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The many meanings of gross photosynthesis and their
implication for photosynthesis research from leaf to globe

INTRODUCTION

Photosynthesis is a complicated process and its research has
a long history (Govindjee & Gest 2002). During this history,
components of the photosynthetic process and their inter-
connections were unravelled only gradually. As the under-
standing of photosynthesis deepened, terminologies and
definitions of key concepts often had to be revised, in many
cases, repeatedly, in order to correct earlier mistakes and/or
accommodate new findings. For example, the definition of
‘photosynthesis’ itself has been changed many times. Ameri-
can Scientist Charles Barnes (1858-1910) coined the word
‘photosynthesis’, although he preferred to use the word
‘photosyntax’ to describe the light-driven reduction of
CO; to sugars in plants (Gest 2002). Earlier definitions of
photosynthesis included simultaneous reduction of CO, and
evolution of O, only to be corrected later after photosyn-
thetic bacteria were discovered (Blankenship 2002). We
are now facing a similar situation with the concept ‘gross
photosynthesis’.

‘Gross photosynthesis’ is a term whose use has not been
consistent in the long history of photosynthetic research.
Historically, plant biochemists and physiologists, who
studied photosynthesis at scales less than a leaf, did not
consider photorespiration as part of photosynthesis even
though photorespiration originates in chloroplasts (but
photorespiratory CO; is released via mitochondria into the
cytosol), takes place simultaneously and competitively with
CO, reduction, and occurs only in light. This is because the
discovery of photorespiration was relatively late (Decker
1955) and understanding its fundamental difference from the
so-called dark respiration (also known as mitochondrial res-
piration) took even longer time (Bowes et al. 1971). Once
photorespiration was discovered and its mechanism under-
stood, researchers started to use the term ‘true photosynthe-
sis’ to describe the total CO, fixation (i.e. a measure of
carboxylation or equivalently oxygen evolution in the Hill
reaction or all electrons generated by photochemical reac-
tions), not allowing for any loss of CO, through dark- and
photorespiration. Meanwhile, the term ‘apparent photosyn-
thesis’ was used to describe the difference between true
photosynthesis and photorespiration, excluding dark respira-
tion (Hew er al. 1969). Sometime during the following years,
the term ‘gross photosynthesis’, which had been used earlier
by experimental researchers of aquatic photosynthesis (e.g.
Pratt & Berkson 1959), started to appear more frequently in
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the literature of general plant physiology. In the context of
early aquatic studies, gross photosynthesis referred to the
difference in oxygen concentrations between the light and
dark bottles (Gaarder & Gran 1927; Pratt & Berkson 1959).
In hindsight, gross photosynthesis in these early aquatic
studies was actually equivalent to apparent photosynthesis
because photorespiration occurs in the light bottle, but not in
the dark bottle. Despite this early history, gross photosynthe-
sis was used by plant biochemists and physiologists after the
discovery of photorespiration to represent true photosynthe-
sis. This use is continued in modern times as can be seen in
influential textbooks of terrestrial and aquatic photosynthe-
sis (e.g. Schopfer & Brennike 2010). Accompanying this
changed meaning of gross photosynthesis, the term ‘net
photosynthesis’ appeared and was used to describe the dif-
ference between true (gross) photosynthesis and the total
(dark- and photo-)respiratory losses of CO,, that is, the
difference between apparent photosynthesis and dark
respiration.

Both gross photosynthesis and net photosynthesis are now
key concepts at all scales of photosynthesis research from
molecular to leaf to canopy to globe. Unfortunately, the
history outlined previously has often been disregarded in the
contemporary use of the term ‘gross photosynthesis’ and, to
some extent, ‘net photosynthesis’ as well. Consequently, these
two terms, particularly gross photosynthesis, have been used
inconsistently across space and time scales. This situation is
especially serious in ecologically oriented studies of photo-
synthesis, which have the ultimate goal of quantifying gross
primary productivity (GPP). Sometimes, the same researcher
may use these two terms for different meanings in the same
paper (e.g. Porcar-Castell et al. 2014). The imprecise or incor-
rect use of different photosynthetic concepts has caused tre-
mendous confusion.

Because of the critical importance of photosynthesis to
local, regional and global carbon cycles, it is essential to clear
this confusion so that estimates of carbon budgets can be
compared across space, time and methods. The present paper
attempts to do so. We will appeal for respecting the historical
developments of photosynthetic terminologies, which means
the following:

e Gross  photosynthesis is true
(carboxylation).

e Net photosynthesis is true photosynthesis minus photo-
respiration and dark respiration.

e GPP is intended as an integration of apparent photosyn-
thesis (true photosynthesis minus photorespiration), NOT
gross (true) photosynthesis.

photosynthesis
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We will present rationales behind these appeals and discuss
their implications for modelling and measuring photosynthe-
sis at multiple scales. Because the eddy covariance (EC)
approach has been playing a foundational role in carbon
cycle research (Baldocchi 2008), we will examine the actual
meanings of canopy-scale photosynthetic estimates inferred
from EC flux measurements.

