solved, give the desired fluxes of
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/(1+a1FPR/FP ))FDR
FPR+FDR)−FDR

. (25)

photosynthesis (GEP = −(Fp + FPR)) and whole-ecosystem respira-
tion (Reco = FDR + FNR). We solve this system numerically rather than
analytically. The procedure, depicted in Fig. 2, is as follows:

1) Prescribe FDR using Eq. (11).
2) Guess FP.
3) Calculate FPR from Eq. (27).
4) Calculate RP from Eq. (25).
5) Calculate RPR from Eq. (9).
6) Calculate RDR from Eq. (13).
7) Calculate RN from Eq. (7). Call this value R∗

N .

8) Compute d = (R∗
N − RN)2, where RN is the measured value.

9) Repeat steps 2–8, adjusting FP to minimize d.
10) Calculate FNR from Eq. (6) using the optimized fluxes and ratios

from step 9.

Care must be taken in the particulars of the minimization
because the equations typically admit multiple solutions (∼75% of
the time) and sometimes none at all (∼25% of the time). When there
are multiple solutions, a plot of d versus FP will reveal more than
one dip to zero (within computational machine precision), but in
our experience, only one of the corresponding FP values is plausible,
the others being either near zero, substantially positive (whereas
uptake fluxes are defined negative), or of an absurdly large mag-
nitude. For the temperate forest dataset used here (Section 3), the
plausible value could always be selected as the most negative value
less negative than −100 �mol  m−2 s−1.

When there is no solution to the partitioning equations, due
either to measurement error (most likely noise in ıN) or to the vio-
lation of one or more assumptions, a plot of d versus FP will reveal a
broad minimum well above computational machine zero (e.g. 10−9,
well above 10−16), and it is necessary to choose whether to accept
that minimum as the best approximate solution or to reject the data
point entirely. Rejection might seem conservative but would itself
induce a bias because, as it happens, error that pushes FP to lesser
magnitudes is much more likely to cause the exact solution to van-
ish than is error that pushes FP to greater magnitudes. The biases
involved in accepting or rejecting best approximate solutions are
described in Section 4.3.

Note that the above considerations apply equally to the pre-
viously published IFP methods, which admitted no exact solution
roughly as often as did the full theory presented here.

3. Measurements

The measurements used here span May  through October 2011
at the Harvard Forest Environmental Measurements Site (Goulden
et al., 1996; Urbanski et al., 2007; Wofsy et al., 1993), situated
in a temperate deciduous forest dominated by red oak and red
maple but also including hemlock, white pine, and red pine, in Mas-
sachusetts, U.S.A. For calculations of the leaf boundary layer and
mesophyll resistances, we  treat all leaves at the site as oak leaves;
given the sensitivity of the partitioning to these resistances (Sec-
tion 4.4), this approximation should introduce a proportional error
in GEP of at most a few percent.

3.1. Eddy fluxes
The isotopic CO2 flux measurements were acquired using
a quantum cascade laser spectrometer (QCLS) and have been
described in detail elsewhere (Wehr et al., 2013). The sensible heat
and water fluxes were measured by the long-term HF-EMS eddy
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Fig. 3. An example Keeling plot used to determine the isotopic signature of non-
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oliar respiration through the night of May  25–26, 2011. Inlets near the ground
red)  exert a dominant influence on the y-intercept.

ux system (Goulden et al., 1996; Urbanski et al., 2007; Wofsy et al.,
993). Flux measurements were sparse in May  owing to inclement
eather and associated power outages.

.2. The isotopic signature of non-foliar respiration

We  obtained the isotopic signature of non-foliar respiration, ıNR,
rom nighttime Keeling plots (i.e. plots of ı versus 1/C,  in which the
-intercept is the respiratory source signature). For each night, we
onstructed a Keeling plot using all values of C and ı measured by
he QCLS at all 7 sampling heights on the HF-EMS tower, including
nlets at 0.2 and 1.0 m above ground (Wehr et al., 2013). An exam-
le Keeling plot from the night of May  25–26 is shown in Fig. 3.
he vast majority of the variation in C and ı in the Keeling plot
ame from their vertical gradients rather than temporal variation.

e  confirmed by a simple multilayer isotopologue eddy diffusion
imulation (designed specifically for our site and conditions) that
he intercept of such a Keeling plot is very close to the isotopic sig-
ature of belowground respiration and is almost uninfluenced by
anopy respiration. For example, if canopy respiration is 25% of the
otal ecosystem respiration and its signature is 4‰ different from
he belowground signature, the Keeling plot intercept is still within
.2‰ of the belowground signature. This insensitivity to canopy
espiration is due to the fact that the Keeling plot intercept is dom-
nated by the high-CO2 measurements near the ground (as is clear
rom Fig. 3), which are dominated in turn by belowground-respired
O2. Thus our Keeling plot intercepts should not be significantly
ontaminated by foliar respiration. The intercepts were interpo-
ated in time using a Loess filter, rejecting extreme points, to obtain
NR for each flux measurement point.

There are two key assumptions implicit in this approach. The
rst is that ıNR may  vary from day to day but not hourly, so that

t does not change significantly during the night and it does not
iffer systematically between night and day. This assumption is
upported by our preliminary measurements of the isotopic com-
osition of the soil surface CO2 efflux in automated chambers at the
F-EMS, made in August 2012 (unpublished data); these measure-
ents put an upper limit of 0.25‰ on peak-to-peak diel variation in

he isotopic signature of belowground respiration (which translates
nto a proportional error of less than 1% in GEP retrieved by IFP),
onsistent with recent results in a subalpine conifer forest (Bowling
t al., 2015). Previously, Betson et al. (2007) put an upper limit of
bout 1‰ on said variation in a boreal forest.

The second assumption is that ıNR does not vary spatially, i.e.

ith the tower footprint. To get an indication of the impact of

ootprint motion on ıNR, we computed the flux-weighted isotopic
omposition of nighttime NEE in three wind sectors chosen accord-
ng to the magnitude of nighttime NEE: 0–180◦ (a low flux sector),
 Meteorology 214-215 (2015) 515–531

180–260◦ (a moderate flux sector), and 260–360◦ (a high flux sec-
tor). The flux weighting, which reduced the influence of highly
uncertain values near zero NEE, was  accomplished by taking ıN as
the slope of a linear fit to a plot of the isoflux IN (= ıNFN) versus FN,
with the fit forced through the origin. The resulting values of night-
time ıN were: −26.8 ± 0.7‰ (0–180◦), −26.0 ± 0.6‰ (180–260◦),
and −26.6 ± 0.3‰ (260–360◦). All these values fall within one
standard error of the seasonal mean ıNR as determined by Keel-
ing plots at the tower, which was −26.5 ± 0.1‰.  Given the possible
spread of ıN across our three wind sectors, we  estimate the uncer-
tainty in ıNR due to spatial variation at about ±0.5‰ (1 standard
deviation). The uncertainty in ıNR due to our Keeling plot approach
is less than that. As we will see in Section 4.4, a 0.5‰ error in ıNR

would cause a 0.2‰ error in ıA and a 2% error in GEP  (8% in Reco).
A caveat regarding this directional analysis is that nighttime NEE
includes foliar respiration, the influence of which is suppressed in
our estimates of ıNR. Nonetheless, as non-foliar respiration should
be the larger component of total respiration (Wofsy et al., 1993; Xu
and Griffin, 2008), spatial variation in ıNR is unlikely to be signifi-
cantly greater than that in nighttime ıN.