LEAF-SCALE
PHOTOSYNTHESIS TERMINOLOGY

We start with a mathematical description of leaf net photo-
synthesis (P,) of C; plants based on the theory of von
Caemmerer & Farquhar (1981):

P, =V, =05V, - Ry, (1)

Here, V. and V, represent the rates of carboxylation (true
photosynthesis) and oxygenation by the enzyme ribulose
bisphosphate carboxygenase/oxygenase (Rubisco), respec-
tively, and Raay represents daytime leaf respiration other than
photorespiration. All terms have a unit of moles of CO, per
unit leaf area and time. 0.5V, is photorespiration (often
denoted as Ryr). In Eqn 1, we use Ra,y to differentiate it from
leaf dark respiration in the night, Ry (respiration of a dark-
adapted leaf). The relationship between R, and leaf dark
respiration in the night will be discussed later. Here, we
employ a sign convention by which component fluxes, such as
true photosynthesis (carboxylation rate) and respiration,
which do not change sign, are always referred to with a posi-
tive sign, while for net fluxes, such as net photosynthesis or
the net ecosystem production (NEP), a positive flux repre-
sents a net uptake by a leaf or an ecosystem from the atmos-
phere and a negative flux the reverse. Equation 1 may also be
expressed as

I"*
P, = Vc(l—?)—Rday, 2)

i

where I'* represents the CO, compensation point in the
absence of Ry (Pa) and C; stands for the CO; partial pres-
sure (Pa) inside the intercellular airspace. For convenience, in
this formulation, we have ignored, as in most literature
of large-scale photosynthesis, the crucial importance of
mesophyll diffusion (Sun ez al. 2014a,b).

Equations 1 and 2 state that leaf net photosynthesis is the
result of the CO, carboxylation minus CO; losses through
photorespiration (for every oxygenation of 1 mol of oxygen,
0.5 mol of CO, is released) minus any (mostly) mitochondrial
respiration. Both carboxylation and photorespiration occur
only in light, whereas mitochondrial respiration continues
in dark as well as in light. Equation2 emphasizes the
intrinsic and inseparable link between CO, assimilation by
carboxylation and release through photorespiration. The
ratio I'*/C; represents the fraction (up to 50%; Schopfer &
Brennike 2010) of carboxylated CO, being released through
photorespiration. Equations 1 and 2 hold at the scale of
single leaves as well as plant canopies, provided appropriate
spatial integration is applied (De Pury & Farquhar 1997).
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Figure 1. Graphical representation of the leaf photosynthesis
terms by means of model simulations carried out with the
Farquhar et al. (1980) model of net photosynthesis, using
biochemical parameters from Wohlfahrt (2004). The apparent
reduction of mitochondrial respiration in the light (maximum of
50% at high light) was accounted for according to Wohlfahrt et al.
(2005). Leaf temperature (25 °C), intercellular CO, (25Pa) and O,
(21 kPa) partial pressures were kept constant in all simulations.

Figure 1 shows the various photosynthesis terms, based on
simulations with the Farquhar et al. (1980) model, in a visual
fashion.

PHOTOSYNTHETIC TERMS AND THE CENTRAL
ROLE OF APPARENT PHOTOSYNTHESIS IN
MODELLING AND MEASUREMENTS

Just to emphasize, with respect to the photosynthesis termi-
nology, V. corresponds to the term ‘true photosynthesis’,
V.- 0.5V, to the term ‘apparent photosynthesis’ (Hew et al.
1969) and V. — 0.5V, — Raay to the term ‘net photosynthesis’.
Unfortunately, this photosynthetic terminology has not been
followed consistently. Both the true photosynthesis and the
apparent photosynthesis have been referred to as gross
photosynthesis (e.g. Schopfer & Brennike 2010; Porcar-
Castell et al. 2014), while net photosynthesis has often been
used in place of ‘apparent photosynthesis’. Sometimes, this
mixed use of net and apparent photosynthesis is intentional
as in full sunlight, the day respiration of a healthy leaf is
much smaller than its apparent photosynthesis. But, in other
times, researchers may have not realized this term has been
misused.

In the carbon cycle research community, a more confusing
situation is caused by the use of gross photosynthesis inter-
changeably with gross primary production/productivity or
gross ecosystem production/productivity, abbreviated as
GPP or GEP, respectively. Such practice may be prompted by
the shared appearance of the word ‘gross’ in these terms.
However, this practice conflicts with the historical equiva-
lence of gross photosynthesis with true photosynthesis. It also
contradicts with what GPP is intended to be and with the way
GPP is actually calculated. For carbon cycle research,
knowing true photosynthesis is not as important as knowing
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apparent photosynthesis because photorespiration always
accompanies and immediately reduces true photosynthesis.
Consequently, it is more meaningful to calculate GPP as the
spatial/temporal integration of apparent photosynthesis (i.e.
true photosynthesis minus photorespiration), rather than
true photosynthesis.

As far as we know, no carbon cycle researchers have cal-
culated or intended to calculate GPP as an integration of true
photosynthesis, even though they may use GPP and gross
photosynthesis interchangeably. For example, Chapin et al.
(2006) defined GPP as ‘the sum of gross carbon fixation by
autotrophic carbon-fixing tissues per unit area and time’. But
from the context of that paper, it is clear that their gross
carbon fixation was meant to be apparent photosynthesis, not
true photosynthesis. GPP is also represented in most
biogeochemical and land surface models as the difference
between carboxylation rate (=true photosynthesis) and
photorespiration (e.g. Bonan eral. 2011, Sun et al. 2014a).
Interestingly, this calculation of GPP by modern modellers is
consistent with the work of early pioneers of canopy photo-
synthesis research. In their now much celebrated study of
canopy dry matter production, Monsi & Saeki (1953) used
the following two equations for leaf and canopy, respectively:

bl

= -r, 3
1+al ’ )

b 1+aK10 )
P=—I|———-|-rF. 4
Ka n(l+aKloe’KF " “)

According to the rather verbatim translation (from German
to English) by Marcus Schortememeyer (Monsi & Saeki
2005), these two pioneers called A leaf net assimilation
(equivalent to leaf net photosynthesis P, in Eqn 1), r leaf
respiration, and P canopy productivity (a and b are empirical
constants, K extinction coefficient, F leaf area index, I light
intensity inside canopy and I, light intensity above canopy).
They called bI/(1+al) ‘leaf photosynthesis’. By analogy,
Monsi and Saeki would have called the corresponding term
in the canopy equation (the first term in the left side of
Eqn 4) ‘canopy photosynthesis’ (they however did not use
this phrase explicitly). Although photorespiration does not
appear directly in Monsi and Saeki’s leaf photosynthesis and
canopy photosynthesis, it should be considered as an integral
part of both terms since r and rF, which are the only term left
when [, and therefore I are set to zero, clearly denote day
respiration at leaf and canopy scales, respectively. Thus,
Monsi and Saeki’s leaf photosynthesis and canopy photosyn-
thesis are apparent photosynthesis. The integration of appar-
ent photosynthesis at the canopy scale over time leads to
GPP.