3.3. Leaf area index

Leaf area index (LAI) is used in the calculation of the leaf bound-
ary layer conductance (Eq. (B3)) and mesophyll conductance (Eq.
(B13)), and in the parameterization of stomatal conductance when
evaporation is non-negligible (Eq. (B11)). We  estimate LAI here
from plant area index (PAI), measured optically at several plots
in the tower footprint on a monthly basis (as part of routine HF-
EMS  operations) and interpolated to our 40-minute time grid. We
adjust observed PAI to LAI by accounting for the wood fraction and
the evergreen and deciduous LAI components, as follows. True PAI
is the sum of the wood area index (WAI) and the leaf area index
(LAI), the latter of which is the sum of the evergreen leaf area index
(ELAI) and the deciduous leaf area index (DLAI); however, as LAI
increases, optically measured PAI (hereafter PAI*) approaches LAI
because leaves mask branches (Breda, 2003; Kucharik et al., 1998).
Thus, to a practical approximation, PAI* varies between LAI in the
summer and WAI  + ELAI in the winter. Accordingly, we rescale the
conventional calculation of DLAI so that:

LAI =
(

PAI∗max − ELAI
PAI∗max − PAI∗min

)
(PAI ∗ −PAI∗min) + ELAI (28)

where PAI∗max is the summertime peak PAI* (roughly equal to peak
LAI) and PAI∗min is the wintertime minimum PAI* (roughly equal to
WAI  + ELAI). The second bracket in Eq. (28) is the conventional cal-
culation of DLAI, and the first bracket is our rescaling factor. Because
we do not have measurements of ELAI and WAI  separately, we spec-
ify ELAI = WAI  = PAI∗min/2, a rough approximation. At the HF-EMS
in 2011, PAI∗max = 5.1 and PAI∗min = 1.9, but PAI* was  greater than
3 throughout the measurement period reported here.

3.4. Data filtering

Following previous work at this site (Urbanski et al., 2007), only
flux measurements for which the friction velocity (u*) exceeded
0.17 were used. In addition, for the calculation of stomatal con-
ductance via Eq. (B9) in Appendix B, it was  necessary to exclude
those rare daytime measurements for which either the water
flux or the leaf-air vapor pressure difference was negative (in
which case there is no transpiration). For IFP, it was  further neces-

sary to exclude those rare measurements for which the stomatal
conductance calculated via Eq. (B9) was  negative (due to mea-
surement noise). Finally, we  restricted IFP to measurements for
which PAR > 50 �E m−2 s−1 because the isotopic composition of the
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Fig. 4. Seasonal cycles of: the isotopic composition of CO2 in the canopy airspace,
ın; the apparent fractionation by net photosynthetic assimilation (i.e. the discrim-
ination), εA; the isotopic signatures of net photosynthetic assimilation, ıA , and
non-foliar respiration, ıNR; the isotopic disequilibrium, D; and the intercellular CO2

mole fraction, Ci . The dark lines connect flux-weighted means (including all daylight
hours) for each 10-day bin, except in the case of ıNR , where the lines connect sim-
ple  means for each bin including all nighttime hours (because ıNR is derived from
nighttime Keeling plots rather than daytime flux measurements). The light shaded
bands around the dark lines show the standard errors in the flux-weighted means
calculated according to the ratio variance approximation recommended in (Gatz and
Smith, 1995) (or just the standard error in the mean for ıNR), based on the variability
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Fig. 5. Individual eddy covariance measurements of NEE (black) partitioned into
GEP (green upward-pointing triangles, inverted) and Reco (brown downward-
pointing triangles). All partitioned flux measurements from 2011 are shown. (For
interpretation of the references to color in this figure legend, the reader is referred
to  the web  version of this article.)

Fig. 6. NEE (black circles) and isotopically partitioned GEP  (green circles, inverted)
and Reco (brown circles) over 3 days in August 2011, smoothed to 2 h (i.e. 3 points).
Also  shown are wind direction (crosses, top panel), PAR (yellow shading, inverted),
and  GEP (pink lines) and Reco (blue lines) estimated by standard partitioning based

eco
ithin each bin. Hatched areas indicate periods of leaf expansion and senescence,
uring which some parameters used for isotopic partitioning might not be valid.

hotosynthetic flux becomes noisy as that flux approaches zero
and is undefined when that flux is zero).

. Results and discussion

.1. Demonstration: the seasonal patterns of isotopic
iscrimination and disequilibrium

In order for IFP to work, the isotopic signature of net photosyn-
hetic assimilation, ıA, must be distinct from (i.e. out of equilibrium
ith) that of non-foliar respiration, ıNR. For an individual eddy flux
easurement, that is almost always the case because of the rel-

tively large (several ‰)  diurnal variation of ıA and the relative
onstancy (<0.25‰)  of ıNR. In addition, our results (Fig. 4) confirm
hat even at the seasonal timescale, there is a small but distinct iso-
opic disequilibrium (D = ıNR − ıA), stable at roughly −0.5‰ through

ost of the growing season but with high values (>0) at the start and
lightly low values (−1‰) at the end. The sign (which is opposite to
hat expected from the Suess effect), approximate magnitude, and
elatively high early-season values of D are consistent with recent
easurements in a subalpine conifer forest (Bowling et al., 2014),

lthough those measurements indicated a late-season increase in D
ather than the slight decrease found here. Several plausible expla-

ations for persistent negative D were discussed in that study,

ncluding post-photosynthetic fractionation leading to sequestra-
ion of isotopically enriched carbon in wood or soil (Bowling et al.,
on nighttime NEE and temperature. Missing points were filtered out by one of the
criteria discussed in Section 3.4. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

2014). Note that none of the systematic uncertainties considered
in Section 4.4 is likely to account for a bias in D of 0.5‰.

Though offset by the disequilibrium, the seasonal pattern of ıNR

(which describes the ecosystem carbon output) closely matches
that of ıA (which describes the ecosystem carbon input) with no
resolvable time lag (Fig. 4), indicating that most respired carbon has
resided in the ecosystem for less than a week. The match between
these patterns also substantiates the IFP results because ıA is an
output of IFP while ıNR is an independent measurement (Section
3.2). (Although the IFP calculation takes ıNR as an input, the value
of ıA determined by IFP is hardly influenced by the value of ıNR: a
0.5‰ change in ıNR causes only a 0.1‰ change in ıA, as shown in
Section 4.4).

Fig. 4 also shows the close correspondence of the apparent frac-
tionation by net photosynthetic assimilation, εA (commonly called
discrimination), and the intercellular CO2 mole fraction, consistent
with the basic idea of stomatal influence expressed in Eq. (4).

4.2. Demonstration: precision and ecosystem heterogeneity

We partitioned 1042 independent NEE measurements over the
2011 growing season (Fig. 5), but to reveal the characteristics of IFP,
we focus on 3 illustrative days in August 2011 (Fig. 6). We  note two
broad features of interest.

First, the variability in daytime Reco from IFP is similar in mag-
nitude and character to that in nighttime NEE, suggesting that
the precision of the isotopically partitioned fluxes is similar to
that of NEE itself. Indeed, taking all July measurements together,
the standard deviation of daytime R to the southwest of the

tower was 5.8 �mol m−2 s−1, compared to 5.3 �mol  m−2 s−1 for
July nighttime NEE in the same quadrant. We  conclude that the
variability in daytime Reco and GEP derived almost entirely from
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Fig. 7. Nighttime NEE (black), daytime Reco estimated by isotopic flux partitioning
(brown), and daytime Reco estimated by standard partitioning based on nighttime
NEE and temperature (blue) versus wind direction, over the entire growing season.
Dark lines are bin means while light shaded regions indicate ±1 standard error in
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Fig. 8. Bias in GEP resulting from normally distributed measurement error in ıN

coupled with the nonlinear nature of the partitioning equations, as a function of the
absolute magnitude of NEE, when best approximate solutions are included (gray
circles, black line) or excluded (pink triangles, red line). The points are bias esti-
mates for each of the individual flux measurements in July, 2011, and the lines are

solutions is between zero and −0.3 �mol  m−2 s−1 for all values of
he mean based on variability within the bin. (For interpretation of the references to
olor in this figure legend, the reader is referred to the web  version of this article.)

ariability in measured NEE rather than from the isotopic parti-
ioning.

Second, the measured respiration—day or night—depends
trongly on wind direction, a coarse indicator of the tower samp-
ing footprint. The dependence is strong (Fig. 7): certain areas to
he northwest of the tower exhibited respiratory fluxes that were
n average 3 times greater than those in areas to the southwest.
his directional variation in respiration violates the eddy covari-
nce assumption of a horizontally homogeneous ecosystem (which
annot be fully satisfied at any real site) and therefore probably
nduces errors in NEE. Additionally, it causes further (and likely
arger) errors in standard NEE partitioning because that partition-
ng is based on 4- or 6-day regression windows and therefore
lends the different tower footprints together. Thus standard Reco

s virtually flat through the day (Fig. 6), and the variations in
EE due to footprint motion are mistakenly attributed entirely to
EP—which therefore behaves erratically with respect to environ-
ental drivers, as is most evident on the morning of August 11 in

ig. 6, when standard GEP is strongly anti-correlated with PAR.
IFP, on the other hand, captures the directional variation in

espiration because it partitions each flux measurement indepen-
ently. From the perspective of one interested in whole-ecosystem
i.e. spatially integrated) Reco and GEP, IFP correctly partitions the

eteorological noise in NEE while standard partitioning does not.
FP reveals that GEP was also greater to the northwest than to the
outhwest, but the proportional variation was less than 20% (not
hown).

Standard partitioning based on light-response curves (Lasslop
t al., 2010) can be even more severely corrupted by footprint
otion because the method interprets footprint-related variations

n measured daytime NEE as being light-related, and can thereby
rrive at unrealistic light-response curves. In the days surround-
ng August 11, for example, this method exaggerated GEP and Reco

y a factor of 2, putting Reco at about 35 �mol  m−2 s−1 all day (not
hown). More subtle errors of the same kind would bias estimates
f GEP and Reco without being detectible, absent the isotopic flux
easurements.
We should point out that August 11 is the most extreme day
n the dataset in terms of footprint motion and of disagreement
etween standard and isotopic partitioning; August 10 and 12 are
ore typical of the northwest quadrant.
smoothings versus the absolute magnitude of NEE, made using a Loess filter. (For
interpretation of the references to color in this figure legend, the reader is referred
to  the web version of this article.)

4.3. Biases due to the structure of the equations

Because the partitioning equations are nonlinear, normally dis-
tributed error in the measured variables can translate into skewed
error and therefore bias in GEP. For the instrumentation that
acquired the data used here (Section 3), the only measured vari-
able with non-negligible random error was ıN, and the bias due
to that error turned out to be negligible. We  estimated the bias as
follows.

For each eddy flux measurement in July, we  determined the
response of GEP to the value of ıN (all else being equal) by rerun-
ning the partitioning calculation using a range of values of ıN rather
than the actual measured value. The shape of this response curve
depends on other variables such as the magnitude of NEE, so that
it varies from one eddy flux measurement to the next. We  then
used the resulting response function for each eddy flux measure-
ment to map  normally distributed error in ıN onto GEP  for that
measurement. We  centered the distribution of error in ıN on an
approximate true ıN estimated as the flux-weighted average of all
ıN measurements within ±2 h of the measurement under consid-
eration, and we  set the standard deviation of the error in ıN as
14.2(NEE−0.955) + 0.215, which is a close description of the random
instrument error based on the characterization method detailed in
Wehr et al. (2013); as NEE increases, error in ıN decreases. Finally,
for each flux measurement, we  computed the bias as the difference
between the mean of the resulting GEP distribution and the ‘true’
GEP calculated from the approximate true ıN.

The resulting bias estimates when including or excluding best
approximate solutions to the partitioning equations (Section 2.4)
are plotted versus the absolute magnitude of NEE in Fig. 8. The
bias estimates for individual eddy flux measurements are subject
to variability associated with environmental conditions as well as
with error in our approximate true ıN, and so we have used a Loess
filter to smooth them versus the magnitude of NEE. The smoothed
curves show that the bias in GEP when including best approximate
NEE; the overall mean is −0.2 �mol  m−2 s−1 (−1% of the July day-
time mean GEP). When excluding approximate solutions, GEP is
biased positively at low magnitudes of NEE by up to 1 �mol  m−2 s−1,
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Fig. 9. Sensitivity analyses: responses of growing season mean ıA and GEP to adjust-
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Fig. 10. Sensitivity analyses: responses of growing season mean ıA and GEP to
three simplifications of the IFP theory (B-2001 = Bowling et al., 2001; O-2003 = Ogée
ents in various IFP input parameters (red) and measured quantities (blue). (For
nterpretation of the references to color in this figure legend, the reader is referred
o  the web version of this article.)

ith an overall mean of + 0.4 �mol  m−2 s−1 (+2% of the July daytime
ean GEP). We  therefore chose to accept best approximate solu-

ions, thereby reducing bias and allowing the partitioning of more
ux measurements.

Note that we have been considering random measurement error
ather than total variability: as discussed in Section 4.2, there is
arge variability in measured NEE that is responsible for most of
he variability in the retrieved fluxes, but most of that variability is
ot erroneous from the perspective of IFP, because it is caused by
hanges in the flux tower sampling footprint and, during the day,
y changes in cloud cover—both of which affect the real fluxes of
O2, water, and heat observed at the tower.

.4. Systematic uncertainties

Because IFP depends on the complex interaction of many input
arameters, we quantified its systematic uncertainty in terms of
he sensitivity of whole-season mean GEP and ıA to adjustment of
ach input parameter, all else being equal. The results are reported
n Fig. 9, which includes each of the substantially uncertain input
arameters described in Appendix B (e.g. the fractionation by
ubisco, εRu) as well as: the rates and signatures of photorespi-
ation and foliar daytime ‘dark’ respiration; the measured isotopic
ignature of non-foliar respiration; the measured isotopic composi-
ion of NEE; and the measured eddy fluxes of CO2, water vapor, and
ensible heat. Adjustments of the input parameters also affected
he diurnal and seasonal patterns of GEP and ıA somewhat, but
he impact on their means was dominant. The magnitude of each
ariable’s adjustment was chosen in the spirit of the standard
rror; that is, we judged that errors of the chosen magnitudes were
airly probable but errors of more than twice those magnitudes
ere improbable. Unfortunately, the literature usually presents no
eans for a more rigorous approach.
The bases for our judgments were as follows: εRu + 2‰

nd  ̌ + 0.03, the distributions of published values across (a
imited number of) species; rbH × 1.5, the uncertainty reported in
cNaughton and Hurk (1995) for the amalgamated coefficient 150
n Eq. (B3); rm × 1.2, the uncertainty reported in Warren and Dreyer
2006); g – 4‰, the range of values reported in Tcherkez (2006)
or the photorespiratory fractionation f and for fractionation by
et  al., 2003; K-2005 = Knohl and Buchmann, 2005), to the neglect of photorespira-
tion in particular (No PR), and to use of the EC/flask approximation to the isotopic
composition of NEE (EC/flask).

glutamate decarboxylase (this adjustment is negative because the
preferred value is at the top of the reported range); � ′∗ × 1.1, the dis-
crepancy between the measurements of Jordan and Ogren (1984)
and Brooks and Farquhar (1985); FDR × 1.5, estimates of foliar dark
respiration (Xu and Griffin, 2008) and of its inhibition by sunlight
(Atkin et al., 1998; Hurry et al., 2005; Pärnik et al., 2007); εDR + 1‰,
the uncertainty reported in Tcherkez et al. (2010) (but those mea-
surements were for sunflower); ıNR + 0.5‰,  our determination of
spatial heterogeneity surrounding the EMS tower (Section 3.2). For
the flux measurements, we arbitrarily adjusted the values up by 5%,
though such errors are not particularly likely. For ıN, we  arbitrarily
adjusted the value up by 0.5‰,  in keeping with ıNR. In the case of
the water flux E, the error could be imagined as methodological or
as due to the presence of evaporation in the total water flux. The
parameters are ordered in the figure according to the magnitude of
the effect on GEP.

Previous IFP studies have stressed rs and rm as leading sources of
uncertainty (Bowling et al., 2001; Knohl and Buchmann, 2005; Ogée
et al., 2003; Zobitz et al., 2008). Although IFP is highly sensitive to rs,
it does not appear in Fig. 9 because it is derived from other param-
eters in the figure (E, H, rbH, re, ea, and Ta). And although IFP is also
sensitive to rm, Fig. 9 indicates that the parameters contributing the
greatest uncertainty to GEP are the fractionation by Rubisco εRu and
the proportion of carboxylation done by PEP-carboxylase ˇ, both of
which concern the isotopic fractionation by carboxylation and have
never before been considered as a source of error. The leaf boundary
layer resistance rbH is also important. The uncertainties associ-
ated with the rates and isotopic signatures of photorespiration and
daytime ‘dark’ respiration are less than a few percent of GEP  –
much smaller than the error induced by neglecting photorespira-

tion entirely (see Fig. 10). Combining all the systematic literature
parameter uncertainties in Fig. 9 in a simple sum-of-squares error
approach gives an overall proportional systematic uncertainty in
GEP of ±17%. If the fractionation by carboxylation (εRu and ˇ)
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Fig. 11. Growing season median diel cycles of non-foliar respiration to the south-
west  of the flux tower, as determined by the present IFP formulation (solid line)
and the three previously published simplifications from Fig. 10 (dotted and dashed
24 R. Wehr, S.R. Saleska / Agricultural and 

ere known precisely, that uncertainty would drop to ±7%. This
pproach assumes that the parameters are non-interacting, which
s not quite true. For ıA, the overall absolute systematic uncertainty
s ±0.3‰ (±0.1‰ if εRu and  ̌ were known precisely).