True (gross) photosynthesis cannot be directly measured in
natural conditions (Larcher 2001), although its approxima-
tion may be obtained under low oxygen concentrations (to
supress photorespiration) or by feeding leaves with CO,
and ®CO, in sequence and monitoring in- and out-fluxes of
these two labelled molecules (Haupt-Herting ez al. 2001).
Apparent photosynthesis cannot be directly measured either

but can be estimated in theory with differential approaches
much like the light/dark bottle approach mentioned in the
Introduction section. At the leaf scale, this can be achieved by
measuring CO, evolution in the dark and then adding this
number to the net photosynthesis obtained in the light to get
the apparent photosynthesis (but see the caveats discussed in
the next section). The same principle can be and has been
applied at the canopy scale. In the early 1900s, researchers
already started to use translucent chambers to study the
whole-plant CO, exchange (for a review, see Baldocchi &
Amthor 2001). If a translucent chamber is covered with a
dark cloth, the dark respiration of the whole plant would be
measured. Measurements from the translucent chamber with
and without the dark cloth could then be used to calculate the
apparent photosynthesis of the whole plant.

Forests are too large to be encased in chambers, but the EC
technique (Baldocchi 2008) offers several options, each with
its own caveats. One option is to couple an overstory EC
system with either an understory EC system or an automated
soil chamber system (Baldocchi et al. 1987; Law et al. 1999;
Misson et al. 2007). The sum of the net uptake measured
by the overstory system and the flux by the understory
system equals canopy true photosynthesis minus canopy
photorespiration minus canopy day respiration minus stem
respiration. This sum is the counterpart of leaf net photosyn-
thesis (Eq. 1) at the canopy scale and can be properly called
canopy net photosynthesis (Baldocchi & Amthor 2001). To
obtain canopy apparent photosynthesis, however, one will
need estimates of canopy day respiration and stem respira-
tion, as it is the sum of canopy net photosynthesis plus canopy
day respiration plus stem respiration.

Stable carbon and oxygen isotopes have been used to par-
tition net ecosystem exchanges of carbon dioxide measured
by the EC approach into canopy photosynthesis and
ecosystem respiration (Yakir & Wang 1996; Bowling et al.
2001; Griffis 2013). Furthermore, carbonyl sulfide (COS)
(Campbell et al. 2008; Wohlfahrt et al. 2012; Berry et al. 2013)
and sun-induced chlorophyll fluorescence (Guanter et al.
2014; Parazoo et al. 2014) have been proposed as tracers
of canopy photosynthesis. Detailed discussions of these
approaches are beyond the scope of this short opinion article.
However, we want to point out that it remains to be deter-
mined what terms of canopy photosynthesis can be resolved
with their application. In the case of stable isotopes,
uncertainties associated with fractionations by Rubisco,
photorespiration and dark respiration and potentially large
differences in isotope compositions among respirations from
leaf, stem, root and microbes (e.g. Tcherkez etal. 2011;
Ghashghaie & Badeck 2014) will complicate attempts to par-
tition net fluxes into any components. For the COS approach,
uncertain distributions of carbonic anhydrase, the enzyme
that catalyses the assimilation of COS, within the mesophyll
cell structures (Evans et al. 2009) and in the soil (Wingate
etal. 2009) and potential emissions of COS from soil
(Maseyk et al. 2014) will challenge COS as a tracer of differ-
ent canopy photosynthetic components. Chlorophyll fluores-
cence is a signature of photosynthesis (Papageorgiou &
Govindjee 2004). Because chlorophyll fluorescence intensity
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induced by sunlight is proportional to the electron transport
rate from the photosystem II to photosystem I, which, in turn,
is proportional to V. — 0.5V, it should be a measure of appar-
ent photosynthesis. However, the relationship between chlo-
rophyll fluorescence and apparent photosynthesis will be
affected by temperature, radiation, water stress and other
environmental variables and may not be linear.

Researchers have also exploited the fact that photosynthe-
sis and respiration are driven by different environmental
factors to infer the apparent photosynthesis from the EC
measurements of the net exchange of CO, between the
atmosphere and the underlying ecosystem. This has been
done in two ways. The first is that during nighttime, the net
ecosystem CO, exchange consists only of ecosystem respira-
tion (=leaf dark + stem + root + microbial respirations), that
is, ‘true photosynthesis’ and photorespiration do not occur
(Reichstein et al. 2005). The other is that ecosystem respira-
tion is not a direct function of photosynthetically active
radiation (PAR), while both the true photosynthesis and the
photorespiration are (Gu et al. 2002). Regardless of which
way is exploited, both approaches can only estimate the
apparent photosynthesis, not the true photosynthesis. Ironi-
cally, due to a potential difference between dark respiration
in the night and dark respiration in the day (i.e. day respira-
tion, which occurs in the light), the photosynthetic estimates
from EC flux measurements with certain approaches
may be closer to the stated but unintended gross (true)
photosynthesis than to the unstated but intended apparent
photosynthesis. This issue is addressed next.

IMPLICATIONS FOR EC CO:
FLUX PARTITIONING

EC CO; flux measurements above active vegetation are char-
acterized by fluxes of generally opposing sign during day and
night. During nighttime, in the absence of photosynthetically
active radiation, the nighttime net ecosystem production
(NEP,) reflects only CO, release to the atmosphere, that is,

NEPn =- (Rdark + Rnon-leaf) (5)

where Ry.x represents leaf respiration during darkness and
Rionear collectively summarizes respiration from all other
plant organs (e.g. wood, root) and heterotrophic organisms
(microorganisms, animals). Here, we use the term NEP syn-
onymously to net ecosystem CO, exchange (NEE) and refer
to Chapin et al. (2006) for a thorough discussion of the prac-
tical differences between the two terms, which are however
neglected in the context of the present paper.

At the same temperature, Rqar is typically larger than Raay
(0.2 < Raay/Raar < 1.3) (Heskel et al. 2013; Niinemets 2014)
due to mitochondrial respiration being suppressed in the
presence of light (Atkin e al. 1997) and/or because part of
the CO, produced by mitochondrial respiration is re-fixed by
photosynthesis (Pinelli & Loreto 2003). The degree to which
Raay/Raark < 1 is however highly uncertain due to challenges in
reliably estimating Ra.y (Gu & Sun 2014). In any case, due to
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the absence of radiation and thus photosynthesis, NEP, has
no contribution from photorespiration.

During daytime, Raay < Raarx (but see above) and NEPg, in
addition to Ryoniear, includes CO, uptake by carboxylation
and CO; loss by photorespiration, that is,

NEPd = ‘/c - 0~5V0 - (Rday + Rnon—lcaf) (6)

The partitioning algorithms (Falge eral. 2001; Reichstein
et al. 2005; Lasslop et al. 2010b) that are presently used within
the FLUXNET project (Baldocchi 2008) intend to solve
Eqn 6 for the ‘apparent’ (V. — 0.5V,) photosynthesis (even
though they may state to estimate gross photosynthesis),
which requires estimating Rgay + Rnon-car- TO achieve so, the
FLUXNET algorithms extrapolate the respiration terms in
Eqn 5, which are collectively referred to as ecosystem respi-
ration (Rec), to daytime conditions by parameterizing Rec, as
a function of temperature (Reichstein et al. 2005; Lasslop
et al. 2010b).

Because Ru.x is typically, even though the actual degree is
highly uncertain (Gu & Sun 2014), larger than Raay, extrapo-
lation of nighttime measurements to daytime conditions
overestimates Rq.y and consequently the ‘apparent photosyn-
thesis’. This issue has been known in the EC CO, flux com-
munity for over a decade (e.g. Janssens efal. 2001) and
Wohlfahrt et al. (2005) have shown this overestimation to
amount to ca. 11-17%.

Because NEP, overestimates Ru,y and does not include Ry,
the FLUXNET estimate of apparent photosynthesis (GPP)
may be quantitatively closer to the stated but unintended
‘true’ than the unstated but intended ‘apparent’ photosynthe-
sis. To explore this possibility, we have used the sun/shade
big-leaf model by De Pury & Farquhar (1997), which consists
of the Farquhar et al. (1980) model of leaf net photosynthesis
integrated with a big-leaf canopy radiative transfer model
which distinguishes between sunlit and shaded leaf area frac-
tions. The reduction of R4,y compared with Ra.x was included
into the model of leaf net photosynthesis based on Wohlfahrt
et al. (2005). Simulations were conducted by varying incident
photosynthetically active radiation to generate light response
curves of canopy scale Ve, V. — 0.5V, and Raay (Raarc at zero
light). The leaf area index (2 m?> m), temperature (25 °C),
intercellular CO, and O, partial pressures (25Pa and
21 kPa), the fraction of diffuse radiation (0.1) and the sun’s
angle (65°) were kept constant to this end. Ruonicar Was
parameterized as a fixed fraction (0.4) of Raax for the sake of
simplicity and the NEP, and NEP4 were calculated according
to Eqns 3 and 4, respectively. The FLUXNET partitioning
approach was then mimicked by subtracting nighttime Reco,
that iS, Raark + Ruon-eat (Eqn 5), from the calculated NEP,. As
shown in Fig. 2, R.., determined with the flux partitioning
approach exceeded the true R, at low light levels because
Rqay was overestimated. The overestimation was larger
than the value of R, which was relatively small at low
light conditions. As a consequence, the estimated ‘apparent
photosynthesis’ exceeded not only the correct ‘apparent
photosynthesis” (V. — 0.5V,) but also the ‘true photosynthe-
sis” (V.). As the intensity of incident radiation increased, R,
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Figure 2. Simulation of ecosystem respiration (R.c), ‘apparent’
(Ve = 0.5V,) and ‘true’ (V) photosynthesis using the canopy
photosynthesis model by De Pury & Farquhar (1997), modified to
include the apparent reduction (maximum of 50% at high light) of
leaf mitochondrial respiration in the light according to Wohlfahrt
et al. (2005) and a constant (equal to 40% of leaf dark respiration)
source of non-leaf respiration. This figure compares the actual
ecosystem respiration, ‘apparent’” and ‘true’ photosynthesis with
ecosystem respiration and the ‘apparent’ photosynthesis estimated
through the flux partitioning approach. The leaf area index

(2 m?> m?), temperature (25 °C), intercellular CO, and O, partial
pressures (25 Pa and 21 kPa), the fraction of diffuse radiation (0.1)
and the sun’s angle (65°) were kept constant in all simulations.

increased with the rising carboxylation rate and Ruay
decreased due to the progressive inhibition of R.« and even-
tually R.., estimated with the flux partitioning approach fell
short of the true R.., and the inferred ‘apparent photosyn-
thesis’ settled between the correct ‘apparent’ and ‘true’
photosynthesis. Overall, the ‘apparent photosynthesis’ esti-
mated with the flux partitioning approach produced esti-
mates that were closer to the ‘true photosynthesis’ than the
correct ‘apparent photosynthesis’.