The systematic uncertainty associated with the big-leaf canopy
pproximation underlying the IFP equations in Section 2 (and all
implifications thereof) cannot be quantified without knowing how
he sources and sinks of 13CO2, 12CO2, light, water, and heat are
istributed throughout the canopy. Leaf-level measurements dis-
ributed through the canopy would be valuable for testing the
ig-leaf approximation and implementing a multi-leaf version of
FP. Error due to this approximation might be correlated with
AR and time of day or season via the sun angle and the diffuse
ight fraction, but with sufficient data, these variations could be
onstrained by analyzing periods of completely diffuse light and
dentical canopy structure.

In addition to estimating systematic uncertainties, we  can use
ensitivity analyses to ask what is gained by the extended theo-
etical framework presented here. Thus in Fig. 10, we present the
iases (relative to the full model presented here) induced in GEP
nd ıA by using the simplified theoretical formulations of Bowling
t al. (2001), Ogée et al. (2003), and Knohl and Buchmann (2005)
but always using the same stomatal conductance, determined by
ur method described in Appendix B4). We  also present the bias
nduced by neglecting photorespiration in particular. The original
soflux-based IFP formulation (Bowling et al., 2001), which lacked
oundary layer and mesophyll resistances, gives a bias of +67% of
EP (i.e. GEP was systematically too high compared to what would
e estimated by the approach here), while the more recent formu-

ations (Knohl and Buchmann, 2005; Ogée et al., 2003) give biases
f +2% and +14% of GEP. All previous formulations neglect photores-
iration, which in itself biases GEP by +13%, but the overall biases

n the more recent formulations are similar to or less than +13%
ecause other approximations and errors fortuitously balance the
eglect of photorespiration for this dataset; for example, neglect-

ng foliar daytime ‘dark’ respiration biases GEP by −3% (not shown).
ach simplified formulation also gives a bias of between −0.1 and
0.3‰ in ıA. Because none of the major systematic uncertainties

n the full theory (those related to εRu, ˇ, rbH, and rm) is removed
y any of the simplifications, the full theory is preferable—at least
hen applied to a deciduous oak forest. (Assigning a parameter a

alue well outside the range of uncertainty in that parameter, e.g.
′∗ = 0, does not change the uncertainty; it merely guarantees some
inimum bias associated with that parameter.)
The final column in Fig. 10 shows the biases resulting from

he EC/flask approximation (Bowling et al., 2001) used by most
FP studies (Bowling et al., 2001; Knohl and Buchmann, 2005;
ai et al., 2003; Ogée et al., 2003; Zobitz et al., 2008) in place of
irect measurements of the isotopic flux. Our method for simulat-

ng the EC/flask method has been described elsewhere (Wehr et al.,
013). For our temperate forest dataset, the EC/flask approximation
iases GEP by +14% and biases ıA by +1.1‰,  which is greater than
he seasonal mean isotopic disequilibrium and so non-negligible.

e therefore recommend that direct flux measurements be used
nstead of the EC/flask approximation.

The bias induced in the diel cycle of non-foliar respiration (FNR)
y three of the simplifying formulations (Bowling et al., 2001; Knohl
nd Buchmann, 2005; Ogée et al., 2003) is presented in Fig. 11.
ecause the respiratory flux is smaller than the photosynthetic flux,
he +14% bias in GEP associated with the formulation in Knohl and
uchmann (2005), for example, corresponds to a more than dou-
ling of midday non-foliar respiration. The results from the full

heory suggest, intriguingly, that daytime ecosystem respiration
s less than nighttime ecosystem respiration, consistent with leaf-
evel studies reporting that foliar respiration is inhibited by light
Heskel et al., 2013). However, confirmation of that possibility at
lines), along with nighttime NEE. Also shown for comparison are: growing season
median air temperature, PAR (solid black line), and diffuse light fraction (dotted grey
line).

the ecosystem scale would require a reduction in the systematic
uncertainty of the partitioning, to less than about 1 �mol  m−2 s−1

(∼6% of GEP), which would depend in particular on reducing the
uncertainties associated with the big-leaf approximation and the
isotopic fractionation by carboxylation. Those uncertainties could
both be reduced by feasible site-specific leaf-level measurements,
as could uncertainty in the mesophyll conductance.

Even without a reduction in those a priori uncertainties, IFP can
be used to study temporal patterns with much greater certainty
than means or sums, because the systematic uncertainties in Fig. 9
have only minor (and quantifiable) effects on many temporal pat-
terns in GEP and ıA. As noted above, with sufficient data, even the
as-yet unquantifiable effect of the big-leaf approximation can be
rendered time-invariant by restricting analysis to periods of highly
diffuse light and nearly identical canopy structure. It may thereby
prove possible to constrain the overall uncertainty in IFP a posteriori
by validation against infrequent instantaneous or time-integrated
estimates of GEP or daytime Reco.

5. Conclusion

We  have presented an extended formulation of isotopic flux
partitioning from which all previously published formulations can
be derived as simplifying approximations, and demonstrated the
method using data from a temperate deciduous forest. The sta-
tistical uncertainty in GEP and Reco was found to be negligible
compared to variability in NEE itself, while the assessable sys-
tematic uncertainty was  ±17% of gross ecosystem production.
Systematic uncertainty in the isotopic composition of canopy net
photosynthates was ±0.3‰. Neglect of photorespiration in previ-
ously published formulations was  found to bias GEP high (by 13%),
but that bias was sometimes offset by other approximations and
errors. Some bias due to the approximation of the canopy as a
‘big leaf’ should be common to this and all previous formulations

but cannot be estimated at present, for lack of data describing the
canopy heterogeneity.

The partitioning revealed that the isotopic signature of ecosys-
tem non-leaf respiration closely tracked the signature of carbon
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upply from the leaves, indicating that most respired carbon had
esided in the ecosystem for less than a week. The disequilibrium
etween carbon input and output was stable on the seasonal
imescale through most of the growing season, agreeing with
ecently published measurements but contradicting the prevalent
dea that the disequilibrium results from the Suess effect.

Our results illustrated a key practical advantage over standard
on-isotopic partitioning, which is the ability to partition individ-
al flux measurements and thereby reduce errors and biases due
o changes in the flux tower sampling footprint. The fundamen-
al advantage, however, is that isotopic flux partitioning does not
rescribe the behaviors of ecosystem-scale photosynthesis or res-
iration, which one is therefore free to discover. In the temperate
orest studied here, isotopic partitioning suggested that daytime
cosystem respiration was less than nighttime ecosystem respira-
ion, consistent with inhibition of leaf respiration by light, though
onfirmation of that possibility would require a reduction in the
ystematic uncertainty of the partitioning.

The measurements most likely to reduce that uncertainty
re measurements of the fractionation by carboxylation and of
he mesophyll resistance, in relevant species, and measurements
onstraining canopy heterogeneity sufficiently to enable a multi-
eaf isotopic partitioning framework. Regardless of its systematic
ncertainty, isotopic flux partitioning allows for the investigation
f temporal patterns and thereby offers a unique window into
he controls on ecosystem photosynthesis and respiration. Isotopic
artitioning would be especially powerful in concert with comple-
entary and potentially corroborating methods such as H2O–CO2

orrelation analysis (Scanlon and Kustas, 2010), carbonyl sulfide
ux analysis (Billesbach et al., 2014; Wohlfahrt et al., 2011), sun-

nduced fluorescence (Joiner et al., 2013), soil chambers, and leaf
hambers.
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ppendix A. Definitions

The conductance g (m s−1) and resistance r ≡ 1/g  (s m−1) to CO2
ransport between point z1 and point z2 > z1 are defined by Fick’s
aw of diffusion:

 ≡ −g(c(z2) − c(z1)), (A1)

here F is the net flux (mol m−2 s−1) in the positive z direction and
(z) is the concentration (mol m−3) at point z. Because we  employ
he convention that fluxes into the atmosphere are positive, the
hotosynthetic flux is negative.

The relative isotopic composition ı of a substance or flux is
efined as:

 ≡ R

RVPDB
− 1, (A2)

here R is the ratio of 13C atoms to 12C atoms in the substance or

ux, and RVPDB is the ratio of 13C atoms to 12C atoms in the Vienna
ee Dee Belemnite standard material. We  follow Griffis et al. (2004)
n using the value RVPDB = 0.0111797, but the choice of RVPDB has no
ffect on IFP so long as it is consistent.
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The isotopic fractionation factor  ̨ (also called the isotope effect)
for an irreversible process such as diffusion or carboxylation is
defined as:

 ̨ ≡ k12

k13
= Rsource

Rproduct
(for a reaction)  = g12

g13
(for diffusion),  (A3)

where k12 and k13 are the isotope-specific rate constants for the
process.

The isotopic fractionation ε is defined as:

ε ≡  ̨ − 1 = ısource − ıproduct

1 + ıproduct
(for a reaction), (A4)

and should not be approximated as ısource − ıproduct (as it has been
in all IFP studies to date). That approximation induces a propor-
tional error in ε equal to ıproduct, which is about −30‰ in the case of
the apparent fractionation of net photosynthesis. The correspond-
ing absolute error is −0.7‰,  which is not negligible. Moreover, the
exact definition, Eq. (A4), is tractable. Note that the alternative def-
initions  ̨ ≡ Rproduct/Rsource and ε ≡ 1 −  ̨ have also been used (e.g.
Lee et al., 2009), and were acknowledged by Farquhar et al. (1989),
but only the definitions used here are consistent with Farquhar et al.
(1989) and Coplen (2011).

Appendix B. Values for the resistances, fractionations, and
other input parameters

The published literature provides values or empirical formulae
for all those parameters that are required to solve our system of
equations but that we do not measure. In this appendix, we describe
the best estimates available for each. In Section 4.4, we  test the
sensitivity of IFP to these parameters according to their estimated
uncertainties.

B.1. Canopy CO2 concentration, vapor presssure, and temperature

The concentration and isotopic composition of CO2 in the
canopy (cn and ın) are determined from the same measurements
used to determine the canopy CO2 storage (iso-)flux for the calcu-
lation of FN and ıN (Wehr et al., 2013). In particular, cn and ın are
averages of measurements at 12, 18, and 24 m on the flux tower,
which span the region of maximum light absorption determined
by G.G. Parker in 1998 (unpublished data), and which were meant
to represent the region of peak photosynthetic assimilation.

From the within-canopy and above-canopy CO2 measurements,
it is possible to define a turbulent eddy transport resistance re by
assuming that turbulent eddy transport functions as a gradient-
driven diffusion process (Raupach and Thom, 1981), and treating
the canopy as a single thin layer. In that situation, one can use Fick’s
Law, Eq. (A1), to write:

cn = ca + reFe (B1)

where Fe is the CO2 eddy flux (i.e. without storage). Applying the
same resistance re to heat and water vapor (i.e. assuming the same
eddies transport all scalar quantities indiscriminately, with differ-
ences in their source/sink distributions neglected, in keeping with a
single-thin-layer canopy) allows us to calculate the canopy airspace
temperature Tn and vapor pressure en, which will be necessary to
calculate leaf temperature and thence stomatal resistance in Eqs.
(B8)–(B9), below.

The sign of re calculated from Eq. (B1) was sometimes negative,
indicating counter-gradient transport (Raupach and Thom, 1981),

which we  did not forbid. To reduce the impact of sampling noise
in the canopy CO2 concentrations (which are only measured for a
few minutes out of every 40 min), we  smoothed re to 2 h. By using
canopy CO2 measurements from the tower, we are assuming that
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he flux-gradient relationships at the tower are the same as those
n the eddy flux sampling footprint at the same moment in time;
ome statistical error should be associated with this assumption,
nd possibly some systematic error as well.

.2. Leaf boundary layer resistance

The leaf boundary layer resistance rb varies with leaf size, shape,
rientation, distribution, and density, as well as with wind speed
nd with the relative importance of forced and free convection near
he leaf surface. It has been studied both in wind tunnels and in the
eld, but owing to the complexities of its spatial and temporal vari-
bility, it remains only roughly predictable, with models requiring
mpirical adjustments (Massman, 1999; McNaughton and Hurk,
995; see Schuepp, 1993). The most reasonable formulation for rb,

n our estimation, is that of McNaughton and Hurk (1995). It begins
ith the Pohlhausen equation for heat transfer to or from a flat
late (see Schuepp, 1993), which gives, for double-sided transfer:

bH = 150

√
L

u
(B2)

here rbH is the boundary layer resistance to heat transfer (differ-
nt from the corresponding resistance to CO2 transfer, as explained
elow), L is the plate dimension (m), u is the wind speed (m s−1) just
utside the boundary layer, and the amalgamated constant 150 has
nits of s½ m−1. McNaughton and Hurk (1995) then make assump-
ions concerning the variation of wind speed and heat flux with
eight in order to obtain a suitable flux-weighted average bound-
ry layer resistance to apply to the big-leaf canopy. Following the
erivation in McNaughton and Hurk (1995) except in retaining u
nd avoiding the unhelpful division by u*, we obtain:

bH = 150
LAI

√
L

uh

∫ 1

0

exp
[

˛

2
(1 − �)

]
�(�)d� (B3)

here LAI is the leaf area index, L is now the characteristic leaf
imension (we use 0.1 m,  typical for our site), uh is the mean wind
peed at the top of the canopy, � is height divided by canopy top
eight, ϕ(�) is the vertical profile of the heat source normalized

uch that
∫ 1

0
ϕ(�)d� = 1, and  ̨ is the extinction coefficient (not a

ractionation factor) for the assumed exponential wind profile:

u(�)
uh

= exp[˛(� − 1)]. (B4)

The wind speed at the top of the canopy can be obtained from
q. (B4) with � set to correspond to flux measurement height a:

h = ua

exp
[
˛
(

a
h − 1

)] , (B5)

here h is the canopy top height. For canopies with leaf area indices
f 0.6, 2, 4, and 9, McNaughton and Hurk (1995) suggest  ̨ = 1, 2,
, and 4, respectively, which corresponds to the exponential rela-
ionship  ̨ = 4.39 − 3.97exp(− 0.258 · LAI), which we use to calculate

 for our site. From late June through the end of August, while
.0 < LAI < 5.1, we obtain  ̨ = 3.3. For ϕ(�), we replace the assump-
ions in McNaughton and Hurk (1995) with the assumption that
(�) is identical to the normalized profile of light absorption, which
as measured at our site by G. G. Parker in 1998 (unpublished data).
e adjust ϕ(�) to account for diel and seasonal variation in the solar

enith angle, which has a small (∼20%) effect on rbH at dawn and
usk but a negligible effect on IFP. The integration over the assumed

ertical profiles of wind and heat flux in Eq. (B3) is our only depar-
ure from the assumption of a big-leaf canopy; the flux-weighted
verage rbH obtained from Eq. (B3) is assumed to apply to all leaves
qually.
 Meteorology 214-215 (2015) 515–531

The boundary layer resistances for heat (rbH), CO2 (rb), and water
vapor (rbV) are related by (see Hicks et al., 1987):

rb = N
(

Sc

Pr

)n

rbH (B6)

rbV = N
(

ScV

Pr

)n

rbH (B7)

where Sc is the Schmidt number for CO2 (≈1.05), ScV is the Schmidt
number for water vapor (=Sc/1.57), Pr is the Prandtl number for air
(≈0.71), N = 1 for amphistomatous leaves (i.e. leaves with stomata
on both sides of the leaf, so that heat, water, and CO2 are all trans-
ferred from both sides), and N = 2 for hypostomatous leaves (i.e.
leaves with stomata predominantly on the underside of the leaf, so
that heat is transferred from both sides while water and CO2 are
transferred from only one side). The red oak and red maple trees
that dominate our Harvard Forest site are hypostomatous (N = 2).
The empirical exponent n accounts for the fact that transfer through
the boundary layer is partly turbulent and is assigned the approxi-
mate value 2/3, applicable to most gases (Hicks et al., 1987; Lamaud
et al., 1994). The constant 1.57 relating ScV to Sc is the ratio of the
binary diffusion coefficient of H2O in air to that of CO2 in air, as
determined from their molecular masses and the molecular mass
of air.