The overestimation at low and the underestimation at high
levels of incident radiation shown in Fig. 2 suggests that the
‘apparent photosynthesis’ estimated with the flux partition-
ing approach may converge to the ‘true photosynthesis’ over
the daily cycle. In order to explore this issue, the model as
described earlier was forced with seasonally varying meas-
urements of environmental drivers (air and soil temperature,
direct and diffuse photosynthetically active radiation) and
leaf area index of a temperate mountain grassland based on
the dataset used already by Wohlfahrt ef al. (2005) for explor-
ing the consequences of the reduction Ry,y compared to Ryark
on the inferred apparent photosynthesis (GPP). Ryon-car Was
replaced with simulations of soil respiration as detailed in
Wohlfahrt ez al. (2005); otherwise, the same procedure as
described earlier was followed. As shown in Fig. 3a, the daily
average ‘apparent photosynthesis’ as determined with the
flux partitioning approach overestimated the ‘true photosyn-
thesis’ by only 3% (Fig. 3a; Wohlfahrt et al. 2005). Seasonal
variations of the leaf area index turned out to be a major
driver of the discrepancy between both approaches as the
underestimation of the inferred ‘apparent photosynthesis’

with respect to the ‘true photosynthesis’ switched to overes-
timation at leaf area indices around 3 m*> m~ (Fig. 3b). As
noted already by Wohlfahrt ez al. (2005), these simulations
are highly sensitive to the degree of reduction of R,y with
respect to Rqar« and in addition to the ratio between Rgarx and
the maximum carboxylation efficiency (Heskel et al. 2013;
Niinemets 2014). Understanding of both processes is pres-
ently, in particular compared to photorespiration, insufficient
and thus their relative importance poorly constrained
(Niinemets 2014). The sensitivity of the simulations to the
ratio of Ruay/Raax is exemplified in Fig. 3¢, which shows how
the ratio between the inferred ‘apparent photosynthesis’ and
the ‘true photosynthesis’ changes as a function of Ruay/Raark.
In our case study, a 10% in the Ru./Ruuk translated into a
change in the ratio between the inferred ‘apparent photosyn-
thesis’ and the ‘true photosynthesis’ of ca. 3% (Fig. 3c).

CONCLUSIONS

We have reviewed the background of leaf photosynthesis and
the associated terminology and showed that two differing
definitions of gross photosynthesis are used in the literature.
The first definition equates gross photosynthesis with the
carboxylation rate, which historically has been referred to as
‘true photosynthesis’, while the second definition subsumes
carboxylation with photorespiration, which historically has
been referred to as ‘apparent photosynthesis’.

We further show that the commonly applied EC CO, flux
partitioning (Reichstein eral. 2005; Lasslop eral. 2010b)
yields estimates of GPP which conceptually correspond to
the definition of the ‘apparent photosynthesis’ due to the fact
that the nighttime ecosystem respiration on which estimated
daytime ecosystem respiration is based does not contain any
information on photorespiration. The major new finding of
this study is that despite being conceptually not compatible
with the definition of ‘true photosynthesis’, GPP inferred by
flux partitioning is quantitatively actually closer to the ‘true’
than the ‘apparent’ photosynthesis. This is due to an overes-
timation of daytime mitochondrial respiration with the flux
partitioning approach. The actual degree of overestimation is
shown to be the result of a complex interplay between biotic
and abiotic influence factors and thus varies seasonally
(Fig. 3b) and, although not tested here, very much likely
between study sites. While GPP estimated with the flux par-
titioning approach was still somewhat overestimated in the
investigated mountain grassland over the annual cycle,
underestimation occurred during certain times as well
(Fig. 3b) and might dominate under certain conditions.

A key uncertainty (Fig. 3c), and at the same time highly
sensitive parameter (Wohlfahrt et al. 2005), is the actual
degree to which leaf mitochondrial respiration is reduced in
the light relative to darkness, which according to Niinemets
(2014) and Heskel et al. (2013) varies between 20 and 130%.
Due to technical challenges in reliably estimating Raay, avail-
able Ruyay/Raark ratios should be viewed with caution and it is
presently not clear whether this large degree of variation
is reflective of biological variability or experimental arte-
facts. In addition, Pinelli & Loreto (2003) suggested that the
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Figure 3. (a) Comparison between the ‘true photosynthesis’ (V.) and the ‘apparent photosynthesis’ inferred by means of the flux
partitioning approach accounting only for the overestimation of leaf day respiration (Rqay; red symbols) and in addition for the
underestimation of photorespiration (R,; blue symbols). Solid lines represent linear regressions forced through the origin with slopes of 1.03
(blue line) and 1.13 (red line). (b) Ratio of inferred ‘apparent’ to ‘true’ photosynthesis (accounting for both the overestimation of leaf day
respiration and the underestimation of photorespiration) as a function of the leaf area index as it varies during the course of the season.