Previous IFP studies that considered the boundary layer
(Billmark and Griffis, 2009; Knohl and Buchmann, 2005; Ogée et al.,
2003; Zobitz et al., 2008) calculated the boundary layer resistance
as a function of a constant Stanton number B (i.e. rbH = 1/u*B), which
is not a simplification but rather a misinterpretation. The Stan-
ton number is a dimensionless number representing the ratio of
the heat flux into a fluid to the thermal capacity of the fluid, and
is defined in general as B ≡ h/�aCPu ≡ 1/rbHu, where h is the heat
transfer coefficient (W m−2 K−1) and u is the fluid velocity (m s−1).
Owen and Thomson (1963) proposed that the characteristic wind
speed in the canopy should be u* and thereby defined the Stan-
ton number for all subsequent canopy exchange literature. Thus
rbH = 1/u*B does not express a proportionality between rbH and u*;
B is merely a dimensionless form of rbH that varies between sites,
with time, and even with u* (Massman, 1999; McNaughton and
Hurk, 1995; Schuepp, 1993). For typical daytime conditions, B as
calculated for our site based on the model of McNaughton and Hurk
(1995) (Appendix B2) varies roughly between 1/8 and 1/2 and is
nearly inversely proportional to u*. Under the same conditions, rbH
itself only varies between about 8 and 12 s m−1. Thus, assuming a
constant rbH would be more accurate than assuming a constant B.

B.3. Leaf temperature

Given rbH, and assuming that the internal leaf temperature TL (K)
is the same as the leaf surface temperature, Fick’s Law (Eq. (A1)) for
thermal diffusion gives

TL = HrbH

�aCp
+ Tn (B8)

where H is the net heat flux (W m−2), Tn is the canopy airspace
temperature (K), �a is the density (kg m−3) of air, and Cp is the
specific heat capacity (J kg−1 K−1) of (wet) air.

B.4. Stomatal resistance

The stomatal resistance to CO2, derived from the stomatal resis-
tance to water vapor rsV, is a highly influential parameter in IFP,

since it is among the most significant and most variable of the resis-
tance terms that set the isotopic fractionation by photosynthesis.
When the measured net water vapor flux E (mol m−2 s−1) is entirely
transpiration, i.e. when evaporation from and condensation onto
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oil and canopy surfaces is negligible, rsV can be obtained from E
nce re, rbV, and TL have been calculated. Assuming that air inside
he leaf is saturated with water vapor, Fick’s Law (Eq. (A1) again)
or diffusion of water vapor gives

sV = eSAT(TL) − en

RTnE
− rbV (B9)

here eSAT(TL) = ei is the saturation vapor pressure (Pa) at tem-
erature TL, en is the vapor pressure (Pa) in the canopy airspace,
nd R = 8.315 J mol−1 K−1 is the molar gas constant (not an isotope
atio here). The stomatal resistances to H2O and CO2 are related
y rs = 1.57rsV and the saturation vapor pressure is given by the
ollowing empirical formula (World Meteorological Organization,
008):

SAT(T) = 611.2 exp
(

17.62(T − 273.15)
T − 30.03

)
(B10)

ith T in Kelvin (note that this formula is provided in hPa and ◦C in
he cited source).

Unfortunately evaporation is often non-negligible at the HF-
MS; evaporation from soil and canopy surfaces contributes
ubstantially to the measured water flux but has no bearing on
tomatal conductance, so that rs from Eq. (B9) is often an underesti-
ate. Canopy surface wetness can result in large evaporative water

uxes but typically lasts less than a few daylight hours after the
essation of rain or dew, a fact confirmed by the direct leaf surface
ater measurements of Klemm et al. (2002) as well as by our own

imple experiment. Our experiment consisted of thoroughly wet-
ing a few isolated leaves placed under an awning on a cool (18 ◦C),
ompletely overcast day, with the leaf exposed to only 50% of the
ky and with rain continuing to fall around (but not on) the leaf;
ven under these unfavorable conditions, all water had evaporated
rom the leaf surface within about 3 h.

Soil and ground surface water usually results in smaller evap-
rative fluxes but is longer lived, lasting a day or two after a large
ain in hot, dry periods (e.g. late July 2011) and several days or more
fter a large rain in cold, wet periods (e.g. May  2011).

Our approach to calculating gs in periods with non-negligible
vaporation is adapted from Knohl and Buchmann (2005): a func-
ion is fit to EC-derived gs in periods with negligible evaporation
nd used to extrapolate gs into wet periods. For the function, Knohl
nd Buchmann (2005) used a stomatal conductance model (Collatz
t al., 1991) in which gs depends on the net photosynthetic assim-
lation flux FA, the CO2 molar mixing ratio to dry air at the leaf
urface, and the relative humidity at the leaf surface. Because FA
as unknown, Knohl and Buchmann (2005) modeled it as a satu-

ating function of PAR, which introduced some circularity in their
nalysis. Instead, we use an entirely empirical function of leaf area
ndex (LAI), photosynthetically active radiation (PAR), the leaf-air

ater vapor difference (LVD), and the clear sky index � (i.e. the
atio of observed PAR to the PAR that would have been observed
or the same solar zenith angle under clear skies):

s = LAI(b0eb1LVDeb2�)PAR (B11)

here b0, b1, and b2 are fitted parameters. Transpiration predicted
y this function was able to closely reproduce (r2 = 0.94) the mea-
ured water flux in manually selected evaporation-free periods
hroughout the entire growing season using a single set of fitted
arameters b0, b1, b2. The r2 was not appreciably improved by
sing a curvilinear response to PAR (a Michaelis–Menten function
onverged to linearity in the fitting), nor by adding dependencies

n TL or soil water content (the fitted scaling factors converged to
onstants), nor by adding an offset representing stomatal conduc-
ance in the dark (the offset converged to 5 × 10−3 mol  m−2 s−1).
he observed linear response of gs to PAR contradicts the common
 Meteorology 214-215 (2015) 515–531 527

assumption of a saturating response but agrees with some recent
sap flux measurements (Schäfer, 2011).

A comparison of our gs function to EC-derived gs during a week
including rain is shown in Fig. B1. Evaporation following the rain
events on 7/18 contaminated Eq. (B9) and caused its EC-derived gs

to surge above gs from Eq. (B11) (which was fitted to evaporation-
free periods only) for about a day in this example, which is from
July, when soils were driest. In May, September, and October, when
near-surface soil moisture was 40% higher, substantial evaporation
sometimes persisted for two  or three days following rain. The fact
that a single set of fit parameters could reproduce the entire season,
including both moist and dry soil periods, suggests that gs was  not
significantly affected by soil water in 2011 and that the increased
water flux generally observed in the day or two following rain was
due to increased evaporation rather than transpiration. Thus use of
Eq. (B11) to extrapolate gs into periods with non-negligible evap-
oration appears justified. Doing so increased the number of NEE
measurements we could safely partition from 337 to 1042. We did
not extrapolate to periods with higher (>31 ◦C) or lower (<18 ◦C)
temperatures or with lower volumetric soil water contents (<19%)
than were represented in the evaporation-free periods used to fit
Eq. (B11). The mean difference between GEP with and without
use of the fitted gs function in evaporation-free periods over the
whole growing season was −0.06 �mol  m−2 s−1, which was  a pro-
portional difference of −0.3%. The root-mean-square difference was
2.5 �mol  m−2 s−1, which was 14% of the corresponding mean GEP
and is attributable mostly to point-to-point meteorological noise
in the gs from Eq. (B9), as evident in Fig. B1.

We add a few technical notes. First, rather than fitting a func-
tion to EC-derived gs directly, we  used Eq. (B9) to convert gs into
transpiration, and fit that to measured E. The idea was  to do the
fitting in terms of the measured variable so that the measurement
noise would be normally distributed and not bias the fit. Second, we
selected evaporation-free periods in which to fit our function man-
ually rather than by algorithm because we did not expect the soil
hydrology to be sufficiently described by any simple function of our
measured variables (e.g. time, net radiation, soil moisture at 15 cm).
We began by selecting periods several days after precipitation and
excluding most mornings, when canopy dew evaporation was plau-
sible. It was clear from an initial fit of our empirical function that gs

responded consistently to PAR throughout much of this provisional
evaporation-free period; the presence or absence of dew evapora-
tion became fairly obvious on many mornings, as did the presence
or absence of soil or surface water evaporation on many days. We
cropped or expanded our evaporation-free periods accordingly for
the final version of the fit, allowing us to include more morn-
ing data in particular. Third, though the shape of the response of
gs to PAR, LVD, and � did not change with wind direction, the
magnitude of the response did, consistent with a directional vari-
ation in LAI. So, LAI for our calculations (including Eq. (B11)) was
inferred for each wind direction as follows: (i) the fitting of Eq.
(B11) was  initially restricted to the relatively homogeneous sec-
tor from 210 to 240◦ (containing 114 points), (ii) the ratio of gs

from Eq. (B9) to fitted gs from Eq. (B11) was calculated for all
evaporation-free data (376 points), (iii) the natural logarithm of
that ratio was  smoothed versus wind direction using a Loess filter,
and (iv) the exponential of the result was multiplied by the site-
average LAI to obtain LAI as a smoothly varying function of wind
direction (the 376 available points were enough to resolve direc-
tional variation with a resolution of around 15◦ in the data-rich
sectors to the west of the tower). The Loess smoothing was  done
on the logarithm of the ratio so that the result would be a geo-

metric mean (rather than an arithmetic mean), as is appropriate
when averaging ratios. The gs calculation was then repeated using
the new direction-dependent LAI as input; one such iteration of the
calculation was enough to obtain sufficient convergence in LAI and
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ig. B1. Time series of stomatal conductance (top panel) and of the water vapor flu
unction described in the text (solid red lines). Also shown are precipitation (blue fi
gure  legend, the reader is referred to the web  version of this article.)

s. The direction-dependent LAI was also used as input to the rest
f the IFP calculations.

.5. Mesophyll resistance

Recent studies have increasingly emphasized the importance
f the mesophyll resistance in regulating leaf and canopy scale
hotosynthesis (Gu and Sun, 2014). The gas-phase equivalent
anopy-scale mesophyll resistance xm = xwp + xch is considered to
ary with LAI and leaf temperature. We  convert it to units of s m−1

rom the mesophyll conductance reported in flux units (g∗
m, in

ol  m−2 s−1 rather than m s−1) as:

m = 1
g∗

m

Pa

RTL
(B12)

here R = 8.3145 J mol−1 K−1 is again the molar gas constant (not
n isotope ratio), and where

∗
m = LAI ·

(
0.188 · exp

[
−0.5

(
ln((TL − 273.15)/28.8)

0.610

)2
])

(B13)

etween 10 ◦C and 35 ◦C, with TL in Kelvin (Warren and Dreyer,
006). The reported uncertainty in Eq. (B13) at the reference tem-
erature of 25 ◦C is ±0.034 mol  m−2 s−1, or about ±20% (Warren
nd Dreyer, 2006). Though Eq. (B13) was obtained for Quercus
anariensis rather than Quercus rubra (both deciduous oaks), it
ives gg

m = 0.183 at 25 ◦C (LAI = 1), in good agreement with the
alue gg

m = 0.175 ± 0.016 mol  m−2 s−1 reported for Quercus rubra
t 25 ◦C (Manter and Kerrigan, 2004).

A number of studies have reported that mesophyll conductance
aries substantially and rapidly in response to environmental con-
itions, and is tightly correlated with stomatal conductance (see
lexas et al., 2008); however, Tholen et al. (2012) recently pointed
ut that because photorespiration and foliar daytime ‘dark’ respi-
ation inject CO2 into the cytosol (partway through the mesophyll
iffusive pathway), the mesophyll conductance measured in those
tudies is not the true conductance but rather an apparent one.
holen et al. (2012) moreover showed that this apparent conduc-
ance will covary with stomatal conductance even when the true

esophyll conductance is constant. Thus it is unclear how the
esophyll resistance varies on short timescales and there is little

asis for modeling that variation. For the same reason, the depend-
nce on temperature in Eq. (B13) may  be underestimated by 12%
r more (Tholen et al., 2012); however, the results of IFP are not

ensitive to whether Eq. (B13) or a fixed mesophyll conductance is
sed.

We divide the total mesophyll resistance xm into xwp and
ch according to 18O measurements in oak (Quercus robur, not
ttom panel) as calculated by eddy covariance (dotted black lines) and by the fitted
pikes) and PAR (filled yellow). (For interpretation of the references to color in this

Quercus rubra) by Gillon and Yakir (2000), who found gch/gwp = 3.2,
i.e. xwp = 0.76xm and xch = 0.24xm.

B.6. Photocompensation point

The photocompensation point, used in the calculation of the
photorespiration flux (Eq. (8)), depends on temperature and O2
concentration. We  know of no temperature-dependent measure-
ments in red oak or red maple, but measurements in Q. canariensis
(Warren and Dreyer, 2006) agreed well with a function (Brooks
and Farquhar, 1985) describing Spinacia oleracea (spinach) leaves
between 15 and 30 ◦C at ambient (21%) O2:

� ′
∗ = 42.7 + 1.68(TL − 298.15) + 0.0012(TL − 298.15)2 (B14)

where TL is in K and � ′∗ is in �mol  mol−1. Using spinach data (Jordan
and Ogren, 1984), a second, similar equation was  derived (Brooks
and Farquhar, 1985), putting the photocompensation point about
5% higher than does Eq. (B14) except under rare cold conditions
(TL < 15 ◦C), when the discrepancy is greater.

B.7. Kinetic fractionation by CO2 fixation

We  turn now to the fractionations, beginning with εf = ˛f − 1,
the fractionation by fixation of CO2 with respect to dissolved
CO2 in the chloroplast. Most CO2 in C3 plants is fixed by ribu-
lose 1,5-bisphosphate carboxylase-oxygenase (Rubisco), but some
is fixed by phosphoenolpyruvate (PEP) carboxylase (Farquhar and
Richards, 1984; Lloyd and Farquhar, 1994). Letting  ̌ denote the
molar fraction of fixed carbon that is fixed by PEP carboxylase, we
can write

˛f = ˛Ru˛∗
PEP

ˇ˛Ru + (1 − ˇ)˛∗
PEP

(B15)

where ˛Ru is the fractionation factor for Rubisco carboxylation and
˛∗

PEP is the fractionation factor for PEP carboxylation, both with
respect to dissolved CO2 in the chloroplast. Measurements of  ̌ have
put it between 0 and 0.15 (Douthe et al., 2012; Lloyd and Farquhar,
1994), with variation between species—e.g. 0.02 for wheat and 0.04
for radish (Caemmerer and Evans, 1991)—and no measurements in
oak of which we are aware. We  somewhat arbitrarily use  ̌ = 0.05.

The fractionation for Rubisco carboxylation, εRu = ˛Ru − 1, is
commonly taken to be constant at 29‰ following Roeske and
O’Leary (1984), and that is the value we use here. However, there is
in fact very little data on how εRu might vary with species or envi-
ronmental conditions at the precision level desired for the present
analysis (∼1‰). As summarized in McNevin et al. (2007), most

measurements of εRu for C3 plants have used Rubisco from Spina-
cia oleracea (spinach) in vitro, for which the reported values range
from 26.4 ± 0.6‰ (the value at pH 9.0 in Roeske and O’Leary, 1984)
to 30.3 ± 0.8‰ (Guy et al., 1993), with some suggestion that pH
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nfluences the value but conflicting indications as to the direction
f that influence. Most early measurements were called into ques-
ion by Roeske and O’Leary (1984) on account of problems with the

ethod used, known as the combustion method. One early study
sing the combustion method (Estep et al., 1978) reported a very
trong influence (∼10‰)  of the metal cofactor used for enzyme
ctivation on εRu, an issue which appears not to have been explic-
tly investigated since, using improved methods. The only in vitro

easurements for C3 species other than spinach are McNevin et al.
2007)’s measurement for tobacco (27.4 ± 0.9‰),  a measurement
or cotton (27.1 ± 3.5‰)  (Wong et al., 1979), and a measurement
or soybean (28.3 ± 1.5‰)  (Christeller et al., 1976), the latter two
f which used the combustion method. Christeller et al. (1976) is
lso the only study to have examined the temperature-dependence
f εRu in C3 plants, which was a rather large +0.22‰/◦C between
5 ◦C and 35 ◦C, though Christeller et al. (1976) did not consider this
rend significant and the results might be questionable in any case
ue to use of the combustion method. Christeller et al. (1976) did
ot report any uncertainties, and their coefficient was reported as
0.22‰/◦C because they considered the difference between source
nd product ı13C rather than the actual fractionation defined by Eq.
A4). In vivo measurements of the combined fractionation due to
ubisco and PEP carboxylase by von Caemmerer and Evans (1991)
ave suggested that εRu > 31‰ for wheat, and that εRu differs by at

east 4‰ between wheat and radish, although no uncertainties in
hese values were reported and they should be somewhat in error
ecause they did not take into account the fact that consumption
f CO2 by photosynthesis and release of CO2 by foliar respiration
re not collocated (Tholen et al., 2012).