(c) Ratio of inferred ‘apparent’ to ‘true’ photosynthesis (accounting for both the overestimation of leaf day respiration and the
underestimation of photorespiration) as a funtion of the ratio of Ryay/Ruar. Simulations used measured half-hourly seasonal values of air and
soil temperature, direct and diffuse photosynthetically active radiation, leaf area index and soil respiration from a temperate mountain
grassland from the study of Wohlfahrt ez al. (2005). The intercellular CO, and O, partial pressures were kept constant throughout at 25Pa
and 21 kPa, respectively.

reduction of Ry, in the light might actually be an apparent processes play a major role in modulating diurnal variations in
one, the CO, released by mitochondrial respiration being ecosystem respiration components (e.g. Bahn eral. 2009;
re-fixed by photosynthesis. In the latter case or more gener- Vargas et al. 2011). Other authors (Vickers et al. 2009) have
ally if Raay/Raa =1, the flux partitioning approach would criticized that flux partitioning creates a spurious correlation
result in unbiased estimates of the ‘apparent photosynthesis’ between nighttime ecosystem respiration and apparent
(V.- 0.5V,) and would underestimate the ‘true photosynthe- photosynthesis (but see reply by Lasslop et al. 2010a). Given
sis” (V.) by the flux of photorespiration. the complexity of the processes involved and the associated
Finally, a word of caution is in order: The present study theoretical and experimental uncertainties, it may be worth-
exclusively focused on issues of photosynthesis terminology in while to question how meaningful EC CO, flux partitioning is
context with the approach of EC flux partitioning and did not and to seek other ways of exploiting the strong contrast
quantify other uncertainties with this approach. The uncer- between night and daytime net ecosystem CO, exchange.
tainty of nighttime EC CO, flux measurements is one of these These measurement and methodological uncertainties call
issues (Aubinet 2008). Another one is that the extrapolation of for strict use of photosynthetic terminologies so that commu-
nighttime CO, flux measurements based on a simple nications among researchers and across disciplines can be
temperature-dependent model to daytime conditions ignores facilitated. For all the purposes of what gross primary pro-
other drivers of diurnal variations in respiration rates, as it has duction (GPP) has been used for, this GPP has been and has
been shown that temperature-independent biotic and abiotic to continue to be calculated as an integration of ‘apparent

© 2015 The Authors. Plant, Cell & Environment published by John Wiley & Sons Ltd, 38, 2500-2507
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photosynthesis’ as knowing true photosynthesis without sim-
ultaneously knowing photorespiration is practically useless.
Meanwhile, the carbon cycle research community should pay
attention to the misuse of the concepts of gross photosynthe-
sis and to some extent, net photosynthesis and stick to the
historical use of these terms as outlined in the end of the
Introduction section. To avoid confusion with GPP, we
suggest that true photosynthesis is used in place of gross
photosynthesis.

ACKNOWLEDGMENTS

This study was financially supported by the Austrian National
Science Fund (FWF) under contract numbers P23267-B16
and P26425-B16 and by the U.S. Department of Energy, Office
of Science, Office of Biological and Environmental Research
Program, Climate and Environmental Sciences Division.
ORNL is managed by UT-Battelle, LLC, for the U.S.
Department of Energy under contract number DE-ACO05-
000R22725. We would like to thank Christian Korner, Albin
Hammerle, Paul Falkowski, Steve Long and two anonymous
reviewers for insightful comments on this topic.

Georg Wohlfahrt!'? & Lianhong Gu®

!Institute of Ecology, University of Innsbruck, 6020
Innsbruck, Austria, ?European Academy of Bolzano, 39100
Bolzano, Italy and ’Environmental Sciences Division and
Climate Change Science Institute, Oak Ridge National
Laboratory, Oak Ridge, TN 37831, USA

REFERENCES

Atkin O.K., Westbeek M., Cambridge M.L., Lambers H. & Pons T.L. (1997)
Leaf respiration in light and darkness (a comparison of slow- and fast-
growing poa species). Plant Physiology 113, 961-965.

Aubinet M. (2008) Eddy covariance CO, flux measurements in nocturnal
conditions: an analysis of the problem. Ecological Applications 18, 1368—
1378.

Bahn M., Schmitt M., Siegwolf R., Richter A. & Briiggemann N. (2009) Does
photosynthesis affect grassland soil-respired CO, and its carbon isotope
composition on a diurnal timescale? New Phytologist 182, 451-460.

Baldocchi D. (2008) Turner review No. 15. ‘Breathing’ of the terrestrial bio-
sphere: lessons learned from a global network of carbon dioxide flux meas-
urement systems. Australian Journal of Botany 56, 1-26.

Baldocchi D.D. & Amthor J.S. (2001) Canopy photosynthesis: history, meas-
urements and models. In Terrestrial Global Productivity (eds J. Roy, B.
Saugier & H.A. Mooney), pp. 9-31. Academic Press, San Diego, CA, USA.

Baldocchi D.D., Verma S.B. & Anderson D.E. (1987) Canopy photosynthesis
and water use efficiency in a deciduous forest. Journal of Applied Ecology 40,
127-146.

Berry J., Wolf A., Campbell J.E., Baker I., Blake N., Blake D.,. . . Zhu Z. (2013)
A coupled model of the global cycles of carbonyl sulfide and CO»: a possible
new window on the carbon cycle. Journal of Geophysical Research:
Biogeosciences 118, 842-852.

Blankenship R.E. (2002) Molecular Mechanisms of Photosynthesis, Blackwell
Science Ltd, Oxford, UK.

Bonan G.B., Lawrence PJ., Oleson K.W., Levis S., Jung M., Reichstein M., . . .
Swenson S.C. (2011) Improving canopy processes in the Community Land
Model version 4 (CLM4) using global flux fields empirically inferred from
FLUXNET data. Journal of Geophysical Research 116, G02014.

Bowes G., Ogren W.L. & Hageman R.H. (1971) Phosphoglycolate production
catalyzed by ribulose diphosphate carboxylase. Biochemical and Biophysical
Research Communications 45, 716-722.

Bowling D.R., Tans P.P. & Monson R.K. (2001) Partitioning net ecosystem
carbon exchange with isotopic fluxes of CO,. Global Change Biology 17,
127-145.

von Caemmerer S. & Farquhar G.D. (1981) Some relationships between the
biochemistry of photosynthesis and the gas exchange of leaves. Planta 153,
376-387.

Campbell J.E., Carmichael G.R., Chai T., Mena-Carrasco M., Tang Y., Blake
D.R.,...Stanier C.O. (2008) Photosynthetic control of atmospheric carbonyl
sulfide during the growing season. Science 322, 1085-1088.

Chapin ES., Woodwell G.M., Randerson J.T., Rastetter E.B., Lovett G.M.,
Baldocchi D.D,, . . . Schulze E.D. (2006) Reconciling carbon-cycle concepts,
terminology, and methods. Ecosystems 9, 1041-1050.

De Pury D.G.G. & Farquhar G.D. (1997) Simple scaling of photosynthesis from
leaves to canopies without the errors of big-leaf models. Plant, Cell & Envi-
ronment 20, 537-557.

Decker J.P. (1955) A rapid, postillumination deceleration of respiration in
green leaves. Plant Physiology 30, 82-84.

Evans J.R., Kaldenhoff R., Genty B. & Terashima I. (2009) Resistances along
the CO, diffusion pathway inside leaves. Journal of Experimental Botany 60,
2235-2248.

Falge E., Baldocchi D., Olson R., Anthoni P., Aubinet M., Bernhofer C., ...
Wofsy S. (2001) Gap filling strategies for defensible annual sums of net
ecosystem exchange. Agricultural and Forest Meteorology 107, 43-69.

Farquhar G.D., Caemmerer S. & Berry J.A. (1980) A biochemical model of
photosynthetic CO; assimilation in leaves of C; species. Planta 149, 78-90.

Gaarder T. & Gran H.H. (1927) Investigations of the production of plankton
in the Oslo Fjord. Rapports et Procés-Verbaux des Réunions, Conseil Inter-
national Pour L’exploration de la Mer 42, 1-48.

Gest H. (2002) History of the word photosynthesis and evolution of its defi-
nition. Photosynthesis Research 73, 7-10.

Ghashghaie J. & Badeck F.W. (2014) Opposite carbon isotope discrimination
during dark respiration in leaves versus roots — a review. New Phytologist
201, 751-769.

Govindjee & Gest H. (2002) Celebrating the millennium - historical highlights
of photosynthesis research. Photosynthesis Research 73, 1-6.

Griffis T.J. (2013) Tracing the flow of carbon dioxide and water vapor between
the biosphere and atmosphere: a review of optical isotope techniques and
their application. Agricultural and Forest Meteorology 174-175, 85-109.

Gu L. & Sun Y. (2014) Artifactual responses of mesophyll conductance to CO,
and irradiance estimated with the variable J and online isotope discrimina-
tion methods. Plant, Cell & Environment 37, 1231-1249.

Gu L., Baldocchi D., Verma S.B., Black T.A., Vesala T., Falge E.M. & Dowty
PR. (2002) Advantages of diffuse radiation for terrestrial ecosystem prod-
uctivity. Journal of Geophysical Research 107, D6, 4050.

Guanter L., Zhang Y., Jung M., Joiner J., Voigt M., Berry J.A., ... Griffis T.J.
(2014) Global and time-resolved monitoring of crop photosynthesis with
chlorophyll fluorescence. Proceedings of the National Academy of Sciences
of the United States of America 111, E1327-E1333.

Haupt-Herting S., Klug K. & Fock H.P. (2001) A new approach to measure
gross CO; fluxes in leaves. Gross CO, assimilation, photorespiration, and
mitochondrial respiration in the light in tomato under drought stress. Plant
Physiology 126, 388-396.

Heskel M.A., Atkin O.K., Turnbull M.H. & Griffin K.L. (2013) Bringing the
Kok effect to light: a review on the integration of daytime respiration and net
ecosystem exchange. Ecosphere 4, art98.

Hew C.-S.,Krotkov G. & Canvin D.T. (1969) Determination of the rate of CO,
evolution by green leaves in light. Plant Physiology 44, 662-670.

Janssens I.A., Lankreijer H., Matteucci G., Kowalski A.S., Buchmann N., Epron
D., ... Valentini R. (2001) Productivity overshadows temperature in deter-
mining soil and ecosystem respiration across European forests. Global
Change Biology 7, 269-278.

Larcher W. (2001) Okophysiologie der Pflanzen, Ulmer-Verlag, Stuttgart.

Lasslop G., Reichstein M., Detto M., Richardson A.D. & Baldocchi D.D.
(2010a) Comment on Vickers et al.: Self-correlation between assimilation
and respiration resulting from flux partitioning of eddy-covariance CO,
fluxes. Agricultural and Forest Meteorology 150, 312-314.

Lasslop G., Reichstein M., Papale D., Richardson A.D., Arneth A.,Barr A,,. ..
Wohlfahrt G. (2010b) Separation of net ecosystem exchange into assimila-
tion and respiration using a light response curve approach: critical issues and
global evaluation. Global Change Biology 16, 187-208.

Law B.E., Baldocchi D.D. & Anthoni PM. (1999) Below-canopy and soil CO,
fluxes in a ponderosa pine forest. Agricultural and Forest Meteorology 94,
171-188.