The fractionation for PEP carboxylation relative to dissolved CO2
an be broken down further if we assume that carbonic anhydrase
s plentiful enough that dissolved CO2 and bicarbonate are always
n equilibrium in the chloroplast. In that case, we  can write

∗
PEP = ˛hyd˛PEP (B16)

here ˛hyd is the equilibrium fractionation factor of hydration
i.e. the 13C/12C ratio of the dissolved CO2 divided by that of the
icarbonate) and ˛PEP is the kinetic fractionation factor of PEP car-
oxylase with respect to dissolved bicarbonate. The reported range
or εPEP is 2.0–2.5‰ (O’Leary, 1981), and as variation within this
ange does not much affect IFP, we simply use 2.25‰.  For the frac-
ionation by CO2 hydration, which is known to be dependent on
emperature, we use the following empirical formula (Mook et al.,
974):

hyd = − 9866 ± 230
TL + (24.12 ± 0.78)

‰ (B17)

ith TL in Kelvin.
We found that εf was between 26.9 and 27.3‰ throughout the

rowing season.

.8. Kinetic fractionations by photorespiration and daytime ‘dark’
espiration

Kinetic fractionation by photorespiration depends on the
arameter ε and on the fractionation by glycine decarboxylase (g)

n Eq. (10). The parameter ε, which relates to the fractionations
y aldolase and transketolase, is on the order of 1‰ (Tcherkez,
006) and its precise value is of only minor importance to IFP (we
se 1‰). Fractionation by glycine decarboxylase is dominant, and
cherkez (2006) suggests the value g = 22‰.  This value corresponds
o f ∼ 11‰,  where f is the apparent photorespiratory fractionation

elative to the isotopic composition of recent assimilates, i.e. the
ame f appearing in the much used equation of Farquhar et al.
1982) for the apparent fractionation by net photosynthetic assim-
lation of atmospheric CO2. Published measurements of f have been
 Meteorology 214-215 (2015) 515–531 529

scattered about 10‰,  as discussed in Tcherkez (2006), and g = 18‰
seems plausible as well.

The fractionation by daytime ‘dark’ respiration εDR (defined rel-
ative to a substrate with the same isotopic composition as recent
net photosynthetic assimilates) has been theoretically predicted at
5.5‰ (Tcherkez et al., 2004) and estimated from gas exchange mea-
surements at 5 ± 1‰ (Tcherkez et al., 2010). We  use εDR = 5‰,  i.e.
˛DR = 1.005 in Eq. (13).

B.9. Equilibrium fractionation by dissolution

The equilibrium fractionation by dissolution of CO2 in water is
also dependent on (leaf) temperature, according to another empir-
ical function (Mook et al., 1974):

εd = − 373 ± 70
TL + (0.19 ± 0.23)

‰ (B18)

with TL in Kelvin once again. This formula gives εd = 1.04‰ ± 0.04‰
at 30 ◦C, in good agreement with the value εd = 1.1 ± 0.1‰ measured
by O’Leary (1984).

B.10. Kinetic fractionations by diffusion

The kinetic fractionations by diffusion through the leaf boundary
layer, the stomata, and the mesophyll are: εb = 2.9‰ (Farquhar et al.,
1989), εs = 4.4‰ (Farquhar et al., 1989), and εwp = εch = εm = 0.7‰
(O’Leary, 1984). Here we are assuming that the fractionation for dif-
fusion through the cell wall and plasmalemma (εwp), as well as that
for diffusion through the chloroplast envelope and stroma (εch), is
simply the fractionation for diffusion of CO2 through water (0.7‰).

Appendix C. Relation to previous formulations

Aside from a few minor errors, all isoflux-based IFP formulations
(Billmark and Griffis, 2009; Bowling et al., 2001; Fassbinder et al.,
2012; Knohl and Buchmann, 2005; Lai et al., 2003; Ogée et al., 2003;
Zhang et al., 2006; Zobitz et al., 2008) can be obtained from that
presented here under various simplifying approximations. The fol-
lowing three approximations were made by all previous IFP studies.
First, photorespiration and foliar daytime ‘dark’ respiration were
neglected by assuming RP = RPR = RDR or, equivalently, FPR = FDR = 0
(FPR = 0 ⇔ � ′∗ = 0), in which case FP becomes FA, and our decompo-
sition rm = rwp + rch becomes superfluous. Second, constant values
were used (rather than temperature-dependent functions) for the
fractionations by dissolution (εd) and carboxylation (εf), which are
sometimes (Bowling et al., 2001; Lai et al., 2003; Zhang et al.,
2006) bundled along with the fractionation by mesophyll transport
in the single constant parameter b, as in Eq. (4). Finally, photo-
synthetic fractionation was approximated by Eq. (5), εA ≈ ıa − ıA,
which introduces non-trivial error, as discussed in Appendix A.

In other approximations, the previous formulations differ from
each other. First, all but one formulation (Fassbinder et al., 2012)
used an inverted Penman–Monteith (PM) equation (Monteith,
1965) to determine the stomatal resistance, rather than the Fick’s
law formulation used here (Eqs. (B8)–(B10)). The PM equation was
derived to predict evaporation in the absence of sensible heat flux
measurements; it too is based on Fick’s Law but it uses energy
balance and some approximations to eliminate the sensible heat
flux as a variable. When sensible heat flux is measured (as at
every eddy flux site), it is more accurate and straightforward to
use Eqs. (B8)–(B10). Second, all but one formulation (Fassbinder
et al., 2012), which was  in a chamber study not involving turbulent

eddies, calculated the turbulent eddy transport resistance from the
momentum analog of Eq. (B1), which requires the poor assumption
that the wind speed falls to zero in the canopy airspace, outside
the leaf boundary layer. Third, all but two formulations (Fassbinder
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t al., 2012; Zobitz et al., 2008) considered the isotopic composi-
ions of the within-canopy and above-canopy air to be the same
ın = ıa), which is inconsistent with ecosystem source/sink isotopic
ractionation. Fourth, only one formulation (Zhang et al., 2006),
hich was intended for C4 plants, explicitly considered PEP car-

oxylase. Fifth, one formulation (Fassbinder et al., 2012) took the
et apparent fractionation by diffusion from the canopy air to the
hloroplast to be 4.4‰,  which is the value strictly appropriate only
o the stomatal portion of the pathway. Sixth, some formulations
Bowling et al., 2001; Lai et al., 2003; Zhang et al., 2006) neglected
he boundary layer and mesophyll resistances (rb = rm = 0), while
ne (Fassbinder et al., 2012) included the mesophyll but not the
oundary layer, and the rest (Billmark and Griffis, 2009; Knohl and
uchmann, 2005; Ogée et al., 2003; Zobitz et al., 2008) included
oth but calculated the boundary layer resistance as a function of a
onstant Stanton number B, which is an error discussed in Appendix
2.

Finally, it should be noted that none of the previous formulations
onsidered hypostomatous leaves (i.e. leaves with stomates on only
he leaf underside, such as those of red oak and red maple, which
ominate the canopy of Harvard Forest and many other forests),
hich require N = 2 in Eqs. (B6)–(B7).
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