© 2015 The Authors. Plant, Cell & Environment published by John Wiley & Sons Ltd, 38, 2500-2507



Maseyk K., Berry J.A., Billesbach D., Campbell L.E., Torn M.S., Zahniser M. &
Seibt U. (2014) Sources and sinks of carbonyl sulfide in an agricultural field
in the Southern Great Plains. Proceedings of the National Academy of Sci-
ences 111, 9064-9069.

Misson L., Baldocchi D.D., Black T.A., Blanken P.D., Brunet Y., Curiel Yuste J.,
... Goldstein A.H. (2007) Partitioning forest carbon fluxes with overstory
and understory eddy-covariance measurements: a synthesis based on
FLUXNET data. Agricultural and Forest Meteorology 144, 14-31.

Monsi M. & Saeki T. (1953) Uber den lichtfaktor in den pflanzengesellschaften
und seine bedeutung fiir die stoffproduktion. Japanese Journal of Botany 14,
22-52.

Monsi M. & Saeki T. (2005) On the factor light in plant communities and its
importance for matter production. 1953. Annals of Botany 95, 549-567.

Niinemets U. (2014) Improving modeling of the ‘dark part’ of canopy carbon
gain. Tree Physiology 34, 557-563.

Papageorgiou G.C. & Govindjee (2004) Chlorophyll a Fluorescence: A Signa-
ture of Photosynthesis, Springer, Dordrecht, The Netherlands.

Parazoo N.C., Bowman K., Fisher J.B., Frankenberg C., Jones D.B.A., Cescatti
A., ... Montagnani L. (2014) Terrestrial gross primary production inferred
from satellite fluorescence and vegetation models. Global Change Biology
20, 3103-3121.

Pinelli P. & Loreto F. (2003) 2CO, emission from different metabolic pathways
measured in illuminated and darkened C; and C; leaves at low, atmospheric
and elevated CO, concentration. Journal of Experimental Botany 54, 1761—
1769.

Porcar-Castell A., Tyystjarvi E., Atherton J., van der Tol C., Flexas J., Pfiindel
E.E.,...Berry JA. (2014) Linking chlorophyll a fluorescence to photosyn-
thesis for remote sensing applications: mechanisms and challenges. Journal
of Experimental Botany 65, 4065-4095.

Pratt D.M. & Berkson H. (1959) Two sources of error in the oxygen light and
dark bottle methodl. Limnology and Oceanography 4, 328-334.

Reichstein M., Falge E., Baldocchi D., Papale D., Aubinet M., Berbigier P, . ..
Valentini R. (2005) On the separation of net ecosystem exchange into
assimilation and ecosystem respiration: review and improved algorithm.
Global Change Biology 11, 1424-1439.

Schopfer P. & Brennike A. (2010) Pflanzenphysiologie, 7th edn, Spektrum
Akademischer Verlag, Heidelberg.

Sun Y., Gu L., Dickinson R.E., Norby R.J., Pallardy S.G. & Hoffman
FM. (2014a) Impact of mesophyll diffusion on estimated global land CO,

Definition of gross photosynthesis 2507

fertilization. Proceedings of the National Academy of Sciences of the United
States of America 111, 15774-15779.

Sun Y., Gu L., Dickinson R.E., Pallardy S.G., Baker J., Cao Y., ... Winter K.
(2014b) Asymmetrical effects of mesophyll conductance on fundamental
photosynthetic parameters and their relationships estimated from leaf gas
exchange measurements. Plant, Cell & Environment 37, 978-994.

Tcherkez G., Mahé A. & Hodges M. (2011) '2C/3C fractionations in plant
primary metabolism. Trends in Plant Science 16, 499-506.

Vargas R., Baldocchi D.D., Bahn M., Hanson P.J., Hosman K.P,, Kulmala L., . ..
Yang B. (2011) On the multi-temporal correlation between photosynthesis
and soil CO; efflux: reconciling lags and observations. New Phytologist 191,
1006-1017.

Vickers D., Thomas CK., Martin J.G. & Law B. (2009) Self-correlation
between assimilation and respiration resulting from flux partitioning of
eddy-covariance CO; fluxes. Agricultural and Forest Meteorology 149, 1552—
1555.

Wingate L., Ogée J., Cuntz M., Genty B., Reiter I, Seibt U., . . . Grace J. (2009)
The impact of soil microorganisms on the global budget of §'*O in atmos-
pheric CO,. Proceedings of the National Academy of Sciences of the United
States of America 106, 22411-22415.

Wohlfahrt G. (2004) Modelling fluxes and concentrations of CO,, H,O and
sensible heat within and above a mountain meadow canopy: a comparison of
three lagrangian models and three parameterisation options for the
Lagrangian time scale. Boundary-Layer Meteorology 113, 43-80.

Wohlfahrt G., Bahn M., Haslwanter A., Newesely C. & Cernusca A. (2005)
Estimation of daytime ecosystem respiration to determine gross primary
production of a mountain meadow. Agricultural and Forest Meteorology 130,
13-25.

Wohlfahrt G., Brilli F.,, Hortnagl L., Xu X., Bingemer H., Hansel A. & Loreto
F. (2012) Carbonyl sulfide (COS) as a tracer for canopy photosynthesis,
transpiration and stomatal conductance: potential and limitations. Plant, Cell
& Environment 35, 657-667.

Yakir D. & Wang X.-F. (1996) Fluxes of CO, and water between terrestrial
vegetation and the atmosphere estimated from isotope measurements.
Nature 380, 515-517.

Received 7 January 2015; accepted for publication 13 May 2015

© 2015 The Authors. Plant, Cell & Environment published by John Wiley & Sons Ltd, 38, 2500-2507



